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Preface

Early Engineering Learning is a volume within the Springer series,Early
Mathematics Learning and Development. The collection of volumes published in
this series explores a range of perspectives on young children’s developments in
mathematics and allied fields. One such field that draws on and fosters young
children’s mathematical capabilities is engineering. Despite early childhood being a
period of experimentation and curiosity with the natural world and its myriad
challenges, children’s natural propensity for engaging in engineering experiences
remains untapped.

As the chapters in this volume illustrate, we need to capitalize on children’s
skills as independent problem solvers who relish challenges, persevere in the face of
failure, and learn both from what “works” and what does not. Educators, including
parents, need to be cognizant of how children’s talents can be harnessed and
enriched to sow the seeds of engineering education.

Engineering has received almost no attention in the pre-K and beginning school
years, even though the need for quality STEM education across all age levels is
advocated by many nations. The “E” in STEM tends to be ignored in these sig-
nificant formative years when an interest in and awareness of engineering and
engineering design processes can be fostered. The early years of a child’s life are
too valuable to deprive them of the rich learning opportunities that engineering can
offer.

Because engineering shapes so much of our actual and virtual worlds, it is an
ideal discipline to both link and promote the varied capabilities young children
bring to informal and formal learning environments. The chapters in this volume
attest to the rich opportunities engineering affords. The authors report on research
illustrating several intervention programs, together with assessment frameworks,
which aim to facilitate beginning engineering learning. These include the use of
robotics as a playful vehicle for fostering engineering, computer science, and
mathematics (Chap.11), and the incorporation of literature as a familiar and
meaningful basis for learning across the entire STEM curriculum (e.g., Chaps.9
and 10). A focus on spatial skills including intervention experiences, which are so
important to success in engineering, is also featured (Chap. 5). Other chapters
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highlight the nature and role of engineering design processes and habits of mind,
which are not unique to the engineering field, rather, are applicable across the
curriculum.

Engineering design has been described as the “disciplinary glue” (Chap. 9) that
assists children to apply their learning in STEM to an engineering design challenge.
Indeed, the practice of engineering inherently requires the practitioner to call upon
other disciplinary knowledge in order to solve engineering problems. Engineering
design challenges are usually described as strongly iterative, open to many possible
solutions, and engendering thinking processes or “habits of mind.” These thinking
skills underline design processes and include systems thinking, innovative problem
finding and solving, visualizing, and collaborating and communicating (as
addressed in Part I and Chap. 13).

Readers might notice that this volume comprises only 13 chapters, a reflection
of the embryonic nature of the field. As such, the volume presents a seminal set of
research-based studies that provide empirical evidence of what can be achieved in
implementing engineering experiences in early childhood. Early Engineering
Learning raises the profile of an overlooked discipline that is as natural to early
childhood as is mathematics, science, and technology. A STEM agenda is not
complete without engineering, nor is a child’s early learning and development. We
can no longer ignore this core discipline.

Brisbane, Australia Lyn English
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Chapter 1
Early Engineering: An Introduction
to Young Children’s Potential

Lyn D. English

Abstract Early Engineering Learning comprises two main sections presenting a
mix of research studies, theoretical advancements, and classroom empirical exam-
ples. As such, this book provides a rich resource for researchers, policy makers,
curriculum developers, and classroom teachers alike. Engineering learning is a sig-
nificant yet underrepresented field in early education, despite being one of the most
practical and real-world domains that all children can engage in. As evident in the
chapters of this book, young children are eminently capable of solving engineering-
based problems; indeed, they do this on a daily basis. Engineering education inte-
grates readily and meaningfully not only within the other STEM domains, but also
with literature and the arts more broadly. Various approaches to early engineering
learning are showcased throughout this book, with engineering design processes and
habits ofmind featured prominently.Not only are these design and thinking processes
foundational to early engineering but can also enhance learning across several other
disciplines.

The chapters of Early Engineering Learning comprise a mix of research studies,
theoretical advancements, and empirical examples for classroom use. As such, this
book provides a rich resource for researchers, policy makers, curriculum developers,
and classroom teachers alike. Engineering learning is a significant yet underrepre-
sented field in early education, despite being one of the most practical and real-world
domains that students of all ages can experience with success and enjoyment. Indeed,
young learners are natural engineers, as has often been stated (e.g., https://www.eie.
org/eie-curriculum/why-engineering-children).

Despite the ubiquity of engineering throughout our environment, education has
yet to capitalize fully on the domain’s potential for early learning—in essence, we
are ignoring young children’s capabilities for engaging in engineering experiences.

The original version of this chapter was revised: XX entries are removed. The correction to this
chapter is available at https://doi.org/10.1007/978-981-10-8621-2_14

L. D. English (B)
Faculty of Education, Queensland University of Technology, Brisbane, QLD , Australia
e-mail: l.english@qut.edu.au

© Springer Nature Singapore Pte Ltd. 2018, corrected publication 2020
L. English and T. Moore (eds.), Early Engineering Learning, Early Mathematics
Learning and Development, https://doi.org/10.1007/978-981-10-8621-2_1
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2 L. D. English

As evident in the chapters of this book, young children are eminently capable of solv-
ing engineering-based problems; indeed, they do this on a daily basis. Young chil-
dren’s natural curiosity, inquiry, and desire to explore their world form not only the
cornerstone of early childhood development (Brophy, Klein, Portsmore, & Rogers,
2008), but also “a key component of thinking like an engineer” (Elkin, Sullivan, &
Bers, Chap. 11; Tippett & Milford, 2017). One only has to observe how young chil-
dren investigate, experiment, manipulate, and create with everyday objects to realize
how they are engaging in the foundations of engineering education. As children are
exposed to these foundations, they are developing core discipline knowledge that
enriches not only their mathematics, science, and technology curricula but also other
content areas. As Petroski (2016) highlighted, “Engineering is not an end in itself. It
operates in a moral, social, economic, and aesthetic context” (p. 21).

Unfortunately, we have neglected the “E” in our STEM education for too long
(Di Francesca, Lee, & McIntyre, 2014; English & King, 2017; Moore et al., 2014).
Despite a lack of specifically developed resources and associated teacher professional
development, as I note in the final chapter, the contributions of engineering to our
world need greater recognition—and what better way to start than through nurturing
an early awareness of how engineers and engineering shape our world.

The present chapters are arranged in two main sections, in addition to introduc-
tory and concluding chapters. In addressing early engineering learning from Pre-K
through to the early years of formal education, the chapters in the first section focus
primarily on engineering thinking, design, and habits of mind, while those in the
second section target early engineering curriculum development. There is naturally
some overlap in these sections as curriculum and resource development necessarily
takes into account engineering design and thinking.

1.1 Why Focus on Engineering Thinking, Design,
and Habits of Mind?

The chapters in the first section lay frameworks for early engineering learning, with
studies ranging from capitalizing on spontaneous play as opportunities for introduc-
ing engineering (e.g., Chaps. 4 and 6) through to fostering early spatial skills as a
core habit of mind in both engineering and STEM more broadly (Chap. 5). Com-
bined with chapters presenting examples of observation protocols and specifically
designed assessment tools (e.g., Chaps. 6 and 7), the first section draws together a
range of research and classroom tested ideas that collectively pave the way for further
studies and advancement.

As one peruses the chapters in each section, it will become apparent that engi-
neering design processes feature prominently. Some might even argue that there is
too much emphasis on these processes, yet as Tank, Moore, Gajdzik, and Sanger
(Chap. 9) aptly state that engineering design is the “interdisciplinary glue” in STEM
education. Research has indicated how engineering design, a core construct in the

https://doi.org/10.1007/978-981-10-8621-2_11
https://doi.org/10.1007/978-981-10-8621-2_4
https://doi.org/10.1007/978-981-10-8621-2_6
https://doi.org/10.1007/978-981-10-8621-2_5
https://doi.org/10.1007/978-981-10-8621-2_6
https://doi.org/10.1007/978-981-10-8621-2_7
https://doi.org/10.1007/978-981-10-8621-2_9


1 Early Engineering: An Introduction to Young Children’s Potential 3

discipline, enables learners to appreciate that there are multiple ideas and approaches
to solving complex problems with more than one solution possible, that numerous
tools and representations can be used in different ways to produce a desired end-
product, and that it is acceptable for initial designs to “fail” necessitating redesign
and improvement (e.g., Dorie, Cardella, & Svarovsky, 2014; English & King, 2017;
Tank et al., Chap. 9). Indeed, repeated studies have illustrated how engineering design
processes provide a meaningful tool for all learners, across ages and grade levels,
in solving not only engineering-based problems but also numerous other real-world
challenges. The chapters in Sect. 1.1 providemany examples that collectively convey
the message that young children have substantial potential for engaging in engineer-
ing thinking, applying engineering design processes, and displaying foundational
habits of mind. Although providing somewhat similar evidence of these capabilities,
the chapters nevertheless reinforce the urgent need to attend to all of STEM in early
education, not just mathematics and science.

Apart from advancing engineering learning, these first section chapters contribute
to early curriculum development more broadly—not only with respect to STEM
education but also the arts including literature, as addressed in the second section. The
broadening of STEM to STEAM education is gaining in popularity as the advantages
of incorporating components of the arts are recognized (as revisited in Chap. 13).

1.2 Early Engineering Curriculum Development

As a seminal, early engineering program, Engineering is Elementary (Chap. 8; Cun-
ningham & Hester, 2007) builds specifically on designed engineering stories and
has laid the groundwork for many subsequent engineering programs, as indicated in
Chap. 8 (Cunningham, Lachapelle, &Davis). Themany contributions of engineering
to our environment and our livesmore broadly are reflected in the ease with which the
discipline can be integrated within early educational programs. Engineering shares
more than mathematics and science components—it lends itself to a range of liter-
ature and to the natural problem-solving situations that occur in our everyday lives.
To cite Petroski (2016) again, “Engineers have come to be recognized as the creative
people who bring us innovations like the smartphone, the personal computer, the
internet, and the world wide web” (p. 21). The world revolves around these techno-
logical innovations, but do we stop to think of those creative engineers responsible
for their development?

As young children interact with these technological tools, they too can begin to
appreciate the powerful ways that engineers enhance our world. Indeed, our future
team of engineering students need to be nurtured from a young age, at a time when
children’s curiosity is at its peak. Sparking such interest can ideally begin with
support from literature, as studies in the second section demonstrate. Portsmore and
Milto (Chap. 10), for example, discuss their Novel Engineering program, which
replaces real-world clients and contexts with those from popular literary texts as a
basis for creating engineering design challenges. Children draw information from

https://doi.org/10.1007/978-981-10-8621-2_9
https://doi.org/10.1007/978-981-10-8621-2_13
https://doi.org/10.1007/978-981-10-8621-2_8
https://doi.org/10.1007/978-981-10-8621-2_8
https://doi.org/10.1007/978-981-10-8621-2_10


4 L. D. English

the given literary text in identifying engineering problems, where story characters
are considered as clients and details from the story are used to impose constraints, as
solutions are developed for the characters’ problems. The numerous other examples
illustrate the need to utilize more the power of literature, an often ignored resource
that can enrich so many disciplines (Luedtke & Sorvang, 2017).

Alongwith engineering, technology learning in the younger years requires further
research and curriculum development. While there is an increasing focus on early
technology especially coding (e.g., Fessakis, Gouli, & Mavroudi, 2013), the links
with engineering have been underrepresented. In Chap. 11, Elkin, Sullivan, and Bers
provide innovative approaches to developing foundational engineering and computer
science concepts. They present insightful anecdotes illustrating how robotics can
serve as a playful medium to develop these concepts. Educators with little to no prior
engineering experiences were able to successfully integrate robotics with traditional
early childhood curriculum content such as literacy and science. Their vignettes
highlight the different approaches teachers took in introducing robotics within their
classrooms and how they utilized the engineering design process as a teaching tool
applicable to many subject areas, not just STEM. With the increasing availability
of robotic kits for young children, such as KIBO described in Chap. 11 (www.
kinderlabrobotics.com), numerous opportunities now exist for early educators to
explore the learning potential of robotics. With such potential extending beyond just
STEM to other content domains, robotics can readily enrich existing curricula, as
Elkin et al. explore. Furthermore, early technology experiences can act as catalysts
for social and emotional skill development across a diverse range of students, as seen
in Elkin et al.’s study for whom English was not the first language for over a third of
their participants.

Early engineering education research and development have a considerable dis-
tance to go. The chapters in this book present several avenues for traveling this
distance, but obstacles need overcoming. Two of the several challenges we face with
respect to research, policy, and curriculum development include increasing aware-
ness of young children’s competencies in early engineering, and enhancing teacher
resources and professional development opportunities, as noted in the last chapter.
With respect to the latter, curriculum resources need to be integrated within the reg-
ular curriculum, otherwise engineering education will likely be viewed as another
“add-on” to be squeezed into an already tight curriculum. Fortunately, engineering
lends itself easily to such integration, linking not only with the remaining STEM
disciplines but also with other domains especially literature. It is to be hoped that
curriculum developers across the disciplines can capitalize on the many contribu-
tions of early engineering education. The chapters in this book provide rich starting
points.

https://doi.org/10.1007/978-981-10-8621-2_11
https://doi.org/10.1007/978-981-10-8621-2_11
http://www.kinderlabrobotics.com
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Engineering Thinking
and Habits of Mind
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Chapter 2
Engineering in the Early Grades:
Harnessing Children’s Natural Ways
of Thinking

Tamara J. Moore, Kristina M. Tank and Lyn English

Abstract This chapter explores engineering as it applies to students in the early
grades. First, we consider engineering as a STEM foundation. We then address ways
in which we can provide supportive learning environments for early engineering
learning. As part of such environments, we examine howwe can build on intrinsically
interesting problems. In exploring ways of harnessing young learners’ natural ways
of thinking, we consider the role of play in early engineering learning and howwe can
capitalize on this play. The integration of engineering within the early curriculum is
then reviewed, followed by a summary of perspectives on ways in which engineering
is developmentally appropriate for, and beneficial to, young learners.

Engineering is a multifaceted field that draws not only from related disciplinary
domains such as mathematics and science, but also from disciplines that serve to
make engineering solutions more practical or desirable such as economics, social
studies, and the arts. Technological developments such as the iPhone, robotics, and
3-D printing, all involve major engineering inputs. Young children are very much a
part of our engineered world, interacting daily with the products of engineering and
technology.

On entering kindergarten, children already have sophisticated ways of think-
ing about the world based largely on their own experiences (Baillargeon, 1994;
Cohen & Chashon, 2006), which serve as a springboard for their future learning and
development (Inagaki & Hatano, 2006; NRC, 2012). Early engineering education

T. J. Moore (B)
Purdue University, West Lafayette, IN, USA
e-mail: tamara@purdue.edu

K. M. Tank
Iowa State University, Ames, IA, USA
e-mail: kmtank@iastate.edu

L. English
Queensland University of Technology, Brisbane, QLD, Australia

© Springer Nature Singapore Pte Ltd. 2018
L. English and T. Moore (eds.), Early Engineering Learning, Early Mathematics
Learning and Development, https://doi.org/10.1007/978-981-10-8621-2_2
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10 T. J. Moore et al.

falls naturally within such experiences. With its focus on iterative thinking—that
is, trying something, testing it, learning from what does not go well, and trying
again—as well as working in teams and communicating current ways of thinking,
engineering is an ideal avenue for enriching and extending young children’s natural
talents. As Lippard, Lamm, and Riley (2017) noted, “… Pre-kindergarten children
are primed for engineering thinking” (p. 455). Furthermore, engineering provides a
platform for young children to be introduced to technology, not just as digital media,
but as all aspects of the designed world. Children inherently alter their environment
to fit their needs. These alterations are the beginnings of engineering thinking, which
can promote structured decision making within a specified engineering context.

This chapter explores engineering as it applies to students in the early grades. First,
we consider engineering as a STEM foundation. We then address ways in which we
can provide supportive learning environments for early engineering learning. As
part of such environments, we examine how we can build on intrinsically interesting
problems. As we continue to explore ways of harnessing young learners’ natural
ways of thinking, we consider the role of play in early engineering learning and how
we can capitalize on this play.

2.1 Engineering as a STEM Foundation

Research over many years has revealed that young children have sophisticated minds
and a natural eagerness to engage in a range of mathematical and scientific activ-
ities a good deal earlier than previously thought (Perry & Dockett, 2013; English
& Mulligan, 2013; English, 2013; Lehrer & English, 2018). Children enter kinder-
garten with surprising ways of thinking about the world they experience, which can
be used to promote problem-solving and build understanding in the early grades
(Baillargeon, 1994; Cohen & Chashon, 2006). Indeed, a range of studies in prior-to-
school and early school settings have revealed how young learners possess cognitive
abilities which, with appropriately designed and implemented learning experiences,
can enable forms of reasoning not typically seen in the early years (e.g., Clements,
Sarama, Spitler, Lange, & Wolfe, 2011; English, 2012; Inagaki & Hatano, 2006;
Lehrer & English, 2018; Lehrer & Schauble, 2015; Moss, Bruce, & Bobis, 2016;
Perry & Dockett, 2008). For example, young children can abstract and generalize
mathematical and scientific ideas much earlier, and in more complex ways, than
previously considered. These sophisticated ways of thinking and reasoning in young
children provide a foundation that can be used to not only facilitate early engineering
knowledge and skills but also to support early learning across other content areas,
such as mathematics and science.

This copy belongs to 'VANC03'



2 Engineering in the Early Grades: Harnessing Children’s … 11

2.2 Providing Supportive Learning Environments

In efforts to provide supportive and facilitating environments for young learners,
educators frequently overlook the potential contributions of engineering. The disci-
pline lends itself effectively to nurturing young children’s natural ways of thinking,
while at the same time promoting engineering knowledge, thinking skills, and pro-
ductive problem-solving. When looking at how young learners explore, interact, and
think about their world, it is important to consider different ways of shaping environ-
ments that facilitate this growth. The importance of providing learning environments
that capitalize on young children’s natural capabilities was emphasized in Moss,
Bruce, and Bobis’ (2016) review of challenges and developments in early mathe-
matics learning. Their review indicated how the development and implementation of
enriched and expanded programs in the early years are being increasingly recognised
as crucial for future achievement, with associations such as the National Council of
Teachers of Mathematics and the National Association for the Education of Young
Children (NAEYC/NCTM, 2009) strongly endorsing such programs.

Research on early science learning has also revealed young children’s innate
talents in the STEMfields. Studies have highlighted their fundamental understanding
of observational phenomena and knowledge about the natural world that results from
investigating and exploring their environment (Eshach& Fried, 2005; French, 2004).
This innate curiosity and sense of wonder about the world around them leads to a
natural tendency to observe, explore, and try to explain their everyday experiences
(Eshach & Fried, 2005). Even before entering school, young children are able to
recognize patterns and then use those causal and relational patterns to reason about
living things and natural phenomena (Inagaki & Hatano, 2006). As these young
learners are exploring their environment and acquiring knowledge, it is their personal
experiences that form the foundation for their understanding of and interactions with
the natural and manufactured world (French, 2004).

While the focus for these experiences is often the natural environment, there are
also interactions within the designed, human-crafted world. Engineering comes to
the fore here, with opportunities to build upon and engage children’s desire to make
things and to learn how various objects work (Brophy, Klein, Portsmore, & Rodgers,
2008). Engineering also provides an avenue for young children to be introduced to
technology, not just as digital media, but also as all parts of the designed world.

In sum, with children’s curiosity andmotivation to explore their world, they inher-
ently alter their environment to fit their needs. These alterations are the beginnings of
engineering thinking. In harnessing children’s innate ways of thinking within their
environments, engineering experiences can foster structured decision making within
a specified engineering context.

This copy belongs to 'VANC03'



12 T. J. Moore et al.

2.3 Building upon Intrinsically Interesting Problems

Along with this natural curiosity to learn about and investigate their world, young
children spend substantial time troubleshooting and designing as they explore various
problems in their surroundings. For example, Bairaktarova, Evangelou, and Brophy
(2011) observed students during exploratory play where they intentionally modified
existing structures or artifacts to solve a problem. They also continually tested the
limits of their experimental designs by adding “one more block” and observing
what works and what does not (Bairaktarova, Evangelou, & Brophy, 2011). These
examples illustrate the idea that young children often spend time-solving problems,
which tend to beopen-endedor ill-structured,with parallels to problems andproblem-
solving skills that are characteristic of engineering (Brophy et al., 2008; Watkins,
Spencer, & Hammer, 2014). In fact, many common behaviors expressed by young
children, such as their desire to ask questions, explore, and develop creative solutions,
resemble highly desirable traits within engineering. As such, these behaviors can be
viewed as precursors to engineering and engineering thinking (Brophy & Evangelou
2007; Lippard, Lamm, & Riley, 2017; Van Meeteren & Zan, 2010).

Engineering experiences can also help students and teachers move beyond simply
solving problems to emphasizing a level of intentionality and motivation in their
actions. Such intentionalitywas revealed in Fleer’s (2000) study as preschool children
were able to plan, design, and then use their prior experience withmaterials to predict
which materials they need for their designs. Additionally, young children have been
shown to communicate their plans for constructing products with some level of
intention, which has been shown to extend even to the evaluation of their designs
(Johnsey, 1995; Brophy & Evangelou, 2007; Bagiati, 2011). Furthermore, studies of
pre-schoolers engaging inblock-building andother free-play activities have identified
instances where students solved problems and pursued goals that met a certain set
of constraints and engaged in iterative cycles of problem-solving in achieving the
goal (Bairaktarova et al., 2011; Brophy et al., 2008). In essence, early engineering
experiences build upon young children’s inherent desire to solve problems and alter
their environment to fit their needs,while also promoting early problem-solving skills
and encouraging progress beyond just solving problems.

2.4 Providing a Vehicle for Curriculum-Based
Child-Centered Play

The important role of play in early education has a long history (e.g., see Moss et al.,
2016). It is well recognized that play can foster the development of positive dispo-
sitions and habits of mind including curiosity, creativity, diverse problem-solving,
and communicating ideas and emotions (e.g., Ginsburg, 2009; NAEYC, 2010). On
the other hand, there are debates regarding the extent to which specific disciplines
such as mathematics and science should be learned through a play-based approach.
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For example, a common belief has been that all mathematics learning should
emerge from child-directed play. Although the importance of young children being
actively involved in constructing their mathematics and science knowledge cannot
be disputed, there remain questions about the appropriate learning environments
and supports needed to maximize such learning. As Moss et al. (2016) indicated,
there are potential limitations in relying on unguided play for deep early learning in
mathematics. While it is well acknowledged that play has an important role in young
children’s discipline learning (e.g., Perry & Dockett, 2008; Sarama & Clements,
2009), such an approach does not ensure maximum mathematical development
(de Vries, Thomas & Warren, 2010, p. 717). Sarama and Clements (2009) further
illustrated how desired mathematical concepts are unlikely to be developed when
children play with mathematics-related materials and objects solely by themselves.

Referring back to our discussion on environments that facilitate early engineering
learning, it is worth considering briefly Moss et al.’s (2016) review of new devel-
opments in the field. Citing a “playful pedagogy” approach, Moss et al. report on
research suggest that a “middle ground” between free play and direct instructionmay
be most effective in improving access to a more in-depth and broader array of early
mathematics learning opportunities. Such an approach integrates a child-centered
play mode with curricular goals and allows children to control their learning to a
large degree. Baroody’s (2006) early years continuum of pedagogies for mathemat-
ics features four main aspects, ranging from traditional direct instruction, to guided
discovery learning through an adult-initiated task, through to flexible guided dis-
covery learning by means of a child-initiated task, and finally, unguided discovery
involving a child-initiated task. Not surprisingly, Baroody’s classroom observations
revealed that the mid-way approaches, namely discovery and flexible guided dis-
covery, were the most promising for fostering mathematics learning, although each
the four approaches had an important role in early childhood environments. Addi-
tionally, Moomaw’s (2014) findings illustrate the rich and varied science, math, and
engineering experiences that young children routinely encounter in a high-quality
early childhood classroom,where learning and play are intentionally combined. Con-
sequently, when examining early childhood experiences within the frame of a play-
based approach, early engineering provides an opportunity to establish environments
that support intentional and explicit connections between science and mathematics
content and the free-play environments that are frequently seen and promoted in
early childhood classrooms (Bairaktarova et al., 2011).

2.5 Integrating Engineering Within the Regular
Curriculum

Engineering in the early grades should include varied opportunities for students to
experience examples of engineering and engage in engineering design and thinking
activities that allow them to begin to understand engineering as a broad discipline.
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At the same time, such activities should provide ways for them to dig deeply into
aspects of the domain. Developing engineering thinking is not a straightforward task,
nor is incorporating the domain within an already overcrowded curriculum (Lippard
et al., 2017).

One approach to addressing these difficulties is through integrating engineer-
ing within the other curriculum disciplines, as illustrated in several chapters in this
book. Indeed, engineering is seen as providing a foundational, cross-disciplinary
link that contextualizes students’ mathematics, science, and technology learning
(e.g., English, 2017; Moore et al., 2014; Zawojewski, Diefes-Dux, & Bowman,
2008). Although engineering design processes provide important foundational links
across the STEM disciplines and enable students to appreciate how multiple ideas,
approaches, and tools can be applied to complex problems involving more than one
solution (Purzer, Hathaway Goldstein, Adams, Xie, &Nourian, 2015), their multiple
applications in the curriculum are not being acknowledged adequately.

Although frameworks for integrating engineering learning within the early school
years are not prolific, Bryan, Moore, Johnson, and Roehrig’s (2016) “STEM
Roadmap” provides a rich source of ideas. Within their framework, engineering
design and practices form a key component in linking science and mathematics, with
five core instructional features advanced: (1) the content and practices of one or more
of the science and mathematics disciplines comprise some of the primary learning
goals; (2) engineering practices and engineering design of technologies, either as the
context or the intentional learning content or both, serve to integrate the disciplines;
(3) the scientific and mathematical concepts that are required for the engineering
components include design justification; (4) the development of twenty-first-century
skills is highlighted; and (5) the instructional context requires solving a real-world
problem or task through collaborative groups.

Importantly, as emphasized by both Bryan et al. (2016) and Lippard et al. (2017),
STEM integration needs to be “intentional” and “specific” with consideration given
to both content and context. Three forms of STEM integration are: (a) content inte-
gration where learning experiences have multiple STEM learning objectives, (b)
integration of supporting content where one area is addressed (e.g., mathematics) in
support of the learning objectives of the main content (e.g., science), and (c) context
integration where the context from one discipline is used for the learning objectives
from another (Moore & Hughes, 2019; Bryan et al., 2016). Although the integration
of supporting content is frequent, it appears not to be applied in a way that effectively
extends this content (Bryan et al., 2016). Unfortunately, the broad contributions of
engineering education to early children’s learning are not being adequately recog-
nized in many nations. Yet as the report Engineering in K-12 Education (National
Academy of Engineering and National Research Council, 2009) stressed, “In the
real world, engineering is not performed in isolation—it inevitably involves science,
technology, and mathematics. The question is why these subjects should be isolated
in schools” (pp. 164–165).
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2.6 Perspectives on Early Engineering

This chapter has reviewed several different ways in which engineering is develop-
mentally appropriate for, and beneficial to, early engineering learners. Throughout
the remainder of this book, there are chapters that provide different perspectives on
engineering in the early grades.

Engineering thinking is broader than engineering design alone.While engineering
thinking includes engineeringdesign, it also highlights that engineers are independent
thinkers who seek out new knowledge when solving problems (Moore et al., 2014).
Often the ways in which engineers think beyond just design are called engineering
habits of mind. According to the Royal Academy of Engineering in the UK (Lucas,
Hanson, Bianchi, & Chippindall, 2017), the core engineering thinking attribute is
“making ‘things’ that work and making ‘things’ work better” (p. 5). The report fur-
ther separates this core attribute into the engineering habits of mind that include
improving, systems thinking, adapting, problem-finding, creative problem-solving,
and visualizing. Other definitions of engineering habits of mind also include opti-
mism, collaboration, communication, and ethical considerations (National Academy
of Engineering & National Research Council, 2009). It has been argued that when
engineering design, combined with engineering thinking, is made an explicit out-
come of learning, students have increased opportunities to become independent and
reflective thinkers with the skills needed to integrate multiple ideas in solving prob-
lems (Bryan et al., 2016; Lucas et al., 2014). Furthermore, engineering design pro-
cesses serve to help students make connections between engineering and the other
STEM disciplines as well as assist students to recognize that engineers think through
problems in a systematic way.

As we consider how to implement engineering with young learners and different
ways to harness students’ natural ways of thinking, we see there are several different
perspectives on introducing students to engineering. From the work presented in this
book, we see that open-ended challenges are helpful in fostering problem-finding and
creative problem-solving, that play in engineering can foster all of the engineering
habits of mind, and that more formal design is effective in nurturing specific learning
objectives particularlywith content outside of engineering. The chapters demonstrate
that there should not just be one approach to engineering learning in the early grades,
but rather amixture of learningopportunities that should provide amorewell-rounded
education.

2.7 Concluding Points

With the inclusion of engineering in the early grades, it is important to examine
how engineering, engineering design, and engineering thinking can facilitate student
learning and support teaching and learning across content areas. When presented
in developmentally appropriate ways, early engineering can help young learners by
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supporting the development of natural ways of thinking into productive problem-
solving. Young children come to the classroom with ideas about the natural and
designed world that are developed as they explore, test, and modify the world around
them. Early engineering provides an environment that encourages this curiosity and
motivation to explore and alter the world around them. As students are investigating
their world, they often engage in creative problem-solving as they try to better under-
stand why things work and how to improve them. Incorporating engineering into
early childhood classrooms builds on these problem-solving opportunities that are
intrinsically interesting for young children and provide a structure that can help them
move beyond simply solving problem to a level of intentionality with their problem-
solving. Engineering also has a focus on iterative thinking that encourages children
to engage in multiple rounds of investigating, testing, and modifying these problems
that encourage deeper understanding. Many of these problem-solving opportunities
occur as students are engaged in child-centered learning and play. Early engineering
provides a vehicle for facilitating more intentional content connections and content
learning within this child-centered approach common in the early grades. Therefore,
when thinking about the bigger picture of student learning and development in the
younger grades, early engineering experiences can build up contexts that are realis-
tic and motivating for young children while also provide a way to integrate learning
across subjects.

While it is important to recognize the affordances that early engineering can
provide, it is also important to note the multiple ways in which engineering and
engineering design can be presented in a developmentally appropriate manner for
young learners. There are several approaches to engineering that can be used with
young children; these multiple perspectives allow students to think about and engage
with engineering, engineering design, and engineering thinking in different ways.
These different ideas around engineering should not be in competitionwith one other,
but should be more of a multiple representations approach to engineering for young
children, affording them the opportunity to engage more deeply with engineering
content, skills, and habits of mind.
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Chapter 3
Encouraging the Development
of Engineering Habits of Mind
in Prekindergarten Learners

Christine N. Lippard, Katie L. Riley and Monica H. Lamm

Abstract Experiences in early childhood set the foundation for lifelong learning.
Given the integrative and applied nature of engineering and children’s natural curios-
ity, we suggest that prekindergarten classrooms are well suited for providing oppor-
tunities to promote the development of engineering habits of mind (EHM). Devel-
opmental theories suggest that children learn best through hands-on experiences
that enable them to explore and discover concepts themselves and that others in
the child’s environment can serve as active partners in exploration. Recognizing the
emphasis on integrated curriculum in early childhood and the competing demands
for time in preschool classrooms, we identify the EHM as an appropriate early engi-
neering emphasis that can be embedded in everyday classroom moments. To this
end, this chapter begins by pointing out connections among science, math, and engi-
neering for early learners, highlights theories that inform our work with engineering
in prekindergarten classrooms, discusses EHM in prekindergarten learners, briefly
presents a pilot study of observing EHM in prekindergarten classrooms, and ends by
drawing overarching conclusions and suggesting future directions for incorporating
EHM into prekindergarten classrooms.

3.1 Introduction

Within the prekindergarten environment, children are drawn to opportunities
that naturally engage them in engineering processes, skills, and thinking (Bagiati &
Evangelou, 2011, Chap. 6; Gold, Elicker, Choi, Anderson, & Brophy, 2015). Recent
work from leading psychologists indicates that prekindergarten children are inclined
to think like engineers. Children are open to taking in new information and effective
at using it to formulate hypotheses, even more so than adults (Lucas, Bridgers,
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Griffiths, & Gopnik, 2014). They are more likely to attempt systems thinking
when given open-ended opportunities with materials, as opposed to when they are
given direct instruction (Bonawitz, Shafto, Gweon, Goodman, Spelke, & Schulz,
2011). Opportunities to engage in engineering thinking and testing are abundant
in prekindergarten classrooms, as several chapters in this book have illustrated.
Such opportunities may occur when children run out of a paint color and decide
to mix two colors to produce the color they want, use blocks to build a bridge, or
investigate how a new toy in the classroom operates. Each of these situations offers
children an opportunity to engage in engineering—solving problems and making
decisions within a given set of constraints to meet a goal (Katehi, Pearson, & Feder,
2009). These same situations require children to apply practical math and science
principles to address their needs or wants.

Prekindergarten children who participate in engineering thinking and learning are
better equipped for math and science learning. In terms of early mathematics, chil-
dren’s skills can be classified into those related to quantity and numeracy and those
related to geography and spatial thinking (Clements & Samara, 2007). For example,
Verdine and colleagues (2014) define spatial skills as “mentally manipulating infor-
mation about the structure of the shapes and spaces in one’s environment “(pg. 1062).
They found that prekindergarten children’s spatial assembly skills were related to
other early mathematical skills including counting and number sequencing. Build-
ing and other design-related engineering activities challenge children to strengthen
their spatial logic and geometric thinking as they attempt to fit components of a
system together (e.g., see Chap. 5). In the prekindergarten classroom, performing
an engineering task such as building with Marbleworks® pieces encourages chil-
dren to explore how pieces of different sizes and shapes can be manipulated and
formed to produce a desired structure. Indeed, early engineering play in block build-
ing is associated with children’s achievement in math courses into middle school
(Wolfgang, Stannard, & Jones, 2001). Beyond traditional engineering play of build-
ing, addressing engineering problems such as moving water during water play
exposes children to math concepts of measurement, volume, and conservation.

Science skills are also utilized in engineering play in the prekindergarten class-
room. Hypothesis generating and testing are key science skills children practice in
engineering solutions to everyday classroom problems. For instance, if children drop
a toy behind a shelf, they have now set up a problem to solve in trying to retrieve the
toy. Children may hypothesize that the toy can be retrieved with a ruler, some string,
or a long piece of tape and then move to testing each of these. In addition to testing
hypotheses, children will learn about the characteristics and limitations of various
materials (e.g., a long piece of tape sticks not only to the toy you intend, but also
to the wall or itself; rulers are stiff which makes them better than string for pushing
toys). As children encounter these problems and make use of various materials, they
are likely to encounter science concepts related to textures, mixtures and solutions,
density, solubility, geology, heat transfer, and even chemistry. Further illustrations
of these various STEM developments appear in Sect. 2.
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3.2 Theory

Prekindergarten children (3–5 years) learn through hands-on experiences and interac-
tions with others (Dewey, 1997; Piaget & Cook, 1954; Vygotsky, 1978/1997). This
understanding is guided by two theoretical perspectives—constructivism (Dewey,
1997; Piaget & Cook, 1954) and sociocultural theory (Vygotsky, 1978/1997). These
theoretical perspectives work in tandem to highlight how children learn when they
engage with their environment and others in that environment.

Key propositions we draw from constructivism are that children construct knowl-
edge through manipulating and acting upon materials in their environment and the
environment itself (Piaget & Cook, 1954) and that these interactions must be mean-
ingful to the child (Dewey, 1997). Such behaviors as hypothesizing and testing and
revising through trial-and-error are indicative of this hands-on learning. Gopnik and
Wellman (2012) support the constructivist understanding of learning in their work
suggesting that children learn through Bayesian modeling or a series of advanced
computations that are made at a subconscious level to determine what the most likely
outcome is of a given stimulus.

Sociocultural theory suggests that interpersonal interactions promote new levels
of understanding, where continuous interaction with more competent others allows
individuals to revise and advance their levels of understanding (Newman&Newman,
2009; Vygotsky, 1978/1997). It is imperative that teachers act as aids and collabo-
rators in the learning process rather than providing direct instruction. This learning
approach requires children to be active participants in their learning as they draw on
their current skills to help themwith the higher-order task. Peers may also take on the
role of a more advanced other in the learning process. Like teachers, peers may ask
questions or prompt ideas.Mercer andHowe (2012) suggest that sociocultural theory
is well suited for explaining teaching and learning because it illuminates both how
individuals gain new knowledge (acquiring it from others who possess more than
them) and also how the shared knowledge of a group or society progresses through
interactions. This is very fitting for learning in engineering as the individual goals
children are trying to accomplish in solving problems are situated within a larger
context of shared norms and goals.

Constructivist and sociocultural theories have been, at times, pitted against each
other. However, the complex and interdisciplinary nature of engineering and the
equally complex phenomena of child development necessitate consideration of a
multi-theoretical approach. Bruner (1997),while acknowledging distinct differences,
suggests integrative points of the two theories. In particular, a socioconstructivist per-
spective highlights that children learn not only through their own individual inter-
actions with materials and the environment, but also that interactions with other
children and teachers may impact on how children interact with materials and the
world around them. Further, children learn through interactions and activities that
are meaningful to them personally in the context of the meaning held by their larger
social context. Aswe haveworked to understand children’s development of engineer-
ing habits of mind, we are guided by a socioconstructivist perspective that informs
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our work with three specific expectations: (1) children develop EHM by addressing
everyday problems and goals because these problems and challenges are meaningful
to them; (2) children learn through actively interactingwith and acting onmaterials in
their environment, and (3) children’s interactions with materials and the environment
can be enhanced by interactions with others (i.e., teachers and peers).

3.3 The Literature Review

Engineering habits of mind are a set of “values, attitudes, and thinking skills associ-
ated with engineering” (Katehi et al., 2009, p. 7). Katehi and colleagues define six
engineering habits of mind (EHM) to be fostered in K-12 education: systems think-
ing, creativity, optimism, collaboration, communication, and ethical considerations.
The EHMare not a prescribed curriculum, but rather can be viewed as developmental
outcomes that arise from children’s meaningful interactions with engineering con-
cepts and activities. For this reason, EHM can be embedded and facilitated within
existing classroom curricula and practices. Table 3.1 summarizes the six EHM dis-
cussed above by listing a definition for each habit and identifying several exam-
ples from the K-12 literature that explore that particular habit. It is encouraging
that K-12 educators are finding ways to integrate the facilitation and assessment
of EHM into existing classroom practice (Besser & Monson, 2014; Bottomley &
Parry, 2013; Glancy, Moore, Guzey, Mathis, Tank, & Siverling, 2014; Tank, Moore,
Babajide, & Rynearson, 2015; Chap. 4). This is in contrast to facilitation and assess-
ment strategies for EHM that rely on units with particular activities or engineering
tasks that must be introduced into the classroom by the teacher, in addition to what is
already occurring in the classroom (Chiu & Linn, 2011; DeJaegher, Chiu, Burghardt,
Hecht, Malcolm & Pan, 2012; Hobson Foster, Husman &Mendoza, 2013; Loveland
& Dunn, 2014). Below we discuss each EHM in further depth and suggest how it
might be particularly important for prekindergarten children.

3.3.1 Systems Thinking

Systems thinking facilitates higher-order thinking as children seek to identify and
understand interconnectedness and how materials relate to each other and contribute
to the systemas awhole (NAE&NRC, 2009). The prekindergarten classroomcontext
encourages children’s systems thinking by offering opportunities to explore objects
within distinct learning areas and to examine interconnectedness when materials are
combined across learning areas. These opportunities challenge children to consider
the properties and functions of various materials, which also promotes scientific
thinking as well as vocabulary development. Rehmann, Rover, Laingen, Mickelson,
and Brumm (2011) identify four features that are common to many definitions of
systems thinking—(1) “viewing a problem broadly and holistically”; (2) “identify-
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Table 3.1 Engineering habits of mind documented in the literature

Engineering habit of
mind

Definition Previous literature exploring the
habit

Systems thinking “involves understanding (1) how
individual parts function, (2) how
parts relate to each other, and (3)
how parts, or combinations of parts
contribute to the function of the
system as a whole” (NAE & NRC
2009, 122)

Chiu & Linn (2011), Virani,
Burnham, Gonzalez, Barua,
Fredericksen, & Andrade, (2011),
DeJaegher et al. (2012), Bottomley
& Parry (2013), Hobson Foster
et al. (2013), Moore, Glancy, Tank,
Kersten, Stohlman, Ntow, & Smith,
(2013a), Moore, Tank, Glancy,
Kersten, & Ntow, (2013b), Glancy
et al. (2014), Loveland & Dunn
(2014), Berry & DeRosa (2015),
Tank et al. (2015)

Creativity “use of imagination in design
process … includes originality,
flexibility, and imagery” (Loveland
& Dunn, 2014)

DeJaegher et al. (2012), Bottomley
& Parry (2013), Hobson Foster
et al. (2013), Moore et al. (2013a),
Moore et al. (2013b), Glancy et al.
(2014), Loveland & Dunn (2014),
Berry & DeRosa (2015), Tank et al.
(2015)

Optimism “reflects a worldview in which
possibilities and opportunities can
be found in every challenge …”
(NAE & NRC, 2009, p. 152)

Bottomley & Parry (2013), Moore
et al. (2013a), Moore et al. (2013b),
Glancy et al. (2014), Loveland &
Dunn (2014), Tank et al. (2015)

Collaboration “leverages the perspectives,
knowledge, and capabilities of
team members to address a design
challenge” (NAE & NRC, 2009, p.
152)

Chiu & Linn (2011), Virani et al.
(2011), DeJaegher et al. (2012),
Bottomley & Parry (2013), Hobson
Foster et al. (2013), Moore et al.
(2013a), Moore et al. (2013b),
Glancy et al. (2014), Loveland &
Dunn (2014), Berry & DeRosa
(2015), Tank et al. (2015)

Communication understanding the wants and needs
of others and explaining solutions
to problems (NAE & NCR, 2009,
p. 152)

Chiu & Linn (2011), Bottomley &
Parry (2013), Hobson Foster et al.
(2013), Moore et al. (2013a),
Moore et al. (2013b), Glancy et al.
(2014), Loveland & Dunn (2014),
Berry & DeRosa (2015), Tank et al.
(2015)

Attention to ethical
considerations

“draw attention to the impacts of
engineering on people and the
environment; ethical considerations
include possible unintended
consequences of a technology, the
potential disproportionate
advantage” (NAE & NRC, 2009, p.
152)

Hess, Sprowl, Pan, Dyehouse,
Wachter, & Strobel, (2012),
Bottomley & Parry (2013), Moore
et al. (2013a), Moore et al. (2013b),
Glancy et al. (2014), Loveland &
Dunn (2014), Tank et al. (2015)
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ing interdependence and feedback”; (3) “synthesizing as well as analyzing individual
components”; and (4) “accounting for dynamic, nonlinear behavior” (p. 3). As men-
tioned previously, prekindergarten children are still developing their capacity to think
abstractly, which is a characteristic of these four features. Thus, concrete forerunner
skills of systems thinking must be identified in order to recognize developmentally
appropriate expressions of this engineering habit of mind in prekindergarten chil-
dren. We propose that these include identifying and labeling properties of materials,
identifying limits and possibilities of materials, transferring and applying knowledge
from one situation to another, and flexible management of materials in ways that pro-
mote solving problems in addition to identifying parts of a whole and simple cause
and effect within systems.

Young children are capable of systems thinking, and developing this skill enhances
their ability to learn in all content areas. In one study, Nelson, O’Neil, and Asher
(2008) investigated prekindergarten children learning object labels and found that
children better recall object names when the functions of the objects were provided.
Further, children inquired about object functions when a new or novel object was
named. These findings demonstrate that children naturally look to make connections
in their learning, and making meaningful connections is beneficial for children’s
understanding and remembering new information. This is further a useful habit of
mind for children to develop, while they are immersed in integrated curriculum
in early childhood education, so that they will develop the ability to self-identify
connections as they move into later years of schooling where curricula are often less
integrated.

3.3.2 Creativity

Creativity is the use of imagination in solving engineering problems (Loveland &
Dunn, 2014). Creativity allows children to thrive in novel situations, encouraging
flexibility and the ability to generate a variety of solutions to problems. Creativ-
ity also contributes to children’s ability to transfer knowledge from one setting to
another, which is critical for school readiness because using one’s imagination, flex-
ibility, and imagery are skills that help children construct new knowledge in a way
that is meaningful to them. Creativity can lead to higher-order thinking as children
generate new solutions and ways of thinking to produce an answer to the problem.
The development of creativity in the prekindergarten years is considered so impor-
tant that is included in state early learning standards (Early Childhood Iowa, 2012)
and has been associated with higher academic achievement (McCabe, 1991).
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3.3.3 Optimism

Optimism reflects the belief that problems and challenges can be viewed as oppor-
tunities (NAE & NRC, 2009). Optimism includes children’s perseverance and self-
motivation, which are in turn important for learning as children who have developed
the habit of mind of optimism are motivated to stay engaged in understanding chal-
lenging concepts and have developed the perseverance to do so. In prekindergarten,
children often exhibit these skills during unstructured play activities. The motivation
to continue working on a task even if unsuccessful on the first try and to persevere
will be valuable for all learners as they work to master new concepts over time. Opti-
mism can also facilitate positive social/emotional development. How children think
about and respond to problems has an impact on how they view themselves, their
ability to shape their own learning, and how they handle future problems (Pawlina
& Stanford, 2011). This increase in self-efficacy can bolster children’s confidence
and encourage a growth mind-set (Dweck & Leggett, 1988), which then can act as a
cyclical process leading to increased child optimism during the learning process.

3.3.4 Collaboration

Collaboration allows for groups to incorporate the strengths and abilities of each
group member into the problem-solving process to reach a better outcome (NAE
& NRC, 2009). In prekindergarten, children have opportunities to practice collab-
orating with peers and teachers in groups, whether they are participating in a large
group teacher-led activity or with a few peers in a learning area during free play.
Successful collaboration can increase children’s understanding of material and help
them to engage in deeper thinking about an idea or concept during the learning pro-
cess as they are exposed to multiple perspectives. From our theoretical perspective,
collaboration can be a key driver of development as children’s individual schema is
challenged. Indeed, collaborative problem solving has been associated with greater
learning (Azmitia, 1988). There are indications that collaboration may be particu-
larly beneficial for children with special needs (Colozzi, Ward, & Crotty, 2008) as
they are able to observe not only the EHM skills, but also other skills of typically
developing peers.

3.3.5 Communication

Communication is an essential skill for collaborative problem solving and ultimately
for learning and academic success. Communication in this regard goes beyond vocab-
ulary development, though that will occur, and focuses on the use of communication
as a tool. When children have to communicate their ideas, they are challenged to
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solidify their thinking and in turn expose that thinking to either affirmation or cor-
rection by others. Expressing what one is thinking when learning is a way for educa-
tors to assess children’s understanding and integration of new knowledge. Practicing
effective communication in prekindergarten helps bolster language development.

3.3.6 Attention to Ethical Considerations

Attention to ethical considerations emphasizes recognizing that any given solution
to a problem will impact others in the environment and the environment itself. An
advanced understanding of this would include recognizing the possibility of unin-
tended consequences. Though this EHM may have a social skills component in that
emotions may be considered or addressed, attention to ethical considerations really
considers the materials-based aspects of a situation. It is possible that attention to
ethical considerations, more so than the other habits of mind, will require input from
more advanced others. Prekindergarten children are typically capable of following
multi-step directions and simple cause-and-effect relationships and are beginning to
understand sequencing in activities. These abilities can be scaffolded to help chil-
dren predict possible outcomes. Thus, as children transition toward more abstract
thinking and the ability to see various perspectives, opportunities to attend to ethical
considerations provide practice in considering potential consequences of decisions
and actions.

3.4 Method for Building a Classroom Observation Protocol

This section describes the process by which an observation protocol for document-
ing occurrences of engineering habits of mind in prekindergarten children was con-
structed and piloted. The team assembled to initially build the protocol (Phase 1)
consisted of one faculty with domain expertise in early childhood education, one fac-
ulty with domain expertise in chemical engineering, and one doctoral student from
the human development and family studies program. During pilot testing (Phase 2)
of the protocol additional team members were added including a faculty member
with expertise in early elementary science and engineering education, another fac-
ulty member with expertise in early childhood education, another doctoral student
from the human development and family studies program, and two undergraduate
engineering students.

To begin the process, for each EHM, we discussed what typical displays of EHM
in the classroomwould be and what classroom factors would contribute to the occur-
rence.We generated hypothetical examples from our previous experiencewith young
children. Once we had an initial shared vision for what each EHM could look like
in a classroom, we began classroom observations (described below) and spent sev-
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eral iterations discussing, further clarifying our operationalization of each EHM,
observing classrooms, and then returning to discussion.

Classroomobservationswere conducted atmid-morning,when small-group activ-
ities and free-play timewere scheduled.All observation noteswere recorded on paper
and recorded in such a way that children’s identities remained anonymous. Obser-
vation procedures were presented to the university institutional review board (IRB).
Phase 1 observations were determined to not be human subject research given that
no interactions were occurring between observers and those being observed; Phase 2
observations were deemed exempt on the basis of occurring in an educational setting
observing public behavior.

3.4.1 Phase 1: Development and Field Testing

Field testing took place in the laboratory school at a large, Midwestern University
in the USA. The two classrooms observed were prekindergarten classrooms with
children aged 3 and 4 years. Each classroom had 18 children and 2 teachers.

To establish construct validity, we observed the university laboratory school class-
rooms and, for each occurrence, we record the EHMdisplayed, the time duration, the
learning setting and focus (literacy, language, math, art, music, motor), the teacher
role (active, passive, questioning, directing), and the teacher response. We tried dif-
ferent observation patterns, such as exclusively focusing on one learning center or
activity in the classroom for the duration of the observation while capturing in-depth
narrative summaries (Richards & Farrell, 2011), observing the classroom at large for
extended periods and then coding (Pianta, La Paro, & Hamre, 2008), or observing
the classroom for 15 s and recording observations for 15 s in an interval time sam-
pling fashion (Hintze, Volpe, & Shapiro, 2002). During this early phase, we often
conferred with each other in the observation booth to discuss specific play moments,
child–child interactions, or teacher–child interactions.

3.4.2 Phase 2: Pilot Testing

The pilot study took place in nine early childhood classrooms housed in public
elementary schools (n � 5) or Head Start centers (n � 4). Children enrolled in the
classrooms ranged in ages from 3 to 5, and each classroom had a minimum of two
teachers.

Similar to Phase 1, all observations occurred in the morning and were scheduled
during indoor free play and small-group time though a few observations followed
children to their outdoor classrooms. For each observation, three or four research
assistants observed from inside the classroom. Research assistants observed the same
learning area and recorded anecdotal notes for three minutes and then moved on to a
different learning area. At the end of 18 min (two 3-min cycles through each of three
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areas), research assistants coded their notes into specific EHM occurrences. After
field testing multiple observation patterns, this pattern was determined to give the
best balance of depth and breadth of data. All research notes were recorded in such
a way that children’s identities remained anonymous and stored in such a way that
teachers’ identities remain confidential.

Graduate and undergraduate research assistants were trained to conduct the obser-
vations. The training module included background on prekindergarten child devel-
opment, prekindergarten classrooms, and the EHM. Observation, note taking, and
coding skills were developed and practiced by viewing videos and making visits to
the laboratory school observation booths. Results presented here draw from all of
the anecdotal notes of observations recorded by all of the observers.

3.5 Results and Discussion

We are continuing our work to establish the psychometric properties of the EEOT.
Here, we share trends drawn from the descriptive results from the body of exam-
ples of EHM occurrences observed in real classrooms and highlight opportunities
for facilitating EHM. We include anecdotes to help illustrate the possibilities for
facilitating EHM that already occur in classrooms. A robust body of real examples
from classroom observations is crucial for future efforts aimed at effective teacher
professional development, and we continue to work to this end. It is one thing to tell
teachers that they can embed engineering in their classroom, but it will be far more
effective to show them by giving them examples from real classroom observations.

Table 3.2 shows select observations from the preliminary data collected with the
EEOT. One example is presented for each EHM. Teacher facilitation prompts are
included. When the prompt was directly observed during data collection, the prompt
appears as a direct quotation. For examples, where no teacher responsewas observed,
we have added prompts to suggest how a teacher might have facilitated the EHM
occurrence. Below we further discuss trends that arose from our data.

3.5.1 Engineering Play Throughout the Classroom

The first trend we noted was that EHM were demonstrated in a variety of activities.
For example, during our preliminary observations, we saw children display optimism
as they worked to refine their designs both when building block furniture and when
making paper airplanes. In the case of the paper airplanes, a group of children dis-
played self-motivation (optimism) as they worked to test their designs by flying their
airplanes around the classroom, then to refine and improve their work by cutting off
the tips and other parts of the planes and then flying them again. They demonstrated
collaboration and communication as they discussed how these changes could make
their planes fly better. We also saw children demonstrate EHM in activities such as
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Table 3.2 Engineering habits of mind in prekindergarten classrooms

Engineering habit of
mind (EHM)

Corresponding
prekindergarten skills
for the EHM

Example of the EHM
observed in a
prekindergarten
classroom

Facilitation from the
teacher to promote the
EHMa

Systems thinking Identifying and
labeling
characteristics and
properties of
materials, identifying
limits and possibilities
of materials,
transferring and
applying knowledge,
materials management

A child made an
envelope with a sheet
of paper and a stapler.
Inserted small paper
pieces, shook
envelope (tested), then
added more staples,
and shook (tested)
again

You needed an
envelope for your
little papers and used
staples to fasten the
sides of the big sheet.
What other materials
can we use to fasten
the sides of an
envelope?

Creativity Identifying limits and
possibilities of
materials, identifying
a problem and
generating solutions,
transferring and
applying knowledge

A child was trying to
make a helicopter
with spinning blades
out of connecting
manipulatives. He was
unable to balance it.
He grabbed straws
from a shelf and
attached them to the
center to make it taller
and tried to spin the
blades

It looks like your
straw bent when you
tried to spin the
blades. Is there
something else that
might work?

Optimism Motivation to gather
information and
consider problems,
trying alternative
solutions to solve a
problem

A child tried to latch
legs onto a structure
by pushing down on a
LEGO piece. After
examining the
structure, the child
pushed the LEGO
piece from underneath
the structure and it
latched

You looked for
another way to attach
that piece and did not
give up

Collaboration Identifying a problem
and generating
solutions, identifying
limits and possibilities
of materials, materials
management

Two children worked
together to hold
blocks as they built a
garage around a car

“I am pleased you
collaborate with each
other”

(continued)

This copy belongs to 'VANC03'



30 C. N. Lippard et al.

Table 3.2 (continued)

Engineering habit of
mind (EHM)

Corresponding
prekindergarten skills
for the EHM

Example of the EHM
observed in a
prekindergarten
classroom

Facilitation from the
teacher to promote the
EHMa

Communication Identifying and
labeling
characteristics and
properties of
materials, identifying
limits and possibilities
of materials,
identifying a problem
and generating
solutions, transferring
and applying
knowledge

A child built a bridge
with two pillars, and it
collapsed. The teacher
asked, “What can you
do to make it better?”
The child rebuilt the
bridge with a third
pillar and then showed
his teacher pictures of
how he added a third
pillar to his bridge to
make it more sturdy

Wow. So you added a
pillar to fix it? Did it
work?

Attention to ethical
considerations

Materials
management,
identifying limits and
possibilities of
materials, identifying
possible unintended
consequences

Three children
throwing paper
airplanes flew them
toward another group
of children

“Let’s throw away
from people. Where
can we throw
instead?”

aTeacher facilitation remarks that were observed appear in quotation marks. All other facilitation
remarks are suggested next actions that a teacher might use to promote the EHM

art and dramatic play. In one of our observations, several children were pretending
with plastic toy shapes. One child commented that he was going to “fire the house”
with his shape. Another child asked back, “Is it fire or water?” A third child chimed
in that she was going to “Frozen it!” These communications and collaborations about
what elements to apply to the pretend house not only helped children practice vocab-
ulary, but also challenged their thinking. Though we initially began creating the
EEOT with the goal of observing EHM in all classroom activities, early data made it
clear that the vast majority of EHM occurrences were happening in a few classroom
learning centers—dramatic play, art, manipulatives, blocks, and outside play. This
is somewhat consistent with Gold and colleagues (2015) findings that children were
more engaged in engineering play when large moveable parts were available and in
dramatic play.

3.5.2 Teachers’ Roles

Second, we noted that teachers often played a limited role in children’s activities that
involved EHM. Table 3.2 demonstrates a few exceptions to this trend; however, in
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many cases we saw children go about their activities without teacher engagement or
we saw teachers redirect play. Redirections, at times, addressed behavior concerns
such as children’s voice volume, but at other times drew children’s attention to other
academic concepts such as literacy (e.g., “Oh! Wow! What letters do you see on
that box?”). We saw multiple opportunities where a teacher could have stepped into
prompt children’s use of EHM. For example, we observed a child removes a block
from other children’s somewhat elaborate building. Ethical considerations in this
context would require the child to recognize that taking the block alters the structure,
though he may also recognize that taking the block made his friends mad. However,
seeing possible unintended consequences would likely have required scaffolding
from a teacher. Additionally, children playing with sand, water, and PVC pipe are
likely to recognize their ability tomanipulate the path of runningwater and to quickly
make use of the pipe to do so. However, it may take questioning or feedback from a
teacher for children to consider how the altered path will impact other aspects of their
play (e.g., Does this path cut off water to the plastic turtles the children have stacked
in one corner? Does the new path dump water on a sand hill that was intended to be
dry land?).

3.6 Conclusions and Future Directions

3.6.1 Everyday Moments in Classrooms and EHM

Certainly, there is a growing recognition of the value of facilitating and encouraging
engineering thinking and learning in the early childhood classroom, as the chap-
ters in this book and other research have shown (e.g., Bagiati & Evangelou, 2015;
Bairaktarova, Evangelou, Bagiati, & Dobbs-Oates, 2012). However, this enthusiasm
for engineering exists within a reality of limited time in classrooms. Often there are
competing priorities for time in early childhood classrooms, with teachers recogniz-
ing the need to maintain child-directed, open-ended play time while still addressing
required literacy activities or other content areas. Given this reality, we advocate
that early engineering efforts should focus on children’s development of EHM and
that this effort should be embedded into everyday moments in early childhood class-
rooms. Embedding EHMmaximizes the use of integrated curriculum and maintains
opportunities for child-directed activity in a way that stand-alone engineering cur-
ricula cannot. We also propose that helping teachers see opportunities to promote
engineering in activities and routines that already occur in the classroom will build
on their strengths and be less intimidating than adding a new piece to their existing
curricula. In the next chapter, van Meeteren provides further examples of how early
engineering experiences can develop the important EHM explored here.
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3.6.2 Teachers Need Support to Draw Out EHM in Everyday
Moments

Though approaching engineering in the classroom from an embedded perspective
may set teachers up to be more successful, this alone is not enough. Teachers need
support in recognizing and drawing out EHM in everyday moments. Over the past
two decades, early childhood has been characterized by an emphasis on early lit-
eracy (Zigler & Styfco, 2010). As early literacy was made a top priority for early
childhood education, early childhood teachers were trained to recognize, embed, and
facilitate early literacy development. In our classroom observations, teachers seem
to draw out early literacy concepts almost effortlessly, asking children what letters
they saw on a box, if they recognize letters from their own name on a display, and
encouraging children’s storytelling by asking, “what happened next?” More recently
teachers have begun to develop this same type of comfort with early math skills, not
only in terms of counting how many blocks they put away, but also estimating and
comparing whether one bowl might have more peaches than another, or asking chil-
dren what other triangle shape items they see throughout the classroom. These types
of interactions and questions may appear and even feel natural to teachers now, but it
took training and effort for teachers to recognize and develop strategies to facilitate
early literacy and math in everyday classroom moments. Over time, teachers have
developed working scripts that provide them with go-to questions and comments to
highlight literacy and math concepts.

Before developing these strategies, it first took time and training for teachers
to recognize early literacy and math skills, which often look different from their
3rd–12th-grade counterparts, and to value these “pre” skills (e.g., print awareness,
one-to-one correspondence). Teachers will, similarly, need training and support to
recognize and appreciate pre-engineering skills. Commenting on properties of mate-
rials (e.g., “this foam block squishes if I step on it, but the wood blocks don’t”) or
choosing to try to solve problems related to materials rather than immediately asking
for help may not initially appear to be engineering skills, but these are the very early
forerunners on which more advanced habits of mind such as systems thinking and
optimism are built. A 2009 policy brief by the National Institute of Early Education
Research recognized the ongoing challenge of developing an early education work-
force that is well grounded and knowledgeable in STEM education and noted this
as a challenge to enhancing children’s understanding (Brenneman, Stevenson-Boyd,
& Frede, 2009). Work with adults and children in museum settings suggests that
adult–child interactions around engineering benefit when adults have received some
instruction on engineering concepts (Benjamin, Haden, & Wilkerson, 2010; Haden,
Cant, Hoffman, Marcus, Geddes, & Gaskins, 2014). Our future directions include
working to further understand the support teachers need in encouraging children’s
EHM and using the data we have to highlight for teachers the EHM opportunities
already occurring in prekindergarten classrooms.
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With training and support, teachers can develop comfort and skill levels similar
to those they have for literacy and math and come to have working strategies for
encouraging and enhancing children’s EHM.

3.6.3 Engineering Habits of Mind as Readiness Skills

Weanchor ourwork on early engineering to the engineering habits ofmind in order to
align early engineering learning and thinking with K-12 expectations while allowing
for the flexibility to embed early engineering in existing developmentally appropriate
curriculum and everyday classroom moments. Beyond this, we appreciate the EHM
to be meaningful habits of mind for all children to develop, regardless of their future
careers. The organization P21: Partnership for 21st Century Learning (2016), which
has partnered with 19 states to develop standards and resources promoting twenty-
first century skills, designates critical thinking, communication, collaboration, and
creativity and Learning and Innovation Skills critical for the academic and career
success of children today. Three of the four of these directly relate to EHM, and
systems thinking is listed as a subskill under critical thinking, which further affirms
the notion that all children will benefit from an intentional focus on the development
of EHM in early childhood. Development of the EHM (systems thinking, creativity,
optimism, collaboration, communication, and attention to ethical considerations) are
key habits of mind that set children up for learning throughout their academic career
and for engaging in society as productive and thoughtful citizens. As one of our
community partners from phase 2 put it, “Don’t we want all children to have these
skills?”
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Chapter 4
The Importance of Developing
Engineering Habits of Mind in Early
Engineering Education

Beth Dykstra Van Meeteren

Abstract Engineering education in early childhood (preschool through second
grade) is a new emphasis in preK-12 education. Many endeavors to introduce engi-
neering to young children use an approach of providing teachers engineering cur-
riculum with prepared lessons or lesson suggestions. An alternative approach is to
examine the current educational settings of preschool through second grade to dis-
cern existing contexts and activities where engineering is a natural fit. In this chapter,
the author invites the reader to examine the high-quality early childhood educational
setting and ponder its untapped potential to develop children’s engineering habits of
mind and the subsequent advantages for children’s development.

4.1 Habits of Mind and Early Engineering Education

The Next Generation Science Standards (NGSS, 2013) can be a challenge for early
childhood teachers. The Standards identifies the science and engineering all K-12
students should know. Teachers examining the document are challenged to include
experiences to empower students to meet engineering performance expectations by
the end of second grade. Below these performance expectations, the science and
engineering practices, engineering core ideas, and the crosscutting concept of struc-
ture and function are described in more detail for early childhood educators. Lastly,
readers are provided information that includes connections to the standard from other
disciplinary core ideas at that grade level, across grade level, and to the Common
Core State Standards (CCSS) in mathematics, and English language arts and literacy
(NGAC & CCSSO, 2010). It is a lot for teachers to take in. What is left out is how
this may look within the early childhood setting. Teachers struggling to find a place
for engineering activities within their classroom may find it helpful to consider what
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many experts in engineering education believe to be most important in designing
high-quality engineering experiences.

A two-year study of the Committee on K-12 engineering education (The Commit-
tee), constituted by the National Academy of Engineering and the Board on Science
Education at the Center for Education and the National Research Council, exam-
ined the scope and nature of existing efforts to teach engineering in K-12 settings.
Subsequent findings were released in their report, Engineering in K-12 Education:
Understanding the Status and Improving the Prospects (Council, 2009). Within the
report, the Committee challenged K-12 education to envision the inclusion of engi-
neering education within the American school system. The Council was not content
to have K-12 schools teach about engineering, but instead advocated for a K-12
engineering education that would engage students in engineering and “align with
generally accepted ideas about the disciplines and practice of engineering” (Council,
2009, p. 4). To accomplish this, The Committee provided three guiding principles to
develop high-quality engineering education. These principles state that engineering
experiences from kindergarten through grade 12 should:

(1) emphasize engineering design;
(2) incorporate important and developmentally appropriate mathematics, science,

and technology knowledge and skills; and
(3) promote engineering habits of mind. (Council, 2009, pp. 151–152).

The Committee specified that Principle 3, the promotion of engineering habits of
mind, was greatest in importance in guiding the development of K-12 engineering
education (Council, 2009). Since the publication’s release, discussions on engineer-
ing education have embraced preschool as part of the K-12 educational system or
PK-12.

4.2 Cognitive Demands of Engineering and Their Relation
to Executive Functions

The cognitive processes engineers undergo as they design are complex, requiring the
ability to (1) focus, (2) consider multiple sets of data, and (3) to flexibly move from
analytical to synthetic thinking, or thinking of details within the whole, or the whole
in light of the details. These abilities align with what is called executive function
skills (EFs). The three core EFs are defined as (1) inhibitory control: self-regulation
or self-control—controlling impulsive actions and having the ability to focus; (2)
workingmemory: the ability to hold lots of information or data in their minds tomake
relationships among elements or concepts; and (3) cognitive flexibility: the ability
to take another perspective and not be thrown off by surprises. More complex EFs
include problem solving, reasoning, and planning (Blair & Razza, 2007; Diamond
& Lee, 2011; Miyake et al., 2000).

Just as complex cognitive processes are essential for successful engineering
design, EFs have been found to be essential for academic success, including early
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learning. A child’s high measures of EFs in preschool are related to the child’s mea-
sures of high ability inmath and literacy in later grades and continue to predict success
throughout all of a child’s schooling (Gathercole, Pickering, Knight, & Stegmann,
2004; Hanline, Milton, & Phelps, 2010). Interestingly, measures of a young child’s
EFs were more predictive of future literacy success than measures of early phonemic
awareness (Blair & Razza, 2007).

Children’s EFs can be boosted through specific kinds of activities and classroom
environments. Such environments do not expect young children to sit still for long
periods of time, but allow for movement within the classroom and time for aerobic
exercise. Teachers within these environments refrain from an abundance of direct
instruction and instead create experiences that inspire children to ask their own
questions and pursue answers (Diamond & Lee, 2011). This type of environment
nurtures self-regulation in a positive atmosphere alongside integrative activities that
are interesting and challenging (Blair & Razza, 2007). Such environments welcome
the idea of engineering activities. When conducted in a developmentally appropriate
way, the activities are compatible with and valued for their potential for integration
and potential to nurture the development of EFs. This affects the child’s success in
all domains.

Cognitive processes within the act of engineering have also been described as
“engineering habits of mind.” The Committee adopted the term “habits of mind”
from the American Association for the Advancement of Science in the publication
Science for All Americans (Rutherford & Ahlgren, 1991). Engineering habits of
mind refer to the values, attitudes, and thinking skills related to the act of engineer-
ing and align closely with the twenty-first-century skills (Bellanca, 2010). These
habits include (1) systems thinking, (2) creativity, (3) optimism, (4) collaboration,
(5) communication, and (6) attention to ethical considerations. The Committee pro-
vided succinct descriptions illustrating each habit of mind to guide the development
of K-12 engineering education (Council, 2009, pp. 4–6). A summary can be seen in
Table 4.1.

Reading this summary may lead one to believe engineering is beyond the young
child’s grasp that young children’s instructional time be more suitably devoted to
reading and mathematics. However, renowned civil engineer, Henry Petroski (2003),
believed these engineering values, attitudes, and thinking skills develop within the
years of early childhood. Petroski understood young children inherently engage in
engineering through their play. As children play, they devise, invent, and construct
their own toys, games, and artifacts that are useful to them. Petroski perceived engi-
neering in children’s actions such as moving sand about with dump trucks in a
sandbox, building structures out of unit blocks, altering directions in preparing food
snacks, or moving objects in references to light sources to create specific kinds of
shadows. According to Petroski, the act of design is engrained in children’s imagina-
tion, in their choices, and in their play activities involving objects (Petroski, 2003).
Regrettably, these activities are not recognized or valued within formal schooling
and are the first to go when time becomes an issue. What is often viewed and even
dismissed as “mere play” is often the beginnings of engineering thinking or habits
of mind and deserves protection in the early grades.
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Table 4.1 Engineering habits of mind

Term

Systems thinking Equips students to recognize essential interconnections in the
technological world
Appreciates that systems may have unexpected effects that cannot be
predicted from the behavior of individual subsystems

Creativity Inherent (part of the very nature of something, and therefore
permanently characteristic of it or necessarily involved in it)

Optimism A world view in which possibilities and opportunities can be found in
every challenge
An understanding that every technology can be improved

Collaboration Leverages the perspectives, knowledge, and capabilities of team
members to address a design challenge

Communication Essential to effective collaboration
Essential to understanding the particular wants of a customer
Essential to explain and justify the final design solution

Attention to ethical
considerations

Draws attention to the impacts of engineering on people
Draws attention to the Impact of engineering on the environment
Considers possible unintended consequences of technology
Considers the potential disproportionate advantages or disadvantages
of technology for certain groups or individuals

4.3 The Engineering Connection with Play

Petroskiwas certainly not thefirst to recognize the value of play.German educator and
creator of kindergarten, Friedrich Froebel (1782–1852), viewed play as the work of
the child. He felt educators should capitalize on the productivity of children’s play. In
1837, Froebel created a series of six wooden boxes ofmaterials he called a “system of
gifts and occupations.” These gifts were meant to provide children with focused play
experiences. Gifts two through six were called “The Building Gifts” and consisted
of various sets of maple wood blocks that included rectangles, cylinders, cubes,
and triangles. The blocks were modular and undecorated to encourage discovery
and creativity. Froebel believed educational materials should be designed to allow
children not only to learn, but to explore and enjoy (Wellhousen & Kieff, 2001).

Many practicing engineers agree with Froebel and Petroski’s reverence of chil-
dren’s play with objects and materials. These engineers advocate for educational
settings that provide space, time, and materials for activities that allow children to
design and build (Martin, 2008; Papert, 1980, 2008; Petroski, 2003; Turkle, 2008;
Wright, 1943). Early experiences are essential to develop engineering habits of mind
and produce inventors of technologies yet to be imagined. Turkle (2008) documented
numerous scientists, engineers, and designers that readily acknowledged their own
playful, childhood constructions, and explorations of objects such as blocks and
gears. They cited this play as the genesis of their careers in science, engineering,
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and design; fields that share “a passion for the technical, for formal analysis, for
discovery, and for understanding how things work” (Turkle, 2008, p. 7).

Frank Lloyd Wright, perhaps one of the most influential people in twentieth-
century design, credits his interest in architecture to a childhood gift his mother
purchased for him at the ChicagoWorld Fair: a set of Froebel blocks (Wright, 1943).
The geometric shapes and smooth texture of the maple blocks fascinated the young
Wright as he used them to construct patterns and structures. Wright often reminisced
about these blocks with a sense of fondness, even at the end of his life. The primary
forms and figures of these childhood blocks found their way into more than 500
completed works including houses, offices, churches, schools, libraries, bridges,
museums, and one golf course (Brewster, 2004).

Seymour Papert (1980) often credited his childhood fascination with gears as
the catalyst for a career that led to pioneering artificial intelligence, co-inventing
the Logo programming language. Given a toy car operated by gears, the young
Papert became enchanted with the toy’s gear mechanisms. As a result, he examined
and manipulated every kind of gear system at his disposal. Through these multiple
experiences with gears, he constructed a deep understanding of how gears worked,
mentally turning them in his head and noting the causational relationships of each
gear’s motion. Papert was so in tune with the workings of gears that he used them
as mental models for abstract ideas in mathematics encountered in school. Papert
believed educational settings should provide children ample time and space for regu-
lar, open-ended encounters with objects and media such as blocks, gears, paints, and
markers. According to Papert, early educational environments should be less formal
and designed to support “children as they build their own intellectual structures with
materials drawn from the surrounding culture (Papert, 1980, p. 32). According to
Papert, early childhood encounters with objects and media have a profound effect on
a child’s intellectual development and life accomplishments. While educational psy-
chologist cannot measure the immediate benefits of these encounters, Papert urged
leaders in education to look beyond the short-term and recognize and value these
experiences for their long-term benefits (Papert, 1980).

Fred Martin, graduate student of Seymour Papert and now Professor of Computer
Science and Director of Student Success at the University of Massachusetts Lowell,
wrote that his early childhood experiences with wooden unit blocks, were founda-
tional for his later success in computer science. Unit blocks, invented by Carolyn
Pratt over 100 years ago, are a staple in high-quality early childhood classrooms. A
unit block is 5.5 inches long, 2.75 inches wide, and 1.275 inches thick. Larger blocks
include a double and quadruple unit blocks that are 11–22 inches long. Smaller
blocks are fractions of the standard unit block allowing all to fit together in congru-
ence. Martin had the good fortune of attending an experimental school where he had
regular access to these wooden unit blocks for long periods of time throughout the
primary grades. “I spent days on end building complex roads, garages, and ramps
with the blocks. We would test them by driving cars through the worlds we built
(Martin, 2008, p. 180). Martin explained that his engagement with materials that had
a well-defined and consistent set of first principles that allowed him to build more
intricate structures prepared him for BASIC programming language. (Martin, 2008).
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He likened the blocks to computer programming in that there is a finite set of primi-
tives. The blocks have physical rules in which they connect, and there are standard
patterns and ways of using collections of blocks in a coherent way as that becomes
a building block to be used in larger structures (F. Martin, personal communication,
August 27, 2016).

4.4 Existing Early Childhood Contexts Ripe for Early
Engineering

Many accomplished engineers credit serendipitous early experiences with objects for
their successful careers in design. It is reasonable to assume that engineering habits of
mind should not be left to serendipity, but can and should be purposefully planned and
nurtured in all children within the school setting. But like the kindergarten teacher at
the beginning of the chapter wonders, where does it fit in? The answer can be found
within her gaze upon the firehouse block structure in the block center.

Unit Blocks

Just as Martin andWright found inspiration in wooden blocks, Brophy and Evan-
gelou (2007) found connections to engineering in preschoolers’ playwith unit blocks.
Observing preschoolers within their natural school setting, they found the children
were intrinsically drawn to work with these materials at the block center and that
the children’s own observation and repetitive actions helped build their intuitions
of physical properties that governed their intended designs within block building.
In short, Brophy and Evangelou came to understand the children were engaging in
a rudimentary iterative design process. From time to time, Brophy and Evangelou
would engage the child in conversation to determine the child’s thinking or plans.
The researchers found childrenwere independent in their work and only occasionally
asked for an adult’s opinion or help. Children self-selected partners or chose to work
alone, but the decision to work in a group or alone was not fixed, but dynamic.

Brophy and Evangelou noted that children building structures began to develop
a basic understanding of physics and as a result, actually designed with the con-
straints of physics in mind. One example given was a child who could construct a
sophisticated tower that required counterbalancing weight. Upon questioning, the
child could predict and explain what would happen if certain blocks were removed
from the structure. Another example concerned a child building a roadway. When
the child used two blocks of different thickness, he used a ramp to allow the imagi-
nary car to move from one level to the next. Children were merging their imaginary
world with the actual world, reflecting their growing understanding of the constraints
of physics; the beginnings of engineering thinking. Brophy and Evanglou (2007)
observed focused builders; noting the lengthy 40 min, a 4-year-old devoted “to con-
struct, revise, deal with challenges, rebuild as necessary and finally use” a model
of a hotel and swimming pools (Brophy & Evangelou, 2007, p. 5). Analyzing the
4-year-old girl’s comments and actions, they determined she held a mental model
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and used this mental model to “correct” children who attempted to assist her. Brophy
and Evangelou (2007) called these behaviors precursors to engineering. They viewed
block play as a bridge to support young children’s developing understanding of how
the world works and how children can use their understanding to design and build.

Unfortunately, block play is typically undervalued by teachers and lies on the
periphery of the early childhood curriculum. Teachers often view unit block play
as a free-choice activity (Casey et al., 2008) despite research showing early block
building relating to spatial skills (Brosnan, 1998; Caldera et al., 1999; Kersh, Casey,
& Young, 2008; Petersen & Levine, 2014), correlation with later math achievement
(Wolfgang, Stannard, & Jones, 2001), and the development children’s understanding
of space and the physical properties of objects (Kamii, Miyakawa, & Kato, 2004).
The kindergarten teacher’s problem of figuring out how to fit in engineering in the
curriculum could well begin by reconsidering the value of block play.

Unit Blocks and Tracks

Block play had always been highly valued for challenging children’smathematical
thinking as well as developing a working knowledge of physics at the Freeburg Early
Childhood Program (2001–2007), an experimental early childhood school supported
by the Regents’ Center for Early Developmental Education at the University of
Northern Iowa, Waterloo Community Schools, and Tri-County Head Start. Each
of the school’s four classrooms serving children ages three through first grade was
equipped with a full set of wooden unit blocks. Children had opportunities to build
with blocks every day. Their teachers documented the sophistication and processes
of building through photographs, video, and child interviews. On faculty inservice
days, Director Dr. Rheta DeVries led teachers and researchers in reviewing reviewed
this data to discuss the kinds of problems children were posing themselves and
how they went about solving them. The team deliberated about things that affected
children’s creative design and problem solving such as materials, presentation of
those materials, the amount of space and time, and adult intervention. One of the
materials they added to each classroom’s set of unit blocks was tracks to inspire
children to explore force and motion. This activity became known as Ramps &
Pathways, an activity that was further researched through funding by the National
Science Foundation (Counsell et. al., 2016; De Vries & Sales, 2011; Van Meeteren,
2013, 2016; Van Meeteren & Zan, 2010).

Ramps&Pathways is an activity where one-, two-, three-, and four-foot lengths of
simple crown molding are introduced as tracks to children with a simple open-ended
challenge such as, “What can you do with these materials?” Children are intrigued
and begin to move marbles and other objects along the lengths of tracks. Through
exploration, the children notice spheres move easily without a child’s push or pull
when the track is placed on an incline using unit blocks as supports (Counsell et al.,
2016; De Vries & Sales, 2011; Van Meeteren, 2016; Van Meeteren & Zan, 2010)
(See Photograph 4.1).

Originally viewed solely as a physical science activity to support young children
in their investigation of force and motion, the publication of Engineering in K-12
Education (Council, 2009) inspired research that determined its value in supporting

This copy belongs to 'VANC03'



44 B. D. Van Meeteren

Photograph 4.1 Crown
molding and wooden unit
blocks are used to create an
incline

engineering (VanMeeteren, 2013). As children begin to build, they may have a sense
of how they want the marble to move and an idea of their constraints, for example
the amount of space they have to work within and the number and kinds of blocks
available. As children build, they are confronted by constraints of physics and make
incremental adjustments or massive design changes to work within those constraints.
They begin to think of the whole system as they work with a part or analyze each
part of the system while thinking of the whole. They become aware that a change in
one part of their ramp system will affect other parts and make decisions of letting
some parts of the system go in order to make a more prized part of the system work.
(Counsell et., al. 2016; De Vries & Sales, 2011; Van Meeteren, 2013, 2016; Van
Meeteren & Zan, 2010). Like block play, Ramps & Pathways engages children in
the processes of engineering design and to develop a working understanding that
deepens over time.

Even at the very beginning of exploring Ramps & Pathways, children pose their
own design problems as they design and build variations of straight pathways using
one or multiple sections of crown molding. Children find that decreasing an incline
causes a marble to move more slowly and roll a shorter distance, and increasing an
incline causes the marble to move faster and farther. They also become aware of
differences in the properties of objects they are trying to move and the effect of those
properties has on movement. For example, they notice the metal ball bearings are
heavier and roll farther off the end of a track than glass marbles that are the same
size, but lighter (Van Meeteren, 2016; Van Meeteren & Zan, 2010).

Eventually, children become accomplished with straight pathways and begin to
search for ways to get the marble to change direction on a pathway. Through many
iterations of trial and error, they figure out that they can change the marble’s direction
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Photograph 4.2 A system
with multiple corners

Photograph 4.3 Changing
the direction of the marble
by alternating inclines
stacked vertically

by placing a block in the marble’s path. When the marble strikes the block in a
particular way, the marble bounces onto the next section of track. Once this is figured
out, children challenge themselves to design systems to enable a marble to travel
through multiple corners (See Photograph 4.2). Again, children use iterative testing
to adjust the inclines to control the speed of the marble; the position of the blocks as
supports and barriers; and the position of the receiving track. They persevere until
they are successful or until they determine their design is not possible and must be
changed (Van Meeteren, 2013, 2016; Van Meeteren & Zan, 2010).

Ever curious about how they can move a sphere in a more interesting way, many
children design a system where the tracks can be situated in a vertical position with
alternating inclines to allow the marble to drop to the next level and roll in alternating
directions (DeVries&Sales, 2011; VanMeeteren, 2016; VanMeeteren&Zan, 2010)
(See Photograph 4.3).
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These are but a few examples of how three, four, five, six, seven, and eight-year-
old children engineer what can be described as marble runs; a type of Rube Goldberg
machine.

At the Freeburg Early Childhood Program, Ramps & Pathways was a beloved
activity where children returned to it throughout the year, year after year; always with
an eagerness to figure out a new design. Teachers have witnessed children grapple
with systems that are extremely complex. Systems were designed in a variety of
ways to enable the marble to have enough speed to roll through a loop like a roller
coaster; down and up multiple hills and valleys; and over wide gaps between two
tracks. Children as young as six have designed systems that involved multiple tracks
balanced on fulcrums. An eight-year-old built a system that successfully moved a
marble 39 feet within a 3′ × 3′ space. Nearly, all of these designs came from the
children themselves.

The preschoolers, kindergarten, first, and second graders in the Freeburg Early
Childhood Program were provided time, space, and the materials to build on a daily
basis both under teacher observation, and also independently in small groups dur-
ing center time. Their teachers provided support and encouragement, assisted in
documentation, and occasionally fulfilled a child’s playful request to assign them
a difficult challenge. However, like the children in Brophy and Evangelou’s (2007)
study, the children typically worked independent of the teacher, posed their own
problems to solve, and persevered until they had a working structure or decided their
intended design was physically impossible and needed to be reconsidered. Children
self-selected partners or chose to work alone, but the decision to work in groups
or alone was dynamic (De Vries & Sales, 2011; Van Meeteren, 2013, 2016; Van
Meeteren & Zan, 2010).

4.5 Considering Engineering Habits of Mind
from the Perspective of the Child

While the children and their teachers may not have realized it, children’s actions
within block play and Ramps & Pathways are powerful contexts for developing
engineering habits of mind. Results of research with children engaging in Ramps &
Pathways (VanMeeteren, 2013) found children exhibited developmentally appropri-
ate behaviors compatiblewith TheCouncil’s six engineering habits ofmind (Council,
2009).

Engaging in systems thinking. Children engaged in systems thinking as they
coordinated a series of components to work together as a whole system. Children
found when one component was adjusted; it affected the marble’s movement on
the following component or components. They were challenged to coordinate their
understanding of force and motion with the arrangement of the materials to control
the direction and speed of the marble as it traveled from one component to the next.
This suggested an awareness and use of cause and effect relationships. Children
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also developed their ability to operate within the system of the classroom social
community. They began to understand the value of cooperative and collaborative
relationships and adjusted their behavior accordingly within the social system.

Engaging in creativity. The creativity of children was revealed in their ability to
design a system as well as flip, rotate, and repurpose materials in the development
of the design. Flexibility in thinking and fluency was further illustrated by children’s
ability to consider different ways of arranging supports, tracks, or barriers. As chil-
dren grew in their understanding of how to build supports that were stable, many
became more economical in their use of blocks and arranged them in ways that were
more aesthetically pleasing. Creativity was found in the originality of their designs.
Children did not rely on an adult prototype, but took pleasure in generating their own
designs or elaborated on another child’s design or prototype. They also demonstrated
creativity by resisting premature closure by continuing to add to the complexity of
their structure even after a successful test.While teachers could often suggest another
challenge of changing the ending or beginning of the structure, the children typically
challenged themselves by redesigning the ending, the beginning, or adding another
feature to their system such as a jump or a drop.

Developing optimism. Optimism was demonstrated through children’s percep-
tion of failed tests as valuable information to use in adjustments or redesigns rather
than shameful mistakes to be avoided. Children did not abandon their work upon
the failure of a test, but persisted by adjusting or rebuilding components. While a
few children had the good fortune of being successful on the first try, children made
errors that needed to be addressed 84% of the time. The number of times a child
failed before succeeding ranged from one to as many as nine.

Engaging in collaboration and communication. Children engaged in the prac-
tices of collaboration and communication out of necessity to fulfill their desire to
build. Collaboration developed out of a shared interest or a need to figure out how to
get a system to work. Children communicated to distribute materials, space, request
assistance, offer suggestions, and to share their success. Children often wrote about
their experiences or labeled a series of photographs documenting the process of
construction.

Considering ethics.While children did not think about worldwide ethical consid-
erations, they did consider the classroom social community when making decisions
aboutwork space anduseofmaterials.Analysis of transcripts revealed childrendevel-
oped collaboration and communication skills to coordinate the sharing of workspace
and materials within the classroom. Respect for each other in communication and
collaboration improved throughout the year. Children stepped through each other’s
workspace carefully so as not to destroy others’ work. There were no intentional
knockdowns recorded in early spring, but evidence of children advocating for each
other in regard to fair treatment when disagreements occurred.

A comparison between engineering habits of mind as defined by The Council
(2009) and operational definitions of children’s engineering habits ofmind as defined
by results of this study can be seen in Table 4.2.
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Table 4.2 Engineering habits of mind in young children as they engage in ramps and pathways

Term NRC (2008) definition of
engineering habits of mind

Operational definitions of
engineering habits of mind in
young children

Systems thinking Equips students to recognize
essential interconnections in the
technological world
Appreciates that systems may have
unexpected effects that cannot be
predicted from the behavior of
individual subsystems

Adjusts both ends of a track
After adjusting one component,
coordinates positions of other
components before testing

Creativity Inherent (part of the very nature of
something, and therefore
permanently characteristic of it or
necessarily involved in it)

Generates own design
Flips, rotates, or repurposes
materials
Considers different ways of
arranging supports, tracks, barriers
Resists premature closure by
continuing to add to complexity
even after a successful test

Optimism A world view in which possibilities
and opportunities can be found in
every challenge
An understanding that every
technology can be improved

Does not abandon structure after a
failed test
Uses failed tests as opportunities to
find solutions
Tries again after multiple failed
tests

Collaboration Leverages the perspectives,
knowledge, and capabilities of
team members to address a design
challenge

Asks for help from a peer
Considers suggestions of a peer
Asks to test a peer’s system
Uses peer’s system as a model
Provides encouragement and/or
advice to a peer

Communication Essential to effective collaboration,
Essential to understanding the
particular wants of a customer
Essential to explain and justify the
final design solution

Shares success of structure with
peer
Explains success of structure with a
peer
Asks for help and discusses
problem with peer
Offers advice to a peer
Volunteers to build for another and
asks what the peer wants in a design
Writes or draws about system

Attention to ethical
considerations

Draws attention to the impacts of
engineering on people
Draws attention to the Impact of
engineering on the environment
Considers possible unintended
consequences of technology
Considers the potential
disproportionate advantages or
disadvantages of technology for
certain groups or individuals

Coordinates use of space with peers
Coordinates use of materials with
peers
Takes responsibility for knock
downs
Considers safety

(Van Meeteren, 2013)
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4.6 Reexamining Existing Early Childhood Activities for
Engineering

Reconsidering engineering habits of mind from the perspective of the child’s work
in block play and Ramps & Pathways may be valuable in reexamining other existing
activities within the child’s world for their engineering potential. Appreciating the
value of such activities may spur policy makers, administrators, and educators to
seek out opportunities to support and include more of these activities within the
preschool through second grade school setting. Wright (1943), Papert (1980), and
Martin (2008) were fortunate to have had adults that provided them with materials,
space and time, and support that sparked imagination, innovation, and invention.
While some children have limited access to engineering experiences through before
and after school programs such asFirst LEGOLeague, and summer programs such as
Camp Invention, many children are denied access because life circumstances prevent
them from attending. Building time, space, and access to open-ended materials in
public school early childhood classrooms would allow all children the benefits of
developing engineering habits of mind. High-quality preschools and kindergartens
alreadyprovidematerials like blocks, paints, sand andwater tables, anddramatic play.
However, they are often undervalued for their rich context for children’s development
of science and engineering practices. When teachers reexamine each area of the
classroom and the reflect upon the experiences offered within it, it is helpful to ask
themselves, “What is there for children to figure out?” In this act of reflection, the
intellectual rigor of the experiences offered in the area, or the lack thereof, reveals
itself.

At the art center, children can be provided with choices to paint on horizontal
and vertical surfaces. How easy is it to control the paint on a vertical surface? A
horizontal? If the paper is glossy or dull, how well does the paint adhere or absorb?
Which paper or surface is best for water color or tempera paint? What kinds of effect
does using a tapered paint brush have on a painting?A chisel tip brush?A thick or thin
brush? Which brush works best with water color? With tempera? As children work
within a variety of different constraints, they will notice how properties of materials
interact with each other and that they can vary their actions with the materials to
produce different results. Over time, they develop preferences for a particular kind
of paper, paint, or brush when they have a specific kind of project they want to
design. They develop these kinds of preferences because they have learned about
the properties of the materials and the possibilities the properties allow. As they
gain control over properties, they begin to design and create, making adjustments in
design or use of materials when surprises occur. They are engaged in the engineering
design process.

At the water table, children can be given transparent and translucent containers,
tubes, and funnels with large or small openings; thin or fat; one or more openings.
Transparent and translucent allow children to notice the water levels. Which con-
tainers hold the most water? Which the least? Which hold the same? Which take
longer to fill? To empty? Why does the water come out in a thin stream with this top
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on? Which are easier to pour from? How can we get water to pour for this into that
and then empty into this? As children work with a variety of tubes and containers,
they notice how the properties of the tubes and containers affect how the water is
contained or released. Over time, they develop preferences for a particular type of
container or tube when they want to move the water in a specific way. Again, they
develop these preferences because they are learning about the properties of the con-
tainers, tubes, and water, and how they can control it. In the act of deciding what to
control and how to control it, they are engaged in the engineering design process.

At the dramatic play center, children can be given long bolts of fabric and ribbon
in addition to dress up clothes. Which fabrics feel heavy? Light? Silky or slippery? Is
there a way to make this rectangle into a square? A square into a triangle? A square
into a rectangle? How could I wrap this fabric around my friend to make a gown? A
cape? A robe? How could we use this to make a roof? A lake? A river? A river that
is flowing fast? Slow? Over time, children have the possibility to notice the weave,
texture, and rigidity of fabrics, and how it affects how easily it can be tied, wrapped,
folded. They challenge their spatial thinking as they fold to get a desired shape;
consider amounts and lengths with what they want to do and how they wrap, fold,
and tuck to make a garment. Upon creating the garments and props, they cooperate
to create or retell a story. They are engaging in the design process.

4.7 Summary

Technology is defined as “the study of the human-madeworld, specifically the knowl-
edge, techniques, systems, and artifacts created by humans to satisfy their wants and
needs” (Council, 2009, p. 82). Adults are eager to purchase the next iPhone; tablet;
car; bike; coffee maker. Young children are as enamored by the human-made world
as adults. Just as adults design and create technology to satisfy their wants and
needs, young children are constantly designing and creating artifacts to serve their
own wants and needs. By this definition, the block structure built to serve the child’s
wants and needs is technology. A ramp system built to serve a child’s wants and needs
is technology. A water fountain system built to serve a child’s wants and needs is
technology. A child’s meticulous carving through the mud on a playground to allow
the water from one pool to flow to another has created the technology of a canal to
serve the child’s want and need to move that water from one place to the next. Every
day, children design and create sculptures, paintings, songs, games, and processes
to satisfy their wants and needs. Embracing this definition reveals that the world of
early childhood is a plethora of opportunities to engage children in engineering to
develop engineering habits of mind.

Be reexamining existing opportunities for engineering within a developmentally
appropriate classroom, teachers have the opportunity to redesign their classroom
environment, processes, and procedures to immerse children in the processes of
design. Teachers can support the design process by documenting children’s efforts to
create and construct through interacting and taking photographs, video, or transcripts.
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They can use this documentation to revisit the process with the child, inviting the
child to comment and critique the work. Displaying the processes and products to
invite responses from audiences show the child their work is important, respected,
and valued. In such classrooms, engineering is not something children do from time
to time. Engineering becomes a way of learning about the world and how it works.
Engineering processes become tools to help children cope as well as create and
invent; tools that ask children to think flexibly; tools they routinely use. It becomes
a way of being. It becomes a habit of mind.
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Chapter 5
Spatial Skills Framework for Young
Engineers

Lynn McGarvey, Lixin Luo, Zachary Hawes and Spatial Reasoning Study
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Abstract Engineering is a spatially demanding field. Yet, unlike previously held
assumptions, recent research reveals that spatial ability is not innate, but that through
experience, education, and intervention, people of all ages can improve their visual-
ization skills—a key component of the engineering habits ofmind. In this chapter, we
examine the spatial skills that are predictive of success in engineering education and
the types of intervention activities that have demonstrated improved performance
in STEM subjects. In doing so, we identify parallel assessment measures, skills,
and tasks in the development of a spatial skills framework for young engineers
that includes physical and mental rotation, symmetry properties, paper folding and
unfolding, and cross-cutting objects. These skills are developed through 3D mod-
elling and 2D representational drawings. We illustrate the skills in the framework
with samples of work from students in grades 2 and 3 in response to a series of
linking-cube tasks in a cube-creature project.
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5.1 Introduction

When we think about professionals who need strong spatial abilities, we might think
of visual artists such as sculptors, graphic designers, interior designers, photogra-
phers, or animators. Architects, pilots, carpenters, and urban planners may also come
tomind. Although the role of spatial thinking in these professions appears quite obvi-
ous, the need for and reliance on spatial thinking is critical for many other disciplines
as well. Indeed, a growing body of research suggests that spatial thinking is a central
and uniting feature of science, technology, engineering, and mathematics (STEM)
professions. Individuals with strong spatial skills are more likely to enter, enjoy, and
succeed in STEM fields (Wai, Lubinski, & Benbow, 2009). More broadly, research
has revealed that spatial skills explain academic success in STEM subjects through-
out schooling even beyondmeasures of verbal and quantitative scores (Mix&Cheng,
2012; Webb, Lubinski, & Benbow, 2007).

In particular, engineering is a spatially demanding field. Visualizing components
assembled into a unit, imagining what that unit looks like when rotated and viewed
from different perspectives, and moving fluidly between 2D graphics and symbolic
representations of 3D objects are essential skills for engineers. Spatial skills are
needed to solve problems, develop prototype models on paper, design systems in
Computer-Assisted Design (CAD) programmes, and communicate ideas (Hsi, Linn,
& Bell, 1997).

In past years, the assumption has been that spatial ability is an innate attribute of
an individual—a static component of intelligence. However, more recent research
confirms that spatial ability ismalleable andmaybe improvedgiven appropriate expe-
riences, opportunities, and practice. Uttal,Meadow, Tipton, Hand, Alden,Warren, &
Newcombe, (2013) performed a meta-analysis of 206 spatial training interventions
over a 25-year period (1984–2009) and demonstrated that improved spatial perfor-
mance was possible through various approaches to training, including playing video
games, repeatedly completing spatial tests and tasks, and through in-school spatial
instruction. Interestingly, even relatively short interventions of just a few hours were
shown to boost individuals’ spatial skills, with the effects persisting over time. Fur-
thermore, the authors found some evidence that training one spatial skill (e.g. mental
rotation) may lead to improvement in other spatial tasks not addressed in training
(e.g. mental paper folding).

The importance of spatial ability and its malleability has been a focus of study in
post-secondary engineering education for several decades. In 1996, Miller provided
a historical review of spatial visualization literature that had been documented in the
Engineering Design Graphics Journal. This review raised awareness and became a
launching point for new research agendas in the field such as: spatial skills needed
for engineers; how spatial ability serves as a barrier for entry into and success in post-
secondary engineering programmes, particularly for underrepresented groups; and,
intervention studies to investigate ways to improve spatial skills, remove obstacles
for learners, and improve success in and retention of students (Marunić & Glažar,
2014; Mohler, 2008; Sorby, 2009).
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Despite the importance of spatial skills to engineering, mathematics, and science
and evidence suggesting that skills are educable, spatial sense receives little attention
in early years curriculum (Sinclair & Bruce, 2015; Sarama & Clements, 2009). The
National Research Council (2006) has highlighted this as a “major blind spot” in
education (p. 6). Since spatial thinking is not an isolated subject with explicit testing,
“it often gets lost among reading, mathematics, and all the other content and skills”
(Newcombe, 2010, p. 33). Furthermore, spatial thinking (visualizing) is considered
one of the important engineering habits of mind (Lucas & Hanson, 2016) that have
been highlighted in this section.

There is limited research with regard to what assessment measures are appropriate
with young children or the types of experiences that might promote spatial thinking
with children. It is interesting to note that in Uttal et al.’s (2013) meta-analysis of
spatial skills training, only four of 206 studies focused on children younger than
13 years of age. While there is a dearth of research, recent intervention studies with
young children show tremendous promise with regard to developing skills such as
mental rotation (e.g. Hawes, Moss, Caswell, & Pliszczuk, 2015).

In this chapter, we describe the development of a framework of essential spatial
skills for young engineers. In the development of the framework, we examined the
spatial skills assessed in standardized tests in engineering education and the skills
emphasized in spatial intervention studies for engineering students. By becoming
familiar with the skills and tasks that are predictive of success in engineering, we are
able to identify and describe parallel tasks appropriate for children.

Our purpose in developing the framework is to help educators become aware of the
importance of spatial skills training, and the kinds of tasks that help develop those
skills in young learners. The underlying premise of this project is that educating
spatial skills in early childhood has the potential to increase elementary school chil-
dren’s achievement in mathematics and science (Cheng & Mix, 2014; Newcombe,
2010), and doing so may keep the door open for students to choose and be successful
in STEM fields later on. We begin our investigation of essential spatial skills by
describing spatial thinking.

5.2 Spatial Development

Multiple definitions and descriptors of spatial thinking exist across disciplines and
even within disciplines. With no consensus in the literature, numerous overlapping
terms have been spawned by researchers, such as spatial perception, spatial relations,
spatial orientation, spatial ability, spatial reasoning, spatial sense, spatial cognition,
and spatial visualization to name a few. Within the psychological literature, identi-
fying, isolating, and categorizing the components of this cognitive capacity has been
a subject of debate, controversy, and confusion for decades (Newcombe & Shipley,
2015).

Rather than attempt to define or tease apart the nuances of spatial terms, we begin
this paper by describing Newcombe, Uttal and Sauter’s (2013) two broad domains
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of spatial skills: navigation and tool design. The first domain is the ability to navi-
gate—moving our bodies through space, and understanding the spatial relationship
between and among static and dynamic objects. The ability to navigate in our three-
dimensional world allows us to locate a place we have never been to before, to rec-
ognize that a 2D map represents a 3D space, and to become aware of how landmarks
are oriented in space. While all animals are able to navigate using instincts, senses,
and landmarks, humans have the additional capability of representing the spatial
environment through language and symbol systems. Humans are able to both imag-
ine and depict the surrounding environment, as well as label landmarks and streets.
Further, we invent navigational tools such as compasses, sextant, maps, models, and
GPS devices. The development of these tools is part of the second human spatial
challenge—to design, manipulate, and transform objects and use them as tools. This
latter domain is, in many ways, the definition of engineering itself—“design under
constraint” (Wulf, 1999); that is, the design of tools, structures, and systems within
the associated constraints.

The ability to represent an object and its internal structure gives us the capacity to
spatially imagine what an object will look like as it turns and twists or is inverted or
reflected. We are able to anticipate the internal structures of an object when slicing
through it, decomposing its parts, and by bending, folding,melting, or applying force.
Designing and manipulating tools require specific skills such as rotating, cross sec-
tioning, folding, and transforming or what is often referred to as “intrinsic-dynamic
skills” (Newcombe & Shipley, 2015; Uttal et al., 2013). It is the intrinsic-dynamic
skills that schools of engineering have been assessing as part of entrance exams for
over two decades and are the focus of the next section.

5.2.1 Assessing Spatial Abilities in Engineering Education
and Early Childhood

Administering standardized spatial ability tests to engineering freshman has been
a common practice for some time. The most frequently used and most reliable
tests in engineering assess many of the skills associated with tool design or the
intrinsic-dynamic skills (Gorska & Sorby, 2008). In particular, they focus on (1)
mental rotation; (2) mental paper folding; and (3) cross sectioning. Importantly, as
we will describe, research has revealed these spatial skills are highly correlated with
success and retention in engineering. In this section, we describe the most common
assessment measures used in schools of engineering. In addition, we sought out
items assessing the same skill, but suitable for children. Prior to examining the mea-
sures associated with mental rotation, mental paper folding, and cross sectioning,
we point to a precursor skill that is taken for granted within the adult assessment
measures—the translation between 2D representations of 3D objects.

The vast majority of spatial measures currently used are 2D line drawings of 3D
objects. In a studywith children ages 4–8, Frick andNewcombe (2015) demonstrated
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Fig. 5.1 Translationbetween2Drepresentations of 3Dobjects or photographs (Frick&Newcombe,
2015)

that children entering school are capable of recognizing the relationship between 2D
and 3D representations of objects but not with one-hundred per cent accuracy. In
the study, children were asked to match real 3D objects or photographs of objects
with 2D line drawings depicting the schematic edges of objects (and vice versa) (see
Fig. 5.1). The results showed that developmentally, by the time children reached
6 years of age and older, their performance became relatively consistent. This is
not to suggest that their performance was always correct, but that there was little
difference in performance between6-year-olds and 8-year-olds. This finding suggests
that engaging students in tasks involving 2D representations is not inappropriate
provided the images are of limited complexity. However, researchers need to use
caution when developing spatial assessment measures. Actual objects should be
used wherever possible, and if 2D images of 3D objects are used, they need to be
relatively realistic (Hoyek, Collet, Fargier, & Guillot, 2012). With this information
in mind, we examine the three types of spatial skills most frequently assessed in
engineering education.

1. Mental Rotation

Mental rotation is arguably the most extensively studied spatial skill. It involves the
ability to look at an object or image and visualizewhat it will likewhen rotated in two-
or three-dimensional space. There is a close relationship between 3Dmental rotation
and mathematics (Delgado & Prieto, 2004; Wei, Yuan, Chen, & Zhou, 2012) and
other STEM disciplines (Newcombe & Frick, 2010; Wai et al., 2009). Different tests
of mental rotation are available, but the two most frequently used with engineering
students are the mental rotation test (MRT) from Vandeberg and Kuse (1978) and
the Rotations component of the Purdue Spatial Visualizations Test (PSVT:R) from
Guay (1977) (see Fig. 5.2).

In both theMRT and the PSVT-R tests, the person has to mentally rotate the given
object until a match is made or, in some items, to determine whether another image
is the same or a mirror image. The difficulty of mental rotation increases as the angle
of rotation from the original position increases, and with whether one or two axes
of rotation are at play. Engineering students who perform well on tests of mental
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Mental Rotation Test (MRT)
(Vandeberg and Kuse, 1978; Peters et al., 

1995) 

Instructions: Which two of the four 
alternatives are rotated images of the first 
figure?

Purdue Spatial Visualizations Test –
Rotations (PSVT-R)

(Guay, 1976) 

Instructions: Which is the correct answer to the 
object shown in the middle line when rotated in 
exactly the same manner as the object in the top?

Fig. 5.2 Tests of mental rotation

rotation often perform well in engineering graphics and engineering design courses
(Field, 2007; Koch & Sanders, 2011).

Despite the extensive number of studies of mental rotation with adults, relatively
few studies—particularly with 3D objects—have been done with young children.
Developmentally, the ability to mentally rotate 2D images emerges at about five
years of age (Frick, Ferrara, & Newcombe, 2013). In a study using the MRT with
children (Hoyek et al., 2012), 7- and 8-year-olds performed at the level of chance. The
conclusion was not necessarily that these young children were incapable of mental
rotation of 3D objects, but that the measure was likely inappropriate. They suggested
that assessment tasks for mental rotation should have fewer choices, simpler instruc-
tions, reduction or removal of time constraints, and use of more familiar items. In
response to these limitations, researchers have created mental rotation assessments
suitable for young children (see Fig. 5.3).

In a spatial skills intervention study with kindergarteners, Casey, Andrews,
Schindler, Kersh, Samper, & Copley, (2008) developed a 3D Mental Rotation Task
that addresses many of the difficulties identified in Hoyek et al. (2012) study. The
10-item measure uses multilink cubes, rather than images or photographs. The
examiner starts by showing the child that the objects are the same by placing them in
the same orientation. Then after arranging the two objects behind a screen asks the
child how to rotate the second object so that it is, once again, the same as the first.
The items increase in difficulty by increasing the number of cubes and complexity
of rotations needed.

Hawes, Le Fevre, Xu and Bruce (2015) based their 16-item 3D mental rotation
measure on the line drawings of theMRT, but used actual objects. Five or six wooden
cubes were glued together. A single blue cube was used as a “mental anchor” to
reduce the demands of working memory. The response items included a match, a
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3D Mental Rotation Task
(Casey et al., 2008) 

Instructions: These two objects are the 
same. How can you turn one to make 
them look the same?

3D Mental Rotation Block Task (3D-MR)
(Hawes, LeFevre, Xu, & Bruce, 2015) 

Instructions: Point to the shape that looks the same as 
the target item. Show how you can make them look 
the same.

Fig. 5.3 Tests of mental rotation for Children

mirror, and a distractor. The children assessed were told that they were playing a
matching game and were asked to point to the perfect match. No time restrictions
were imposed. In the study, 29% of 5- to 7-year-olds and 57 per cent of 7- to 8-year-
olds were classified as “successful rotators”. The measure confirms other studies
that suggest that after the age of five there is significant growth in spatial ability, and
that there are strong individual differences after this point in development. Given
that spatial abilities serve as predictors of science and mathematics achievement
(Verdine, Golinkoff, Hirsh-Pasek, & Newcombe, 2017; Wai et al., 2009), these two
mental rotation measures not only identify successful rotators, but may also identify
young children at risk of not developing the skill.

2. Mental Paper Folding

Another measure of spatial ability associated with success in engineering is mental
paper folding. Two different tests of paper folding are used (see Fig. 5.4). The first
is the Differential Aptitude Test: Spatial Relations (DAT-SR) (Bennett, Seashore, &
Wesman, 1947). This test involves either mentally folding a 2D net or flat pattern
into a 3D object or unfolding the 3D representation into a flat pattern. The second test
is the Paper Folding and Surface Development Test (Ekstrom, French, & Harman,
1976). In this test, a series of images show how a sheet of paper is folded and punched
with one or more holes. The task is to imagine what the sheet of paper will look like
when unfolded. Paper folding tests emphasize visualization skills and the tests are
predictive of achievement in STEM fields (Hegarty, Kriz, & Cate, 2003; Sanchez &
Wiley, 2014; Uttal et al., 2013).

Like mental rotation, mental paper folding is a complex spatial task that is a
measure of dynamic spatial transformation. Both skills can be trained and the effects
are durable over time; however, there are several notable differences. First, mental
rotation involves rigid transformation of an object; that is, the object that is mentally
rotated does not change its shape or structure (Harris, Hirsh-Pasek, & Newcombe,
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Differential Aptitude Test: Spatial Relations 
(DAT-SR)

(Bennett, Seashore & Wesman, 1947) 

Instructions: Choose the 3D object that would 
result from folding the first figure.

Paper Folding Test (PFT)
(Ekstrom, French & Harman, 1976)

Instructions: Which of the diagrams shows 
how the paper will look like when it is 
unfolded?

Fig. 5.4 Test of mental paper folding

2013a). Rigid transformation may take place in a 2D or 3D space. On the other hand,
paper folding is a non-rigid transformation because the folding and unfolding change
its shape. Further, paper folding involves both 2D and 3D aspects for every task. In
the DAT-SR example in Fig. 5.4a, the object is transformed from 2D to 3D. In the
paper folding test (Fig. 5.4b), the object begins and ends as a 2D form, but the act of
unfolding requires a 3D transformation.

Another notable difference betweenmental rotation and paper foldingmeasures is
thatmental rotation shows strong differences across genderswhile paper folding does
not (Harris et al., 2013a). While this difference is not well understood, it suggests
that the underlying spatial skills are somewhat different.

Despite its noted differences with mental rotation, there are far fewer studies
involving paper folding and fewer assessment measures available. Noting this omis-
sion, Harris, Newcombe, and Hirsh-Pasek (2013b) developed the mental folding test
for children (MFTC) suitable for children ages 4–7 years of age (see Fig. 5.5). Chil-
dren are shown a piece of paper that is green on the front and purple on the back.
For each prompt, they are asked to imagine what the paper will look like when it is
folded. Another version of a paper folding task is part of the Cognitive Abilities Test
(CogAT-Nonverbal Battery) (2011). Similar to the PFT (above), a page is folded,
punched with one or more holes, and the child is to select the image that matches
the unfolded paper. This version of paper folding is used in grades 3–12. Levine,
Ping, Young, and Ratliff (unpublished) developed a similar version that is valid for
children ages 5–10 years of age; however, to reduce the complexity, in their version,
the examiner folds and hole punches the sheet of paper in front of the child.

3. Cross Sectioning

The third set of spatial skills we describe is cross sectioning or mental cutting. In
these visualization tasks, participants are shown an image of a 3D object and they
are to select the 2D image that results from slicing or cutting the 3D representation
along a given plane. The Mental Cutting Test (MCT) was originally developed as
a subset of a college entrance exam (CEEB, 1939), but has been used widely as a
measure of spatial ability of engineering students (see Fig. 5.6). The ability to model
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Mental Folding Test for Children (MFTC)
(Harris, Newcombe & Hirsh-Pasek, 2013) 

Instructions: Imagine what the paper would 
look like if it were folded.

Cognitive Abilities Test (CogAT)

Instructions: What will the paper look like 
when it is unfolded?

Fig. 5.5 Test of mental paper folding for children

(CEEB, 1939)
Instructions: Choose the cross-section that matches the image when cut 
by a given plane.

Mental Cutting Test (MCT)

Fig. 5.6 Test of cross sectioning

and manipulate objects in 3D is seen as a necessary skill in descriptive geometry and
engineering graphics courses (Tsutsumi, 2005).

While theMCT has been used for 75 years, the relationship between spatial ability
and cross sectioning is not well studied. This is at least in part because little is known
about how or when the skill develops. In an attempt to study the development of the
skill, Ratliff, McGinnis, and Levine (2010) developed a cross- sectioning assessment
measure appropriate for children (see Fig. 5.7). The items are based on familiar 3D
shapes (e.g. cone, cylinder, pyramid), made from coloured foam, and presented in
physical form or as photographs. The objects and photographs of the objects (rather
than line drawings) reduce possible ambiguity about the shapes presented. The results
indicated that children could successfully complete the task in both 3D and 2D forms.
As with the others tasks, performance improved remarkably between the ages 5 and
8. By age 8, the percentage of correct responses was, on average, 88%. However, the
authors noted that understanding the individual differences required more study.
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Fig. 5.7 Test of cross
sectioning for children

Cross-Sectioning for Children
(Ratliff, McGinnis & Levine, 2010) 

Instructions: Point to the shape if the sphere is 
pulled apart at the cut point.

(a) (b) (c) (d)

From our review of the literature on spatial assessment measures, we identified
that the three spatial skills that are frequently tested and appear to be reliable mea-
sures of success in engineering include mental rotation, mental paper folding, and
cross sectioning. We also reviewed that children as young as six years of age demon-
strate success in child-friendly versions of spatial tasks that use real objects, familiar
contexts, simple instructions, limited response choices, and less weight on timed
responses. Identifying these skills in the literature provided our first layer of analysis
in developing a spatial skills task framework for young learners.

Given that spatial skills can be learned, our next layer of analysis is to determine
what tasks and experiences improve individual spatial performance. We now turn to
the literature in engineering education where a considerable amount of research has
taken place in developing and measuring the types of intervention activities that have
been shown to increase spatial skills and overall success with engineering students.

5.3 Spatial Skills Intervention Activities for Engineering
Students

Studies examining the effects of training modules, credit courses, intervention
programmes, extracurricular activities, and lesson-based materials have contributed
to our knowledge of what activities improve spatial skills and also the impact
of that improvement on achievement (Branoff, Hartman, & Wiebe, 2002; Sorby
& Baartmans, 2000; Ferguson, Ball, McDaniel, & Anderson, 2008; Onyancha,
Derov, & Kinsey, 2009). In this section, we focus specifically on a highly cited and
successful intervention research programme with engineering students developed
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Table 5.1 Spatial intervention course for engineering students (Sorby, Casey, Veurink, & Dulaney,
2013, p. 23)

1. Surfaces and Solids of Revolution. 3D surfaces and solids are formed by revolving 2D shapes
around an axis
2. Combining Objects. New objects are formed by cutting, joining, or intersecting two objects

3. Isometric Sketching. Coded plans of cube structures are defined and then sketched from
different views
4. Orthographic Projection with Normal Surfaces. Objects are represented based on the top,
front, and right side views

5. Orthographic Projection with Inclined and Curved Surfaces. More complex objects with
curves and inclines are represented with top, front, and right side views

6. Flat Pattern Developments. 3D objects are represented by folding up of 2D flat patterns

7. Rotation of Objects about One Axis.Mental rotation and sketch of an object about an axis

8. Rotation of Objects about Two or More Axes. Mental rotation and sketch of an object about
two or more axes
9. Object Reflection and Symmetry. Symmetric 3D objects are created by reflection and rotation

10. Cross sections. The resulting 2D surface from slicing 3D objects an imaginary plane

initially by Sorby and Baartmans (1996), refined over the past two decades and
expanded to involve students from eighth grade (Hungwe, Sorby, Drummer, &
Molzon, 2007) to post-secondary (Lieu & Sorby, 2015).

The initial project was to develop a training course to improve the visual-spatial
skills of first-year engineering students. The programme has been highly success-
ful and multiple studies using this programme demonstrated that post-secondary
students who entered engineering with poor performance on a standardized test
for spatial ability (e.g. PSVT:R) and who subsequently participated in the training
course, showed significant gains in spatial skills; further, the retention rate and GPA
of participating freshman on courses in mathematics, chemistry, computer graphics,
and design were comparatively higher than for students who performed poorly on
the test, but did not participate in the intervention. At present, the spatial intervention
course consists of 10 modules taught over a period of 15 h (see Table 5.1).

There are important similarities between the activities within the ten modules
and the three types of tasks we identified as key spatial measures including, mental
rotation, paper folding, and cross sectioning.Mental rotation of objects is a significant
component of severalmodules including surfaces and solids of revolution (module 1),
rotation of objects about one ormore axes (modules 7 and 8), and object reflection and
symmetry (module 9).Mental rotation is also necessary for success in drawingobjects
from multiple perspectives (modules 3, 4, and 5). The other two spatial measures,
paper folding and cross sectioning, are also explicitly identified in modules 6 and
10, respectively. In addition to these three spatial skills, another skill essential for
engineering, specifically tool design, is to be able to visualize how two solids can be
combined by joining, intersecting, or cutting one object into another (module 2 and
see Fig. 5.8).
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Fig. 5.8 Combining by joining, intersecting, and cutting

The spatial skills of rotation, folding, cross sectioning, and combining form the
basis of the tasks across the ten modules. We also note that all of the modules involve
3D models and modelling, and also 2D representations of the 3D objects through
sketching or computer-aided design (CAD) drawing.

The emphasis on 3D models as the objects to improve spatial visualization seems
obvious from an engineering perspective; yet, it stands in contrast with many school-
based activities that are substantially constructed on Euclidean geometry principles
with 2D shapes used to understand points, lines, and planes, before turning to three-
dimensional objects and spaces. Geometry learning outcomes in primary schools
have traditionally included the sorting and labelling of 2D shapes such as squares,
rectangles, circles, and triangles, before moving to prisms and pyramids in upper
elementary. The emphasis on 2D shapes is markedly different from early childhood
programs based on the work of Froebel andMontessori, for example, that begin with
the tangible and three-dimensional object (Sinclair & Bruce, 2015).

Finally, a theme across all modules involves the fluid movement between 2D rep-
resentations and 3D objects through drawings from multiple perspectives. Specifi-
cally, 2D representations of 3D objects are part of isometric sketching (module 3),
orthographic projections with normal (module 4), and inclined and curved surfaces
(module 5). Representing 3D objects in two dimensions is often an overlooked skill;
yet, one that proves challenging for many people. Reading blueprints and maps, and
building furniture or household items from a set of instructions and 2D images all
assume that people are able to translate easily between two and three dimensions.
Sorby (2009) concludes that sketching 3D objects contributes substantially to spatial
development. The physical act of putting a drawing hand to paper is seen as more
effective, at least initially, than creating representations through CAD drawings to
develop spatial skills.

We concluded our analysis of the spatial assessment measures and intervention
studies with the skills and processes that contribute to success in engineering edu-
cation. In particular, we noted that the spatial skills involved both rigid transforma-
tions through rotation and symmetry, and non-rigid transformation of paper folding,
and cross sectioning. These skills were situated within an environment of 3D mod-
elling and representing 3D objects with multi-perspective 2D sketches. This analysis
formed the basis of our spatial skills framework for young engineers.
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5.4 Spatial Skills Framework for Young Engineers

While there is still much to learn, the studies assessing spatial skills with children
suggest that rapid development of spatial skills occurs between the ages of 5 and 8
and that even with that growth there are significant individual differences. Further,
evidence suggests that the development of spatial skills has its roots in activities
and experiences in childhood. A few examples include, playing with construction
toys, particularly those that require following instructions for building (Sorby &
Baartmans, 2000), playing 3D computer games (Feng, Spence, & Pratt, 2007; Sorby
& Veurink, 2010), playing sports requiring high levels of hand-eye coordination
(Lord & Garrison, 1998), and sketching and working with hand-held models (Sorby,
2009). Wai et al.’s (2009) study found that youth with strong spatial skills also
showed strong interest in working with hands-on tasks such as building, modelling,
repairing, and manipulating tangible objects, such as taking apart toys or electronics
and putting them back together. While we can see aspects of the assessed skills
identifiedpreviously in these activities,we recognize that the studies are correlational.
That is, children and youth with strong spatial skills also tend to be more likely to
engage in building, modelling, and drawing activities. Other researchers have also
emphasized spatial skill development through activities such as copying, drawing,
and block building (Casey et al., 2008; Tzuriel & Egozi, 2010). It is a relatively
small body of literature that investigates what activities and experiences might serve
to develop spatial thinking more directly with children.

Our goal for this paperwas to identify the essential spatial skills underlying success
in engineering education and translate those skills into a framework for developing
spatial skills in early childhood. We wanted to ensure that the skills were relevant for
the discipline of engineering and also appropriate for young children. Through our
analysis, we identified the following features: mental rotation, paper folding, cross
sectioning, and combining objects. These skills are necessarily developed through
3Dmodelling and through 2D representational drawings frommultiple perspectives.
From this analysis, we developed a framework for spatial thinking skill developed
(see Fig. 5.9).We see the framework as a touch point for early educators in developing
lessons and resources for young engineers.

In this section, we provide a description of the different parts of the framework
with a set of connected tasks from a cube-creature project (see Appendix A). The
tasks in the project were based on the work of Moss, Bruce, Caswell, Flynn, and
Hawes (2016) who field-tested research-based activities to develop young learners’
spatial reasoning. Our intention is to illustrate the framework using tasks from a cube-
creature project along with samples of work from students in grades 2 and 3 collected
in four 45–60min sessions over a four-week period.Webegin by describing the initial
cube-creature activity in which students create linking-cube structures based on a set
of constraints. We then provide examples of tasks to emphasize physical rotation,
mental rotation, and paper folding with an emphasis on 2D representations of the
creatures created in multiple forms (e.g. coded plans and orthographic projections)
and from multiple perspectives.
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Fig. 5.9 Spatial skills framework for young engineers

Cube-Creature Construction 
Use linking cubes to construct Cube-Creatures based on the following constraints:  

Creatures are only one colour 
Creatures consist of exactly 6 cubes 
Creatures stand on four cube-feet. No other body part touches the surface. 
Creatures stand on their own and stay connected when picked up. 
Creatures have no overhanging cubes.  

Fig. 5.10 Constraints for creating cube-creature structures

5.4.1 3D Models and Modelling with Constraints

Asnotedpreviously, the assessmentmeasures and training tasks consistently involved
3D models and modelling. Although building with blocks is a mainstay of early
childhood classrooms, multiple studies with young children demonstrate that guided
or problem-solving tasks with blocks are typically more beneficial for developing
spatial skills than free play (Bagiati & Evangelou, 2016; Casey et al., 2008; Kersh,
Casey, &Mercer Young, 2008). Goal-oriented design andmodelling with constraints
also more closely resembles the work of design engineers.

To illustrate modelling with constraints using tangible objects, we developed and
extended a task in Moss et al. (2016) in which students created “creatures” using
linking cubes. Figure 5.10 illustrates the design instructions for creating the creatures.

The constraintswere intended to reduce distraction (one colour only), reduce com-
plexity for drawings (no overhanging cubes), ensure ease of handling (stay upright
and connected), and allow for a large number of possible structures (6 cubes and 4
cube feet). The task was given to students in grades 2 and 3. We illustrate the work
of four students, Jonas, Eli, Nevah, and Marlee, here and throughout the description
of the tasks within the framework.

The students were initially asked to create at least three different cube-creatures
basedon the constraints. The students corrected their own structures and the structures
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Fig. 5.11 Jonas’s three
cube-creatures

of their classmates as they negotiated the constraints. Figure 5.11 illustrates three
different structures fitting the given constraints that were created by Jonas.

Altogether the group of four students created twelve structures, but as we had
anticipated, there were several duplicate structures. The next task posed to the stu-
dents illustrates rigid transformations through physical and mental rotation within
the spatial skills framework.

5.4.2 Rigid Transformation: Rotation and Symmetry

Rigid transformations preserve the shape of an image while it undergoes translation,
reflection, or rotation. Visualizing how objects look after they are moved, flipped, or
turned is essential for engineers. Our analysis of the research revealed most of the
literature in spatial thinking has focused on and emphasized mental rotation. It is
clear that young children are capable of such transformations, and that the skill can
be improved with training, but children are more successful when tangible objects
are provided and the instructions are simple (Hawes, Moss, Caswell, & Poliszczuk,
2015). In the mental rotation assessment tasks, we described previously, participants
are asked to match a target object with the same object presented from a rotated
perspective. Finding matches of cube structures was the basis of mental rotation
tasks for young children in Casey et al. (2008) and Bruce and Hawes (2015). In a
similar way, in the cube-creature set of activities students continued to build creatures
but they pooled their structures together to look for matches and to describe how the
structures were the same and how they were different. The task was extended by
asking the group of students to classify and sort their cube-creatures into groups, and
to continue building new creatures that fit the original constraints plus the constraints
imposed through classification.

The discussion of the four grade 2 and 3 students introduced earlier noted that the
structures they created were “2-tall” and “3-tall”. When asked if other heights were
possible, such as 1-tall or 4-tall, they experimented and explained that these were not
possible given the constraints. Nevah said, “It cannot be one [tall] because you can
only have four down” or four cubes touching the table top. After several attempts at
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Square Feet Straight Feet

Nose Feet Zig-Zag Feet L Feet

Fig. 5.12 Classification of cube-creatures

Fig. 5.13 “Opposite”
figures

creating a creature that was 4-tall, Eli reasoned with four cubes as the base, “There
are only two [cubes] left”. Therefore, “It can’t go higher” than three cubes.

When asked about other ways the creatures were the same or different, they
discussed the arrangement of the four “feet” cubes. Jonas, Eli, Nevah, andMarlee, as
did many other groups of students who engaged with this task, began to sort, classify,
and compose new creatures based on the arrangement of the bottom four cubes. By
doing so, they eventually generated five categories of creatures based on their “feet”:
square, nose, straight, zigzag, and L feet (see Fig. 5.12).

Through this process, the students noted how some variations of the square and
line feet creatures looked the same from the front and from the back (i.e. rotational
symmetry). They also recognized that some structures looked the same but were
“flipped” or “opposite” (see Fig. 5.11). For example, the students were challenged
to determine if the blue and green creatures shown in Fig. 5.13 were the same or
different. At first, they said they were the same, but when put side by side, Eli said,
“this one has this foot ahead” and the other one is “opposite”. He tried rotating one
around tomake it the same, but it was always opposite. The students briefly discussed
whether they should make a new category, but chose not to.
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By the end of the session, the students had created 23 different creatures classi-
fied into five different subgroups. They were confident that they had found all of the
different types of foot patterns. They were also sure that there were only three differ-
ent creatures with square feet. However, they knew there were more cube-creature
structures that could be created within the other foot patterns (e.g., zig-zag feet).
The teacher–researcher also played a key role in pointing to and asking questions
that helped students attend to spatial aspects such as plane symmetry (e.g. “It looks
the same on both sides”), rotational symmetry (e.g. “It looks the same when you
turn it around”), mental rotation (e.g. “Are those two the same? Can you tell without
touching them?”), and visualization (e.g. “What block could you move to make it
different?”).

5.4.3 Dynamic Transformation: Paper Folding and
Unfolding

Unlike rigid transformations that maintain the original dimensions of an object,
dynamic transformations involve transforming a 2D object into a 3D structure. In
the spatial assessments and spatial training, flat patterns involving real or imagined
paper folding has been the primary vehicle for training skills in dynamic transforma-
tion. In assessment and spatial training tasks with children, origami, pop-up paper
engineering, and building paper airplanes have also been used to develop dynamic
transformation skills (Harris et al., 2013b; Taylor & Hutton, 2013).

In the spatial activities for primary-aged students, we chose to develop dynamic
transformation skills through the task of creating rectangular prisms by creating
and folding paper nets. The students were asked to pick and name one creature from
the collection. As they made their selections, the teacher–researcher encouraged
them to choose creatures from different categories. To help them remember the face
and the feet of their creature (in case it got knocked over), they were to put a yellow
eyeball sticker on the front and a blue sticker on the bottom. The stickers served
as important anchors and orientation points throughout the remainder of the project
(see Fig. 5.14).

Students were asked to create a 2D plan for a cage that would snugly fit their
selected cube-creature. To facilitate the task, students were given pre-cut paper of
different dimensions and were prompted to select the floor, four walls, and a roof
from the paper. The focus was to visualize and construct the size and possible flat
patterns that could fold into rectangular prisms that could enclose their creatures.

The students were prompted to begin by choosing a rectangle that would be used
for the cage floor and would fit their creature’s feet. Then, there were encouraged to
view their creatures from the top, and then from the front, back, and sides with their
eyes at table height. Students laid out the pieces for their cage with their creature in
themiddle andwere asked to imagine folding up the sides of the cage. Once theywere
confident that the pieces were oriented correctly, they taped the pieces together into
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Izzy (Nevah)  Squeegy (Jonas) Mr. Plow (Marlee) DJ Woof (Eli)

Fig. 5.14 Student-selected cube-creatures

Fig. 5.15 Cages that fit other creatures

a flat pattern, and attached the roof to the back wall (similar to a box and lid shown as
an example). The teacher–researcher asked a number of questions to prompt spatial
reasoning such as, “Will any of the other creatures fit in your cage?” Students were
then encouraged to examine the collection of creatures they had created initially and
select ones they thought would fit. The students used both visualization and trial
and error through rotation to find possibilities. Using the selected creatures chosen
for cage building, Nevah and Marlee noted that they had built the same cage (i.e.
3 × 2 × 3) and Eli noticed that the cage he built for his creature would also contain
the creature that Jonas created although the creature had to “turn sideways” (see
Fig. 5.15).

Once students had laid out their 2D flat pattern, they taped and folded them into
a 3D cage (see Fig. 5.16).

To extend the flat pattern activity further, students were asked to select the same
rectangles they had used for their first cage to see if they could tape the walls together
in a differentway. Studentswere encouraged to lay out the pieces and imagine folding
up the sides around their creature. All students found at least one alternative arrange-
ment. Eli experimented with several arrangements for DJ Woof (see Fig. 5.17). He
said he imagined “rolling it up like a present” and then putting up the sides. He also
noticed that as long as he had four walls “lined up”, he could roll up his creature,
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Fig. 5.16 Mr. Plow in his cage

Fig. 5.17 Cages for DJ Woof

and the “wings” or the remaining two sides could be attached anywhere. “They did
not even have to be opposite each other”.
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Fig. 5.18 Coded plan for Izzy

5.4.4 2D Representations: Coded Plans, Orthographic and
Isometric Sketches

The spatial intervention studies for engineering students continued to emphasize
the importance of sketching different representations of the 3D models created. We
provided several opportunities for the students participating in the cube-creature
activities to sketch their selected creatures and others based on three types of rep-
resentations including coded plans, orthographic drawings, and isometric sketches.
These drawing activities were interspersed throughout the activities, but are grouped
together here in this section.

Coded plans are a common way for engineering students to learn to represent
and define simple structures constructed by blocks (Lieu & Sorby, 2015). The plans,
usually sketched on grid or isometric paper, describe how a structure is built up from
its base. They are created by outlining the base of the structure and then the height of
blocks is recorded numerically at each location. Both Sack (2013) and Patkin (2013)
describe the use of coded plans or “top-view numeric coding” of cube structures
with elementary students. Here, we used coded plans as a way for students to begin
creating identification and replication plans for their selected cube-creature.

The students weworkedwithwere asked to create a 2D coded planwhich could be
used to “manufacture” their creature. Through discussion and examples, the students
traced the outline of their creatures’ “footprint” and recorded whether the height was
1, 2, or 3 cubes tall in each square (see Fig. 5.18). To confirm their instructions,
students traded plans with partners, manufactured a creature by building it up from
the plan, and compared it to the original.
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Fig. 5.19 Shadow creatures to see the front and side views

The second form of 2D representation came in the form of orthographic projec-
tion drawings (top–front–side). Such drawings are common in engineering graphics
and are used to represent 3D structures on 2D surfaces. Each of the three views
shows two dimensions. That is, the top view shows width and depth, the front view
shows width and height, and the side view shows depth and height. Together, the
three orthographic views require visualizing a single object from different perspec-
tives. Although we anticipated that integrating the multiple perspectives would be
challenging for primary-aged students, we attempted to mitigate difficulties through
the original cube-creature constraints that eliminated the drawing issues associated
with holes and overhangs. Spatial studies with elementary-aged children have used
orthographic views with success (Moss et al., 2016; Sack, 2013). The multiview was
connected to the students’ experiences of tracing objects (e.g. hands, shapes, sten-
cils) and making shadow puppets with their hands and objects around the room (e.g.
coffee mug). The students predicted and described what the outlines of the projected
images might look from different perspectives (e.g. the mug handle was not always
visible). Using a similar approach, the students predicted, tested, and then drew what
their creature would look like when shining a light on the “face” (i.e. front view) and
“profile” (i.e. side view). Note: The top view was already created by tracing the base
on the coded plans. Projections of Izzy and Squeegy are shown in Fig. 5.19. The set
of coded plans and orthographic projection drawings are shown in Fig. 5.20.

The final form of 2D representation was for students to sketch perspective draw-
ings of their creatures on isometric paper. Although this form of drawing is common
in engineering, research with children reveal that such drawings pose difficulties for
primary school children (Gutiérrez, 1996). Students were given guided assistance
for using isometric paper starting with simple drawings of one cube, two cubes side
by side, two stacked cubes, and so on. The students became progressively better at
orienting the 3D structures to view them from the front edge, and then sketching the
structures by following the outline. We noted a great range of motivation in drawing
with isometric paper. While all students struggled initially, only a few persevered
through multiple attempts to create a successful sketch (see Fig. 5.21).
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DJ Woof Izzy

Mr. Plow Squeegy

Fig. 5.20 Creature identification plans

In the previous section, we illustrated our spatial skills framework for young engi-
neers through a series of spatial activities. In developing the activities to illustrate the
framework, we used available literature, and relevant tasks created in field-tested and
research-based items. In particular, we noted the importance of modelling 3D objects
and using them for activities related to rigid transformations including rotation and
symmetry, dynamic transformations through paper folding, and with many oppor-
tunities to sketch 3D structures from multiple perspectives and in multiple forms
including coded plans, orthographic views, and perspective drawings.
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Fig. 5.21 Jonas’s drawings
of Squeegy on isometric
paper

5.5 Concluding Remarks

The early childhood classroom has an abundance of opportunities for children to
develop spatial skills while using a variety of materials such as unit blocks, linking
cubes, Lego, K-Nex. In many instances, these materials are accessed by children
as part of open-ended and free-play activities. While such activity is important,
our analysis of spatial assessment measures and spatial intervention programs for
engineering students suggested that spatial skills that are not necessarily developed
during free play. Given that visualization is one of the recognized engineering habits
of mind, it is imperative that young children’s potential for spatial skill development
is fully realized.

We analyzed the spatial skills most frequently assessed at the post-secondary level
and provided child-friendly measures of the same or similar skills. In particular, our
analysis suggested four key areas for spatial skill development of current (and future)
engineers. First, 3D modelling should involve building with imposed constraints or
in response to problems presented or posed. Second, the construction of the 3D
models should be used as the basis for description and comparison while employing
physical and mental rotation, and comparing forms of symmetry. Third, spatial skill
development should also include dynamic transformation such as paper folding and
cross- sectioning. These skills require a flexibility of thinking to move between 2D
and 3D structures. Finally, multiple perspective taking activities through different
forms of drawing and 3D to 2D representational activities fulfils an essential aspect
of spatial skill development. We believe that the information provided in this chapter
can spark new assessment and intervention studies to help young children develop
spatial skills needed to promote success in schooling and beyond.
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Appendix A: Cube-Creature Spatial Reasoning Project

Introduction:
In this inquiry-based project students will be building, comparing, and representing
Cube-Creatures in a series of activities.

Cube-Creature Composition:

Using a set of linking cubes, each student is asked to build at least three
Cube-Creatures based on the following constraints:
• Creatures are only one colour
• Creatures consist of exactly 6 cubes
• Creatures stand on four cube-feet. No other body part touches the surface.
• Creatures stand on their own and stay connected when picked up.
• Creatures have no overhanging cubes.

Cube-Creature Classification:

In small groups, students pool their Cube-Creatures together and address the
following questions and tasks posed by the teacher:
• Do all of the Cube-Creatures comply with the constraints?
• Are there any identical Cube-Creatures? Remove any duplicates (even if
they are a different colour).

• How are the Cube-Creatures the same and how they are different? What are
the ways you could sort and classify the Cube-Creatures?

• Agree on a way to classify and sort your Cube-Creatures into groups. Create
missing Cube-Creatures to help extend your sorting groups.
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Cube-Creature Identification and Replication Plans:

• Put a yellow sticker (eyeball) on the front of your creature and a blue sticker
on one of its feet on the bottom.

• On the Cube-Creature planning sheet, write the name of your creature.
• Create a replication plan for your Cube-Creature (top left grid).

• Draw the front view, top view, and right side view of your Cube-Creature
on the other grids.

• Is it possible to replicate a Cube-Creature from the top-front-side view? Do
these three views provide enough information so that only one creature can
be built?

Cube-Creature Cage Building:

Students create rectangular prism cages to keep their creatures and the public
safe.
• Given pre-cut cage sides, create a 2D plan for a cage that snuggly fits their
Cube-Creature. Start by placing their Cube-Creature on a ‘floor’ and then
build the walls and roof.

• Will any other creatures fit into their cage? What are the characteristics of
the creatures that will fit?

• Is there anotherway to construct the cage by attaching thewalls in a different
arrangement?
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Cube-Creature 3D Drawings:

Students are given an opportunity to draw multiple views of their Cube-
Creature using isometric grid paper.
• Learn to draw a cube, two cubes, stacked cubes on isometric paper.
• Draw the first layer (base) of their Cube-Creature.
• Draw their Cube-Creature from two different perspectives.
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Chapter 6
Identifying Engineering in a PreK
Classroom: An Observation Protocol
to Support Guided Project-Based
Instruction

Aikaterini Bagiati and Demetra Evangelou

Abstract This chapter presents an early engineering curriculum for the PreK class-
room, justifies the developmental appropriateness of the curriculum by presenting
relevant research studies, and concludes with the introduction of an observation pro-
tocol to be used by class teachers to identify and evaluate engineering learning. In
early education engineering related resources are still very limited. Scattered activi-
ties or small scale engineering lesson plans can be found for a teacher to use in class
mostly lacking appropriate assessment tools. Additional obstacles center on teacher
preparedness and ensuing “discomfort” with engineering content, terminology, and
procedures. Limited exposure to engineering content reputed as a difficult discipline
requiring rigorous specialization, makes most teachers apprehensive and very reluc-
tant to explore and introduce it in the curriculum. The early engineering curriculum
discussed here was developed and implemented in a PreK classroom for 4 months.
Student learning and the teacher experience were at the center of the research. The
proposed observation protocol was designed in alignment with the research findings.
Observation is a powerful tool and in this case it is used to inform assessment in
early education. The protocol is expected to assist PreK teachers in developing deep
understanding of how to identify and evaluate engineering learning in class.

A. Bagiati (B)
Massachusetts Institute of Technology, Cambridge, MA, USA
e-mail: abagiati@mit.edu

D. Evangelou
Democritus University of Thrace, Alexandroupolis, Greece
e-mail: evangel@psed.duth.gr

© Springer Nature Singapore Pte Ltd. 2018
L. English and T. Moore (eds.), Early Engineering Learning, Early Mathematics
Learning and Development, https://doi.org/10.1007/978-981-10-8621-2_6

83

This copy belongs to 'VANC03'

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-10-8621-2_6&domain=pdf


84 A. Bagiati and D. Evangelou

6.1 Introduction

Recent attempts to reform PreK-12 engineering education in the US, as well as in
other European and Asian countries, start at the early ages, even though resources
are still very limited (Bagiati et al., 2015; DeJarnette, 2012; NGSS, 2013). Some
resources have already been developed for the early education teachers to use; they
are, however, very rarely accompanied by appropriate assessment tools (Bagiati,
Yoon, Evangelou, & Ngambeki, 2010). In the case of the US, additional obstacles
center on teacher preparedness and ensuing “discomfort” with engineering content,
terminology, and procedures (Bagiati, 2011; Bagiati & Evangelou, 2015; Brophy,
Klein, Portsmore,&Rogers, 2008). Limited exposure to engineering content, reputed
as a difficult discipline requiring rigorous specialization, makes most teachers appre-
hensive and reluctant to explore and introduce it in the curriculum (Bagiati, 2011;
Bagiati et al., 2010; Hsu, Purzer, & Cardella, 2011).

Bringing Engineering in a PreK class appears to require work on two different
levels; (a) age appropriate curriculum development, and (b) teacher training and
support (Culver, 2012; Duncan, Diefes-Dux, & Gentry, 2011). This chapter intro-
duces an early engineering curriculum called “Puppeteering to Engineering” (P2E),
examines the developmental appropriateness of the curriculum, and presents a Pre-
Kindergarten Engineering Observation Protocol (PREEOP) to assist early education
teachers identify engineering related learning. P2E is an early engineering curricu-
lum based on three research studies, which was implemented in a PreK classroom
for 4 months with a strong focus on the student learning and the teacher experience.
Observation is a powerful tool and in this case, it is designed to inform assessment in
early education. The protocol was designed in alignment with the research findings
that emerged from the curriculum implementation in class, and it is expected to assist
PreK teachers in developing a deeper understanding of how to identify and evaluate
engineering learning in class.

6.2 Preliminary Studies

The foundational studies that led to the development of the P2E curriculum began
in 2007, when a review of the literature suggested that “developmental theory and
empirical researchfirmly support the assumption that objects and their use by children
constitute a universal part of development and learning” (Brophy & Evangelou,
2007). Considering the nascent stage of early engineering at the time, we began
by attempting to establish whether bringing engineering related content in a PreK
classroom was developmentally appropriate, and what it would take to bring such
content in early childhood classes.
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6.2.1 Study 1: Identifying Precursors to Engineering
Thinking

According to the Accreditation Board for Engineering and Technology “Engineering
design is the process of devising a system, component, or process to meet desired
needs. It is a decision-making process (often iterative), in which the basic science
andmathematics and engineering sciences are applied to convert resources optimally
to meet a stated objective” (ABET, 2016). Although not all engineers, or teams of
engineers, follow the exact same steps when designing, there are some steps that
are considered fundamental in this process. A typical cycle of this process usually
starts by a given problem, or an initial thought for a new product or system. Then the
engineerwould do some brainstorming of new ideas on how to solve the problem, and
proceed with identifying related preexisting work done on the same field. Building a
“model” or a “prototype” would follow, and then the engineer would test the model,
consult other resources for improvement, gathermore information, rebuild and retest,
until satisfied with the final product. Figure 6.1 describes such a Fundamental Design
Process.

Block building time in PreK was the setting for the first study. Blocks have
been considered a staple to early childhood education for decades now, and they

Fig. 6.1 Fundamental design process common across engineering disciplines
(Bagiati & Evangelou, 2016)
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are already considered a great learning tool for children (Tepylo, Moss, & Stephen-
son, 2015). Among other skills, block building enhances communication, problem
solving, development of rationale, development of math and science concepts, and
construction skills (Bagiati & Evangelou, 2016; Newburger & Vaughan, 2006). Syn-
thesizing all the aforementioned domains can lead to the development of certain
process models regarding the way children’s block constructions could be designed,
built and improved (Bagiati & Evangelou, 2016). The Design Process model consti-
tutes one of the core concepts of engineering; so blocks, very commonly present in
PreK classrooms, seem to be “one of the best tools to use in order to work towards
the development of such a model.” (Bagiati & Evangelou, 2016).

The goal of this first study was to examine whether young children presented
instances of precursors to engineering behavior while playing, as seen through simi-
larities to the Fundamental Design Process, as presented in Fig. 6.1.More specifically
this study examines children’s free play, especially building with blocks, to identify
similarities between the way children build and the Fundamental Design Process.
“Children’s play naturally employs skills of observation and experimentation that
lead to the development of intuitive models for how things work” (Brophy & Evan-
gelou, 2007), therefore, while observing the children, authors also tried to identify
patterns of engineering related behaviors and procedural work models that may indi-
cate precursors to engineering thinking.

In this qualitative observational study of free play, the focus was on informal play
as a setting for active learning and development of engineering thinking. During data
collection, 18 children, aged 3–5, were videotaped daily during their free playtime
for approximately 2 h in the morning and 1.5 h in the afternoon for 4 months. Data
were collected through a series of naturalistic field observations and the use of open,
semi structured and structuredmaterial such as blocks, puzzles, Lego™blocks, water
tables, and snap circuits. In addition to the videotapes, observation notes and memos
were kept in a research notebook and used during analysis as reminders of context
for the videotaped data. At the end of the 4 months, and after the initial viewing and
discussion of the videos, six children who were consistently involved on a regular
basis in block building activities were invited out of the classroom, by the lead
investigator and one additional researcher, and were asked to play again with blocks
while being interviewed.

Two rounds of analysis followed. The first included analysis of all videos pre-
senting block-building activities, while the second included videos of all remaining
activities.

During the analysis of the block building videos “observed similarities were
documented between the ways young children approach a novel construction task
compared to professional engineers” (Bagiati & Evangelou, 2016). Analysis of the
video data showed that children demonstrated and articulated goal oriented design,
problem-solving thinking, innovation stemming out of synthesis of multiple designs,
pattern repetition and design testing (Bagiati & Evangelou, 2016). Analysis of the
videos presenting children engaged with open (sensorial) materials, semi-structured
play and structured play, also revealed behaviors related to engineering thinking.
Behaviors observed were (a) asking questions and stating goals, (b) explaining how
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things are built/work, (c) constructing/making things, (d) solving problems, and (e)
evaluating design (Bairaktarova, Evangelou, Bagiati, & Brophy, 2011). These results
suggest that trained adults can capitalize on spontaneous play as opportunities for
introducing engineering.

6.2.2 Study 2: Identifying Appropriate Types of Resources
for Use in Class

Design, typically resulting in the creation of human–made artifacts, is at the core
of engineering. The primary focus of our second study was understanding “engi-
neering thinking as it is revealed in young children’s activities and interactions with
the world of artifacts” (Evangelou, Dobbs-Oates, Bagiati, Liang, & Choi, 2010).
More specifically we aimed to identify the knowledge young children have about
human-made artifacts, understand how this knowledge develops, and understand if
the development gets better supported by the interaction with 3D artifacts or 2D
representations.

For the purpose of the study 35 children ages 4–5 from 6 different PreK class-
rooms were interviewed to identify their prior knowledge of human-made artifacts.
The children were randomly assigned to three different conditions. “Each condition
included the same set of 13 different artifacts that were either artistically rendered
in black ink on white paper (sketch condition), included in a children’s storybook
(book condition), or had the real artifact itself (tangible object condition). Children’s
exploration and interactions were videotaped and analyzed to see which, if any, of the
three conditions would appear to stimulate and encourage early engineering thinking
the most” (Evangelou et al., 2010). Initial hypothesis was that interaction with the
tangible objects would lead to more exploration time and to more explanations from
the children in regard to the function and use of the artifact. “Findings showed that
this condition elicited the longest discussions and interactions with the artifacts, and
it was also the condition during which children were demonstrating more knowl-
edge and ideas with regard to possible functions of the artifacts. Regarding whether
there was a condition that stimulated more interest toward specific artifacts, no clear
pattern among the three conditions appeared” (Evangelou et al., 2010).

Findings of this study are well aligned with the well-documented benefits of
exploratory play in early education (Bonawitz et al., 2009; Cook, Goodman, &
Schulz, 2011; Jennings, Harmon, Morgan, Gaiter, & Yarrow, 1979; Piaget, 1929),
and support the idea of using artifacts, especially in the form of tangible-objects, as
developmentally significant in promoting early engineering thinking through explo-
ration.
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6.2.3 Study 3: Identifying Open Early Engineering Resources

The ongoing global debate about K-12 engineering education gives rise to questions
about appropriate educational materials (DiFransesca, Lee, &McIntyre, 2014; Jahan
&DeJarnette, 2014;Katehi, Pearson,&Feder, 2009). “Introducing engineering in the
early years entails recognition of the need for teachers to understand its content and
poses the challenge of preparing teachers to incorporate engineering education into
their practice” (Bagiati et al., 2010) and directly affects future teacher professional
development. Seeking information in books, journals, magazines, and following pro-
fessional development programs offered by universities, school districts, and other
educational entities, seems to have largely been replaced by Internet inquiries for
novel materials (Hedtke, Kahlert, & Schwier, 2001; Recker, 2006; Bagiati, Yoon,
Evangelou, & Ngambeki, 2010; Bagiati, Yoon, Evangelou, Magana, et al., 2015). In
2009 we undertook a systematic study of open resources developed by entities for-
mally related to education that were becoming available to early education teachers,
We initially sought resources in English and followed with Chinese, French, Greek,
Korean, Spanish and Turkish in 2010 (Bagiati et al., 2011). The search was repeated
again in 2014 resulting in the close examination of resources in 7 different languages,
namely Arabic, Chinese, English, French, Greek, Korean and Spanish.

The first search for open online resources for preschool through grade 12 (PreK-
12) engineering materials, conducted in English in 2010, revealed a wide variety of
Web sites andonline documents that included curricula, lessonplans, anddescriptions
of activities. Narrowing the search to the PreK-3 level revealed that the pedagogically
and content-reliable sources available are limited in number and may be difficult to
identify among the plethora of information” (Bagiati et al., 2010).Websites were pre-
sented as containing PreK-12 engineering curricula, but upon closer examination of
the PreK-3 content, indicated that most were portals leading to sites, which included
scattered free-standing activities unrelated to each other or to complete lesson plans.
By the end of 2010 no curricula for a PreK classroom were located, and the dearth of
early engineering recourses highlighted the need for an early engineering curriculum
even more, and led to the development and implementation the P2E curriculum in
class by our group. In 2014 an additional curriculum for Kindergarten and two early
elementary curricula were located (Fig. 6.2).

6.3 Puppeteering to Engineering: An Early Engineering
Curriculum

Our preliminary studies led to the conclusion that introducing engineering at the PreK
classroom appeared to be developmentally appropriate, and that a project including
hands-on components and interaction with tangible artifacts would be the most ben-
eficial approach. Analysis of existing resources supported the need for a cohesive
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Fig. 6.2 Number of websites presenting early engineering curricula, lesson plans and activities in
English as identified in 2010 and 2014

curriculum that could be delivered to the teacher accompanied by appropriate in-
service training prior to implementation.

6.3.1 Curriculum Development

Puppeteering to Engineering (P2E) is designed to address STEM integration at early
education, with primary emphasis on the engineering component. It employs a view
of engineering “as a disciplinary domain that uses math, science, and technology as
tools, butwhich also requires synthetic ability, design, problem solving, organization,
and construction skills, and incorporates various types of communication as well.
From this viewpoint, engineering is thus more than the sum of the STEM parts”
(Bagiati, 2011).

P2E was developed based on two curricular frameworks, namely The Creative
Curriculum (Dodge & Colker, 1996) and The Project Approach (Katz & Chard,
2000). The Creative Curriculum is a holistic teacher-driven framework (Dodge &
Colker, 1996), widely used in the US, and also used in the classroom in which
the research study took place. This framework would allow the research group to
establish “a stimulating early engineering learning environment and to address devel-
opment of selected pre-planned STEM knowledge and skills” (Bagiati & Evangelou,
2011). The Project Approach is a child-driven framework designed to complement
other teacher-driven preschool educational curricular frameworks (Katz & Chard,
2000), and in P2E “it was employed in order to complement The Creative Curricu-

This copy belongs to 'VANC03'



90 A. Bagiati and D. Evangelou

lum and to offer to the children a child-driven design project experience” (Bagiati &
Evangelou, 2011).

P2E consists of 24 lesson plans presented to the children through two gender-
neutral puppets, Sam and Andy; hence the name of the curriculum. The choice of
having puppets introducing the activities has been very deliberate, as the multiple
benefits of using puppets in early education are long known. Among others, puppets
have been long used to make a topic more engaging, but also have been reported to
be a narration method that encourages the children to express themselves more and
in greater comfort (Korošec, 2012; Majaron, 2012).

The 24 lesson plans address developmentally appropriate science, technology,
engineering andmath concepts and practices, all integratedwithin a long–termdesign
project. Many different thematic ideas were examined before deciding what the
final project would be. Among them the most appropriate themes appeared to be
“Lets build a city” and “Lets travel far away”. The theme that we selected for this
particular implementation was “Let’s build a city”. The idea of building a city was
considered appropriate as the “building” and “city” concepts were already familiar in
the PreK class, and the topic could be open-ended enough to allow children to discuss
both the interiors of buildings of their choice as well as the environment (Bagiati,
2011). Furthermore, this theme was considered to be a good fit to our plans because
the teacher in this particular classroom had not implemented a similar construction
project in the last two years; therefore, the topicwould be new to the children (Bagiati,
2011). To implement the project, Sam and Andy, the two puppets, introduced the
following scenario to the children in class.

Sam had some dolls and some cars and other toys in a dollhouse. Sam threw a birthday party
and now there are more dolls, cars, and other toys, so the dollhouse is not big enough. Sam
now has four dolls, three cars, one dog and one ball. Sam is discussing this situation with
Andy, who is an engineer, about new ideas.

Every lesson plan in P2E addresses ten items (Bagiati, 2011).

1. New engineering related concepts and terminology to teach in class
2. Goals and Objectives
3. Required Materials
4. Setting
5. Step-by-step procedures
6. Plan for independent practice
7. Closure and Reflection
8. Assessment based on objectives
9. Possible connections to other subjects
10. Image(s) to be placed on a cardboard in class.

Appendix 1 presents the full set of lesson plans along with engineering related
concepts to be introduced, and the engineering related rationale behind every concept,
however all lesson plans can be found in full detail at (Bagiati, 2011) or can be
downloaded from www.puppetengineering.com.
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6.3.2 Classroom Implementation and Teacher Preparation

Implementation of the P2E lasted 12 weeks, from September to December, and the
early engineering lessons took place twice per week. The teacher, with the use of two
puppets, introduced the integrated STEM content to class during large group (LG)
discussion time. The use of The Creative Curriculum framework was employed at
this part of instruction. A small group (SG) creative or design activity followed the
large group discussion time. During that time The Project Approach was used as a
framework for instruction (Bagiati, 2011; Bagiati & Evangelou, 2015).

In regard to teacher preparation, the P2E developer was transferring two lesson
plans to the teacher every week, and about one week before the lesson plans would
be implemented in class. A brief and a long meeting between the teacher and the
developer would follow the delivery of the lesson plans. The brief meetings would
typically occur immediately before the class time and the goalwas to address any last-
minute questions the teachermight have, while the longmeetings included debriefing
about lessons taught during the week, clarifying the teacher’s questions with regard
to the new lesson plans, and planning for subsequent lessons (Bagiati & Evangelou,
2015). In addition to the teacher one substitute teacher and a student in training were
always present in the classroom, but different persons filled these two roles at different
times;“it was therefore the teacher’s responsibility to educate them in regards to tasks
and roles she wanted them to undertake in class” (Bagiati & Evangelou, 2015).

6.3.3 Assessment of P2E: Research on STEM Learning
and Findings

As the P2E was implemented in class, a research study on the implementation of
P2E took place in order for our research group to evaluate the early engineering
related learning outcomes. For the purpose of this study learning in early education,
as defined by Katz, is a synthesis of knowledge, skills, dispositions and feelings; as
follows:

Participants were 11 children with parental permission (10 boys and one girl),
their parents, and the classroom teacher who introduced P2E in class. The children
were from a mostly middle socio-economic area. Data for this study consisted of
the researcher field notes from class collected during and after the P2E sessions;
documentation of the children’s work; a teacher journal; one teacher exit interview;
and letters from parents.

Throughout data collection, it was obvious that children could demonstrate
engineering-related behaviours even without verbalizing, either because they were
buildingor creating something aloneor because someof the childrenwere notEnglish
speakers.When talking, childrenwere observed using language to explain something
to the teacher or the researcher, to share an initial construction goal, to give their input
regarding a solution, to express a complaint or state a problem, or to help or consult
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KNOWLEDGE. In early childhood, knowledge consists of facts, concepts, ideas, vocabulary,
stories, and many other aspects of children’s culture. Children acquire such knowledge from
someone’s answers to their questions, explanations, descriptions, and accounts of events, as well
as through active and constructive processes of making the best sense they can of their own
direct observations
SKILLS. Skills are small units of action that occur in a relatively short period of time and are
easily observed or inferred. Physical, social, verbal, counting, and drawing skills are among a
few of the almost endless number of skills learned in the early years. Skills can be learned from
direct instruction or imitated based on observation, and they are improved with guidance,
practice, repetition, drill, and actual application or use

DISPOSITIONS. Dispositions can be thought of as habits of mind or tendencies to respond to
certain situations in certain ways. Curiosity, friendliness or unfriendliness, bossiness, generosity,
meanness, and creativity are examples of dispositions or sets of dispositions, rather than of skills
or items of knowledge. Accordingly, it is useful to keep in mind the difference between having
writing skills and having the disposition to be a writer, or having reading skills and having the
disposition to be a reader

FEELINGS. Feelings are subjective emotional states. Some feelings are innate (e.g., fear), while
others are learned. Among feelings that are learned are those of competence, confidence,
belonging, and security. Feelings about school, teachers, learning, and other children are also
learned in the early years. (Katz, 1999, p. 3)

with each other, “but sometimes they just looked around for answers to solve their
design problems or just intervened on another child’s construction in order to bring
their ideas to the task” (Bagiati & Evangelou, 2016). In order to identify STEM learn-
ing through demonstration, researchers were focusing on children’s body language,
and implied use of blocks, toys, or other materials. Data were qualitatively analyzed
using the open coding method.

At the end of the first round of data analysis, and according to Katz’s definition
of learning, the four learning categories, related to early engineering, as presented in
the following list, were identified.

STEM learning categories

1. Knowledge Math, Science, Technology, Artifacts, Functions, Buildings, Materials,
Construction, Design mental models, Visual representations, Engineering
Vocabulary, Engineering process, Engineering profession, Self-competence,
Classroom awareness (Bagiati & Evangelou, 2011, p. 4)

2. Skills Multimodal learning, Questions development, Communication, Reasoning,
Observation, Problem-solving, Technology usage, Drawing, Collaboration,
Construction, Synthesis, Innovation, Improvement, Test/compare, Give/follow
instructions, Reproduction (Bagiati & Evangelou, 2011, p. 4)

3. Dispositions Preference towards construction, collaboration, theme, and materials, Requests
for documentation of own work (Bagiati & Evangelou, 2011, p. 5)

4. Feelings Enthusiastic, Pleased by their own work, Pleased by their own ideas, Pleased
by parent participation, Like resources, Engaged, Bored/distracted, Frustrated
by their own failure, Frustrated by other’s actions/choices, Dislike resources
(Bagiati & Evangelou, 2011, p. 5)
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Taking a look at all learning categories above, it become obvious that some of
them particularly refer to STEM learning (e.g. knowledge regarding the engineer-
ing profession), while others represent broader learning goals well stated in the
traditional literature regarding learning goals in early education (e.g. developing
self-competence). To establish the appropriateness of P2E it was therefore essential
for our group to monitor whether the P2E curriculum would address the traditional
learning expectations in addition to the STEM related ones. The development of pos-
itive or negative feelings, although it might not appear as relevant to STEM learning
as the other categories, was absolutely essential to monitor, as the feelings developed
through interaction with a specific content or activity will probably affect the child’s
long-term desire to further engage with anything similar.

At this point is should be noted that STEM learning instances, as identified in
class, may reveal learning associated with more than one subcategory, i.e. a child
talking about how to use a brick indicates knowledge related to buildings, artifacts
and materials on the same time; and it also demonstrates communication, reasoning
and construction skills. Therefore identifying the overlap between all subcategories
was the second level of data analysis. The content and learning appeared to have
been approached through three different avenues. Discussions and activities either
addressed STEM directly or stimulated further discussions and activities about arti-
facts and buildings. Participation in P2E framed these three approaches and formed a
larger holistic framework for learning that was developed in relation to STEM aswell
as to the broader disciplinary goals to be achieved in early education. Examining the
overlap among them, the first overlap identified was in artifacts and technology. In
the current case, technologywas considered a subset of the artifacts category. A larger
overlap was identified among the categories of technology, artifacts, buildings, and
engineering (Bagiati, 2011). Overlap among all different approaches is presented
in Fig. 6.3, where the blue box represent direct inferences to STEM content, and
the pink and green represent indirect inferences via interactions with artifacts or
building.

Examining the findings regarding STEM-related knowledge, we can see that
learning relevant to the engineering process, the construction phase, functionality,
visual representation, and design became apparent both through the direct and indi-
rect approaches towards the STEM content. Furthermore two subcategories, self-
competence and classroom-awareness, were placed within the larger framework of
the P2E curriculum as they address broader developmental goals of early childhood
education. Figure 6.4 presents how the STEM-related knowledge subcategories were
placed within the P2E framework.

In regards to STEM-related skills, some of them can be directly related to the
engineering design process (Fig. 6.5), and their development could be initiated and
enhanced through discussions and activities approached through direct STEM dis-
cussion, or interactions with artifacts and buildings (Fig. 6.6). The remaining skills,
although considered to be essential to STEM and developed through the P2E frame-
work, address broader more traditional developmental goals and are therefore listed
separately.
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Ar facts Buildings

Early Engineering Curriculum

Fig. 6.3 A holistic early education framework through which STEM learning can be approached
(Bagiati, 2011)
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Design mental models 

Knowledge facets

MaterialsForm
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Early Engineering Curriculum

Self-Competence
Classroom awareness

Fig. 6.4 STEM-related knowledge subcategories, as they appear to be developed within the P2E
framework (Bagiati, 2011)

STEM-related dispositions, preferences towards construction activities, collabo-
rations, working themes, and working materials, as well as STEM-related positive
and negative feelings, emerged out of discussions and activities related to STEM,
artifacts, or buildings as presented in Figs. 6.7 and 6.8. Children also demonstrated
a desire to have their complete work documented many times throughout our data
collection period in class.
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EES     T       M
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Fig. 6.5 Skills addressing broad developmental goals and skills related to the engineering design
process (Bagiati, 2011)
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Fig. 6.6 STEM-related skills subcategories, as they appear to be developed within the P2E frame-
work (Bagiati, 2011)
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Fig. 6.7 STEM-related dispositions subcategories, as they appear to be developed within the P2E
framework (Bagiati, 2011)
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Fig. 6.8 STEM-related feelings subcategories, as they appear to be developed within the P2E
framework Bagiati, 2011)

This copy belongs to 'VANC03'



6 Identifying Engineering in a PreK Classroom: An Observation … 97

6.3.4 Developing the Pre-Kindergarten Engineering
Observation Protocol (PREEOP)

Once all research studies had been completed, and after having spent more than
4 years in PreK classes observing and discussing early engineering activities with a
large number of teachers, our group had now a much greater understanding of the
STEM related learning that may take place in a PreK classroom. However it had also
become very obvious to us that there is still a great disconnect between the STEM
related learning that takes place in class, and the learning outcomes an early education
teacher is formally trained to observe and identify. While early education teachers
are extensively trained to monitor physical, social and emotional, cognitive, and
language and literacy development (NAEYC, 2009), development in areas related
to early engineering learning feels like being almost transparent. As a result we
knew that the appropriate next step in order to properly facilitate the introduction of
engineering in an early education classroom is to provide a new lens by developing
an observation protocol to engineering related learning.

6.4 The Importance of Observation Protocols in Early
Engineering

Child development and its applications in early childhood education and care were
created beginning in the 1920s, in the Western world, through the collection of long
and systematic observations. Early psychological studies of very young children also
made use of the observational method as a window into a child’s “mind”. Observa-
tional methods are well suited for early childhood education research and practice
and have traditionally been used to produce reliable findings leading to good practice
(Jamblon, Dombro, & Dichtelmiller, 2007). These empirical methods are appropri-
ate because they permit direct access to recording children’s behaviors at a time in
development where language offers limited indications of thinking and intent.

In regard to early engineering, establishing an area of research study requires
good definitions of the phenomenon under study that are reliably documented and in
methodologically accepted ways. When the, now very famous, programs for young
children in theRegio Emilia district attempted to first distill the originality, depth, and
artistic ingenuity of the children participating in their programs, they did so through
observation (Rinaldi, 2006a, b). In the same tradition, developmental engineering as
it maps child behaviors that are predecessors to engineering thinking must make use
of the observational approach at first. The PREEOP is a protocol that has resulted
from extensive observation through the early engineering lens. It is intended to be
used in the classroom by a teacher, while lively child-centered and developmentally
appropriate curriculum guides children’s behavior.

In addition to using observational methods to document children’s development
within a specific context, in our case engineering, these direct ways of “looking” at
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children have often lead to the development ofmodern ideas onwhat constitutes good
learning for very young children. The Pre-Kindergarten Engineering Observation
Protocol (PREEOP) fits well into that long tradition, and compliments contemporary
ideas on the content of early childhood education. Specifically, the trend to establish
observational methods is at the heart of not only understanding what children do but
also builds curriculumaround these actions and their interpretations otherwise known
as Emergent Curriculum (Stacey, 2009). Tools like the PREOP create an opportunity
for practitioners to guide their observation outside commonly understood parameters
of child action like pouring water or stacking blocks and categorizing these actions
under a new formalization in the engineering sciences. Emergent curriculum scholars
like Rinaldi (2006a, b) andWien (1995) argue convincingly that our early childhood
education curricula are only as good as our observationmethods, protocols, and skills
permit.

6.4.1 The Protocol

The PREEOP protocol has been designed based on findings from our initial studies
as well as STEM-related learning identified through the P2E classroom based cur-
riculum (Bagiati, 2011; Bagiati and Evangelou, 2015; Bagiati, Yoon, Evangelou, &
Ngambeki, 2010; Bagiati, Yoon, Evangelou, Magana, et al., 2015; Bagiati & Evan-
gelou, 2016; Bairaktarova et al., 2011; Evangelou et al., 2010). Use of the PREEOP
in a classroom is expected to enable a teacher to identify learning in the four cate-
gories defined by Katz (1999), namely knowledge, skills, dispositions and feelings,
through a STEM lens. To provide a better understanding, examples of identified
learning instances have been provided. At this point we should also remind the
reader that through all our studies children were able to express STEM-related learn-
ing both through declaration as well as through mere demonstration, therefore both
conditions should be observed and taken into account when the PREEOP is used
(Tables 6.1, 6.2, 6.3 and 6.4).

6.5 Conclusions

In this paper we contribute both conceptually and methodologically in presenting
an observational tool that can establish the validity of the early engineering concept
within early education. Observation is often the starting point in seeking to describe
newly conceived concepts as well as a methodological tool frequently employed
when emphasis is primarily on action. Observing and recording child behavior in
contexts of engineering praxis has led us to the development of behavioral categories
that are measurable and verifiable and that provide a platform for further develop-
ment of research tools. Further discussion on the assessment of early engineering
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Table 6.1 PREEOP—STEM knowledge
STEM—knowledge
subcategory

Demonstrated learning instance Examples

Math The child demonstrates knowledge
relevant to numeracy, geometry, scale,
ratio, and space concepts

“Look I have three cars and a dog”

Science The child demonstrates knowledge of
content relevant to weather phenomena,
biology, and physics

“It’s cloudy, so it’s going to rain”

Technology The child demonstrates knowledge
relevant to the existence or use of
technology

“This is a pick-up truck. I can lift boxes”

Artifacts The child demonstrates knowledge
relevant to manmade artifacts

“I helped my parents build a table”

Functions The child demonstrates knowledge
relevant to the fact that manmade artifacts
and constructions serve a teleological
purpose

“I will use the phone to call grandma”

Buildings The child demonstrates knowledge
relevant to the existence of building
constructions, or particular elements of
these constructions

“We put windows in the houses so we can
see out”

Materials The child demonstrates knowledge
relevant to the existence and the attributes
of materials

“I want to use bricks to build my house
but they are heavy!”

Construction The child demonstrates knowledge
relevant to the fact that materials go
through a construction process to become
functional artifacts

“We cannot use it now. We have to let it
dry first”

Design mental models The child demonstrates existence of a
mental model regarding a specific design
to be implemented. The design mental
model may refer to function or structure

Child while drawing a parking garage
“My cars will go in from here, then go up,
more up, and then go out from here”

Engineering design process The child demonstrates knowledge
relevant to the engineering design process
or to its phases

“We can go to a fire station and look for
more ideas!”

Engineer profession The child demonstrates knowledge about
the engineering profession

“Engineers build boats and houses and
phones”

Problem solving The child demonstrates knowledge about
the existence of a conceptual or structural
problem, or demonstrates knowledge
regarding an attempted or implemented
solution

“My car is not turning. I need to make a
new steering wheel”

thinking and development appears in the next chapter, where a model that guides
both assessment practices and practical teaching strategies is presented.

The studies presented in this chapter suggest that research in early engineering
has the capacity to contribute to our understanding of significant questions within
the purview of STEM in general and engineering education in particular. Specifi-
cally, early engineering can inform efforts to push school curricula towards higher
integration starting with the early years. Engineering as a practical field provides
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Table 6.2 PREEOP—STEM skills
STEM—skill
subcategory

Demonstrated learning instance Examples

Communicating Child demonstrates a type of communication
related to the early engineering project.
Communication may be verbal or non-verbal
and it may be between the child and an adult or
between two or more children

Teacher: “Where could Sam’s dolls live?”
Child: “The dolls can live in a playground!”

Reasoning Child demonstrates ability to support his/her
arguments and to draw inferences

Teacher: “How do you know what’s in the box?”
Child: “I can smell it!”

Questioning Child demonstrates ability to generate questions
related to the early engineering project

“Why don’t we make it bigger?”

Setting goals Child demonstrate the ability to discuss or work
towards a goal/purpose and communicates the
goal while talking, constructing or using
materials

“I want to build a house for my dog to sleep in”

Drawing Child demonstrates ability to draw an artifact,
building, or part of the environment

“Look I draw a school!”

Designing/constructing Child demonstrates ability to design/construct
an artifact or building that serves a particular
purpose

“I am building a street for my car”

Problem Solving Child demonstrates ability to solve a problem.
The solution to the problem may be
implemented by the child or be verbally
proposed by the child to another child or an adult

“Now it’s too short but we can put it on a block
to make it tall”

Synthesizing Child demonstrates ability to combine his/her
construction with someone else’s construction
and create a common final one. Furthermore,
Child demonstrates ability to use different types
of resources available in the room that would
initially belong to different toy categories, to
create a final construction project

John could not make his tree stand, but then he
went to the kitchen area picked up some popsicle
sticks and used them to support the structure

Collaborating Child demonstrates ability or the willingness to
collaborate with an adult or with one or more
children to complete a task

“Can you hold this for me to glue? I can not do
it alone”

Comparing Child demonstrates ability to perform a
comparison between two situations before
producing an inference

“His house is taller but I can fit more dolls in
mine!”

Testing/evaluating Child stops constructing to test the construction
and to evaluate whether the object functions as
needed or planed

“My tree is not standing. I need to make it stand”

Elaborating/improving Child demonstrates ability to further elaborate
on a prior design and identify one feature that
has improved

“I want to make my house bigger today to fit my
car”

Reproducing Child demonstrates the ability to redo, redesign
or reconstruct the whole or part of something
he/she or another child has created recently or in
the past

“No we did not build it like that! We used the
big block!

Giving or following
instructions

Child demonstrates ability to give or follow step
by step instructions to complete a task

“Put it out of the window so Sam can see it!”

Explaining how things
are/work

Child explains during or at the end of his/her
activity what he/she is making or what he/she
has done

“You have to lift this and press the button”

Use of Technology Child demonstrates ability to use technology on
his/her own

“My mom lets me click the mouse and print my
photo”

Use of technical
language

Child demonstrates the ability to accurately use
technical language

“We can fix it with a screwdriver”
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Table 6.3 PREEOP—STEM dispositions

STEM—disposition
subcategories

Demonstrated learning
instance

Examples

Construction/building Child demonstrates disposition
to construct things or to build
in the block building area

Mary has build 4 different
buildings within a week

Problem solving Child demonstrates
disposition to participate in
problem solving discussions
or activities

George loves helping other
kids fix toys/constructions that
don’t work

Particular materials Child demonstrates
disposition to use or propose
particular materials to be used
in his/her designs

Nick’s drawings always
present buildings made of
bricks

Particular themes Child demonstrates disposition
to incorporate particular
themes in his/her work

Susan always likes to
draw/build garages

Particular collaborations Child demonstrates
disposition to perform his/her
work or select his/her free play
activities based on
collaborating with one or more
particular children

Kate, John and Mary always
like to build together

Creativity & Innovation Child demonstrates disposition
to presents a design, in the
form of a drawing, a maquette,
or a block construction that
has never been introduced in
the classroom before

Dave always builds cars, but
it’s a different type of car
every time

Acknowledgment Child demonstrates disposition
towards having his/her work
acknowledged/documented

Monique always wants the
teacher to put her drawing on
the wall when she is done

the appropriate framework within which early education curricula can explore the
enhancement of special skills and knowledge that are both developmentally appro-
priate and socially desirable for the 21st-century learners. Our studies indicate that
this is possible as well as desirable but a lot of foundational work remains to be done.
Defining and refining research categories, utilizing the design cycle and exploring
the boundaries could open early education curricula and help us identify the nexus
of useful concepts in early engineering education.

During this attempt, special attention has to be directed to issues of authentic-
ity both in terms of early education curricula as well as engineering content. Any
attempt to bring engineering into early education must be accompanied by sincere
and systematic efforts to educate teachers so that they may take on the responsibility
of introducing engineering in their classrooms effectively and with confidence. In
that direction, a lot remains to be done as pedagogical systems and teacher education
tend to be slow in adopting innovation.
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Table 6.4 PREEOP—STEM feelings

STEM—feelings subcategories Demonstrated learning instance Examples

Enthusiasm The child appears to be
enthusiastic and having a good
time during the early engineering
class discussions or activities

“Today I’m going to build a fire
station!!”

Boredom/distraction The child expresses a desire to
leave the current early engineering
discussion/activity to proceed with
free play; expresses the desire to
not participate in an early
engineering discussion/activity
proposed to him/her; or is reported
by the observer to be distracted

“I don’t want to draw for Sam’s
toys anymore, I want to read my
book”

Pride by self-achievement The child appears to be happy or
proud of his/her own achievements
or his/her own ideas

“I got a great idea! Why don’t we
make it red!”

Frustration by failure The child appears to be frustrated
by his/her own inability to
successfully complete the task
he/she was engaged into

“I just try and try and it does not
stay!

Pleasure by working with parents The child appears to be pleased by
the parents’ involvement in the
early engineering project at home
or in the classroom

“My mom helped me build it!”

Pleasure by collaborations The child appears to be pleased by
the collaborating with particular
adults/children during the early
engineering project

“Hey look what we built!! It’s a
castle!

Frustration by collaborations The child appears to be frustrated
by someone else’s design idea, use
of resources, or design
implementation

“Stop kicking my street!!

Engagement The child appears to be interested
and engaged to the P2E
discussions or activities

“Can I draw a little more? I have a
new idea!”

Liking of resources The child appears to be happy
because he/she likes the resources
used within the

“I like the colors on these new
blocks a lot!”

Dislike of resources The child expresses a desire to
leave the current early engineering
activity or expresses the desire to
not participate in a early
engineering activity proposed to
him/her, because he/she does not
like the resources used in the
activity

“I don’t want to do it. My duck
tape never sticks!
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It is important to keep in mind early engineering differs significantly from other
kinds of engineering education directed at higher levels of schooling. Early engineer-
ing seeks to understand something about the fundamental nature of human activity
that is universally recognized and understood in its role of stewardship of the human
made world. Furthermore, it is important to understand that we should not incorpo-
rate engineering in early childhood only as a way to prepare skillful learners but we
must also seek ways to benefit from its effects on cultivating creativity and general
problem-solving ability.

Early engineering has the capacity to usher a newera ofmethodological innovation
as it is compelled to bridge such conceptually distal areas. Imagining, creating,
verifying and establishing the commonalities between human universals at the onset
of early behavior and the human creativity par excellence, as is engineering, is a
daunting task. It is also a joyful task as it stretches our known boundaries and seeks
new borders.

Appendix 1: Terminology and Concepts Addressed Through
P2E Lesson Plans (Bagiati, 2011, pp. 60–62)

Lesson plan title New
engineering-related
concepts and
terminology

Revisited engineering
concepts and
terminology

Rationale to be
addressed

“I have a great idea!” Engineers, desire,
discussion, usage

Engineering usually is
initiated by
someone’s desire to
create and construct
something new or to
alter something that
already exists in order
to achieve a new goal.
Engineers discuss the
new idea about how
things can be used.

“Making a decision!” Decision-making,
brainstorming,
constraints, criteria

Engineers, discussion,
usage

Engineers usually
brainstorm and then
revisit their initial
ideas to see if any new
idea has appeared
before coming to a
final decision. After
brainstorming and
coming up with a set
of new ideas or
possible solutions,
engineers have to also
consider the
constraints.
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Lesson plan title New
engineering-related
concepts and
terminology

Revisited engineering
concepts and
terminology

Rationale to be
addressed

“Let’s look at building
elements!”

Building, observing,
elements

Engineers, discussion,
usage, decision
making, criteria

While constructing a
building there are
plenty of building
elements that an
engineer can think
about designing and
implementing.

“Let’s look what it is
made of!”

Materials Building, observing,
elements, decision
making, criteria

While constructing a
building, depending
on the climate, cost,
usability, and
numerous other
factors, an engineer
can select to use
different materials on
the building.

“Let’s make a model” Design, model Building, elements,
materials

After brainstorming
and doing some first
drafts on paper,
engineers start to try
to come up with 3D
models of the
construction, which
can be made out of
many different
materials: paper
models, cardboard
models, and models
with mixed materials.

“Let’s improve our
models”

Improve Discussion, design,
model, material, usage

Today you will revisit
the 3D models you
created, discuss them,
and attempt to
improve them.

“Let’s show our ideas” Design
representations,
drawing, sketch,
floor plan

Engineers, design,
models

Engineers are using
different
representations in
order to communicate
their ideas with
clients/other engi-
neers/constructors,
etc. Today you will
introduce children to
these types of
representations.
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Lesson plan title New
engineering-related
concepts and
terminology

Revisited engineering
concepts and
terminology

Rationale to be
addressed

“Let’s show our ideas
differently”

Maquettes, consult Design
representations,
drawing, sketch, floor
plan, model, improve

Today children will
revisit and discuss
these representations
and work on their
maquettes.

“Let’s sketch it” Sketch, present Buildings, observing,
drawing, discussion

There is a lot of
discussion regarding
how much inspiration
and creativity
freehand sketching is
stimulating. For this
reason, we want to
take the children on a
field trip in order to
observe and free
sketch their
environment.

“Let’s observe our
building”

Electricity, water,
buttons, switches,
pipes, function

Building, sketch,
present, observing,
discussion, usage

Discuss the sketches.
Let the children
present them. Then
start observing and
identifying
engineering features
in the school building,
and start making
connections between
action and effect(e.g.
pressing buttons).

“Let’s investigate
some more”

Handles, investigate Building, discussion,
electricity, water,
buttons, switches,
pipes, function,
observing

Keep observing the
building. Add one
more element for
investigation and
discussion (i.e.,
handles).

“Let’s see what is
around us”

Tables, graphs Buttons, switches,
pipes, handles

After gathering
information,
engineers use various
visual representation
tools in order to make
the results of the data
gathered more
obvious. Today the
children will do tables
and graphs.
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Lesson plan title New
engineering-related
concepts and
terminology

Revisited engineering
concepts and
terminology

Rationale to be
addressed

“Let’s get prepared for
our constructions”

Information gathering Criteria list, materials After having come up
with some initial
ideas, engineers are
creating crite-
ria/requirements lists
in order to start
planning the actual
construction. This is
also a good time to
consult other
engineers in order to
discuss problems that
may appear in the
design, or just to get
more ideas.

“Let’s sketch some
more”

Sketch, observe,
present

The children will go
on another field trip in
order to observe and
free sketch their
environment.

“Let’s observe our
surroundings”

Get inspired Observe, discuss In today’s class, we
want the children to
observe engineering
features in their
surroundings that may
be used as inspiration
to their project.

“Let’s see where the
light is”

Electricity, circuit,
lamp

Sketches, drawings,
switch, maquettes,
model, improve, test

When coming closer
to an end product,
engineers start to
bring more details in
their maquettes and
models. Revisit
previous
representation types
(e.g., drawings,
sketches, maquettes),
and try to add more
features to them.
Today children will
create simple electric
circuits and will be
prompted to use them
within their previous
work.
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Lesson plan title New
engineering-related
concepts and
terminology

Revisited engineering
concepts and
terminology

Rationale to be
addressed

“Let’s search a little
more”

Information gathering,
communication,
consulting, presenting

When coming closer
to an end product,
engineers do more
detailed information
gathering about
particular elements of
the design.
Information gathering
can include looking at
books, online
searching, and
discussing the issue
with other experts in
the field. When new
ideas are on the table,
engineers have to
explain the new
details to other
members of their
team. Some days ago,
parents were asked to
conduct research
regarding the project
with their children at
home or in the
surrounding area, and
send the information
with their children to
class. Today the
children will present
their findings.

“Let’s pay a visit” Consulting,
information gathering,
observe,
communication,
exchange of ideas

Today the children
will go on a field trip
to visit a facility
related to their project
and gather more
information about it
by talking to the
people who work
there.
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Lesson plan title New
engineering-related
concepts and
terminology

Revisited engineering
concepts and
terminology

Rationale to be
addressed

“Let’s ask an
engineer”

Model, consulting,
improving,
comparing, testing,
construction, electric
circuits, buildings

While developing a
final model, engineers
try, test, and
compare different
solutions for various
elements in their
construction. Along
with their personal
testing, consulting
also takes place. It is
not necessary that
only one solution is
the optimum every
time. Today parents or
friends that are
engineers will visit the
class to show the
children different
ways to assemble and
test electric circuits
and to discuss the
children’s building
ideas.

“Let’s see what we
can build with”

Model, consulting,
information gathering,
communication,
exchange of ideas,
materials, presentation

Elements have to be
selected to be used for
the final model
construction to
resemble reality and
represent the design
features as beneficial
as possible. Today the
children will present
in class building
materials they
brought from home,
and they will discuss
how they could use
them to build their
final constructions.
Parents and friends
that are engineers have
also been invited to be
in class and participate
in the discussion and
the building process.

This copy belongs to 'VANC03'



6 Identifying Engineering in a PreK Classroom: An Observation … 109

Lesson plan title New
engineering-related
concepts and
terminology

Revisited engineering
concepts and
terminology

Rationale to be
addressed

“Let’s see how we can
improve it”

Decorate Test, improve, model Upon completion of
construction of the
model, engineers
revisit it to test and
improve it even
further, and then start
to add decorative
elements to provide
more context.

“Let’s build our
village”

Synthesize, finalize, Model, decorate Upon completion of
construction of the
final model, engineers
revisit it to test and
improve the final
deliverable and add
decorative elements
to provide more
context.

“Let’s show it to our
friends”

Explain, invite Model, engineers,
present

Upon completion of
construction of the
final model, engineers
present them to
colleagues or
customers. Today the
children will present
their work to children
from other
classrooms, and they
will create invitations
to invite their parents
to come and see their
work.

“Let’s show it to our
parents”

Model, maquette
engineers, present

Today the children
will present their
work to their parents.
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Chapter 7
Assessing Early Engineering Thinking
and Design Competencies in the
Classroom

Şenay Purzer and Kerrie Anna Douglas

Abstract Young children are capable of understanding ideas that educators had
once thought to be too complex for these ages. Children start to engage in creative
design and develop engineering thinking at early ages as they play, create, solve
puzzles, and ask questions. Just as it is important to highlight these activities as early
engineering practices, it is important to use assessment practices necessary to support
further development of engineering thinking. In this chapter,we lay the foundation for
assessment of young children’s engineering thinking through discussion of current
research on early engineering thinking and effective approaches to assessment as
we outline engineering design competencies for young learners. We also present
the Mosaic framework, a model that guides assessment practices in engineering and
provides practical strategies that are necessary tomaintain complexitywhile teaching
and assessing engineering design to young children. We urge the community toward
a multi-faceted view of assessment that targets student learning evidence and growth
supported by curriculum design, and teacher professional development, along with
assessment tools and strategies.

7.1 Introduction

Researchers and educators are at an exciting and interesting crossroads with regard
to the assessment of engineering thinking in early childhood education. In the past
several decades, many developments have taken place in the USA with implications
for assessment, early childhood education, and engineering education. In the field
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of assessment, reform efforts have promoted a greater emphasis on identifying what
students can do, rather than simply what they can memorize and recite (Pellegrino,
2012). In essence, educational reform has necessitated the assessment of higher-
level thinking skills, such as critical thinking and creativity. In the field of early
childhood education, researchers call for the integration of research on children’s
cognition and learning processes into instruction and a better preparation of educators
and caregivers in research-informed teaching and assessment practices (Institute of
Medicine (IOM)&National Research Council (NRC), 2012). Furthermore, the NRC
report, Eager to Learn: Educating our Preschoolers, asserts that assessment has
an “important role to play in revealing a child’s prior knowledge, development of
concepts, and ways of interacting with and understanding the world so that teachers
can choose a pedagogical approach and curricular materials that will support the
child’s further learning and development” (NRC, 2000, p. 259). Finally, engineering
and integrated STEM competencies have gained a greater importance at all levels
of education since 2009 with the publication of the Engineering in K-12 Education:
Understanding the Status and Improving the Prospects byNAEandNRC (2009). The
policy changes in engineering education enabled a greater emphasis on higher-level
thinking skills such as argumentation and decision making while engaging children
in open-ended problem solving.

These developments from three different fronts put preschoolers, kindergarten-
ers, and primary school children and educators at the center of a crossroads urging
for transformation at the early stages of the public education system. Children go
through a significant and often irregular rate of growth during the first five years of
their life (NRC, 2000). In these years, children develop many skills ranging from
sharing to counting. There is, hence, an opportunity to scaffold young children in
early engineering thinking and design as foundations for life-long critical thinking
and creativity. As several chapters in this book have illustrated, this learning must be
carefully captured, further scaffolded, and housed within supportive learning envi-
ronments. Such rapid growth of the young brain makes it even more important that
educators and caregivers are trained to engage in effective assessment and scaffolding
with questioning, observing, and many other means.

The consistentmessage across the fields of assessment, early childhood education,
and engineering via integrated STEM education is that higher-levels of thinking and
skill development must be supported with high-quality assessment processes that
inform teaching and learning. As this book indicates, children start to engage in
creative design and develop engineering thinking at early ages as they play, create,
solve puzzles, and ask questions. However, these activities often are not labeled as
engineering. Engaging in engineering design promotes critical capabilities in early
childhood education. In this chapter, we aim to untangle these diverse dimensions
of learning and assessment as part of an ecosystem that involves curriculum design,
teacher professional development, and assessment tools and strategies. We specif-
ically focus on the use of assessment to promote engineering design competencies
among young children. We emphasize the importance of focusing on evidence of
student learning and growth in an area that we are most passionate about.
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7.2 Early Engineering Thinking

Engineering and design education has been a topic of interest globally in the last
twenty years.More recently in theUSA, there has been increased attention to research
and policy that bring engineering into pre-college settings with greater emphasis than
it has been before (NAE & NRC, 2009; Purzer, Strobel, & Cardella, 2014). These
developments provide the motivation for thinkingmore clearly about assessment and
an opportunity for understanding engineering thinking in young children. As a field
focused on problem solving, engineering builds on and integrates aspects of the other
STEM disciplines: science, technology, and mathematics.

In engineering, design is the overarching process of inquiry into solving problems
(Atman & Adams, 2007; Daly, Adams, & Bodner, 2012; Sheppard, Macatangay,
Colby, & Sullivan, 2008). Design problems, however, are not straightforward, well-
defined problems. Engineering involves solving problems with incomplete informa-
tion (Gainsburg, 2006) and implicit goals that need to be uncovered by the designer
(Jonassen, Strobel, & Lee, 2006). Moreover, there are no single, correct solutions,
rather a variety of solutions that sufficiently meet the needs of diverse stakeholders
basedon the designer’s approach to trade-offs.However, althoughdesign is a complex
multi-faceted process in engineering practice, it is also accessible for young children
(Hsu, Cardella, & Purzer, 2012), as the chapters in this section have illustrated. For
example, in Fig. 7.1, we present the sketch of a barn that a four-year old has drawn
to meet the needs of her toy cow. In this example, the child is recognizing the basic
needs of the animal (water and food) but also includes other elements such as milk
and eggs. Design challenges, when presented in familiar and engaging contexts, can
help elicit children’s prior knowledge through sketches or three-dimensional models
and explanations children articulate through teacher questioning (e.g., What do cows
need to live? What are the eggs for? Is the milk for the cows?).

7.3 Research on Young Children’s Engineering Thinking

Children are naturally good at imagining, building, testing, and improving. These are
also common practices in engineering design. Hence, children naturally engage in
designwhen playing (Stagnitti, 2014).With these built-in competencies, children can
benefit from engaging in problems that they perceive to be authentic but unfamiliar.
When designed carefully, engineering design projects can allow children autonomy
while providing multiple means of support as they do so for adult learners (Purzer
& Fernandez, 2015). For example, an authentic problem can be the challenge of
designing a solution that allows a two-year old to easily dispense a small amount of
toothpaste while brushing. Another challenge that early childhood students would
find authentic is designing for a character in a book (Novel Engineering, 2016), from
a cartoon show, or a toy they regularly play with. While the ideas around design
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Fig. 7.1 Design sketch of a barn for a toy cow by a four-year old (note: green writing is researcher
text added to make clear the parts drawn within the image)

related to imagining, building, testing, and improving might be new to educators,
these ideas are not new to children.

Educators also agree on the importance of questioning and the necessity in sup-
porting children’s abilities to ask questions (Hunter & Sonter, 2011). Although we
might assume that children are natural at asking questions, children do not naturally
associate asking and planning as critical aspects of design problem solving. Hsu,
Cardella, and Purzer (2012) conducted a study using an interview protocol to assess
students’ understanding of the engineering design process using an illustration of
a character designing a container for an egg-drop contest. They asked participant
students to describe what they thought was good about the process illustrated and
what they would do differently. This cross-sectional study showed that, while ele-
mentary students’ understanding of the engineering design process progressed over
the years even without any formal engineering instruction, asking and planning were
the most difficult for students to recognize (see Fig. 7.2). This finding is interestingly
in congruence with other studies involving college students (Atman, Cardella, Turns,
& Adams, 2005). Their analysis revealed that students discuss “testing” as the only
method of finding out if a design solution works.

7.4 Engineering Requires Both Creative and Critical
Thinking

Engineering providesmeaningful and engaging environments for children to become
scientifically and technologically literate. At the heart of engineering is creative
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Fig. 7.2 A cross-sectional comparison of elementary students’ understanding of design (fromHsu,
Cardella, & Purzer, 2010)

thinking (divergent thinking) and critical thinking (convergent thinking). As part of
early elementary students’ STEM literacy, it is important to develop their divergent
and convergent thinking, and engineering is one vehicle to accomplish this.

Creative thinking includes generating ideas fluently, elaborating on ideas, and
associating ideas in novel ways. In situations that require association, a child can,
for example, associate what a house is for people and what a burrow is for hamsters
or ants (PictureSTEM, 2016a). A child, when given a compass, can describe his or
her observations and list ways this device can be used in different ways. Children’s
limited experiences with instruments can be an opportunity to tap into their creative,
divergent thinking. In these novel experiences, young children also can demonstrate
their ability to make new associations and inferences from these associations.

Critical thinking includes analyzing, comparing, prioritizing, questioning, and
making judgments which can be addressedwith early elementary learners. For exam-
ple, children aged five to six can predict and explore fundamental engineering science
concepts such as material strength and failure by designing baskets using different
materials (PictureSTEM, 2016b) and explore friction on an inclined plane (ETA
hand2mind, 2013). We anticipate that young children, if given opportunity and sup-
port, can also tackle even more complex problems and develop potential solutions.
For example, when considering the problem of mosquito infestations, children can
explore different animals that eat mosquitos (e.g., bats and sparrows) and compare
habitats these animals live in. Moreover, when introduced in ways they find mean-
ingful and engaging, children can also learn specific scientific and technical terms
such as nocturnal (to describe specific attributes of animals such as bats) and biopes-
ticides (to describe an approach taken to solve the problem of mosquito infestation).
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Engineering contexts can foster young learners’ creative thinking by allowing them
the flexibility and opportunity to think in newways and critical thinking by providing
scaffolding and support to help them make decisions about their ideas.

7.5 Assessment of Early Engineering Thinking

The two overarching aspects of design that tap into children’s creative thinking and
critical thinking abilities have implications for assessment of young learners. For
example, teaching engineering in early childhood education necessitates assessment
that can capture children’s creative practices along with their reasoning and decision-
making processes. A key challenge in assessment of design and engineering thinking,
particularly among children, is maintaining complexity and wholeness of the design
practice while making it practically accessible to children as well as their teachers.

Earlier, we have discussed that design problems are ill-defined (Jonassen et al.,
2006). There are no single, correct solutions, rather a variety of solutions that suffi-
ciently meet the needs of the users or a set of stakeholders. Premature scaffolding of
these aspects of design can limit opportunities for learning. Simplification can lead
to design challenges that have no context. Often in these types of design challenges,
the information is given to the children without engaging children’s curiosity to ask
for information. In examples where the complexity of design practices is maintained,
children are expected to retrieve their prior knowledge and gather new information to
help answer emerging questions. In Table 7.1, we present example activities within a
design challenge where students are designing a barn for a cow. Within the stages of
engineering design, the design practices range from oversimplified to appropriately
complex. The oversimplified versions of design practices lack a direct user, have
clear design criteria and constraints, and urge the child toward a single solution. The
design practices that are appropriately complex can engage children in both creative
and critical thinking as they uncover the needs of users and learn to justify their
solutions rather than merely describe them.

7.6 A Framework for Assessing Engineering Thinking
and Design Competencies

Assessment allows for inquiry into children’s thinking. It is our way of collecting,
analyzing, and judging records of evidence that provide insights on children’s learn-
ing as well as emotional health and social development. Moreover, assessment is an
inseparable part of the teaching process that can help reinforce children’s develop-
ment of higher levels of thinking and skills. Here, we envision children developing
higher-level learning in environments focused on engineering problem solving by
building on the premises of the other STEM disciplines: science, technology, and
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Table 7.1 Variations of design practices for children

Examples of design challenges
Oversimplified ←………………… → Appropriately complex

Design challenge Build a barn Build a barn for your
toy cow

A farmer has donated
a cow to our city zoo.
The zoo needs to find
a place for this new
cow

Information gathering Given: Animals need
water, food, and
shelter

Explored: What does
your animal need?

Explored: What do we
know about this
animal? What
questions do you
have?

Uncovering goals
(criteria and
constraints)

Given: Build a barn
that is big enough for
your cow and has
space for food and
water

Given: Build a barn
that is big enough for
your cow and has
space for food and
water

Scaffolded: What are
the needs of this
animal?

Solution generation Generate a solution Generate two or more
solutions

Generate at least four
solutions that we can
compare

Justifying solutions
(decision making)

Explain your solution Scaffolded: Is your
barn big enough for
your cow and has
space for food and
water?

Describe how your
solution meets the
needs of the animal.
Justify how your
solutions meet design
criteria and
constraints. Share any
trade-offs you made.

mathematics. What we envision can be considered to be too complex to put into
practice. Hence, in order to frame components of this complex learning environ-
ment in a way to support effective teaching, learning, and assessment, we developed
a framework, called Mosaic. The Mosaic Framework is inspired by the metaphor
for assembling small pieces to create a meaningful expression and has three main
components: a base, a mortar, and tiles (see Fig. 7.3).

Mosaic’s base is made up of essential goals and objectives aligned with high-
quality curriculum, instruction, and embedded assessment tools and strategies.
Mosaic’s mortar keeps base and tiles together through support mechanisms such
as teacher professional development. The tiles consist of assessment tasks that target
aspects of learning embedded within a curriculum and transfer abilities of the chil-
dren. Each component of the Mosaic also represents a set of key principles which
are highlighted in the next section. With this framework, we argue that teachers who
are knowledgeable about the performance of their students that target high levels of
learning in complex engineering design environments and able to use evidence from
student performances to support student learning, will foster students’ critical and
creative thinking skills.
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Fig. 7.3 Mosaic Framework

In an engineering design classroom, students demonstrate learning through a vari-
ety of means and multiple sources of evidence. Therefore, the Mosaic framework
stresses an assessment system where multiple forms of evidence are used to assess
student learning and inform instruction. When assessment addresses essential learn-
ing objectives and is closely aligned with the curriculum, it can be used for formative
and diagnostic purposes that help provide a baseline of student learning to inform
instruction and provide a summative measure of student competency and growth.
The Mosaic framework entails three key principles to ensure that the instruction and
assessment target essential learning objectives, teachers have the abilities to integrate
and use multiple forms of assessment, and the tools used to assess student learning
are diverse, useful, and appropriate to allow teachers’ ability to make meaningful
inferences on children’s learning.

7.7 Key Principles of the Mosaic Framework

Three critical principles of the Mosaic framework inform assessment of engineering
thinking and design competencies (see Table 7.2). These principles may apply to
assessment of engineering competencies beyond early childhood education.
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Table 7.2 Components of the Mosaic framework

Mosaic framework Key principles

Base: Essential learning goals and objectives Targeting essential learning goals and
objectives aligned with curriculum, instruction,
and assessment

Tiles: Classroom assessment Using curriculum-embedded classroom
assessment tools and tasks that can capture
evidence of learning

Mortar: Assessment-centered professional
development

Developing teacher competencies to interpret
and integrate multiple forms of assessment

7.7.1 Mosaic Principle 1. Targeting Essential Learning Goals
and Objectives

Engineering design and integrated STEM curricula often cover an array of learning
objectives related to core content areas in science, mathematics, and literacy, as well
as engineering practices. Given the rich nature of these curricula and the complexity
of the learning environment, the assessment tasks and the scoring guides need to
be able to clearly identify and decouple interconnected aspects associated with inte-
grated learning. In Table 7.3, we provide a common set of core engineering design
competencies and an associated set ofmeasurable learningobjectives for young learn-
ers as an example. These competencies target three areas related to: understanding
the problem, developing alternative solutions, testing these alternatives, deciding on
a final solution, and communicating solution and decisions.

Table 7.3 presents core design competencies for young learners, built on previous
work of Douglas, Moore, and Adams’ Core Design Competencies forMiddle School
Students (2016). Douglas et al. (2016) created the competencies for a suite of curricu-
lar units for grades 4–8, informed by indicators of high-quality engineering curricula
(Moore et al., 2014), and research regarding beginner, informed, and expert engineer-
ing design behaviors (Crismond & Adams, 2012). The design competencies are also
based on a synthesis of the National Research Council (2012) report, A ramework for
K-12 Science Education, and theNext Generation Science Standards (NGSS Lead
States, 2013) for younger elementary grades. In addition, we also considered how
others had described design-related competencies and rubrics for design projects in
pre-college engineering education (e.g., Groves, Abts, & Goldberg, 2014; Asunda &
Hill, 2007). While there is no “one-size fits all” approach to engineering design com-
petencies, we aim to provide educators and curriculum developers a starting point.
The purpose of these competencies is to aid educators and curriculum developers
in focusing engineering design assessment around what competencies are most
important for young children to develop, regardless of the design project context.

Our goal by highlighting a critical set of learning goals and associated learning
objectives is to emphasize the engineering skills that can be developed over multiple
engineering projects of diverse contexts.A notable characteristic of these engineering
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Table 7.3 Core Design Competencies for Young Learners

Design competencies Design learning objectives

Competency 1: Students engage in problem
scoping. Students define the problem,
including what is needed and who is affected
by the problem.

Objective 1A: Students ask questions to define
the problem from the perspective of the user.
Objective 1B: Students provide a rationale for
why the problem is important to solve.
Objective 1C: Students identify the end user’s
needs.
Objective 1D: Students describe criteria, i.e.,
what is needed for an effective solution.
Objective 1E: Students identify constraints,
i.e., the limits placed on a solution to be
effective.

Competency 2: Students develop simple
models of possible solutions (sketches or
physical models). The representations illustrate
the functions of the solution. Students use the
representations to test and decide which
solution to implement and optimize.

Objective 2A: Students fluently generate
multiple design solutions ideas based on
understanding of the problem. Students draw
and explain them to allow comparison.
Objective 2B: Students evaluate various
solutions based on criteria identified in
problem scoping.
Objective 2C: Students apply evidence from
testing in attempt to improve solution quality.

Competency 3: Students communicate their
design solutions through evidence-based
reasoning

Objective 3A: Students justify their design
solution based on how it meets user needs.
Objective 3B: Students justify their design
solution with support from science and/or
mathematics concepts.
Objective 3C: Students articulate the
limitations of their design solution.

design competency areas is that they are not specific to a single task but broadly
applicable to a series of tasks. This approach of assessing critical learning objectives
or student competencies rather than tasks allows tracking learning over time through
multiple projects. To illustrate this approach, Table 7.4 represents a mapped set of
learning objectives into a set of arbitrary lessons.With a set of core learning objectives
that are re-visited with each lesson, such a mapping allows the teacher to focus on
these key objectives in his or her observations, when reviewing student work, and
eliciting evidence of learning. It is critical to ensure that through instruction, children
have opportunities to learn target competencies and that these competencies are what
are taught and assessed. We recommend that there are at least three opportunities for
children to practice each objective in a semester.
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Table 7.4 Decoupling essential learning objectives

Goals Objectives Lesson I Lesson II Lesson III Lesson IV …

Competency 1 1A x x x

1B x x x

1C x x x

…

Competency 2 2A x x x

2B x x x

2C x x x

…

Competency 3 3A x x x

3B x x x

3C x x x

…

7.7.2 Mosaic Principle 2. Using Curriculum-Embedded
Classroom Assessment Tools and Tasks

The second principle of theMosaic framework specifically targets assessment strate-
gies and instruments (tools, tasks, scoring guides, etc.). When identifying, develop-
ing, or using any assessment tool, task, or scoring guide, a clear purpose for assess-
ment should be determined. Differentiating the purpose is important as attempts
to use an assessment instrument for a purpose different than its intended use can
result in misinterpretation of student learning. The assessment instruments must
have educational value and a clear alignment with curricular content and instruction.
As Chittenden and Jones (1998) argue, especially at early ages, the most critical
purpose and function of assessment is to understand student learning.

Beyond rapid developments in cognitive abilities, early childhood is also a time
when children are developing their interpersonal competencies. Engineering, being a
collaborative profession, helps support collaborative and interpersonal aspects of the
learning process. However, the competencies demonstrated through individual tasks
and assignments may not reflect competencies developed or demonstrated in group
settings. Hence, assessment in an engineering design environment must take into
account and recognize the difference between the assessment of cognition related to
design competencies and other aspects such as collaboration or care for others.

Simply designing a task without scoring criteria and a feedback guide is not
sufficient for assessment to support student learning. We provide sample scoring
criteria (i.e., rubric) for providing feedback to students on their design projects (see
Table 7.5). An example illustrating how this scoring guide is used can be found in
Fig. 7.4 and will be discussed in more detail in Mosaic Principle 3.

Another critical aspect of effective assessment in design lies in the development
and use of multiple forms of assessment that provide multiple sources of evidence
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Table 7.5 Levels of proficiency for problem scoping, developing and testingmodels, and evidence-
based reasoning

Learning objective Advanced Proficient Emerging

Competency 1:
Students engage in
problem scoping.
Students ask questions
to define the problem,
what is needed and
who is affected by the
problem.

1A. Students gather
information to find out
more about the
problem.

Student asks three or
more questions and
collects information to
deepen understanding
of the problem.

Student asks one to
two questions to
deepen understanding
of problem. Little to no
additional information
gathered.

Student did not ask
questions to
understand problem.
There is no evidence of
additional information
gathering.

1B. Students describe
the problem and
provide a rationale for
why it is important to
solve.

Student description of
problem includes what
is missing/needed and
gives a rationale for
why this problem is
important to solve.

Student provides a
description of problem
including what is
missing/needed but
without rationale for
why it is important.

Student description of
the problem is unclear.

1C. Students identify
end user’s needs.

End user is identified
and their needs are
described in relation to
problem.

End user is identified,
but little to no
description of their
needs in relation to
problem.

Unclear end user.

1D. Students describe
criteria, i.e., what is
needed for an effective
solution.

Student described
design criteria in
alignment with user
needs and the problem.

Student described most
of the design criteria
identified are in
alignment with user
needs and the problem.

Student has not
identified clear criteria
for solution. OR
Criteria are unrelated
to the user problem
and needs.

1E. Students identify
constraints, i.e., the
limits placed on a
solution to be effective.

All explicit constraints
have been identified.

Some constraints are
identified, but 1 or
more are missing.

Constraints or limits to
the solution have not
been identified.

Competency 2:
Students develop
simple models of
possible solutions
(sketch, draw or
physical models). The
representations
illustrate the function
of the solution.
Students decide which
solution to implement
and optimize.

2A. Students generate
multiple design
solution ideas based on
understanding of the
problem.

Three or more
potential solutions are
developed with
understandable
functions. Potential
solutions are clearly
related to criteria and
constraints.

Two or three potential
solutions are
developed which
describe function.
Necessary criteria are
missing or failed to
stay within
constraintsOR function
is not clear.

One solution is
developed. OR
Solutions developed
are not in alignment
with problem.

2B. Students evaluate
various solutions based
on criteria and
constraints (identified
in problem scoping).

Evaluation based on
criteria and
constraints.

Evaluation of potential
solutions not fully or
explicitly address in
alignment with criteria
and constraints.

Solution is chosen
without evaluation.

2C. Students apply
evidence from testing
in attempt to improve
solution quality.

Students performed
two or more iterations
of testing and making
modification for
improvement.

Potential
improvements are
identified based on
testing.

Did not consider
improvement of
solution based on
testing.

(continued)
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Table 7.5 (continued)
Learning objective Advanced Proficient Emerging

Competency 3:
Students communicate
their design solution
through use of
evidence-based
reasoning.

3A. Students justify
their design solution
based on how it meets
user needs.

Justification is
provided for final
solution, based on how
it solves problem.

Explanation of final
solution has unclear
alignment or missing
critical aspects
identified in problem
scoping.

No rationale provided
for why solution would
solve original problem.

3B. Students justify
their chosen design
solution based on
connections of science
and/or mathematics
concepts.

Explanation of specific
features is discussed
based on proper use of
evidence from testing.

Explanation of specific
features is discussed
based on partial
evidence from testing.
OR evidence is
unclear.

No rationale provided
for why the final
solution is considered
effective.

3C. Students articulate
the limitations of their
design solution.

Recognition of key
limitations with
relevant reasoning.

Recognition of
limitations but with
incoherent reasoning.

No awareness of
limitations of a
solution.

on student learning. To obtain such sources of evidence through various assess-
ment activities requires planning around key critical competencies and developing
procedures to organize everyday observations into useful evidence. Curriculum and
classroom environments should be designed to provide opportunities for students to
demonstrate their competencies and dispositions in diverse means.

Effective teachers engage in assessment continuously; yet, people in general con-
sider assessment as a stand-alone activity separate from instruction. Often the terms
formative and summative assessment are used to further highlight assessment that
is embedded into instruction (as formative) and assessment that is removed away
from instruction (as summative). However, we argue that all assessment must have
a formative utility although at varying levels. Rather than differentiating assessment
types based on the use of the assessment results as formative and summative, we
highlight the importance of continuous assessment and introduce terms, opportunis-
tic and structured, referring to the ways we collect assessment data. Various forms
of assessments are summarized in Table 7.6; ideally, multiple forms of evidence will
be collected to holistically assess learning, and may encompass additional forms
not specified here. Additional evidence of learning, beyond the examples shared in
Table 7.6, can be compiled in the form of a portfolio.

Portfolios include collections of work that are organized in a systematic way.
In such an organized form, the portfolio becomes shareable and useful for not only
teachers but also for the child and caregivers. The sharing of the portfolio and discus-
sions around evidence can facilitate partnership between these stakeholders toward
the best ways to support student learning. When portfolios are documented at key
points in a year, they also become a way to judge a child’s progress over time. These
can allow, with planning, self-evaluation by the student and reflection. These can also
be easily shared with caregivers and allow communication of student competencies
and progress without a comparative judgment. Portfolios can also target the assess-
ment of affective components targeting students’ attitudes toward learning, content,
and the learning environment.
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Name: NOAH :etaD January 16, 2016

Activity 

All students designed living places for the characters 
they selected in My Little Pony, a popular children’s 
cartoon show. 

Noah designed a house of Rainbow Dash and Twilight, 
two pony characters in My Little Pony. 

Observation

1C: Student identifies the end user’s needs:

Evidence: 

When asked to explain his solution, Noah said, 
“Rainbow Dash needs a place to jump and play. 
Twilight likes to study.”

2B: Student evaluates various solutions based on 
criteria and constraints (identified in problem scoping): 

Evidence: 

When asked to evaluate his solution, Noah said, 
“This house is good because each pony has her 
own area, and they can be together over here 
[far left side].”  

When further prompted by: “Would Twighlight 
like having the library near the play area? Noah 
responded: “Oh, it may not be quiet for study.”  

Evaluation and Suggestions for Next Developmental Steps:  

ADVANCED in 1C: End user is identified and their needs are described in relation to problem.

Next Step: Introduce and reinforce the use of terms such as “end user” and “design criteria” 

PROFICIENT in 2B: Evaluation of potential solutions not fully or explicitly address criteria and constraints.

Next Step: Ask questions to help Noah explicitly list  design criteria and then evaluate his solutions 
based on these criteria.

Fig. 7.4 Example learning chart of student, Noah, which can be used with caregivers. The context
of the engineering design challenge is briefly stated. The learning objectives addressed are stated,
and then example evidence is described. In the evaluation and suggestion box, suggestions are
provided for caregivers and teachers to further support development

Now that we have made a case for collecting evidence in a variety of forms,
one would ask how these diverse pieces of information can be integrated to support
teacher decision making and ultimately student learning. This can be facilitated by
a matrix that shows the alignment between learning goals (curriculum), assessment,
and opportunities to learn (instruction). This is simply amapping of all competencies
and learning objectives. Such amatrix can also illustrate areas that are over- or under-
assessed. We recommend that curriculum developers present teachers with a set of
tools (e.g., pre-designed Excel spreadsheets) to facilitate integration of information.
Hence, it is important beyond the assessment tasks and scoring guides to develop
tools to compile and organize data so student progress can be visually illustrated.
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Table 7.6 Diverse ways of collecting evidence of student learning

Forms of assessment Opportunistic Structured

Evidence of Student
Learning

Performance tasks Observations of
student and recordings
of any notable
observations

Structured activities
that involve
completion of a task in
a specific time frame

Teacher observations Anecdotal comments
from discussions
between teacher and
student or discussions
among student

Photos of student
engagement in a
specific task with
targeted observations
for predetermined
competencies and
propositions

Child’s work
examples

Pictures of artifacts,
sketches and
drawings, writing
when notable progress
is observed

Pictures of artifacts,
sketches and
drawings, writing
collected periodically

Child self-evaluation
and reflection

Anecdotal comments
from student
reflection prompts

Self-evaluation of
competencies from a
list of predetermined
objectives

Teacher–child
conferences

Records of children’s
talk occuring naturally
when a notable
comment is made

Records of children’s
talk facilitated by
teacher asking specific
questions about the
child’s work

Parent–teacher
conferences/parent
observations

Anecdotal comments
from parents

Teacher observations
for specific
competencies from a
list of predetermined
objectives

When assessment methods can show student learning over time, they can provide
the most useful information informing instructional decisions.

7.7.3 Mosaic Principle 3. Developing Teacher Competencies
in Assessment

The complexity of engineering design learning settings can make assessment chal-
lenging even for an experienced teacher. Teachers themselves are often new to engi-
neering and may not be prepared to identify what aspects of design are important
to assess, what level of achievement is developmentally appropriate, or how to use
assessment to further support student learning. Hence, any curriculum and assess-
ment development effort must be accompanied with teacher professional develop-
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ment addressing knowledge, skills, tools and strategies for effective assessment that
supports student learning.

A recent report, Transforming the Workforce for Children Birth through Age 8,
outlines foundational knowledge and abilities all professionals who provide direct,
regular care and education for young children must have (IOM & NRC, 2015). A
notable number of these knowledge and abilities are related to assessment:

1. Knowledge of assessment principles and methods to understand individual chil-
dren’s developmental progression and monitor progress.

2. Knowledge of the principles for assessment necessary to select assessment tools
that are developmentally appropriate, unbiased toward specific demographics
(e.g., gender, ethnicity, socioeconomic status), relevant, reliable, and valid for
chosen purposes.

3. Ability to set appropriate individualized goals and objectives to advance young
children’s development and learning.

4. Ability to select, implement, and interpret a portfolio of both assessment tools
and strategies

5. Ability to use learning trajectories with a deep understanding of the subject,
knowledge of the way children think and learn about the subject.

6. Ability to use assessment information to adjust, improve, and individualize
instructional practices.

When these knowledge and skills in assessment practices are applied to engineering
learning opportunities, there is potential for teachers to further scaffold student learn-
ing. The engineering design process itself is iterative with feedback loops to inform
decisions along theway. Likewise, high-quality assessment of design practiceswould
allow iterations andmultiple opportunities for students to receive feedback andmake
changes. Professional development could provide opportunities for teachers to prac-
tice applying these knowledge and skills to examples of student work and discourse
with others.

While assessment and instruction, especially in early childhood settings, need
to be tightly melded, it is also important to decouple evidence of learning from
the learning activities themselves. A learning activity requires students to complete
a task or observe a demonstration or procedure in order to learn. While the same
task can be used for assessment purposes, completion of the task is not sufficient.
Assessment would then examine the evidence to ascertain the level of learning that
took place in the activity, not just that the student performed the activity. Hence,
professional development activities should highlight that assessment is a way of
collecting evidence to ascertain the extent of learning and what gaps still remain.

Professional development should also explicitly cover how to score and interpret
student work with rubrics. Among the most common tools used to evaluate student
learning in engineering projects is scoring guides or rubrics because engineering
projects are by nature, open-ended. One of the most common mistakes in such situ-
ations is attributed to the way scoring guides are designed and used for assessment.
While teachers may be familiar with writing rubrics, they are likely to need guidance
on the technical aspects. Because the competencies can be assessed over multiple
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design projects, it is important that they are general enough to be useful in a variety of
contexts, but specific enough to actually produce meaningful results. When scoring
guides are designed to be either task-specific or hypergeneral, they are not effective
in pointing to specific competencies (Popham, 2005). Imagine that a class of students
is engaged in several different design projects over the course of a month. Scoring
guides that are task-specific focus on aspects of these projects such as the perfor-
mance of the design prototype on design criteria (e.g., solution can hold 10 rocks
without breaking). Hypergeneral scoring guides focus on broad learning goals, that
we call competencies (e.g., student communicates ideas well). While task-specific
scoring guides would not provide opportunities for educators to see student devel-
opment between projects over time, hypergeneral scoring guides would not result in
useful and specific feedback that can help support student learning and development.

Once a scoring guide that can distinguish different levels of student competencies
has been identified, teachers can be provided with explanations for each assessment
criteria and examples from students’ work and given opportunities to evaluate actual
student work. Figure 7.4 illustrates this approach through observation notes about
the performance of a specific student (Noah) on two learning objectives (1C and 2B)
and explanation of his level of performance. In this assignment, Noah (a six-year old)
designed living places for two characters from a children’s cartoon show called My
Little Pony: Rainbow Dash and Twilight. The evidence of learning chart illustrates
both advanced and proficient levels of competencies in design. The bottom section
of the chart also includes suggestions for further development. In addition, teachers
need to be given opportunities to use these tools and integrate them to their daily
classroom practices.

It is important to note that often assessment efforts fail when expectations are not
evident to children or assessment does not allow useful feedback that can be used for
formative purposes. Assessment is a continuous process with many feedback cycles.
Effective assessment methods in engineering would serve to not only recognize and
judge student design reasoning but also enhance young children’s design behaviors
to be more informed and systematic. Teacher professional development can cover a
variety of strategies to support learning through reflection. One strategy is involving
the child in their own assessment (Purzer,Duncan-Wiles,&Strobel, 2013),which can
be facilitated through teacher–child conferences andother novelways such as through
narratives or learning stories that capture children’s learning (Anthony, McLachlan,
& Poh, 2015).

While targeting the key knowledge and abilities outlined above, teacher profes-
sional developmentmust also address teachers’ predispositions andperceptions about
assessment. Assessment has a negative association for some educators, with views
that assessment is external and harmful to the teaching and learning process. In fact,
research has shown that assessment can hinder or support learning, depending on
how assessment is conducted and used (Wiliam, 2011). It is important, therefore, to
raise educators’ awareness that assessment practices supportive of learning are also
part of effective pedagogy for engineering.

Classroom assessment is often thought as an interchange been students and edu-
cators. However, parents and caregivers play an important role in supporting the
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development of student learning. In fact, much learning occurs outside the class-
room (Stevens, Bransford, & Stevens, 2005) and effective assessment in early
childhood education requires the involvement of the student and the caregivers
(Grisham-Brown, Hallam, & Brookshire, 2006). Parents can be involved in the eval-
uation process by sharing student artifacts and anecdotes and by asking to comment
on their children’s learning and attitudes toward learning at home. Student portfo-
lios are often effective in sharing such information but technological tools (such as
educational apps), if available, can facilitate frequent exchange of such information
between parents and educators.

7.8 Conclusion

Children are creative and capable of engaging in early engineering when provided
genuine design opportunities. Just as it is important to provide high-quality engi-
neering experiences to young children, it is important to support development of
engineering thinking through proper assessment. In this chapter, we highlighted the
importance of explicitly introducing engineering in early childhood education and
discussed prior research related to engineering thinking. In addition, we provided the
Mosaic Framework for assessment that supports engineering thinking and learning,
as well as presented specific tools and approaches for assessment. For the highest
impact on supporting student learning, assessment must be viewed as a multi-faceted
coordination like a mosaic that is connected by curriculum design, teacher profes-
sional development, and assessment tools and strategies. Such a mosaic should draw
a picture of student learning and growth with appropriate learning evidence.
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132 Ş. Purzer and K. A. Douglas

PictureSTEM. (2016a). Designing hamster habitats. Retrieved from http://picturestem.org/
picturestem-units/first-grade-hamsters.

PictureSTEM. (2016b). Designing paper baskets. Retrieved from http://picturestem.org/
picturestem-units/kindergarten-baskets.

Popham, W. J. (2010). Classroom assessment: What teachers need to know (6th ed.). NJ Pearson:
Upper Saddle River.
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Chapter 8
Engineering Concepts, Practices,
and Trajectories for Early Childhood
Education

Christine M. Cunningham, Cathy P. Lachapelle and Martha E. Davis

Abstract In this chapter, we examine what age-appropriate engineering should
entail for children at the preschool (ages 3–4), kindergarten (ages 5–6), and pri-
mary (ages 7–8) grade levels. We propose a set of design parameters that develop
foundational engineering concepts and practices in children as they participate in
engineering activity and design. At the core, these include understanding engineer-
ing as a design process and a focus on materials and their properties. As children
engage in engineering, they should work to determine the problem they need to
solve, think about criteria for successful designs, and explore which materials are
best suited for their needs. They should also conduct tests and reflect upon the results
to analyze how well their design worked to solve the problem while meeting criteria.
Additionally, engineering education for young learners should foster children’s cre-
ative thinking, observational skills, and persistence. For each engineering curriculum
design parameter, we describe how it can be implemented appropriately for children
at each age band (3 and 4, 5 and 6, 7 and 8) based on our experience with children
in classrooms.

8.1 Introduction

Engineering is making its way into elementary classroom across the USA and
around the world. Curricula like Engineering is Elementary and other experimental
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curricula like LEGO Engineering and Novel Engineering have reached millions of
children andmade important contributions to the field of K-12 engineering education
(Cunningham, 2018; Cunningham&Hester, 2007; Rogers & Portsmore, 2004;Wen-
dell, Wright, & Paugh, 2015). Engineering education done well can support chil-
dren to develop problem-solving skills (National Research Council [NRC], 2012),
to develop the engineering and technological literacy that are needed for the twenty-
first century (Lachapelle & Cunningham, 2010; Macalalag, Brockway, McKay, &
McGrath, 2008; Thompson & Lyons, 2008), and to improve their mathematics and
science skills and understanding (Diaz&King, 2007;Kolodner, Gray,&Fasse, 2003;
Lachapelle et al., 2011; Penner, Giles, Lehrer, & Schauble, 1997; Sadler, Coyle, &
Schwartz, 2000). It can enhance children’s engagement and agency in school (Barron
et al., 1998; Silk, Schunn, & Cary, 2009) and enhance their motivation for learning,
particularly in science, when they see the importance of science in context (Katehi,
Pearson, & Feder, 2009; Pearson, 2004; Wicklein, 2006). Introducing children to
engineering early on may also increase their later interest in engineering and techni-
cal careers, and their enrollment in courses that enable them to pursue such careers
(Katehi et al., 2009; Wicklein, 2006).

As the developers of the in-school curriculum Engineering is Elementary and
out-of-school-time curricula for elementary school, Engineering Adventures, and
for middle school, Engineering Everywhere, we have significant experience in work-
ing with and designing engineering experiences for children and their teachers. We
have seen that children ages 6–13 benefit from engineering (Lachapelle et al., 2011;
Lachapelle & Cunningham, 2010).

Recently, we have turned our attention to the problem of designing for preschool
and kindergarten children. These children are capable of engaging in scientific (Jirout
& Zimmerman, 2015; Jones, Lake, & Lin, 2008) as well as engineering practices
(French & Woodring, 2014) in meaningful ways. Groups like the National Associa-
tion for the Education of Young Children (NAEYC), the National Science Teachers
Association (NSTA), and the National Academies in the United States have all advo-
cated that children engage in age-appropriate practices of disciplines like science
and engineering as they learn (NAEYC, 2005; National Research Council [NRC],
2012; NSTA, 2002, 2014).

What should engineering look like with young children? In this chapter, we share
our experience and make recommendations. We begin by describing some of the
theoretical bases for our curriculum development and lay out a set of curriculum
design parameters for engineering that should guide the development of engineering
experiences and content for young children. In Sect. 8.2, we offer a series of vignettes
at three age bands: ages 3 and 4 (preschool), ages 5 and 6 (kindergarten), and ages
7 and 8 (primary or elementary school) to illustrate how the implementation of each
design parameter is adapted for children of different ages and experience, so as to
appropriately scaffold their entry into and development of engineering know-how.
In Sect. 8.3, we explore the trajectories of these engineering concepts and practices
in more detail for each age band.
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8.1.1 Theoretical Framework

To guide the development of our elementary engineering curriculum, we base our
understanding of learning in the theoretical framework of social constructivism (e.g.,
Palincsar, 2005).We understand learning to be both actively and socially constructed
by the learner and the community (Bransford et al., 2006; Rogoff, 2003; Roth & Lee,
2007). Learning is a developmental process, accruing over time as the learner ben-
efits from experiences with others—especially more knowledgeable others—and
the classroom community develops norms and practices that support development
(Greeno, 2006; Rogoff, 2003; Roth & Lee, 2007). Particularly in a disciplinary field
such as engineering, learners should experience and engage in the practices of the dis-
cipline at a developmentally appropriate level (Duschl, 2008; Engle & Conant, 2002;
Krajcik&Blumenfeld, 2006;NRC, 2007). Over time, as seen in ethnographic studies
of apprenticeship (Collins, 2006; Hutchins, 1995; Lave & Wenger, 1991), learners
can move from more scaffolded, peripheral roles in engineering practice—with the
curriculum and teacher providing support and guidance—to more independent, cen-
tral roles (Hmelo-Silver, Duncan, & Chinn, 2007; Rogoff, 2003).

Our theoretical stance on learning is congruent with the positions of leaders and
advocates for early childhood education and science learning internationally. The
National Science Teachers Association (NSTA) recommends experiential learning
and teacher scaffolding, both important aspects of social constructivist learning envi-
ronments, for the preschool age-group (2014) as well as elementary schoolchildren
(2002). The former position statement is endorsed by NAEYC. NAEYC early child-
hood program standards call for curricula to promote social, physical, emotional,
language, and cognitive development, through materials that support teachers to
provide a variety of experiences and learning opportunities that meet the needs and
interests of the individual children in their programs (2005), as does, for example,
the policy statement of the British Association for Early Childhood Education (Stew-
art, 2011); the Australian Government Department of Education, Employment, and
Workplace (2009); and the communication from The Commission on Early Child-
hood Education and Care of the European Union (2011).

8.1.2 Design Parameters

The curricula that we develop are grounded in this social constructivist learning the-
ory. Our flagship curriculum, Engineering is Elementary, is designed for use with
children in schools in grades 1–5 (ages 6 through 11). Our out-of-school-time (OST)
curriculum Engineering Adventures (EA) is developed for children in grades 3–5,
and Engineering Everywhere (EE) is our OST curriculum for children in grades 6–8
(ages 11 through 14). As part of our engineering curriculum development efforts, we
have articulated a set of research-based principles for the design of inclusive curricu-
lum that help us to create materials that attract and engage all students, particularly
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Table 8.1 Curriculum design parameters overviewa

Curriculum design parameter Engineering curriculum and pedagogy should:

1. Narrative context Set the engineering problem in a real-world,
narrative context that is relevant and interesting
to children

2. Goals, constraints, and requirements Explicitly specify a problem to be addressed,
as well as constraints and requirements on the
solution, in such a way that a variety of valid
and creative solutions are possible

3. Exploring materials and methods Engage children in concrete activities that
involve the manipulation of materials and the
use of tools

4. Application of science and mathematics Encourage the purposeful application of
science and mathematics content and skills to
the design of solutions

5. Analysis of data for planning and redesign Afford children opportunities to collect data,
evaluate their designs, use failure
constructively, and reflect on what was learned
so they can generate and test new design ideas
and solutions

6. Collaboration Support children to share ideas and materials,
to consider each other’s ideas, and to negotiate
shared solutions

7. Agency Support children in developing confidence and
strategies to solve ill-defined problems

8. Engineering design processes and epistemic
practices

Actively engage children in the processes and
practices of engineering design while
scaffolding their participation

aThis and all following tables adapted from https://www.eie.org/overview/engineering-trajectories

those that have been historically underrepresented in science and engineering disci-
plines (Cunningham & Lachapelle, 2014). In addition, we have developed curricu-
lum design parameters that guide the development of social constructivist materials
to support children’s developing engineering practice (Lachapelle & Cunningham,
2014). These design parameters serve as a common thread in the design of all of
our engineering curricula. Our engineering curricula for younger children (ages 3
through 6), currently in development, are also guided by our theoretical stance and
our design parameters. In this chapter, we focus on eight design parameters for social
constructivist learning in engineering, and howwe adapt them to support engineering
learning in each age-group (Table 8.1).

The curriculum design parameters will structure our discussion in the following
sections. In Sect. 8.2, we introduce three engineering vignettes, one for each of the
three age-groups we will discuss, to illustrate the design parameters in action. In
Sect. 8.3, for each curriculum design parameter, we describe the research base for
the parameter, the research base for its age-appropriate application, and an example
of what age-appropriate engineering looks like in classrooms. In Sect. 8.4, we discuss
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the teacher’s role in supporting the engineering development of young children. In
Sect. 8.5, we summarize the implications of each design parameter more generally.

8.2 Engineering Vignettes

What does engineering that is consistent with these curriculum design parameters
look like at the preschool, kindergarten, and early grade levels? We turn now to offer
a vignette at each level. We will use these examples to anchor the discussion of
age-appropriate design parameters in the remainder of the chapter.

8.2.1 Engineering for Ages 3–4: Baskets

Preschool engineering needs to be simple and straightforward to accommodate the
short attention spans and emergent motor and social skills of 3- and 4-year-old
children. Engineering activities can familiarize children with materials and their
properties and start to engage them in simple cycles of ask, construct, test, observe,
redesign. In the following vignette, preschool children help design a basket that can
carry plastic fruit for a salad1.

After reading a story about a potluck party, preschoolers inMs. Jones’s room listen attentively
as Noodle, the engineering puppet, asks for their help. She describes a problem she is facing
and requests all their good thinking to help her solve it. Through a questioning dialogue,
children learn that Noodle wants to make a fruit salad for a party, but she needs to get fruit
from her garden to the party. Noodle made a basket out of paper to carry fruit, but it isn’t
working. Through the dialogue, children review with Noodle what a basket is. They see and
feel Noodle’s broken basket and think about what went wrong with it. Then the youngsters
are asked if they can help make a better basket for Noodle.

During the week, children encounter relevant picture books, photographs, basket materials,
and tools to help with counting, measuring, and weighing at the Engineering Exploration
Center. During Center time, children can use strips of bright yellow plastic, paper, and fabric,
as well as clips and a basket frame, to create baskets to carry fruit of a variety of sizes. They
test their designs by carrying plastic fruit around the classroom, then counting the number of
fruit their basket carried at the Engineering Center. More advanced children can also weigh
the fruit and experiment withmeasuring the “stretchiness” of strips using non-standard linear
measures. Children record how many fruit were carried using stickers in their engineering
journals, where they either draw or paste a printed photo of their basket, and whereMs. Jones
or another teacher scribes or helps them to record what they did and learned. Throughout the
week, Ms. Jones also provides thematic enrichment on baskets and fruit in their readings,
arts center, science center, and pretend play. At the end of the week, the children gather with
Noodle again to tell her about what they did and learned.

1This challenge is based on a challenge developed and used by the Discovery Center at theMuseum
of Science, Boston, in their “Make with Me” space.
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Notice how, in this vignette, the curriculum design parameters are implemented in
an age-appropriate manner. Context setting (Parameter 1: Narrative Context) and
problem definition (Parameter 2: Goals, Constraints, and Requirements) involve an
interactive puppet and physical (nonfunctional) example of a common technology
the children are challenged to help improve. The function of the technology itself is
aligned to children’s experience and vocabulary: It is a tool for carrying. Stories, pic-
tures, and other physical examples are provided, as well as opportunities and tools for
materials exploration (3: Materials and Methods). Testing is easily accomplished by
children through counting and weighing (4: Application of Science and Mathemat-
ics) and evaluated by observation (5: Analysis of Data for Planning and Redesign).
Neither reading nor writing is required. Collaboration is not required: Children work
together or alone at will, with the support of the teacher to share materials and ideas
(6: Collaboration). Children engage directly with materials to test their own ideas,
with support from the teacher as needed (7: Agency). Children engage in processes
of questioning, investigating, designing, evaluating, reflecting, and communicating
with significant support from adults (8: EngineeringDesign Processes and Practices).

8.2.2 Engineering for Ages 5–6: Sails

Kindergarteners, too, need engineering experiences that are designedwith their capa-
bilities in mind. The following vignette illustrates the design parameters applied to
an engineering activity for kindergartners, in which children design sails for a Sty-
rofoam sailboat. If the boat catches the wind from a fan, it will glide on straws down
a fishing-line track.2

Kindergarteners in Ms. Martinez’s class are excited—they are going to get to engineer their
own sails! The “Ask” step of their engineering unit begins with a short story featuring Janelle
and Malik, who design sails to carry messages across a 12-foot gap between their apartment
windows. The afternoon is windy, and Ms. Martinez takes her charges outside to explore
how wind has energy that they can catch and use. The children fly a kite, observe the flag
flapping, watch a pinwheel spin, and stand so they can feel the wind pushing on their backs
and rushing into their faces.

Back in the classroom, the children talk about sailboats, look at some pictures of boats with
sails of different shapes, and watch a short video of sailboats moving. Children discuss
what a sail must do to make a boat move (capture the wind). They learn more about their
challenge—to engineer a sail for a “boat” that will glide as far as possible down a track. They
are introduced to the materials they can use to create it: index cards, copy paper, wax paper,
tin foil, and plastic bags. As a class, they create a “materials and their properties” table and
list words that describe each material.

Then, children work side by side at their tables, sharing materials and ideas as they each
sketch and create sails to test on the sail track. Ms. Martinez prompts them to observe what
works well and what doesn’t, and the children redesign and retest many times, counting how
may tiles on the floor each sailboat travels. At the end of the day, each child sketches a “final”

2This activity is a modification of a lesson in the Engineering is Elementary “Catching the Wind:
Designing Windmills” unit.
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sail design and labels the materials. They gather on the rug for a “Shareout,” where children
display their sails and sketches, describe them, and talk about what they tried and learned.
The reflection discussion, led by Ms. Martinez, surfaces that sail size and sail material are
important parameters for sail performance. Tomorrow they can use what they learned to try
again if they choose during a “free play” session.

The differences between the preschool vignette and the kindergarten vignette are sub-
tle but important. Setting the Narrative Context (Parameter 1) in preschool involves a
simpler story conveyed directly to accommodate very short attention spans, while the
kindergarten experience can involve more reading and discussion. Likewise, explor-
ing the slightlymore complexGoals, Constraints, and Requirements (Parameter 2) as
children define the scope of the problem can involve more variables, more activities,
and more multimedia examples. The Engineering Design Processes and Practices
(Parameter 8) are again supported and explicitly discussed by the teacher, but with
more extensive engagement in and discussion of the practices of engineering; the
same is true of children’s explorations of Materials and Methods (Parameter 3). The
teacher supports children to think about their designs in the context of the science
of air movement and energy, to collect data about their designs through nonstan-
dard measurement, and to discuss sail size in relation to sail success (4: Application
of Science and Mathematics). Children can easily judge how well a sail works by
observing how far each boat moves down the track, which the teacher leverages to
help children compare their sail designs and derive some basic principles they can
use to improve (Parameter 5: Analysis of Data for Planning and Redesign). Collabo-
ration (Parameter 6) is more formal—children are assigned to groups or pairs to share
materials and are encouraged to discuss their ideas, but usually each child will work
on his or her own design. Children work more independently in kindergarten than in
preschool, still with the Agency (Parameter 7) to determine their own solutions.

8.2.3 Engineering for Ages 7–8: Hand Pollinators

The Engineering is Elementary “The Best of Bugs: Designing Hand Pollinators”
unit provides an example of how the curriculum design parameters are applied for
children who are 7 or 8 years old. In this unit, children meet “Mariana,” a young
engineer in a story. Mariana has a problem to solve: A plant in her garden frequently
flowers, but never produces any berries. Through observation, she learns that insect
pollinators are not visiting her plant. She needs to pollinate the flowers, but how?

Today, first graders in Ms. Chen’s class begin their work as agricultural engineers. Ms. Chen
has read the story of Mariana to the class; they discussed how Mariana solved her problem
by making a tool that moved pollen from one flower to another by hand. Now, the children in
the class are challenged to engineer their own hand pollinators using a five-step engineering
design process: Ask, Imagine, Plan, Create, and Improve.

Children begin by reviewing what they know about insect pollination. They discuss bees,
butterflies, and the parts of flowers. They identify the important features of a hand polli-
nator—that it picks up and drops off pollen, like the legs of a bee. With a partner, each
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group investigates the materials they will have available to use for their hand pollinators.
Ms. Chen gives them lots of different choices—marbles, erasers, tin foil, tape, pom-poms,
and pipe cleaners. The class identifies properties of each: Is it fuzzy, shiny, pink, etc.? The
children test each material by dipping it in baking soda then trying to tap the baking soda off.
Ms. Chen guides their discussion of the properties of each material and the group reflection
of how well each material works to pick up and drop off pollen.

Children then brainstorm ideas for their pollinator designs. They plan out their initial ideas.
“This is how we are going to make ours,” says one child as he proudly holds up a sketch
of a pom-pom attached to a twisted pipe cleaner. Each part of his sketch is carefully drawn
and labeled. Finally, pairs of children work together to construct their pollinator and test it
to determine whether and how well it picks up and drops off pollen. Their observations fuel
new ideas and they return to improve their first design.

In this vignette, the storybook and class discussion provide the Narrative Context
(Parameter 1) and draw out children’s prior knowledge and experience, including
science knowledge of insects, plants, and the pollination process (Parameter 4:Appli-
cation of Science and Mathematics). The children have time and support to define
the scope of the problem (Parameter 2: Goals, Constraints, and Requirements) and
to explore the Materials and Methods (Parameter 3). The teacher explicitly reviews
steps in a simplified Engineering Design Process, and Engineering Practices are sup-
ported bywrittenmaterials, as well as the teacher (Parameter 8). Both simple, written
materials and the teacher’s support of class discussion are used to scaffold children
in the Application of Science and Mathematics (Parameter 4) and Analysis of Data
for Planning and Redesign (Parameter 5). Children judge howwell their designs suc-
ceed using a standard testing procedure, with the support of the teacher, who helps
them to communicate their ideas and findings (Parameters 5 and 8). Collaboration
(Parameter 6) is in pairs or groups of three on a shared design solution, with support
from the teacher as needed to negotiate the shape of that shared solution. The teacher
may model how to create solutions, but children have the Agency (Parameter 7) to
determine their solutions for themselves.

8.2.4 Development Across the Age Span

Activities for all age levels apply social constructivist principles of learning and
pedagogy in a manner appropriate for the developmental level of the children in
that age-group. Children need the opportunity to construct their own understand-
ing (Piaget, Gruber, & Vonèche, 1977). Children also need the social support to
accomplish with the help of others what they are not quite capable of accomplishing
themselves—support to learn in what Vygotsky named the zone of proximal devel-
opment (Vygotsky, 1978). Of course, some children will be ahead of the typical
developmental trajectory in some ways, and others behind, so the teacher will need
to use professional judgment to flexibly meet the needs of all children.

The three vignettes given in Sects. 8.2.1 through 8.2.3 illustrate differences in
curriculum and pedagogy that reflect differences in child development across this
age range. Between age 3 and age 8, children acquire considerable experience with
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the world, as well as experience with learning from books and other media. They are
able to tackle greater and more complex challenges as they grow. Their skills in com-
munication, mathematics, science, and literacy develop dramatically. Vocabularies
increase tenfold between age 3 and kindergarten (Farkas & Beron, 2004). Chil-
dren become readers and writers in early elementary school. Children also develop
socially: At age 3, they are typically still having trouble with sharing and cooper-
ating, but by age 8 they have become accomplished at turn-taking in games and at
school (Copple & Bredekamp, 2009). Emotionally, children develop in their execu-
tive functioning skills, ability to plan thoughtfully, ability to cope with frustration,
and ability to deal with failure (Allen & Kelly, 2015). Physically, their motor skills
also develop in this time: 3-year-olds typically produce scribbles and perhaps a few
letters, often written backwards; by age 8, children are able to write well-formed sen-
tences on wide-lined paper and draw recognizable sketches (Copple & Bredekamp,
2009). Perhaps most importantly, children become more independent between ages
3 and 8, developing the ability to follow directions andmaintain attention over longer
periods (Copple & Bredekamp, 2009).

8.3 Developmental Trajectories for Engineering
Curriculum Design

Using the vignettes, let us look closely at some important features of each engineering
experience and think more deeply about development across these age span, and
how those changes should be reflected in well-designed engineering activities. The
curriculum design parameters we outlined in Sect. 8.1 structure this section.

8.3.1 Narrative Context

Setting the context is always important in developing an engineering problem for
children. An appropriate context helps children to understand the problem at hand
and its relevance (Buxton, 2010; Klassen, 2007; Kolodner, 2006). The context helps
children to see why engineering is important and to understand its role in the world
(Brophy, Klein, Portsmore, & Rogers, 2008). Setting learning in a narrative context
helps children to understand that engineering is done for a purpose: to meet the
needs of people or the environment (Brophy et al., 2008; National Research Council
[NRC], 2011).

Narrative is a particularly powerful—and human—vehicle for children’s learning
(Wilson, 2002). It is a way of sharing information with children that is accessible
and that makes human connections. It helps children to develop an understanding of
types of situations where their learning may be relevant, affording transfer to new
situations (Kolodner, 2006).
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Table 8.2 Developmental trajectory for design parameter 1: narrative context

What it looks like: ages 3–4 What it looks like: ages 5–6 What it looks like: ages 7–8

• The teacher presents the
context through dialogue and
role play, e.g., with a puppet
• The teacher scaffolds
children’s dialogue
• The topic is within children’s
experience, but still requires
discussion and support
• The teacher reads
supplementary stories,
provides pictures and
exemplars, and supervises
other supplementary
experiences to expand
children’s knowledge base

• The context can be presented
through characters in a short
picture book
• The teacher reads aloud and
supports comprehension
through questioning
• The topic involves a child’s
personal problem, familiar to
children of this age
• The teacher reads
supplementary stories,
provides pictures and
exemplars, and supervises
other supplementary
experiences to expand
children’s knowledge base

• The context can be presented
through characters in a longer
picture book
• The teacher reads aloud and
supports comprehension
through questioning
• The topic is familiar to
children indirectly through
texts and media
• The teacher reads fiction and
nonfiction books, provides
video clips and exemplars, and
supervises other
supplementary experiences to
expand children’s knowledge
base

Narrative is also a powerful way to engage and motivate children. Emotional
engagement leads to deep, transferable learning (Immordino-Yang, 2015). Children
aremotivated to learn when they understand the reason for what they are learning and
when they see that reason as important to them (Buxton, 2010;Klassen, 2007). Stories
where people are making a difference in the world are particularly engaging for
children (Brotman&Moore, 2008). It is especially important to develop engineering
stories and challenges that interest girls and racialminorities (Katehi et al., 2009). Too
often, engineering for children focuses on structures, vehicles, and gadgets, which
are more interesting to boys, and can reinforce gender stereotypes about engineering
(Clark & Andrews, 2010; Miller, Blessing, & Schwartz, 2006).

Presenting an engineering problem or challenge within a narrative context also
allows for integration of engineering with literacy instruction—a strong advantage in
the education of young children, for whom the development of literacy is a primary
goal. As children gain experience and knowledge about the world, and learn to
read and to learn from text, the media through which the context is delivered can
change. The context can be real or fictitious and can be introduced through a variety
of narrative media—puppets, stories, letters, videos, interviews. However, the story
should focus on relatable characters that engage children’s imagination. EiE’s formal
and informal curricula use all of these media to engage children and set the stage for
the engineering unit (Table 8.2).

8.3.1.1 Ages 3 and 4

Preschool children, who have comparatively little experience with the world, need
support in their understanding of a situation where a problem exists to be solved. A
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“script” is a mental representation of a type of event with key features specified—for
example, people bring gifts to a birthday party, wear nice clothes, and sing to the guest
of honor—that children develop to help them understand new experiences (Kolodner,
2006). The use of a picture book to introduce the context—in Ms. Jones’ class, the
book introduces a potluck party where the guests bring food—gives children a script
for understanding the situation described by Noodle and the need or want (to carry
fruit to the party) that motivates the engineering challenge.

The youngest children respond best when they can engage directly with the design
challenge. Role play is a highly motivating format which supports children’s social
and emotional development, and preschool children love to engage in role play with
adults (Elias & Berk, 2002; Vygotsky, 1978). The use of a puppet allows children to
engage directly with their “client” in a fun and playful game of pretend.

8.3.1.2 Ages 5 and 6

By ages 5 and 6, children have accumulated a few more years of experience, but
much of the world is still new to them. Again, it is important to develop the context
of the situation motivating the design challenge. In Ms. Martinez’s class, this is
accomplished with the story, where children learn about other children their age
who faced a similar challenge—sending messages across a gap—and decided to use
their fans and “sailboats” to engineer a solution. This challenge engages children’s
imaginations, as children identify with the story and characters (Stinner, 1996).

Aswith preschool, the teacher scaffolds the background development and research
process, both by providing supplementary materials (pinwheels, videos of sailboats,
etc.) and experiences (playingwith pinwheels, taking awalk on awindy day) to enrich
children’s knowledge of the natural phenomenon of wind and of technologies that
make use of it. She scaffolds the questioning process as well, helping to surface what
children are wondering about and helping them to express their ideas as questions to
be investigated.

8.3.1.3 Ages 7 and 8

By age 7, children are more familiar with narratives containing information, and
improved reading comprehension of such texts is a curricular goal for this age
band (e.g., Australian Government Department of Education, Employment, and
Workplace, 2009; Common Core State Standards Initiative, 2012a; Department for
Education and Skills, 2006). It makes sense to incorporate the context setting into
reading time in the classroom, especially as science time tends to be more limited.
The teacher can use standard reading comprehension pedagogy to help children
understand the motivation for the design challenge, as well as relevant science and
engineering information. Just as with the younger children, characters and their
dilemmas provide children with an engaging entry to the problem, and a “story to
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think with”—a narrative that helps themmake sense of aspects of the world (Wilson,
2002).

8.3.2 Goals, Constraints, and Requirements

Before beginning the process of engineering design, engineers work to define a given
problem and its scope, sometimes called “problem scoping.” The problem, as well
as constraints on and requirements for the solution, is almost always defined by a
client (Brophy et al., 2008; Cunningham & Carlsen, 2014). When children take on
a “client’s” project, they learn about how engineers function in the real world. They
also have the opportunity to learn to take on the client’s perspective, to think about
what would make a good or preferred solution for the client (Brophy et al., 2008).

Building in constraints on and requirements for the design challenge has benefits
for learning as well. By focusing on a constrained design challenge, it becomes much
more straightforward to build learning objectives in science, math, and social studies.
Children can focus on the learning objectives and measure their own progress, both
in meeting the design challenge and in learning (Kolodner, 2002; Sawyer, 2006a).

Constraining the design challenge does not mean that creativity must be con-
strained. On the contrary, both discipline and creativity are important to engineering
(Stouffer, Russell, & Oliva, 2004). Innovation requires balancing constraints and
requirements while maximizing outcomes for complex situations, and children can
learn a great deal about “disciplined improvisation” from working together on chal-
lenges that are both open-ended and constrained (Sawyer, 2006a).

Children need to learn to define the scope of the problem: the goal and require-
ments for the solution, as well as constraints on solving it. The specific engineering
problem that children are asked to define and solve must be accessible and relevant to
the given age-group. It must be something with which they have enough experience
to understand the scope and envision a solution. The problem should be compelling
enough that children care to solve it. Developmentally, this will look different for
children who are 3 than for 8-year-olds. Older children can handle more constraints
and complexity than younger children (Table 8.3).

8.3.2.1 Ages 3 and 4

The youngest children, those in preschool, should be challenged to create designs
that are concrete and physical—well within their experience—so they can focus on
design, rather than on trying to understand the function of the object (Bairaktarova,
Evangelou, Bagiati, & Dobbs-Oates, 2012). Design challenges should be simple,
with few steps. For example, 3- and 4-year-olds in Ms. Jones’s class are asked to
make a basket to carry fruit. Even if some children have never seen or played with a
basket, they understand its function—to carry things. Becoming familiar with baskets
is easy to accomplishwith physical examples and pictures. Children also benefit from
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Table 8.3 Developmental trajectory for design parameter 2: goals, constraints, and requirements

What it looks like: ages 3–4 What it looks like: ages 5–6 What it looks like: ages 7–8

• The technology is something
children have used before
• Children design a
technology that is functional
and affords imaginative play
• No more than two criteria
for success are specified
• A small assortment of
available materials affords a
variety of valid solutions while
not overwhelming children

• The technology is something
children have seen or heard
about
• Children design a
technology or model with a
function that can be
understood with some
hands-on experimentation
• Up to three criteria for
success are specified
• A variety of available
materials and methods afford a
variety of valid solutions

• The technology may be new
to children
• Children design a
technology or model with one
or two functions that are
readily understood with
instruction
• Up to four criteria for
success require trade-offs
• Balanced trade-offs ensure
that many valid solutions are
possible

additional enrichment activities and materials to help increase their knowledge base
and broaden their experience of baskets and other technologies that are used to carry
things. Books, pictures of baskets, and sample baskets all serve this role inMs. Jones’
class.

To be developmentally appropriate for this age-group, the goal should be for
children to create something real or a model of something familiar, like a house
made of blocks, to readily engage children’s imaginations, because role play is a
dominant form of learning for this group (Henricks, 2008). The technology they
design should be functional to afford role play and hands-on exploration. In our
example, the basket is used to collect and carry ingredients so that Noodle can make
a fruit salad.

The materials and methods available for children to solve the problem are more
limited than they will be for older children. Strips for the basket are pre-cut, of
no more than 10 or 12 materials. Only one or two similar colors are represented,
so children can focus on more relevant attributes, such as durability and stretch. A
handful of types of fasteners are provided. These constraints reduce the complexity
for small children to something manageable for them to explore and test. Challenges
and activities should accommodate childrenwith a range ofmotor skills and tolerance
for frustration.

Children of this age need plenty of support for asking questions about and defining
the scope of the challenge: both to frame proper questions and to engage in the
questioning process (NSTA, 2014). Preschool teachers can engage children in this
practice bymodeling how to ask good questions and by restating children’s questions
more clearly for the group (Epstein, 2006; French & Woodring, 2014; Jirout &
Zimmerman, 2015).

Our vignette for this example illustrates how the teacher supports children to
define the scope of the problem.
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With the help of Ms. Jones, the children learn that Noodle’s fruit-carrying basket is broken.
She passes around the broken basket so the children can look at it. Then, with Ms. Jones’s
prompting, the children ask Noodle further questions about the problem. They observe how
the paper the basket is made from is ripped, and some strips have pulled free from their
fastenings. When Noodle asks the children to help her engineer a better basket from stronger
materials, they are enthusiastic.

8.3.2.2 Ages 5 and 6

In kindergarten, most children’s attention spans allow them to begin problem scoping
by discussing the goal of the design challenge as a class. Ms. Martinez’s class begins
by revisiting the story and talking about how the class design challengewill be similar
to and different from the one featured in the story.

Children who are 5 and 6 years old also need significant teacher support to define
the scope of the problem; however, they are able to manage more constraints or
requirements. Younger children need to focus on only one or two dimensions of the
problem and a tightly constrained selection of materials—whether the strawberries
stay in the basket and how many strawberries fit, with a limited number and color of
pre-cut types of strips to choose from. Conversely, children aged 5 and 6 can focus
on two or three dimensions, with more room for variation in materials and methods
for solving the problem—in this case, how far the boat travels and whether it stays
upright on the string are the criteria for judging success. The constraints for children
in this age range are looser, with more materials to choose from, and children are
free to cut the materials on their own or combine them.

At this age, children are ready to work on technologies that are more novel to their
lived experience. Ms. Martinez’s class is designing sails. Few children of this age
will have seen a sail up close, let alone played with it, but they know or can quickly
learn its common forms. More importantly, its function—to capture wind and put
that energy to use to move a boat—is one they readily grasp with a little hands-on
experience.

In Ms. Martinez’s class, Aliya’s first idea is to use white fabric for her sail. She carefully
cuts the fabric into a triangle. “See, it’s just like the boats in the movie,” she tells Malcolm,
showing him the sail she carefully taped to the popsicle-stick mast.

The important feature is ensuring that children have a place to start—that they know
enough to begin to solve the problem. Later, children will have the opportunity to
realize that the color does not matter, and other shapes besides a triangle may work
better for catching wind with a boat on a track. They can experiment with methods
such as building frames frompopsicle sticks or pipe cleaners, and they can experiment
with rigid materials such as card stock as compared to flexible materials like sheets
of thin plastic or fabric.
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8.3.2.3 Ages 7 and 8

Seven- and eight-year-old children can spend more time defining and exploring the
scope of the problem. The teacher will still set out the challenge with the whole class
and support children in thinking about it, but children will also spend time exploring
and experimentingwithmaterials in their small groups. They can go beyond “messing
around” and simple qualitative evaluations to conducting “fair tests,” collecting data,
and discussing the implications. Materials and methods for combining, altering, or
using them can have more variety and challenge, both because children are better
able to focus on important properties and because their dexterity is improved.

Children of this age are ready for more complex design challenges. While still
hands-on and experiential, a challenge can be more abstract, such as designing a
process or a model that represents something they are just learning about. The tech-
nology children are challenged to build can be something that most have never seen
or thought about, such as a hand pollinator for flowers. In this case, children can be
introduced to the technology and need for it through a story, video, picture, or conver-
sation.However, the technology still should function in a predictable, straightforward
way and be easy to evaluate.

8.3.3 Exploring Materials and Methods

Exploration of materials is an important part of defining the scope of the problem,
where children gather information and explore the dimensions of the problem so they
can better understand how they might solve it (Atman et al., 2008). It is an extension
of the exploration of the context, criteria for success, constraints, and background
resources that inform children’s understanding of the design problem in the larger
sense.

By exploring materials and methods, children construct a more specific under-
standing of how they can make use of the materials and tools provided (Brophy et al.,
2008; Cunningham, 2018; Roth, 2001). In any given classroom, some children will
have spent more time using tools such as scissors, rulers, tape, glue, paper clips, and
screwdrivers than others. Some children will have had more experience than others
playingwith dirt, sand, and rocks; paper, cardboard, and cardstock; or felt, fabric, and
ribbon, for example. In any classroom, allowing children sufficient time to become
familiar with the physical properties of materials and proper uses of tools enables the
more experienced children to teach their peers and gives less experienced children a
chance to catch up. It also prepares children for later work with models, simulations,
and other abstractions from the physical.

In developing our units, we are careful to pilot test materials and methods with
children from a range of backgrounds to ensure that the variety presented is sufficient
to interest children but not to overwhelm or distract them from learning about key
properties. Methods of manipulating and combining materials, and the tools children
use, should be designed to contribute to learning objectives, not to lead children
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Table 8.4 Developmental trajectory for design parameter 3: exploring materials and methods

What it looks like: ages 3–4 What it looks like: ages 5–6 What it looks like: ages 7–8

• Children explore a single
physical property of all
materials and group or arrange
them according to that
property with significant
teacher support
• Children explore a basic
method or tool (e.g., taping,
cutting, fastening with
elastics)

• Children explore two
properties of the materials that
are important to the design and
compare materials for
suitability with significant
teacher support
• Children make use of a
variety of basic tools and
methods for construction

• Children explore, describe,
compare, and evaluate the
properties of materials for use
in a design solution with
teacher support
• Children make use of a
variety of methods and basic
tools for construction,
including specialized methods
(e.g., folding paper to create a
beam)

on long tangential explorations. Though such side projects may be interesting to
children and productive in someways,we believe that it is important that the designed
curriculum be as focused as possible, and we leave decisions about pursuing other
interests and extensions to the teacher (Table 8.4).

8.3.3.1 Ages 3 and 4

Children as young as 3 and 4 benefit greatly from the opportunity to examine a
physical example of a problem, because they have so little experience to draw on
for understanding it (Roth, 2001). Similarly, children benefit from the opportunity
to directly manipulate the materials available for creating a design. With physical
manipulation, children can construct a more comprehensive understanding of the
problem, including sensory-motor experience they can draw on as they work to
make sense of the world (Brophy et al., 2008; Copple & Bredekamp, 2009; French
& Woodring, 2014). In Ms. Jones’ class, children acquire valuable experience as
they manipulate the broken basket and the materials available for creating a new
basket. These physical interactions can serve as a launching point for understanding
the properties and limitations of materials, the principles of basket construction, and
the weaknesses of the given basket design. However, construction should be easy
for small hands with emergent motor skills to accomplish. Rather than using tape or
glue, children use clips such as hair clips and clothespins to attach strips of fabric,
plastic, or paper to the basket frame.

Making observations of materials and communicating what they see are scientific
and engineering practices that children need support to enact; teachers play a vital
role as they scaffold children to increased competence within the zone of proxi-
mal development (Copple & Bredekamp, 2009; Jirout & Zimmerman, 2015; NSTA,
2014). Ms. Jones supports her children to make detailed observations and commu-
nicate what they see as they examine the broken basket and materials available for
the challenge.
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Vocabulary development is another key facet of learning at this age (Copple &
Bredekamp, 2009). Preschool children learn new vocabulary at a prodigious pace
given rich environmental input (Farkas & Beron, 2004). Ms. Jones asks children
to describe the materials and also provides new vocabulary as the children need it,
helping them to express their observations with more precise language and expand
their reservoir of descriptive words.

In this vignette, note how Ms. Jones works with the children to scaffold their
sensory experiences intomore sophisticated observations and analysis of the problem
than they would have been able to accomplish on their own.

Ms. Jones passes around strips of fabric, plastic, and paper, as well as a variety of clips, and
encourages children to play with them and make observations about their properties, as she
supports their learning and use of relevant vocabulary (stretchy, strong, etc.). Later that day,
3-year-old Jackson sings while he works at the Engineering Exploration Center with colorful
strips of fabric, carefully attaching them to the frame with large clips. “Stretchy, stretchy,
stretchy,” he chants softly to himself. When Ms. Jones stops by to see how he’s doing, he
proudly shows off his creation. “I can carry so many strawberries! We’re going to make lots
of fruit salad,” he tells her.

8.3.3.2 Ages 5 and 6

As in preschool, children benefit from hands-on manipulation of materials, scaf-
folding of observation practices, and vocabulary development (French &Woodring,
2014; NSTA, 2002). Again, because of the longer attention span, children can sit
for a longer period as they help the teacher document their observations in a chart
(Fig. 8.1).

The children sit on a rug as Ms. Martinez passes out samples to of the materials they can
choose from when designing their sails. She gestures to the easel, where she has prepared
chart paper with two columns and a number of rows (see Fig. 8.1). The first column is
labeled “Material”—a sample of each material is taped in its row. The second column is
labeled “Properties.” Ms. Martinez calls on children to name properties for each material.
For the felt sheet, Tammy says, “Bendable.” “How do you know?” Ms. Martinez asks. “I
can bend it and touch the ends together,” Tammy replies. Jared calls out, “It soaks up water
too.” “Another word for that is ‘absorbent,’” Ms. Martinez tells him. Next to the sample of
the felt, Ms. Martinez writes “bendable” and “absorbent.”

8.3.3.3 Ages 7 and 8

Children of this age band benefit not only from hands-on exploration, but also from
teacher scaffolding of their observations, helping children to develop their vocabu-
lary about materials (French & Woodring, 2014; NSTA, 2002). Children have the
fine motor control to use scissors, folding techniques, and tape and are learning
how to properly use rulers, basic thermometers, liquid measures, and other standard
measurement tools.

Curriculum for grades 1–2 should approach problem scoping in a similar way to
kindergarten, but withmore depth of content and discussion. In addition to discussing
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Fig. 8.1 Materials and their
properties chart

the goal of the design challenge, observing properties of samples of materials, and
adding to their vocabulary for describing materials, children are ready to discuss
which properties are most important for their design and tomake justified predictions
about which materials will perform the best (NGSS Lead States, 2013). Children of
this age are also ready to systematically test materials for suitability for use in their
design. As in Ms. Martinez’s class, the children create a Materials and Properties
table. However, when this is completed, Ms. Chen asks her students to think about
what the pollinator must do and make predictions about which of the properties are
the most important.

“We’re going to test and compare some different materials today to see which are good
choices to use in a hand pollinator,” Ms. Chen informs the class. “What must a good hand
pollinator be able to do?” Maria raises her hand. “It needs to pick up pollen,” she says. Her
partner Daniel chimes in, “It needs to drop off the pollen too, on the next flower.” Ms. Chen
praises their thinking. She then introduces the children to the materials they will test (e.g.,
pom-poms, marbles, etc.) and collects their contributions. She circles the properties children
predict will be most important for their hand pollinator designs. The children will return to
reflect on their predictions after testing.
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Table 8.5 Developmental trajectory for designparameter 4: application of science andmathematics

What it looks like: ages 3–4 What it looks like: ages 5–6 What it looks like: ages 7–8

• The design challenge
connects with basic life, Earth,
or physical science principles
• Children practice counting
and using qualitative measures

• The design challenge
connects with learning
objectives from
age-appropriate science
content
• Children use nonstandard
measures, use simple
arithmetic, and collect simple
data with structured support

• The most successful design
solutions will take scientific
considerations into account
from age-appropriate science
content
• Children use standard
measures, calculate scores,
and collect and record data

8.3.4 Application of Science and Mathematics

Science and mathematics are vital to the practice of professional engineering. Con-
veying the relationships between these disciplines helps children to better understand
their importance. Integrating themmeaningfully can improve children’s learning and
achievement across the subjects (Brophy et al., 2008; Katehi et al., 2009; Kolodner,
2002; Lachapelle et al., 2011; Oh, Lachapelle, Shams, Hertel, & Cunningham, 2016;
Roth, 2001; Zubrowski, 2002), including engineering (Lewis, 2005).

Young children are capable of conceptual learning in science, as well as scaf-
folded engagement in practices such as asking questions, predicting, observing, and
explaining (Jirout & Zimmerman, 2015; NRC, 2007). Science can be productively
integrated with engineering projects (Kolodner, 2002; Kolodner et al., 2004). At all
grade levels, engineering activities offer a rich opportunity and compelling context
for students to applywhat they understand about science to a design problem (Brophy
et al., 2008; Katehi et al., 2009; NRC, 2012; Zubrowski, 2002).

In mathematics in the USA, the NAEYC and National Council of Teachers of
Mathematics (NCTM) have jointly issued a statement delineating appropriate con-
ceptual content and progressions through age 6 (2010). In Britain, the Department
for Education and Skills has made similar calls (2006). Engineering can provide
another avenue for learning in these areas, adding to the variety of opportunities
children need to develop understanding (Barron et al., 1998; NAEYC & NCTM,
2010) (Table 8.5).

8.3.4.1 Ages 3 and 4

In preschool, science contentmost appropriately engages children in investigations of
the world around them, both indoors and out, through play and exploration (Depart-
ment for Education, 2014; NSTA, 2014). Young children are capable of engaging
in a developmentally appropriate way with scientific practices, with the support
of adults (Jirout & Zimmerman, 2015). Adults play a central role in scaffolding
children’s skills and understanding within the zone of proximal development, to
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gradually build children’s capacities over time (Jirout & Zimmerman, 2015). Adults
also have an important role in structuring children’s environment to support learning
through play and direct experience, as well as providing opportunities for cross-
disciplinary learning in math, literacy, engineering, science, and other disciplines
through extended projects (Copple & Bredekamp, 2009; NSTA, 2014).

After all the children have had time to pass around and play with the materials, Ms. Jones
holds up a strip of plastic. “Tell me what you observe about this material,” she says. “When
I do this it doesn’t move,” says Emma, pulling at both ends. “It’s not very stretchy, is it?”
asks Ms. Jones. “Not stretchy,” Emma agrees. “It’s shiny,” offers Jackson.

Preschool mathematics content includes counting skills: Specifically, children learn
that counting involves a one-to-one correspondence of number names to items and
that number names progress in a defined order, neither skipping nor repeating. Three-
and four-year-olds are also expected to practice using nonstandard measures to judge
quantities as more, the same, or less in preschool (NAEYC & NCTM, 2010). In Ms.
Jones’s room, both of these mathematical practices are put to use in context.

Jackson carries his basket, stuffed with plastic strawberries, to the counting station. “How
many strawberries fit in your basket?” Ms. Jones asks, and she helps Jackson to count as
he pulls strawberries from his basket and places them, one by one, onto the strawberries
pictured on the counting strip. Four-year-olds Emma and Lucia stand by a meter stick taped
to the wall. They will use this to investigate how stretchy their fabric is. Together they stretch
a fabric strip along the meter as far as it will go—which is as long as the meter. “This one is
really stretchy,” Emma says.

8.3.4.2 Ages 5 and 6

Kindergarten science should similarly bridge disciplines and involve exploration
and inquiry (NSTA, 2002). Children are capable of asking questions, conducting
investigations, interpreting data, and engaging in other scientific practices at an
age-appropriate level, with the support of the teacher and curriculum (Jirout &
Zimmerman, 2015). Well-designed engineering challenges can afford excellent
opportunities for exploration of science content and engagement in scientific
practices in contexts that make sense to children (Brophy et al., 2008; Katehi et al.,
2009; Roth, 2001; Zubrowski, 2002). Children can to draw upon knowledge or
experiences in science to inform their engineering designs.

After the children have played and explored outside in the wind, Ms. Martinez gathers them
on the rug for a class discussion. “Tell me what you learned about air,” she says, red marker
poised to write on the easel. “Air can push you,” Aliya offers. “Air is something,” Malcolm
adds, “but you can’t see it.” Ms. Martinez prompts, “What is another word to describe
something you can’t see?” “Invisible!” several children call out.

Kindergarteners, like preschoolers, are expected to practice counting skills and
to compare things using attributes that are measureable. They work on place value
skills, as well as the foundations of adding and subtracting (Common Core State
Standards Initiative, 2012b; Department for Education and Skills, 2006; NAEYC
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& NCTM, 2010). In Ms. Martinez’s room, the most salient use of mathematics is
in measurement and comparing, as children measure how far the boat travels by
counting tiles on the floor along the sail track.

Malcolm gives his tin-foil sail, taped to the craft stick mast, to Ms. Martinez at the testing
station. She places it in the foam boat and turns on the fan. The boat zooms along its filament
track, stopping about half way. Malcolm jumps up and down in excitement. “This one is
much better than my last one!” he says. “How much better?” asks his teacher. Malcolm
quickly counts tiles on the floor beneath the track. “This one went eight tiles. My last sail
only went three tiles!”

8.3.4.3 Ages 7 and 8

After kindergarten, children are expected to growmore skillful with science practices
and accumulatemore content knowledge. They are expected to becomemore capable
of constructing arguments from evidence, for example (Jirout & Zimmerman, 2015;
NGSS Lead States, 2013). Ms. Chen conducts a whole-class discussion, asking
children to compare the materials they will test to other pollinators they know.

“Which materials do you predict will work the best?” Ms. Chen asks. “The pom-pom,”
answers Maria. “Why?” Ms. Chen prompts. “Because it’s fuzzy, so the pollen will get stuck
in it.” “I think the pipe cleaner will work better,” says Ariana, “because it’s more like a bee
leg. It has little hairs on it that will hold the pollen.”

Mathematical expectations for children in the 7-to 8-year-old age band include fur-
ther work with addition and subtraction using a variety of strategies and models,
development of fluency with base-ten operations, investigation of shapes and their
composition, further work with measurement using both standard and nonstandard
measurement, and the representation and interpretation of data (Common Core State
Standards Initiative, 2012b; Department for Education and Skills, 2006). In Ms.
Chen’s class, children organize data from testing, first in their engineering journals,
and then as a class on a summary table. As described above, they discuss the testing
results and notice discrepancies, leading them to question and revise their testing
methods.

8.3.5 Analysis of Data for Planning and Redesign

Even the youngest preschoolers have the ability to engage in scientific practices
(Jones et al., 2008; NSTA, 2014), and the same applies to engineering practices.
With the help of adults to scaffold children’s practices (Jirout & Zimmerman, 2015;
Quintana et al., 2004) and engage them in the zone of proximal development (French
&Woodring, 2014), children can develop their skills over time. One such practice is
the ability to test, collect data, and evaluate results.

In engineering, data analysis is used to inform the planning process and also in the
process of testing and improving candidate solutions. Like engineers, children can
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Table 8.6 Developmental trajectory for design parameter 5: analysis of data for planning and
redesign

What it looks like: ages 3–4 What it looks like: ages 5–6 What it looks like: ages 7–8

• Children test materials and
evaluate them on a
two-dimensional scale (e.g.,
louder/quieter)
•With teacher support,
children construct simple
charts or compare results
through whole-group
discussion
• Children judge the success
of their design solution
through observation and
comparison against a standard,
low-quality solution
• Children are encouraged to
improve their designs
repeatedly

• Children test materials and
evaluate them for specific
qualities
•With teacher support,
children construct graphs and
charts and discuss and
compare results across the
class to draw lessons for
planning a design solution
• Children judge the success
of a design solution using a
specified testing procedure to
make qualitative judgments
• Children are encouraged to
use their results and findings
to improve their designs
repeatedly

• Children test materials and
methods of construction for
specific qualities
•With teacher support,
children construct graphs and
charts and discuss and
compare results across the
class to draw lessons about
“fair tests” and planning a
design solution
• Children judge the success
of a design solution using a
specified testing procedure to
make qualitative judgments
and quantitative measures
• Children analyze and
describe which parts of their
technology failed during
testing and offer suggestions
for modifications they will
make in redesign

collect data about thematerials theywant to use, about different types ofmethods and
design shapes, and about their design solutions. With enough time to test, evaluate,
improve, and redesign, across multiple cycles, they can develop solutions to age-
appropriate design challenges (Brophy et al., 2008; Katehi et al., 2009). Repeated
opportunities to reflect, put learning and ideas into action, test, and reflect again give
children a chance to develop deep and lasting understanding (Sawyer, 2006b).

In the EiE curriculum, we provide a sampling of prompts that teachers can use
to encourage children to reflect on data and draw conclusions. Written materials
prompt children to record their data, help them to structure it, and prompt children
to draw conclusions. For younger children, especially pre-readers, much of the work
of scaffolding children’s reflection on tests and data must be done directly by the
teacher, or by simple visual materials, such as a scale where children can set out
items in order from lightest to heaviest, or from quietest to loudest (Table 8.6).

8.3.5.1 Ages 3 and 4

Preschool children must be able to judge success or failure through observation, with
a single, straightforward criterion. In the case of the basket, children can observe
whether the basket holds fruit.
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InMs. Jones’s room, Jackson stuffs his completed basket with plastic strawberries. “Oh no!”
he cries, as strawberries pop out between his fabric strips. “There’s a hole in my basket!”

Once they achieve this criterion, children might naturally gravitate toward more
difficult criteria such as trying to hold more fruit or for longer periods of time, or the
teacher can encourage them to do so.

8.3.5.2 Ages 5 and 6

Kindergarten children, like preschoolers, must be able to quickly ascertain whether
or not their design is functioning properly. However, they are also ready to begin rea-
soning about the phenomena they observe and citing evidence (Jirout &Zimmerman,
2015; NGSS Lead States, 2013).

Aliya brings her triangular white sail to the testing station. However, when her mast is
inserted into the boat in front of the fan, her sail flaps and the boat doesn’t move at all. “It’s
like a flag!” she exclaims. “That’s a good observation. What do you think you need to do
differently to get it to work?” Ms. Martinez prompts. “I think,” Aliya says slowly, looking
carefully at her nonfunctional sail, “that it needs to be like this,” (she cups her hand) “to
catch the wind.”

8.3.5.3 Ages 7 and 8

For children in grades 1 and 2, testing can involve multiple aspects and scoring sys-
tems that measure success qualitatively. Children can record their observations and
results of tests with pictures and short sentences or fragments. They can discuss sim-
ple trade-offs and criteria. They are also ready, and often eager, to discuss “fairness”
in testing and are ready to be introduced to the concept of controlled tests (Jones
et al., 2008; NGSS Lead States, 2013).

Ms. Chen gathers her class to discuss the results of their first round of testing. She asks each
group for their results, and writes on chart paper whether they were able to transfer “None,
a little, or a lot” of pollen to the paper flower models for each of their trials. One group
in particular has excellent results every time. “But that’s not fair!” Daniel exclaims, “I saw
Ariana tap and tap her pollinator really hard until all the pollen fell off.” Ms. Chen nods.
“That’s a really good point. The way that we test is important. Let’s put how we tested on
our chart. How did you and Maria do your test, Daniel?” She asks each of the groups in turn
to describe how they had tested, and writes it on the chart. “Can we compare these results
fairly, class?” “No,” the children chorus. “So what should we do? Ariana?” “We should all
do it the same way,” she offers. “Like, we could all tap like this,” she says, demonstrating
with her hands. “And we should all tap the same number of times,” adds Daniel.
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Table 8.7 Developmental trajectory for design parameter 6: collaboration

What it looks like: ages 3–4 What it looks like: ages 5–6 What it looks like: ages 7–8

• Children work alone or in
freely formed groups
• The teacher leads children to
interact during whole-group or
small-group discussion
• The teacher praises
successful interactions and
supports children to manage
contentious interactions

• Children work in pairs,
sharing materials but
designing their own solutions
• The teacher discusses and
models appropriate
interactions
• The teacher praises
successful interactions and
supports children to manage
contentious interactions

• Children collaborate in pairs
or groups of three on a shared
design solution
• The teacher discusses and
models appropriate
interactions
• The teacher provides support
to consider each other’s ideas
and negotiate shared solutions

8.3.6 Collaboration

Children change dramatically in their ability to work with others between the ages
of 3 and 8. Where at age 3, most children engage primarily in associative play—side
by side with others, without joint intentions—by age 8, children are capable of
collaborating with others, sharing ideas and goals in joint activity (Copple &
Bredekamp, 2009). Children’s preferences to work with others also grow during
this age range. Minority children and girls, especially, are more likely to be engaged
in class environments where collaboration is valued and encouraged (Burke, 2007).

Engineering as a discipline involves teamwork and collaboration (Katehi et al.,
2009).Anyproblemof any importance is likely to be addressed by a teamof engineers
with scientists or others, using diverse viewpoints and strengths to come up with a
high-quality solution (Katehi et al., 2009; Sawyer, 2006a). Like engineers, children
can produce better solutions if they work together than if they work alone—at least
once they have the social skills to collaborate effectively (Solomon & Hall, 1996).

Engineering curricula can support children’s social and emotional development at
an appropriate level, with careful thought. Teachers need to plan for how to encourage
and support children to work effectively together (Wendell et al., 2014). They need to
monitor how children are interacting and intervene as necessary to correct antisocial
behavior and support children to work effectively together. It also helps to review
norms and expectations with the class (Table 8.7).

8.3.6.1 Ages 3 and 4

Preschool-aged children are just beginning to learn to play with others and interact
respectfully with others; sharing is an emergent skill, and children’s tempers can run
high (Copple, Bredekamp, Koralek, & Charner, 2013; National Institutes of Health,
2014). Children need encouragement for effort and feedback promoting their respon-
sibility to develop persistence (Allen & Kelly, 2015). Three-year-olds can manage
simple instructions with two or three steps, and 4-year-olds can manage a little more,
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though they are easily distracted (Centers for Disease Control and Prevention, 2013;
Copple & Bredekamp, 2009). Engineering curricula can help children develop their
social and emotional skills by providing opportunities for sharing and side-by-side
design activities, but teachers will need to remain heavily involved in supporting
children’s efforts and interactions. They support children’s interactions with each
other, helping them to behave cooperatively with each other, and teaching them to
react respectfully to each other’s ideas, desires, and projects (Copple & Bredekamp,
2009).

Jackson and Emma work side-by-side on their baskets. Jackson pulls the box of hair clips
to his side of the table, and when Emma reaches to take one he covers them protectively.
Ms. Jones, passing by, notices the brewing argument. “What’s wrong?” she asks. “I need
them,” Jackson explains. “I don’t think you need them all,” she tells him. “You can’t fit this
many clips on your basket! Can you share with Emma, please?” Jackson moves the box back
to the middle.

8.3.6.2 Ages 5 and 6

By kindergarten, most children are skilled at cooperating with others, though
they may be overly assertive or have difficulty following others’ lead (Copple
& Bredekamp, 2009). They are more independent and persistent, yet they may still
need encouragement in the face of a challenge (Allen & Kelly, 2015; Copple, Bre-
dekamp, Koralek, & Charner, 2014; Massachusetts Department of Early Education
and Care, 2015). Children can work in pairs or small groups sharing materials and
ideas, but each child should be allowed to develop his or her own designs indepen-
dently.

“This tin-foil sail worked really well,” Malcolm tells Aliya, “but I think it should be bigger
to catch more wind.” He pulls the tin foil from their box and rolls the edges of one sheet to
make a large, stiff oval. “Could I have some tin foil?” Aliya asks. Malcolm hands back the
rest of the stack of sheets. “I want to try tin foil too, but I’m going to make a frame for it,”
she tells him, as she gets to work.

8.3.6.3 Ages 7 and 8

Seven- and eight-year-olds are beginning to learn to collaborate and work together.
Sharing ideas is still a developing skill, but children in grades 1 and 2 are capable of
arguing for their own ideas, taking into account the ideas and desires of others, and
compromising (Copple & Bredekamp, 2009). In working on an engineering design
project, pairs and sometimes trios can work together on the same design. They need
teacher support to collaborate jointly—children frequently find it difficult to agree
on a plan for a design.

Daniel and Maria compare the ideas they’ve each recorded in their engineering journals.
“So, let’s use idea number three, but we’ll just bend it, how about that?” Maria proposes.
“So, it would be half of my idea,” Daniel concurs. “It will look like your idea, but it will do
the things that are in my idea.” “Mmhmm,” Maria agrees, “so it’s both of ours mixed up.”
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Table 8.8 Developmental trajectory for design parameter 7: agency

What it looks like: ages 3–4 What it looks like: ages 5–6 What it looks like: ages 7–8

• The teacher may directly
support the process with
prompts and structure
• Children make their own
choices and engage directly
with the materials
• Simple visual materials
support children to focus on
important aspects of materials
and the problem

• The teacher models for
children and prompts them to
come up with and try new
ideas
• Children make their own
choices and engage directly
with the materials
• Simple written or visual
materials support children to
focus on important aspects of
the problem

• The teacher models for
children and prompts them to
come up with their own
questions and ideas, as well as
to make observations and draw
their own conclusions
• Children work together to
make decisions and plans as a
team and to create, test, and
improve their ideas
•Written materials support
children to reflect and make
connections through
open-ended prompts for short
answers and basic
observations

8.3.7 Agency

Children need to have the agency to make choices if they are to develop creative
solutions. When children have agency to develop their own designs, they are more
likely to become emotionally invested in their work. Emotional engagement is a
strong predictor of deep, lasting learning (Blumenfeld, Kempler, & Krajcik, 2006;
Engle & Conant, 2002; Immordino-Yang, 2015). Children benefit from developing
the confidence that they can solve their own problems (Katehi et al., 2009).

Teachers can foster agency by stepping back and allowing children to come up
with their own ideas and solutions. This is not the same as letting children “discover”
things for themselves: Scaffolding and guidance are important to learning (Hmelo-
Silver et al., 2007). However, teachers can push children to come up with their best
answers, curriculum can develop learning activities that help children to confront
important ideas, and teachers can guide children to think deeply about those important
ideas, while celebrating and fostering children’s ownership of their design solutions
(Table 8.8).

8.3.7.1 Ages 3 and 4

Anyone who has worked with small children has heard the sentiment, powerfully
(if ungrammatically) expressed, of “Me do it!” Children strive for independence at
an early age. Teachers support children’s development by providing an environment
which is emotionally safe for failure and which encourages persistence (Australian
Government Department of Education, Employment, and Workplace, 2009). When
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adults “take over” for children, they deprive children of opportunities to learn and
develop confidence.

In the following vignette, Ms. Jones encourages children to share and own their
experiences, helping Jackson to verbalize for himself what she knows he accom-
plished and learned from his initial failure.

The children are gathered on the rug for circle time at the end of the day. “What did you learn
about making a basket, Jackson?” Ms. Jones asks. “I made a basket,” Jackson replies. “You
did, I saw your basket! Can you tell me what you learned? Did your basket work the first
time?” “No,” says Jackson, “the strawberries fell out.” “Why is that? Do you have an idea?”
prompts Ms. Jones. “It was too stretchy. It stretched and made a hole,” answers Jackson.

8.3.7.2 Ages 5 and 6

Though children who are 5 and 6 years old are still quite young, they appreciate the
opportunity to make their own decisions. With the help of a supportive teacher and a
strong curriculum providing “training wheels,” they can create unique and functional
design solutions.

Throughout our vignettes,we see howMs.Martinez encourages children to take an
authoritative role when discussing their ideas and designs. She respects and validates
their ideas and contributions by taking them up and encouraging them and other
children in the class to work further on their own ideas and the ideas of others.
In Sect. 8.3.3.2, Ms. Martinez pushes children to discuss their observations of the
properties of materials. In Sect. 8.3.4.2, she again asks children to contribute their
observations, this time about air. She also pushes Malcolm to quantify his statement
that his new sail “is much better” than the prior one. And, in Sect. 8.3.5.2, she
encourages Aliya to make her own evaluation of her sail, verbalizing why it is not
working and what she needs to change to improve it.

8.3.7.3 Ages 7 and 8

Children aged 7 and 8 are more capable than younger children. They are better at
verbalizing their ideas and better at managing complexity and balancing variables.
Still, adults can diminish their engagement and accomplishments by being too quick
to step in, by drawing conclusions for children instead of allowing them to draw their
own, and by telling instead of listening.

In the vignette in Sect. 8.3.5.3, we saw Ms. Chen guide children to work out,
as a class, some issues they were having with differences in procedures for testing
materials. In the vignette in this section, we see her use her presence to help children
work out a way to improve their design solution on their own. This is the kind of
guidance and scaffolding we refer to as fostering agency: prompting and guiding
children’s contributions, and providing validation for children’s efforts by accepting
them.
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“The pom-pom picks up pollen the best,” Mason asserts. “Yeah,” Dina agrees, “but how are
we gonna get it into the flower?” She picks up the bent PVC pipe that is their model for a
bucket orchid. “If we try to put the pom-pom in there, it’s gonna get stuck.” Mason picks up
a pipe cleaner. “Let’s tape it to this,” he suggests. They get to work.

Ms. Chen quietly joins them, and watches as Dina and Mason test their hand pollinator
design on the model of a bucket orchid. The pipe cleaner bunches up as the pompom gets
stuck in the PVC model, and they can’t push it fully in. “It’s not working,” says Mason. “It
almost works. What could you do to improve?” asks Ms. Chen. “I think we need a stronger
handle,” says Dina. “Maybe we can twist it together with another pipe cleaner,” suggests
Mason, “then it would be stronger but still bendy.”

8.3.8 Engineering Design Processes and Epistemic Practices

Engineering is, at its core, a discipline that is both creative and deliberative. For chil-
dren to become familiar with the nature of engineering, they need to be introduced to
its epistemic practices and a systematic process of design as a way to structure their
engagement (Cunningham, 2018; Cunningham & Kelly, 2017; Lewis, 2005). We
do not advocate for indoctrinating children into one process of engineering (which
does not exist); instead, children’s engineering should move flexibly from inves-
tigation to planning to testing and back again, to satisfy children’s developmental
need to alternate between hands-on manipulation and reflection (Brophy et al., 2008;
Hill & Anning, 2001). Engineering practices should be discussed directly, with the
importance of careful attention to a quality process emphasized.

There are many ways to approach engineering design. We advocate no single
process, but the use of an Engineering Design Process as an approach to structure
engineering education for children (Cunningham & Carlsen, 2014; Cunningham &
Hester, 2007;Davis,Cunningham,&Lachapelle, 2017).Byemphasizing engineering
design as a flexible process, we prepare children for the idea that failure and setbacks
are expected on the way to continual improvement and eventual success. Flexibility
in the design process also provides for children’s developmental need to move back
and forth between hands-on manipulation and reflection (Brophy et al., 2008; Hill
& Anning, 2001). For all grades, the cyclical engineering process should include an
Explore and Investigate stage, a Create and Test stage, and a Reflect and Improve
stage.

During the phase of Explore and Investigate, children learn more about the prob-
lem context, the goal, and the materials and methods available for solving the prob-
lem. They ask questions and make predictions. By age 7 and 8, they are ready to
plan and conduct investigations and to learn about controlling variables. Even the
youngest children can make observations, but older children can seek patterns in
their observations, and eventually organize and tabulate data.

To start the Create and Test stage, older children can brainstorm individually,
recording their ideas with pen and paper. Younger children may be able to imagine
and speak their ideas, or draw pictures of their ideas, but the youngest may need to
go straight into playing with materials and attempting to create. It is crucial that the
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choice of design challenge, materials, and presentation be age appropriate—not too
challenging for small hands and limited fine motor skills, but not so easy as to be
immediately accomplished; not toomanymaterials andmethods as to be overwhelm-
ing, but not so few as to constrain creativity. Criteria for success for the youngest
children should be straightforward and immediately evident (whether the basket
holds fruit when you carry it across the room); older children can use a small number
of qualitative or readily quantifiable measures to judge the degree of success for their
designs.

The Reflect and Improve stage is vital to learning. This is the part of the process
where children are invited to think about what they have accomplished, what they
have come to understand, and what is still confusing to them. With the opportunity
to put their new learning into action, they are able to synthesize and apply what they
have learned, either in creating a new design, or in coming up with a new set of
questions to ask (Brophy, 1983; Katehi et al., 2009; Sawyer, 2006b).

Most engineering processes include a stage of communicating the final design. In
the early years, we include this as part of the Reflect and Improve stage. Preschoolers
can be asked to communicate their designs in small groups or one-on-one with the
teacher. They can draw or take pictures of their designs and record their thoughts
either with audio or with the help of a teacher to scribe for them, so they can revisit
them at a later time. Such images can be posted on the wall near the Engineering
Exploration station, or shared with the group, with each child saying a few words.
As children grow older, their presentations and their engineering journals become
more sophisticated, incorporating multiple views, labels, and instructions (Hertel,
Cunningham, & Kelly, 2017) (Table 8.9).

8.3.8.1 Ages 3 and 4

In preschool, teachers scaffold children’s engagement in engineering and science
practices, helping them to form questions, to make predictions and observations,
and to communicate and reflect on what they have learned (Jirout & Zimmerman,
2015). Even the youngest children can learn from seeing each other’s designs, and
from reflection, with the support of the teacher to ask questions and help children
formulate their ideas. Teachers must know their students’ particular strengths, needs,
and weaknesses, so they can appropriately intervene when a child needs encourage-
ment to persist, or help with fine motor control, or provide more detailed prompts to
complete a thought.

8.3.8.2 Ages 5 and 6

In kindergarten, children have more skills and are more capable than preschoolers,
but they still need significant teacher support (Copple et al., 2014). At this age, they
gain the ability to distinguish between models and the things or events those models
represent (NGSS Lead States, 2013). With guidance, they can plan an investigation
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Table 8.9 Developmental trajectory for design parameter 8: engineering design processes and
practices

What it looks like: ages 3–4 What it looks like: ages 5–6 What it looks like: ages 7–8

• The EDP has 3 steps
• Children engage in problem
scoping, creating and testing
prototypes, and making
improvements
• Teachers work directly with
children to provide verbal
scaffolding and model
epistemic practices
•Materials provide visual
scaffolding without the need
for reading
• Children communicate what
they’ve done with drawings,
photographs, and speech

• The EDP has 3 or 4 steps
• Children engage in problem
scoping, creating and testing
prototypes, making
improvements, and
communicating designs
• Teachers provide verbal
scaffolding and model
epistemic practices for the
class
•Materials are mostly visual
but begin to incorporate
symbols
• Children communicate their
ideas and their designs with
drawings, photographs,
speech, and labels

• The EDP has 4 or 5 steps
• Children engage in problem
scoping, brainstorming,
drawing up plans, creating and
testing prototypes, evaluating
to make improvements, and
communicating designs
• Teachers model for the class
and ask open-ended,
generative questions to
encourage children to actively
engage
•Materials scaffold all
processes through simple
prompts
• Children communicate ideas,
designs, and conclusions with
drawings, basic writing, and
class discussion

and work with their peers to conduct it. They can collect and record data, make
comparisons, identify patterns, draw inferences, make arguments based on evidence,
and apply what they have learned (French & Woodring, 2014; NGSS Lead States,
2013). Children continue to need monitoring and support to cooperate with each
other.

Ms. Martinez’s class gathers at the rug, carrying their sails that worked best, after everyone
has had a chance to test at least three designs. “Hold up your sails that made it all the way to
the end of the track,” Ms. Martinez tells her students. Aliya holds up a sail made of plastic,
billowing between a top and bottom stay taped to the mast; Malcolm holds up a tin-foil sail
stiffened into a concave oval by rolling the edges. “What properties made the best sails?”
Ms. Martinez asks. Aliya raises her hand. “Lots of material to catch the wind,” she says.
“Thumbs up if you agree!” Ms Martinez tells the class, and everyone puts up their thumbs.
“A sail that’s stiff so the air can push on it,” Malcolm contributes, and again his classmates
raise their thumbs.

8.3.8.3 Ages 7 and 8

By ages 7 and 8, children become able to identify the elements in a system and
how they relate to each other. Their skills with other practices increase, especially
their abilities to draw inferences and make arguments based on evidence (Jirout &
Zimmerman, 2015). However, they still need significant support, including teacher
modeling and scaffolding, to engineer. Teachers use whole-class discussion time to
prompt children to ask questions, think about what they need to know, understand
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what is expected of them, consider the implications of data, and communicate their
findings. Written materials contain simple prompts, often with choices spelled out,
to minimize children’s need to compose and write.

In the following vignette, we see Ms. Chen using questions to scaffold children
to analyze how their hand pollinators worked and draw conclusions that they can use
in their next design.

“What have we learned so far, children, about what makes a good pollinator?” Hands shoot
up. “Fuzzy things like pom-poms and pipe cleaners are the best to pick up pollen,” says
Aliya. “But our pom-pom was too big to fit in our flower,” says Mason. “We had to cut our
pom-pom to get it all the way in.” Ms. Chen responds, “That’s a really good point, Mason.
We had three different types of flowers. Did anyone make a pollinator that worked best for
every flower?” “No!” the class choruses. “For the poppy we need something that is really
big and fuzzy,” says Maria. “But for the bucket orchid we need something small.”

8.4 Teacher’s Role in Scaffolding

As we have discussed throughout this chapter, children need significant scaffolding
to help them develop and improve their skills in science and engineering. They
also need support to develop behaviors that will help them achieve success, such as
cooperation, persistence, and collaboration. Some of this scaffolding can be provided
by the curriculum, directly to older children with some skill in reading, in the form
of worksheets and engineering journals. The rest must be provided by teachers, who
model good questions, arguments, and use of data; who encourage children to persist
and help to manage interpersonal difficulties; and who prompt children with open-
ended questions to reflect and think more deeply about what they are experiencing.

It is not always easy for teachers to know what to look for in an engineering chal-
lenge, or what to ask. Engineering is as new for most early childhood teachers as it
is for children. Both curriculum and professional development can support teachers
to improve their engineering practice. Curriculum guides can provide step-by-step
instructions and sample questions for novices. An overview of the goal of the les-
son is also important, as is an outline of how the activity is intended to improve
children’s skills and understanding (Cunningham&Hester, 2007). However, profes-
sional development with teachers practicing and interacting around the engineering
skills and content knowledge they are learning remains a vital way to help teachers
to improve their pedagogy (Diefes-Dux, 2014).

In our experience, professional development is valuable to teachers when it
switches between the student’s point of view and the teacher’s—what we call “stu-
dent hat” and “teacher hat.” Teachers can put themselves in the shoes of children as
learners while they work on an activity and then reflect upon the activity as a teacher,
thinking about the likely pitfalls and trouble spots their students will encounter.
They also practice asking questions that get children thinking and doing—questions
that require more than a one-word answer and that respect and validate children’s
contributions.
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8.5 Discussion

Throughout this chapter, we have focused on a variety of aspects of curriculum
and pedagogy that are particularly relevant to engineering education for children,
including the Narrative Context (Parameter 1); Goals, Constraints, and Require-
ments (Parameter 2), which includes developing age-appropriate design challenges
and supporting children to define the scope of the problem; Materials and Methods
(Parameter 3); the Application of Science and Mathematics (Parameter 4); Analy-
sis of Data for Planning and Redesign (Parameter 5); Collaboration (Parameter 6);
Agency (Parameter 7); and Engineering Design Processes and Epistemic Practices
(Parameter 8). By examining what children are developmentally capable of at each
age, we sought to provide some early trajectories that educators and curriculum
developers might use as they consider how to design early engineering experiences
for young learners and support children to effectively engage with engineering chal-
lenges.

We have focused on what engineering should look like for young children, given
our theoretical foundation that learning is both social and constructivist, and based
on our experiences designing and implementing formal and informal engineering
curricula for children ages 3–13. We have recommended a set of parameters for
designing engineering curricula and activities and have shown how those design
parameters play out in important aspects of engineering education.

So what should engineering look like for young children, ages 3 to 8? Here, we
use our curriculum design parameters to review and further discuss characteristics
of the aspects of engineering learning we have set out in this chapter.

8.5.1 Narrative Context

Our first design parameter has to do with context: that the challenge should be
set in the real world, relevant to children, and conveyed with narrative. This bears
particularly on three aspects of engineering education for the youngest children: (1)
the choice of design challenge, (2) the way it is presented to children (setting the
context), and (3) the way children evaluate it.

By setting the challenge in a real-world context, it becomes possible to connect
with both children’s lived experience and thewider world. Evenwhen context-setting
uses fantasy elements, such as talking animals or puppets, the reason for the challenge
shouldmake sense to children: a basket thatwill not function, ameans to getmessages
across a gap, or a way to pollinate flowers. Having such a context allows children to
bring what they already know to bear—whether that is experiences with collecting
colored eggs in an Easter basket, playing with a kite, or watching insects in a flower
garden. It also allows children to see a larger purpose in what they are learning, so
they can have a better understanding of the adults (or older children) they are working
and learning to become.
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A larger context also affords connections to reading and communicating. There is a
wealth of books, both fiction and nonfiction, about bringing things to a party, carrying
things, finding ways to communicate, sailboats and other things that use the wind,
and flowers and insects. Children can make up their own stories and role play, draw
pictures and artwork, and, when they are older, give reports and recommendations
like engineers.

8.5.2 Goals, Constraints, and Requirements

Creativity is afforded by the choice of the engineering challenge, the choice of con-
straints and criteria for success, the array of materials and methods available to
children, and the implementation of the engineering design process. If the challenge
is open-ended and the engineering design process is flexible, children have the oppor-
tunity to bring new ideas and processes to bear. If the design challenge is constrained
and the design process is rigid, children will be channeled into amore routine activity
that resembles a craft project more than art or engineering (Brophy et al., 2008; Hill
& Anning, 2001; Webster, Campbell, & Jane, 2006).

8.5.3 Materials and Methods

It is important to carefully consider the array of materials and methods to offer
to children. Children of different ages have very different abilities to manipulate
materials and tools. They also differ greatly in their ability to focus on a variety of
properties: Too many choices can overwhelm children, but too few can bore them
and constrain creativity.

The choice of materials and methods must be made in tandem with defining the
engineering challenge for children, so as to afford a variety of valid solutions. The
choice of materials and methods also bears on affordances for applying science and
mathematics. Children can explore the properties of materials through observation
and experimentation. Testing materials opens up affordances for mathematics.

8.5.4 Application of Science and Mathematics

Just as engineers use mathematics and science to develop solutions to problems,
so can children. However, teachers and curriculum designers need to be purposeful
about how they connect to science and mathematics. Choosing a design challenge
with rich connections to science, such as hand pollinators, enables teachers andmate-
rials to specifically integrate science content, with careful attention to how it applies
in context. However, it is important to know the expectations for the children who
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are the target audience. Preschoolers are learning to count and use nonstandard mea-
surement schemes, so a challenge like carrying strawberries affords a contextually
appropriate opportunity to practice counting. Testingmaterials affords older children
the opportunity to construct tables and charts and affords all children the opportunity
to learn the scientific vocabulary of properties and of investigation.

8.5.5 Collaboration

Even the youngest children can begin to learn the skills needed for teamwork. Though
3-year-olds are still frequently engaging in parallel or associative play rather than
playing together, they are ready to learn to share materials, such as those needed
to construct a basket. Four-year-olds begin to share ideas, 5-year-olds to cooperate,
and older children to work together on a shared goal. Again, we see that learning is
a slow process of mastery, supported by community norms and goals as well as by
adult scaffolding.

8.5.6 Agency

Giving agency to children to develop and evaluate their own solutions is most impor-
tant for (1) the choice of the engineering challenge, (2) exploringmaterials andmeth-
ods, and (3) evaluating the success of solutions. One important benefit of choosing
a design challenge with many possible solutions that children can explore and eval-
uate on their own is that it gives children the agency, and the responsibility, to be
innovative and find a solution that works best for them: functionally, aesthetically,
and within their abilities. Agency and active learning are strongly associated with
children’s motivation to learn (Trundle & Saçkes, 2015). Curriculum designers must
work to ensure that the design challenge and the methods and materials to solve it
are both open-ended and within the skills and abilities of the children of the target
age. The best way to do this is to test ideas for the challenge extensively: within the
design group, with teachers of the target age range, and especially with children of
the target age range.

8.5.7 Engineering Design Processes and Epistemic Practices

Actively engaging children in engineering processes and epistemic practices is partic-
ularly applicable to (1) setting the context of the engineering challenge, (2) exploring
materials andmethods to solve the problem, and (3) evaluating the success of designs.
Because children construct their own understanding and improve their skills through
supported and scaffolded practices, they need opportunities to engage in engineering
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practices at an age-appropriate level. While the youngest children are still learning
to form questions and make inferences about design failures, by the age of 8, chil-
dren are participating in the design of an investigation to answer their questions and
balancing multiple criteria for success.

Because children learn through guided and scaffolded participation in the prac-
tices of a discipline, curriculum designers and especially teachers need to understand
what a developmentally appropriate level of engagement in engineering looks like
for their children, and work to help children accomplish that level of skill. Asking
questions, making predictions, conducting investigations, coming up with ideas and
trying them out, evaluating success, applying what was learned to making improve-
ments, and communicating ideas are all aspects of engineering are accessible to even
the youngest children, at some level.

The key to developing and implementing age-appropriate engineering education
is understanding that mastery takes time, over a long-term trajectory, and considering
how to best support children at the level ofwhich they are capable.One importantway
to support children’s learning of engineering as a practice is to name the practices that
children are engaged in, to make explicit to children that they are doing engineering,
and to help children to see what level of competence they are striving for. When a
teacher helps a preschooler to reframe her question or explains what he learned, the
teacher is helping the child not only to expand their verbal skills, but to understand
what is expected for a good engineering question or explanation. Stories about or
from engineers also help children to envision what they are striving for.

8.6 Conclusion

Young children between the ages of 3 and 8 are capable of age-appropriate engi-
neering practice. They benefit from well-designed engineering education in many
ways. They have opportunities to learn more about the world, including engineering
problems and solutions within many fields of engineering. They can learn and prac-
tice science and mathematics in context, as applications. Engineering education can
support children in developing the dispositions and skills to approach problems and
failures with persistence, creativity, and an open mind. It can motivate children to
learn, as children envision themselves as engineers and are given the agency to make
choices and have the responsibility to find a solution.

Engineering education also has the potential to address many aspects of children’s
development. They develop socially as they work and play with others, negotiating
the challenges of shared materials, ideas, and goals. They develop emotionally as
they deal with the frustration of setbacks and failures, and persist to success. They
develop their motor skills by working with materials and constructing their own
designs and creations. They develop academically as they practice mathematics,
science, and engineering skills and learn content in these realms. And, they develop
as members of a classroom community—and eventually a world community—who
work together to solve problems and support each other.
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Chapter 9
Engineering in Early Elementary
Classrooms Through the Integration
of High-Quality Literature, Design,
and STEM+C Content

Kristina M. Tank, Tamara J. Moore, Brianna L. Dorie, Elizabeth Gajdzik,
M. Terri Sanger, Anastasia M. Rynearson and Emma F. Mann

Abstract The PictureSTEM project consists of instructional units for grades K-2
that employ engineering and literacy contexts to integrate science, technology, engi-
neering, mathematics, and computational thinking (STEM+C) content instruction in
meaningful and significant ways. The PictureSTEM project utilizes picture books
and an engineering design challenge to provide students with authentic, contextual
activities that engage learners in specific STEM content. Four components differ-
entiate the PictureSTEM units from what teachers are currently implementing in
their classrooms: (1) engineering design as the interdisciplinary glue, (2) realistic
engineering contexts to promote student engagement, (3) high-quality literature to
facilitate meaningful connections, and (4) instruction of specific STEM+C content

K. M. Tank (B)
Iowa State University, Ames, IA, USA
e-mail: kmtank@iastate.edu

T. J. Moore · E. Gajdzik · M. Terri Sanger · E. F. Mann
Purdue University, West Lafayette, IN, USA
e-mail: tamara@purdue.edu

E. Gajdzik
e-mail: egajdzik@purdue.edu

M. Terri Sanger
e-mail: mtsanger@purdue.edu

E. F. Mann
e-mail: emann@purdue.edu

B. L. Dorie
Gonzaga University, Spokane, WA, USA
e-mail: dorie@gonzaga.edu

A. M. Rynearson
Campbell University, Buies Creek, NC, USA
e-mail: amrynearson@campbell.edu

© Springer Nature Singapore Pte Ltd. 2018
L. English and T. Moore (eds.), Early Engineering Learning, Early Mathematics
Learning and Development, https://doi.org/10.1007/978-981-10-8621-2_9

175

This copy belongs to 'VANC03'

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-10-8621-2_9&domain=pdf


176 K. M. Tank et al.

within an integrated approach. Examples from research data on the PictureSTEM
unit, Designing Paper Baskets, conducted in kindergarten classrooms, will illustrate
how the four foundational components of this integrated STEM curricula play an
important role in designingmeaningful and contextual learning for younger students.

9.1 Introduction

Over the past decade, there has been an increased emphasis on improving sci-
ence, technology, engineering, mathematics, and computational thinking (STEM+C)
teaching and learning at all levels. From this point forward for ease of reading, our use
of STEM will be referring to Science, Technology, Engineering, Mathematics and
Computational Thinking. In the USA, engineering practices, concepts, and thinking
skills are included in the Next Generation Science Standards (NGSS; NGSS Lead
States, 2013) as well as within most academic state standards (Moore, Tank, Glancy,
& Kersten, 2015). Across the country, early childhood educators are working to inte-
grate these ideas into their classrooms to either meet the standards or ensure school
readiness. While there has been an increase in the number and variety of curricula,
programs, and specialized schools that have emerged to meet this need for STEM
and engineering integration (NationalResearchCouncil [NRC], 2014),many of these
resources have not been focused on early childhood classrooms and settings.

An additional consideration that is important when thinking about the integration
of STEM into early childhood classrooms is that there is a large emphasis placed on
learning to read. As a result, teachers dedicate substantial amounts of time and energy
into ensuring that their students meet this goal (Taylor, Pearson, Clark, & Walpole,
2000). This often leads to a limited amount of time and resources dedicated to STEM
subjects (Banilower et al., 2013; Marx & Harris, 2006). As teachers and schools
continue to integrate STEM into their early elementary classrooms, it is important to
provide themwith curricularmaterials that are well-suited and intentionally designed
to provide early learners with appropriate engineering learning experiences. These
curricula also need to recognize and consider the challenges and pressures placed
upon early childhood educators, like limited instructional time in STEM and a focus
on school readiness and learning to read.

The PictureSTEM project was developed to meet this growing need to teach
young learners high-quality STEM content as highlighted in academic standards
(e.g., NGSS Lead States, 2013 and National Governors Association [NGA] Center
for Best Practices, & Council of Chief State School Officers, 2010), as well as
to immerse students in authentic engineering experiences. This chapter presents
examples from the PictureSTEM project to highlight how literature and engineering
design can be used as a basis for developing engineering, science, mathematics and
computational thinking in early elementary classrooms. Classroom examples from
the PictureSTEM unit, Designing Paper Baskets, will be shared to illustrate how
foundational components of this integrated STEM curriculum play an important role
in designing meaningful and contextual learning for young students.
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9.1.1 Overview of PictureSTEM Project

The PictureSTEM project leverages the traditional emphasis that is placed on read-
ing in early elementary classrooms by integrating children’s literature and reading
instruction into an integrated approach to STEM using engineering design as a point
of focus. The use of high-quality children’s literature in PictureSTEM is based on the
idea that story and context engage student interest and provide a means to integrate
learning across disciplines. The other critical component that is used to facilitate
student learning in STEM is engineering design, allowing for a real-world context
in which students experience the interdisciplinary nature of learning science and
mathematics while learning about engineering design and developing engineering
habits of mind. The PictureSTEM project presents a transformative model for engag-
ing learners in specific STEM content, while also helping to highlight the natural
connections across traditional content boundaries.

The development of the PictureSTEM units was guided by the framework
for STEM Integration in the classroom (Moore, Guzey, & Brown, 2014; Moore,
Stohlmann, et al., 2014). This framework suggests that high-quality STEM integra-
tion learning experiences have rich, meaningful, and engaging contexts that allow
all students to enter into the problem; they include engineering design with an
opportunity to learn from failure and redesign based on what they learned; they
teach standards-based mathematics and science content using student-centered ped-
agogies—in particular, evidence-based reasoning as a means to tie the subjects
together; they promote teamwork and communication skills; and engineering is
threaded throughout the unit, not just tacked on the end. Continued development of
this curriculum followed a design-research framework (Hjalmarson & Lesh, 2008)
with the current PictureSTEM project consisting of three integrated STEM and lit-
eracy units for grades K-2: Designing Paper Baskets, Designing Hamster Habitats,
and Designing Toy Box Organizers.

The PictureSTEM units have a strong theoretical foundation for STEM and liter-
acy integration, with each unit including five paired reading and STEM lessons. In
general, the reading lessons provide the students with context, background knowl-
edge, and/or connection concepts. The STEM lessons focus on science, mathematics,
computational thinking, and/or engineering content, but always integrate the engi-
neering design context into the content learning throughout the unit. While the units
were designed so that the contexts, practices, and content work together to make a
learning experience that is realistic and highly engaging for all young learners, the
units are also designed to allow for flexibility in classroom implementation. The six
paired lessons can be implemented in variety of ways, such as one lesson per day for
12 days or two lessons per day for 6 days and in the block of time that makes sense
for school, teacher, and student.
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9.1.2 PictureSTEM Engineering Design Process

Engineering plays an important role in facilitating learning throughout the Pic-
tureSTEM units, and within the curriculum, there is a focus on the design aspect
of engineering. The representation of the engineering design process (EDP) used
within the PictureSTEM units (Fig. 9.1) consists of six main components that are
divided into problem scoping and solution generation activities and are connected
with communication and teamwork throughout. While the design process below
uses keywords that are at a developmental level accessible for younger students, it is
important to introduce students to the entire phrase (e.g., “Learn about the problem,”
“Try the solution”) in order to capture the action associated with each step.

The problem scoping activities require students to define and learn about the
problem and the background information that would be helpful in solving the prob-
lem. In the define a problem phase, both the criteria (requirements) and constraints
(limits) need to be identified, as well as learning about the client (who hired you to do
the work) and end user (who will use the end product or process). This information
helps students to frame the problem and work toward identifying and evaluating their
design solution as they move through the design process. The task of identifying,
defining, and better understanding the nature of the problem space is an extremely
important aspect of design, especially for younger students who often rush through
this step on their way to building and testing their design solutions (Watkins, Spencer,
&Hammer, 2014).Within thePictureSTEM units, students are introduced to the engi-
neering problem and context at the start of the introduction lesson and then continue
to work as a class to define and develop a better understanding of the problem they
are trying to solve throughout the lessons. The other important component within
the problem space is the learn phase, where students are learning more about the
problem as they gather scientific and mathematical knowledge and exploring what
has already been done to solve the problem. As part of the learn phase, students are
asked to research the problem, participate in science and mathematics activities to
gain necessary background knowledge, identify constraints attached to the problem,
and determine how they will know if their design is successful. Through this problem
scoping, students will have gathered knowledge about the problem and content that
will help them to be more intentional with making decisions about their designs.

Solution generation within engineering design is also multifaceted. The first facet
of solution generation asks students to develop a plan for their design solution which
includes brainstorming, proposing multiple potential solutions, and evaluating the
pros and cons of competing solutions. In doing so, they must evaluate the different
constraints on the design as well as establish the relative importance of trade-offs.
Students then use the developed plan to try out their design through the creation of
a prototype, model, or other product.

After a model or prototype is created, it must be tested and evaluated against the
criteria and constraints that were determined during problem scoping. As students
test their solution and determine if their designs are meeting the stated criteria and
constraints, students may collect (and/or be provided with) data through various
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Fig. 9.1 Engineering design
process

experiments. These data also help students as they evaluate their prototype or solution
based on strengths and weaknesses and decidewhether their solution is good enough
to meet the criteria and stay within the constraints or if they need to use the feedback
to redesign their solution. It should be noted thatwhile the engineering design process
here is presented to the reader in a linear fashion, the arrows on Fig. 9.1 help the
student make decisions on what to do next as they reflect on what they learned
from the previous steps taken, not necessarily in a specific order. Helping students
to process and reflect on how their design could be improved based on their current
findings is an important task as it helps students to better understand the iterative
nature of design.
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In addition to understanding the importance of iteration, the PictureSTEM units
highlight the importance of moving through a design process multiple times in order
to help students understand that failure is acceptable and to provide feedback for
cycles of improving the solution or product until it meets the design criteria. In
engineering, failure is expected, and it is used to improve solutions, not seen as a
mark of shame. To emphasize this point, all of the PictureSTEM curriculum units
offer all students the opportunity to learn from failure and participate in redesign as
this type of experience is so different from most of what is taught in school—that
is, unlike problems in mathematics or science, engineering designs do not have one
“right” answer.

9.2 Evidence of the Foundational Components
of the Curricula

The PictureSTEM curriculum project utilizes a model for STEM learning that uses
picture books and an engineering design challenge to provide early elementary
students with authentic, contextual activities that engage learners in specific sci-
ence, technology, engineeringmathematics, and computational thinking content. The
remainder of the chapter will present an overview of the PictureSTEM unit, Design-
ing Paper Baskets, followed by classroom examples from kindergarten teachers’
implementation of the unit to illustrate and anchor discussions around the follow-
ing four foundational components of the PictureSTEM curriculum: (1) engineering
design as the interdisciplinary glue, (2) realistic engineering contexts to promote
student engagement, (3) high-quality literature to facilitate meaningful connections,
and (4) instruction of specific STEM content within an integrated approach. The
classroom examples presented in this chapter are from the implementation of the
PictureSTEM: Designing Paper Baskets unit in three kindergarten classrooms at an
urban public charter school in the midwestern part of the USA.

9.2.1 PictureSTEM: Designing Paper Baskets Overview

The Designing Paper Baskets unit focuses on the development of the mathematics
concept of pattern recognition and the science concept of exploring physical proper-
ties and materials situated within a hands-on engineering design task. Students are
presented with an engineering challenge in which they assist fellow kindergarteners,
Max and Lola, in creating a design for a paper basket that can be used to transport
wet and dry rocks for other children interested in starting a rock collection. The
unit is separated into six distinct lessons that incorporate a coordinating book and a
connected STEM lesson (see Table 9.1).
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At the start of the unit, students are introduced to the challenge along with the
engineering design process (see Fig. 9.1) through a series of letters from Max and
Lola that engage students in some problem scoping in an introductory lesson. In the
first letter addressed to the students, Max and his friend Lola explain their passion
for collecting rocks and ask for the students’ assistance in thinking about ideas for
what they might give away at their nature center table to help others with their rock
collecting. After having students share their ideas, a second letter fromMax and Lola
arrives explaining that they liked the ideas and then asks for help with the develop-
ment of a paper basket that can meet several different criteria. Max encourages the
students to test the different types of papers to find which best meet the design goals.
Through these letters, students are working as a class to further define the problem
by identifying and conceptualizing the criteria and constraints, a set of goals and
rules, as well as working toward an understanding of what an engineer is and the
work that they accomplish.

In the first lesson (1A), students investigate rocks and their potential organization
by different properties through the book If You Find a Rock (Christian, 2008). The
simple poetry of the book aligns with pictures of children interacting with rocks to
highlight different descriptions and purposes that rocks may have. While reading the
story the second time through, the teacher pulls out words and asks for the students
to identify the beginning and ending sounds. Being able to identify such sounds
is an important precursor to phonemic blending, in which students blend different
phonemes together to make a word. For the first STEM integration lesson (1B), the
class reads the first ten pages of Be a Friend to Trees (Lauber, 1994) to learn about
how paper is developed out of trees. After making a connection between the idea
of rock collecting and the engineering design challenge set forth by Max and Lola,
students dive deeper into the science concept of physical properties as they explore
the properties of paper samples that will be used during the design of their baskets.

In lesson 2A, students are introduced to properties of water through the nonfiction
science text, I GetWet (Cobb, 2002). Through this text, students build their phonemic
awareness skills by blending sounds from three phoneme words together, while also
learning about science content around water and liquids. The coordinating STEM
lesson (2B) allows students to investigate what happens when water drops are placed
on different types of papers by conducting awater drop test on regular andwax-coated
paper

Continuation of discussion from the book I Get Wet (Cobb, 2002) allows students
to construct further understanding of water properties through interactively creating
summary sentences in the third lesson (3A). Students then test the strength of different
papers that will be available during the design challenge under dry and then wet
conditions, categorizing each paper based on its strength (3B).

Students are introduced to rhyming and patterns through the book Pattern Fish
(Harris, 2000) as they connect the weaving of baskets, which is a part of their engi-
neering design challenge, to patterning through the poem. As students work on pat-
tern recognition, this concept from the book is linked back to the engineering design
challenge by identifying various patterns seen in woven baskets understand why
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alternating patterns are important in this situation, and use these patterns to complete
weavings in pairs (4B).

In lesson (5A), students practice high-level talk about text as they learn about
a girl who overcomes failure to create the most magnificent thing and then make
connections between the story and their own lives. In the coordinating STEM lesson
(5B), students identify errors in different weaving patterns as they work on their
debugging skills before using what they learned about patterns to decide which
pattern to use in their own designs. Students also use the properties of paper to make
decisions about which papers to use in their basket design. Then they complete their
first prototype design.

In the final lesson (6A), students are introduced to two engineering kids, Pedro
and Violet, who explore civil and construction engineering in the story Rocks, Jeans,
and Busy Machines: An Engineering Kids Storybook (Rivera & Rivera, 2010). The
students are asked to summarize the narrative in three sentences describing the begin-
ning, middle, and end of the story. Students test their first prototype designs under
both dry and wet conditions and share their results with the class, talking about
changes for their redesign. Then students redesign and test their new basket proto-
types. Finally, students use what they learned during testing and discussion to write
letters to Max and Lola in which they make final recommendations for their basket
design.

9.2.2 Engineering Design as the Interdisciplinary Glue

The first foundational component of the PictureSTEM curricular units is using engi-
neering design as the interdisciplinary glue to help students apply science, math-
ematics, engineering, and technology learning to an engineering design challenge.
The practice of engineering inherently requires the practitioner to call upon other
disciplinary knowledge in order to solve engineering problems. Designing using an
engineering design process (EDP) is one of the distinctive ways in which engineers
work. To help young students develop an understanding of engineering design and the
ways in which engineers approach problems and develop solutions, thePictureSTEM
units provide students with engineering design challenges that are “(1) highly iter-
ative; (2) open to the idea that a problem may have many possible solutions; (3)
a meaningful context for learning scientific, mathematical, and technological con-
cepts; and (4) a stimulus to systems thinking, modeling, and analysis” (NRC, 2009,
p. 4).

PictureSTEM employs an engineering design process as an anchor for each lesson
within a unit, which helps students make sense of and see the natural connections
between subjects. As part of this engineering design experience, students have the
opportunity to do problem scoping (define and learn about the problem) as well
as work toward solution generation (plan, try, test, and decide on a solution). An
example of this learning within the Designing Paper Baskets unit is seen after the
students tested the properties of the paper by looking at how the different papers
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Fig. 9.2 Teacher prompt
using the engineering design
process chart

held up to water. Following the testing, the class discussed which papers they would
consider to use in their basket designs, agreeing that tissue paper would not be a
good choice due to how poorly it fared during the water testing. The teacher ended
the lesson by saying, “Be thinking about that because pretty soon, we’re going to be
thinking about designing our baskets, and we’re going to have to use that information
that we learned.”

Furthermore, an emphasis is placed on the flexibility of the engineering design
process during PictureSTEM units. At any point in time, students and the teachers
make decisions about what they need to do next based on their current ways of
thinking about the problem, the context, and the content. For example, in Designing
Paper Baskets, a large poster version of EDP with moveable slider is pinned to a
wall or an easel for teacher demonstration, and students have small version on their
desks with a paperclip to mark their current stage in the process. Students use the
EDP to identify where they are in their process to solve the client’s problem. The
teacher and students use this tool in multiple ways as they solve their engineering
design problem. The teacher may introduce a lesson for the day saying, “Now, we
are going to make a Plan,” or “Today, we are in the process of…?” “Learn!” “Learn,
that’s right.” as she moves the pointer to the stage of the EDP they will be engaging
in (Fig. 9.2). Students may recognize a transition in steps, such as Erica saying, “Can
we move our clip to ‘Try’ it?”

Through connection with the EDP, students can recognize how the lessons for
science and reading are incorporated into the design challenge. Thus, engineering
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design provides a foundation upon which students can learn about engineering and
problem solving, but it also serves as the “glue” that facilitates learning in other
content areas.

9.2.3 Realistic Engineering Contexts to Promote Student
Engagement

The second foundational component of the PictureSTEM curriculum is the use of
realistic contexts to promote student engagement. The context in which engineer-
ing design takes place helps to shape the decisions that are made, the criteria for
successful completion, and the constraints for the problem that students are solving.
This context is made up of the physical and conceptual structure of the problem, the
reason for solving the problem, and the social environment in which the problem
occurs (Rogoff, 1984). Thus, it is important to use an overarching storyline (i.e.,
context) to provide a realistic situation for anchoring the work of the young learner.
Good contexts for early engineering curricula are engaging (i.e., the context gets
them excited to participate in the learning activities), realistic (i.e., the context repre-
sents how engineers really work and is meaningful to students), and developmentally
appropriate [i.e., the context is understandable to students and within their zone of
proximal development (Vygotsky, 1986)]. Each unit within the PictureSTEM cur-
riculum includes an intentional and overarching storyline as a context for students
that was designed to incorporate the considerations of being engaging, realistic, and
developmentally appropriate. An example of how the context and these three con-
siderations play out in the PictureSTEM curriculum will be further explained in the
following sections using the Designing Paper Baskets unit as an example.

9.2.3.1 Engaging Contexts

Engineering contexts engage students through providing a challenge, making per-
sonal connections, and providing different entry points to the problem. Young chil-
dren are already predisposed to solving challenging problems, which in turn can
inspire further interest (Carlson & Sullivan, 2004). However, that may not be enough
to engage all students. Bringing a more humanistic side to engineering, such as the
ability to help others, has been shown to be more personally meaningful for children
from historically underrepresented populations in engineering (Hynes & Swenson,
2013). Furthermore, the context of the problem also helps students engage in learning
and forges connections to personal interests (Bers, Ponte, Juelich, Viera, & Schenker,
2002) while also providing multiple ways to enter into the problem. In Designing
Paper Baskets, students have several different hooks that may help them personally
engage with the engineering problem they are trying to solve. These different hooks
will engage different students. When working together these students will attend dif-
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ferent aspects of the problem, which in turn promotes divergent thinking in solution
generation. For example, here we see one student engaged with the criterion of the
basket looking nice as well as the importance of the strength of the material”.

Teacher: Tell me, what did you choose?
Sandy: [points to ABBABB pattern]
Teacher: Why did you choose that?
Sandy: Because it looks like a creeper face
Teacher: What type of material did you choose?
Sandy: I chose wax.
Teacher: Why did you choose wax paper?
Sandy: Because it’s the strongest.

In the above vignette, the teacher’s questions about the student’s choice of pattern and
materials revealed different aspects of the challenge that she was using as motivation
for her design, with pattern choice due to aesthetics and materials due to strength.
Using a context that allows students to find their niche in the engineering design
project will help them engage with the material. Within the context of Designing
Paper Baskets, the students might like Max and Lola or potentially relate to them
because either they or some of their own friends: (1) like rocks or rock collecting, (2)
like weaving or making baskets, (3) like to help people, (4) like to work with their
hands, or (5) like to solve problems. In this way, the context provides an additional
touchpoint for the students to engage with or reason about the problem.

9.2.3.2 Realistic Contexts

The realistic nature of the context (or overarching story) within the unit is very
important for allowing the students to more deeply engage within the engineering
design challenge. Engineering challenges that are structured for a design goal provide
an end-in-view for students as theywork toward solving the problem (English&Lesh,
2003; Lesh, Yoon, & Zawojewski, 2007). Emphasis on the process of engineering
design (including testing and iterating), working for a client, and considering criteria
and constraints as a way to solve the problem are just several ways to highlight the
real work that engineers do and allow for connections to engineering as a profession
(Moore et al., 2015).ADesigningPaperBaskets example that highlights a connection
to thework of engineers is seen in the first lesson of the unit. Here, the teacher reminds
students that they are solving a specific problem tomeet their client’s needs with their
basket design.

Teacher: Do you remember the e-mail from Max and Lola?
Darron: Yeah.
Teacher: What was the problem?
Darron: They needed more rocks.
Teacher: What?
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Darron: They needed to build a basket for their rocks.
[additional class discussion]

Teacher: What was something else about the baskets?
Fred: We had to figure out what type of strong paper for wet rocks and dry rocks.
Teacher: What else about the baskets?
Fred: It had to be nice

In the above vignette, we see the teacher representing the work of engineers through
the context of solving a problem and then tying it back to the clients’ needs. Within
curricula, having clients and end users who “help” students define the problem space
provides structure to the problem to allow for greater problem scoping, but also allows
for flexibility in terms of thinking about design solutions. The inclusion of a client,
in this case Max and Lola, also allows for students to understand the problem from
multiple perspectives ranging from the client’s needs to how the end user will interact
with their final product (e.g., someonewhowill use the paper basket to collect rocks).
The use of context introduces students to and engages them with conceptions about
engineers and engineering, such as solving realistic problems, considering criteria,
and designing solutions that meet the needs of their clients.

9.2.3.3 Developmentally Appropriate Contexts

Contexts that young learners engage with must also be developmentally appropriate.
The importance of developmentally appropriate practices is well-documented within
the early childhood literature (Bredekamp & Copple, 2009). Within an engineering
design task, the use of a context that is developmentally appropriate is important
for facilitating student learning and engagement. For example, young students have
developed sophisticated ways of thinking about the world that are based largely
on their own experiences with the world (Baillargeon, 2004; Cohen & Chashon,
2006) and providing students with a context that builds upon these experiences is
an important step in making the content developmentally appropriate (Bredekamp
& Copple, 2009). The use of developmentally appropriate contexts allows for two
things within the PictureSTEM curricula: helping students navigate the complexity
of realistic engineering problems and engaging students in tasks that are at the edge
of their zone of proximal development.

Developmentally appropriate engineering provides scaffolding for younger learn-
ers. Engineering design problems are generally complex in nature and not well-
defined, which can be difficult for young students. These types of problems often
have large numbers of criteria and constraints that can make it difficult for students
in terms of the bounding of these problems (Jonassen, Strobel, & Lee, 2006). For
example, competing variables within the design provide opportunity for students to
make decisions, but also the opportunity for students to get confused. Well-designed
contexts can help to scaffold these complex and open-ended problems by provid-
ing boundaries that allow young children to navigate complexity and see the most
relevant issues.
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Context also engages students’ natural desire to solve problems that are at the
edge of their developing capacities (Bredekamp & Copple, 2009). Using a develop-
mentally appropriate context provides a way to scaffold and allow students to engage
in tasks that might otherwise be just beyond their reach—for example, designing a
device that automatically sorts rocks into different categories is beyond what early
elementary students can comprehend but creating a basket to carry rocks is more
accessible for students when provided with the necessary scaffolding for the design.
Not only does the context provide a way to scaffold for young learners who are new
to design, but it allows them to work through problems that are not constrained to a
single correct answer (English & Lesh, 2003).

9.2.4 High-Quality Literature to Promote Engagement,
Facilitate Integration, and Support Learning

The third foundational component of the PictureSTEM curricula is the use of high-
quality literature to facilitatemeaningful connections. ThePictureSTEM units recog-
nize the importance of learning to read that is a focus of early elementary classrooms
and builds upon this reality by integrating children’s literature and reading instruction
into an integrated approach to STEM. The use of high-quality fiction and nonfiction
literature in PictureSTEM is based on the idea that the story and content within the
literature can be used to engage students, practice disciplinary strategies, and provide
a means to integrate learning across disciplines (Guthrie et al., 2004; McCormick
& Hynes, 2012; Palincsar & Magnusson, 2001). The literature component builds
upon the idea that the integration of high-quality STEM-focused literature not only
supports the learning of literacy skills (Palincsar &Duke, 2004; Yore, 2004), but also
supports student learning in other areas by providing background knowledge and a
real-world context that is motivating and engaging for students (Cervetti, Pearson,
Bravo, & Barber, 2005). Additionally, research in STEM and reading integration has
found an increase in student achievement andmotivation inmultiple areas when inte-
grating reading into science or mathematics instruction (Morrow, Pressley, & Smith,
1997; Palincsar & Magnusson, 2001; Romance & Vitale, 2001; Smolkin, McTigue,
Donovan, & Coleman, 2009; Thiessen, 2004), which further supports the integration
of picture books in PictureSTEM units.

The PictureSTEM curricula intentionally tie reading and STEM lessons through
a common theme of facilitating learning in STEM without impinging on neces-
sary reading knowledge and skill development. Therefore, the use of high-quality
literature in the PictureSTEM units was designed to promote engagement, support
learning in STEM, and help students to see the connections between the various
content areas. The rest of this section will present examples of how high-quality
literature is used to promote engagement, facilitate integration, and support learning
within the PictureSTEM: Designing Paper Baskets unit.

This copy belongs to 'VANC03'



9 Engineering in Early Elementary Classrooms Through the … 189

9.2.4.1 Literature to Promote Student Engagement

The use of literature in the PictureSTEM units helps to engage students in the unit
context and to develop a better understanding of the problem that they will be solving
as part of the design challenge. This goal of using the literature to support student
engagement is intentionally woven throughout the PictureSTEM units. For example,
in the Designing Paper Baskets unit, the students are introduced to the story of Max
and Lola and how they need help in designing a basket that can carry the rocks
they find and want to add to their collection. To further promote student engagement,
particularly around the idea of collecting things like rocks, the teacher asked students
about the different types of things they like to collect before reading the story If You
Find a Rock (Christian, 2008). The following excerpt provides an example of how
the literature is used to engage students in the context of collecting things that is
woven throughout the unit.

Teacher: Put your hand in the air if you like to collect things. (students
raising hands). What kind of collection do you have, Sandy?

Sandy: Collection of Nature
Teacher: Oh, you like to collect nature things. What about you (Alyssa)?
Alyssa: I have a key collection
Teacher: What about you, Melissa?
Melissa: A rock collection.
Teacher: Susie, what about you?
Susie: I have a flower collection.
Teacher: Do we have any collections in our room?
Melissa: Teacher, it looks like you have a picture collection.
Teacher (laughing): Yes, I have collected a lot of pictures that kids have colored for

me. If you look over to our junk boxes, those are all collections.
We have collections of frog things, collections of pompoms,
buttons and those are all collections.

Teacher continues: Remember, we are solving a problem with Max and Lola and
they have a collection of rocks. Today, we are going to read
a story called If You Find a Rock and we are going to read
about it because this is learning about some of the things that
we need for our engineering design processEngineering design
process.

Within this example, the discussion around objects they collect precedes their reading
of the book about collecting rocks and helps to set up the opportunity for students to
connect the point of the picture book (i.e., collecting rocks) to some things that are
meaningful to them.

The literature also helps to re-engage students in the unit context prior to partici-
pation in the culminating engineering design challenge. Even though the curriculum
is designed to have the teacher revisit this context within the STEM lesson, the Pic-
tureSTEM curriculum also uses the final literacy lesson as a place to remind students
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of how the context fits into the final design challenge. This is an important step as
research suggests that a good understanding of the engineering problem is founda-
tional in helping students to be more intentional with their designing of solutions
(NRC, 2012; Watkins, Spencer, & Hammer, 2014). The following excerpt shows
the teacher introducing the last book and helping students recall the purpose of the
design problem.

Teacher: We are going to look at this book called Rocks, Jeans and BusyMachines,
and it is an engineering kids storybook.

Melissa: We are going to be engineers?
Teacher: We have been being engineers, haven’t we? We have been engineering…
Sandy: Baskets
Teacher: Baskets that can hold wet and dry rocks. We are helping solve a problem

for our friends Max and Lola. Well in this story, there is a girl who has
adventures as an engineer.

Here, the literature serves to encourage students’ excitement about “being engineers,”
as well as reminding them of the problem that they will be solving at the end of the
unit.

9.2.4.2 Literature to Promote Connections Between STEM
and Reading

The literature component in the curriculum is also designed to help students make
connections between what they are learning in the reading lessons and in the related
STEM lessons. The PictureSTEM units, especially the literature and reading lessons,
are designed to promote these types of intertextual connections where students are
encouraged and given opportunities to reference previous texts and/or experiences
while they are currently engaged in a different text (Pappas, Varelas, Barry, & Rife,
2003). This helps students view their learning in a more holistic and less siloed
way as they are connecting ideas, learning, and thinking between the reading and
STEM lessons, and therefore across traditional content boundaries. In the following
vignettes, you can see examples of the teacher helping her students to make con-
nections between the reading lesson and STEM lessons. The first example illustrates
how the STEM experience can be connected during a literacy lesson and then second
example presents how the literacy ideas can be connected during a STEM lesson.

Example 1 STEM connected during reading:
Prior to this lesson, the teacher stopped at the end of the Day 2 reading lesson to
perform the activity suggested in the book with students. This section starts with
her picking up the book at the start of the next reading lesson (Day 3) to continue
learning about the properties of water. During the reading lesson, the teacher stops
reading to refer back to what they had done in the previous STEM lesson. In this
section, the words of the teacher are both directly from the book, I Get Wet, and her
own, as noted.
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Teacher (reading from book): There is another reason why water can wet you, can
you guess what it is? Let’s do another experiment to find out. Get a piece of wax
paper and put it under a faucet, take it out from that faucet and touch where the
water was, is it wet?
Several students: Noo!
Teacher: Surprise, the wax paper is dry.
Teacher (pausing from reading to address the class): We didn’t put it under a faucet
but we put water onto it with a dropper, right?
Student: Yep!
Teacher (goes back to reading): Put a large drop of water on the wax paper, lift the
paper up at one end. The drop slides around, can you get it to slide off the wax paper
without wetting it?
Teacher (addressing class again): Were you guys able to do that without wetting it?
Student: Yeah!
Teacher: You bet.
Teacher (continues reading): Water doesn’t…

Example 2 Reading during STEM:
Teacher: Alright, earlier today we read Pattern Fish and learned about patterns. Why
did we learn about patterns?
Harper: There’s patterns on our basket.
Teacher: Because our basket is going to have patterns on it, that’s right. We have
learned about paper and what happens when paper gets wet and different kinds of
paper and how strong they are and tested them and we learned about patterns. Now
we are ready to plan. We get to plan a design for our basket. I want you to see.. I
have a weaving here that is made of two different papers here, it’s got the base paper
and another paper.
Susie: It looks like checkers!
Teacher: It does kind of look like a checkerboard pattern. What patterns do you see?

In both of these examples, the teacher is using the literature to promote links between
the STEM and reading lessons to help students to explicitly see that there are con-
nections between what they are reading and the activities they are doing during their
STEM lessons.

9.2.4.3 Literature to Support Learning in STEM

In addition to using the literature to introduce and engage students with the context
of the unit and help them make connections across the disciplines, the PictureSTEM
curricula intentionally promotes the use of literature to support STEM learning and
learning objectives throughout the units. The selection and use of high-quality liter-
ature in this curriculum enhance and extend content area learning by building back-
ground knowledge, infusing more explanatory thinking, and reinforcing concepts
that are addressed during the related STEM investigations. This can lead students
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to experience greater overall growth and understanding of science and mathematics
concepts (Cervetti & Barber, 2009; Palincsar & Duke, 2004; Ford, 2004).

In the following example, the teacher starts the lesson by reviewing the different
water drop tests that they did in their previous STEM lesson and then moves into the
literacy lesson that is supporting their learning of the science concepts of properties
and water.

Teacher (holding the book): We started this book, I Get Wet, and remember we are
learning. We are in the learning part of the engineering design process and we are
learning about water and different types of paper and how water affects paper and
that is important because we want to make a basket…
Susie: That can hold wet and dry rocks!
Teacher:Wet and dry rocks, so if there’s wet rocks thenwe need to knowwhat happens
if the paper gets wet. We started reading I Get Wet, by Vikki Cobb.
Teacher (starts reading): Know the fastest way to cool off on a hot summer day?
Alyssa: Get wet!
Teacher: You get wet! Know the easiest way to get clean?
Susie & Alyssa: You get wet!
Teacher: You get wet! Know what happens when you stay out in the rain? You get
wet! Water is the stuff that wets you. It is quite amazing. You can see it. You can feel
it. But can you answer this question? What shape is water? (turns the page)
Susie: I don’t know?
Teacher: Here’s how you can get your answer. Pour it into a glass. What shape is
the water? Pour it from the glass into a bowl. Now what shape is the water? (she
continues reading).

Similar examples of introducing or reinforcing other STEM concepts and learning
that is tied to the mathematics content (Lesson 4A) and engineering (Lesson 5A)
can also be seen in the literacy lessons that precede the STEM lessons focusing
on mathematics and engineering. Therefore, the literature within the PictureSTEM
curriculum provides a way to make connections but also supports STEM learning
across individual units.

9.2.4.4 Literature to Support Learning in Reading

One of the final goals of the literature component in the PictureSTEM curriculum
is the use of high-quality fiction and nonfiction literature to promote the learning of
reading skills and strategies as well as subject matter knowledge. While the overall
intention of the curriculum is to use engineering and literacy contexts to integrate
STEM content instruction, it is important to note that in order to be meaningful and
authentic with the integration of STEM and literacy, the PictureSTEM curriculum
was also designed tomeaningfully teach reading strategies during the literacy lessons.
The use of the high-quality literature in this curriculum plays a big role in delivery
and facilitation of the reading instruction as each lesson is designed to target a
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developmentally appropriate comprehension strategy, teach vocabulary at the point
of contact, and encourage the use of higher-level thinking, all of which have been
shown to help student comprehension in reading (National Reading Panel [NRP],
2000). In this excerpt, the teacher helps the students write a summary about the
story and works with students to sound out the letters while constructing one of their
sentences.

Teacher: Afterward, we are going to write some of the beginning, middle, and
ending actions in this story. (the teacher reads the story)

Teacher: Let’s think for a minute about the beginning, middle, and end of the story.
So, what happened first in the story, what is the beginning of the story?

Zach: She woke up and stretched.
Teacher: Yes, that is the very first thing that happened. She woke up and started

the day. So, first was…. What did Violet do?
Alyssa: Wake up.
Teacher: Yes, we are trying to make a sentence about what happened. I will write

her name, Violet. (Teacher writes “Violet” on the chart paper at front of
the room).

Zach: woke up
Teacher: ok, so what does woke start with, what sound? /w/, /w/oke?
Students: /w/oke, /w/oke, /w/
Sandy: w
Teacher: and then…? w/ō/ke, /ō/
Alyssa: o
Teacher: and the next sound, wo/k/e?
Zach: kay
Teacher: Because it is a long sound with the o, to say o (/ō/) instead of o (/ŏ/), we

will put an e at the end. (She writes the rest of the sentence, “Violet woke
up,” on the chart paper). Ok, what is the next part that happened in the
story?

The example above shows how the teacher incorporated a reading comprehension
strategy into a text that she was using primarily as an introduction to engineering
before students started their engineering design challenge. Within PictureSTEM, the
literature component is not designed to replace all reading instruction, but instead
to act as a flexible supplement allowing students to use and build their reading
comprehension skills within a content area that connects to their STEM integration
activity.

In summary, the use of literature in the PictureSTEM curriculum plays an impor-
tant role in promoting student engagement, fostering connections across the STEM
and literacy lessons, and supporting learning in reading and STEM content. Thus, the
content and contexts from this high-quality literature serve as one of the foundations
within thePictureSTEM curricula for meaningfully integrating across all four STEM
disciplines.
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Table 9.2 STEM and reading content area learning that is utilized in each of the lessons within
the PictureSTEM: Designing Paper Baskets unit

Lesson Reading Science Technology Engineering Mathematics Computational 
Thinking

1A X X X

1B X X X X

2A X X X

2B X X

3A X X

3B X X X X

4A X X X X

4B X X X X X

5A X X X X

5B X X X X X

6A X X

6B X X X X X

A black “X” represents a focal area for the lesson, and a gray “X” represents a supporting area

9.2.5 Instruction of Specific STEM Content Within
an Integrated Approach

The fourth foundational component of the PictureSTEM curricula is the inclusion
of appropriate, standards-based mathematics, and science content learning that is
situated within the larger integrated approach to the units. Prior to engaging in the
solution generation part of the engineering design challenge, students participate
in content-specific learning in the science, and mathematics content that will help
them in solving the design challenge. PictureSTEM units are designed to require
students to apply their mathematics and science content knowledge to their design.
This integrated approach tomathematics, science, and engineering deepens students’
conceptual understanding in science and/or mathematics (Crismond, 2001; Kolodner
et al., 2003; Moore, Stohlmann, et al., 2014; NRC, 2009). Table 9.2 provides an
overview of the content area learning within STEM and reading that is included
in each of the lessons within the kindergarten PictureSTEM unit, Designing Paper
Baskets.
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The breakdown of lessons into content-specific learning highlights the fact that,
when implementing an integrated approach, students should have multiple opportu-
nities to engage with and learn about specific content from each of the disciplines
that are being integrated. In the case of PictureSTEM, the lesson objectives include
content learning within science, mathematics, engineering, technology, and read-
ing. To reinforce that the specific content learning is meaningful, each of the Pic-
tureSTEM curricula highlights specific mathematics and science content objectives
(Fortus, Dershimer, Krajcik, Marx, &Mamlok-Naaman, 2004; Mehalik, Doppelt, &
Schunn, 2008).

An example of how specific STEM content instruction can be embedded within
an integrated approach is seen within the PictureSTEM curricula. The engineering
context is intentionally presented at the beginning; however, students do not move
into solution generation until after participation in problem scoping which includes
content-specific mathematics and science lessons.

Science content instruction in the Designing Paper Baskets unit allows students
to learn about physical properties as they think about which paper would be best for
use in their baskets. This helps students to have a better understanding of properties
of materials as they first consider the physical properties, then build on that idea in
the third lesson when they explore how the strength of the paper changes depending
on if they are carrying wet or dry rocks. Science content instruction includes having
students conduct experiments with different papers (both wet and dry) to test for
changes of texture, transparency, strength, and performance. The following vignette
illustrates specific science learning that occurs in the Designing Paper Baskets unit,
where students are exploring the properties of copy paper as compared to wax paper
and what happens when they place drops of water on these different types of paper.

Teacher: We are going to see what happens when we put a big drop of water
on wax paper and then see if we can pour it back into the cup and
then see what happens to the wax paper when we put water on it.
Do you guys remember how to use a dropper?

Students: Yes!
Teacher: (holding up a dropper).What is the first thing we are going to do?
Alyssa: Suck up it.
Sandy: Squeeze it.
Teacher: Yes, we are first going to squeeze it.
Several students: Squeeze it.
Zeke: Then put it into the water.
Susie: Then let go.
Teacher: That is the tricky part, remembering to let go. I am going to pass

one piece of wax paper and a dropper to each group, and you will
take turns with one person being the paper holder and the other
person will do the dropper first.
[She passes out paper and a dropper to groups. Students place
drops of water on the paper, moving them around and then folding
the wax paper to pour it back into the cup.]
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Teacher: Look at your wax paper. It had water on it, right?
Alyssa: Yes, it’s dry!
Teacher: Were you able to roll the water off the paper?
Susie: Yes, it is slippery!
Teacher: Do you think the same thing would happen if we used copy paper?
Zeke: No, it would be more like, like stuck.
Sandy: Let’s try it!
Teacher: Yes, let’s try it. I am going to dry off your tables first before we

continue our experiment with copy paper, so that it doesn’t get
wet. Now we are going to test copy paper to see if you can roll
the drop off copy paper and then see what happens.

The student-centered science learning demonstrated here both serve the purpose
of standards-based science instruction appropriate for kindergarten and helps the
students work toward their engineering understanding as they learn more and gain
background knowledge about the problem.

The students also conducted tests with the different types of paper to learn how the
papers react under loading when wet and dry. Strength tests were performed where
students counted the number of rocks that a certain type of paper would hold before
it broke (up to 20 rocks) when dry and again when wet. After testing all of the papers
when dry, water is dropped onto the paper to test how many rocks the paper can hold
when it is wet. The class then notes whether the paper has no physical change due to
the stress from the rocks, some change, or has failed. The class also judges the paper
as strong, medium, or weak based on how many rocks it held and how the paper
looked afterward.

Teacher: We’ve got four dropperfuls [of water on the paper], now we’re ready
for the rocks!

Sandy: Yeah, it’s gonna break.
Teacher: You think that’s what’s going to happen? Let’s test it!
Class counts: One…Two…Three…Four…Five, it broke!
Student: It’s weak!

Student: That was awesome! Some of the papers, including copy paper, tissue paper,
and paper towels, are likely to break under the load of the rocks when they are
wet. Other papers, including the wax and construction paper, are unlikely to break
when wet. This science learning around properties of paper is later used when the
students choose the types of paper they want to use to make their paper baskets. The
students are asked to justify their paper choices based on the evidence they collected
from learning about the properties of paper. As an example of how students use this
content, the teacher asked each pair of students questions about their choices when
testing their prototypes.

Teacher: What material did you guys choose?
Andrew: We both picked wax paper.
Teacher: Why did you choose wax paper?
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Jason: It holds…
Andrew: Because it’s the strongest paper.
Jason: Yeah.
Teacher: It’s the strongest? How is it the strongest?

[Jason and Andrew talking at the same time.]
Jason: Because it didn’t break.
Andrew: Because…because… because it didn’t break.

The intentional integration of science and engineering in this instance demonstrates
the connection these students made between the science lesson and the engineering
design challenge.
In addition to science content learning, mathematical content learning is an inten-
tional lesson objectivewithin theDesigningPaperBaskets unit. In this particular unit,
students are introduced to patterns, practice identifying patterns, and learn about the
importance of alternating patterns before their group decides onwhich patternswould
be best for their own basket designs. In the following vignette, the teacher is having
students identify patterns and assign letters to the patterns they have just read about
in the book, Pattern Fish.

Teacher: Ok, Now we are going to look at patterns (flipping back through the book)
and you guys are very good with your patterns. If you were to use letters
to represent this pattern – yellow black, yellow black - what would you
say?

Zeke: ABAB
Teacher: Absolutely, ABAB (pointing to the book and moving her finger along with

the pattern). What about this one? Use the letters to tell me what pattern
this one would be. Stripe dot dot, stripe dot dot.

Carl: ABB, ABB
Teacher: Yes, great. Allison, this one is for you. Chomp chomp munch munch.

Chomp chomp munch munch. What letters would you do?
Allison: ABAB.
Teacher: Ok, listen again. Chomp chompmunchmunch.ChompChomp, AA,Munch

Munch, BB.
Allison: AABB
Teacher: Yes, Chomp chomp munch munch.
Allison: AABB
Teacher: Lily, this one is for you. Bubble bubble pop, Bubble bubble pop.
Lily: AAB (pointing to the pattern in the book as she says the answer)
Teacher: Fabulous, you have to keep repeating it because when you say it just once

it isn’t a total pattern yet, you need to say it a couple of times.
Lily: AAB, AAB.

Within this example, you can see that the teacher is not only helping students to
identify patterns, but she is helping to deepen their understanding of patterns by
helping them abstract to using letters to represent the patterns they can see in the
book.After learning about patterns, students are asked to integrate thesemathematical
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concepts into engineering design as they make decisions about the weaving patterns
they want to use in their basket designs. In the following example, as students are
working on making decisions about two different parts of their design, choosing a
pattern and choosing the type of paper, the teacher is asking students about what
patterns they chose for their design.

Teacher: What kind of pattern did you choose?
Wendy: (pointing to the squares on her basket) Blue - orange, blue-orange.

The intentional integration of mathematics and engineering shows how the Pic-
tureSTEM curricula are designed to teach students discipline-specific concepts, but
also facilitate connections between multiple disciplines. Emphasis on specific con-
tent learning takes place as part of the problem scoping to reinforce the need for
mathematics and science understanding when they participate in solution genera-
tion. This helps students to be more intentional with their design solutions and to
deepen content learning as they are asked to use and apply this new mathematics and
science learning in their engineering solutions.

9.3 Conclusion

The PictureSTEM units present a model of STEM learning with a focus on activi-
ties and ideas that are interdisciplinary, integrated across STEM content areas and
beyond. This integrated approach allows students more time to receive hands-on
interdisciplinary instruction in both STEM content and literacy as well as extend
student learning by providing background knowledge and a real-world context that
is motivating and engaging for students. Research on the implementation of the
PictureSTEM modules in early elementary classrooms has found that through this
integrated approach students are able to gain a deeper understanding of the science,
mathematics, engineering, and computational thinking content as well as make con-
nections across the traditional content boundaries and in contexts outside of the
original learning (Tank, Moore, & Pettis, 2013). Additionally, the use of literature
has been found to provide teachers with a realistic and engaging context in which to
situate student learning of STEM concepts.

This chapter presents examples from thePictureSTEM unitDesigning Paper Bas-
kets to illustrate a model for conceptualizing how engineering and literacy can be
used as contexts to promote STEM learning in early elementary classrooms. There
are four components that form the foundation for thePictureSTEM curriculum: engi-
neering design as the interdisciplinary glue, realistic engineering contexts to promote
student engagement, high-quality literature to facilitate meaningful connections, and
instruction of specific STEM+C content within an integrated approach. These pieces
are crucial in helping students to experience a more interdisciplinary approach to
STEM learning that reflects the natural interconnectedness of the four STEM disci-
plines and helps student to develop critical thinking and problem-solving skills that
are needed to solve real-world problems.
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Chapter 10
Novel Engineering in Early Elementary
Classrooms

Merredith Portsmore and Elissa Milto

Abstract This chapter provides another rich example of an integrated approach
to early engineering education, namely the Novel Engineering program, which is
designed to teach engineering and literacy in elementary and middle school class-
rooms. Through this approach, students derive engineering problems from classroom
texts and then move through the engineering design process as they build solutions
that are influenced by the characters, settings, and plots about which they are read-
ing. The chapter introduces the Novel Engineering approach, shares how it has been
implemented at the early elementary level, and leads the reader through examples
of engineering and literacy integration. Finally, the chapter discusses what research
associated with this project has found.

10.1 Novel Engineering Overview

Many professional engineers have rich contexts in which they design (Jonassen,
Strobel, & Lee, 2006). They have multiple stakeholders with different needs that
they must translate into design requirements; they have constraints on materials,
time, or solution type they need to account for and balance; and they must address
regulations and ethical issues. Professional engineers in these contexts are skilled at
finding problems, identifying requirements, and balancing trade-offs. The recent calls
for engineering in K-12 such as The Framework for K-12 Science Education (NRC,
2011) and the Next Generation Science Standards (NGSS, Lead States, 2013) have
reinforced the importance and need to engage young students in all of these practices
of engineering. Often, however, when we transpose engineering into K-12 settings,
some of the richness and wonderful messiness of real-world engineering is lost in
engineering activities that specify the problem and all the requirements for students.
For example, the popular design challenge to build a tall tower out of spaghetti and
marshmallows (e.g., Yakacki, Heavner, Zarske, &Carlso, 2004) doesn’t have a client
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and specifies the use of 20 marshmallows and pieces of spaghetti and the way the
tower will be tested. This and other typical activities are great ways for students to
engage in some elements of engineering design and are often necessary with the
realities of school. However, they don’t allow students to engage in the messiness of
engineering, which includes elements like problem scoping and defining constraints.
Novel Engineering works to replace real-world clients and contexts with those from
literary texts in order to offer students opportunities to enter into engineering design
practices that are messy, ill-defined, and without predetermined requirements or
constraints.

In Novel Engineering, students use literature as the basis for engineering design
challenges, drawing information from the text to identify engineering problems, con-
sidering characters as clients, and using details from the story to impose constraints
as they build functional solutions in their classroom to the characters’ problems. For
example, students reading the book Danny Champion of the World by Roald Dahl
identified Danny’s father falling into a pit as a problem and then built and tested
functional models to get his father out of the pit in a way that would use appropri-
ate resources from the story’s setting. As students work on text-based engineering
projects, they also engage in productive and self-directed literacy practices, includ-
ing noting key details in the text, making inferences, and writing lists and other
notes that support their design process. Novel Engineering tasks are, therefore, truly
interdisciplinary efforts fromwhich students engage in both engineering and literacy
activity.

Through the classrooms that have participated in Novel Engineering, there is
evidence that this interdisciplinary approach is able to bridge the learning goals of
engineering and literacy while meeting the Next Generation Science and Common
Core Standards as well as classroom and individual student goals. A core strength of
Novel Engineering is that it is not a fixed curriculum that only works with particular
books but rather that it is an approach that works with a myriad of books and texts
typically used within K-8 English Language Arts instruction. By leveraging required
texts, teachers are able to easily integrate Novel Engineering with existing curricula
and customize their approach based on their own goals and comfort level. This is
particularly important at the elementary level where instructional time is a limitation
and teachers often have little experience with engineering (Duncan, Diefes-dux, &
Gentry, 2011). In that way, Novel Engineering allows elementary teachers to leverage
their expertise and comfort with literacy and build on the engineering elements.

10.2 A Sample Novel Engineering Classroom

The following example gives an illustration of a basic elementary implementation
of Novel Engineering.

Mrs. Everest, a first-grade teacher, set aside four hours spread across four days
for her students to complete a Novel Engineering unit based on Peter’s Chair by
Ezra Jack Keats. A Novel Engineering unit begins when students read a book,
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independently, in small groups, or most likely, as a read-aloud in younger grades. In
Peter’s Chair, the main character, Peter, feels neglected since his mother is having a
new baby and the chair he has had since he was very little will be given to the new
baby. As Mrs. Everest reads the simple picture book, she stops at important parts to
have class discussions so that students get a better understanding of the story, the
characters, and connect to the problems that Peter is having.

Upon finishing the book, Mrs. Everest facilitates a discussion about engineering
and how they can use engineering to solve a problem in the book. Class discus-
sions move between identifying problems and brainstorming possible solutions
that would be feasible in the book and in the classroom. Mrs. Everest’s class identi-
fies the problem of Peter feeling neglected and feels that a new chair that is just for
Peter would make him feel better. As a class, they talk about how they will be able
to know if their design works. The students and Mrs. Everest decide the chairs the
students make must be able to stay together when an 18” doll is placed on them and
must hold the doll at least six inches off the floor.

In an effort to scope problems and design a solution, pairs of students begin
to discuss what their chair will look like, which materials they can use, and begin
to sketch ideas. Students discuss what Peter, their client, would want for his chair.
Some students think about the color, while other talk about places for his dog to sit
or for him to store his toys. As the students work, Mrs. Everest walks around the
room asking the pairs about their individual designs. The students use the dolls to
test and get feedback on the size and stability of their designs. Most groups’ chairs
are not sturdy enough to hold the doll without falling apart so they must analyze their
chairs to figure out what part is not working. The students redesign to better meet
the stability criterion.

During the third day, students do a mid-design share about their chairs, talking
about special features and problems they encountered. Mrs. Everest and the other
students offer suggestions for improvement. A group that has decided to cover their
chair in pink fabric is challenged by other students with evidence from the book that
Peter did not like pink. During the fourth and final day, the students write letters
to Peter to share the chair they made for him and the features that they included
to meet his needs. Pairs of students have chairs built for two (to accommodate his
new baby sister one day) and chairs that can be easily transported with wheels (as
he ran away in the book). Through this unit, the students have read, thought and
conversed deeply about the book and their designs, moved through the engineering
design process, and written a letter in which they explain their design. The heart of
the Novel Engineering process is that students have the opportunity to develop and
to find evidence for their own designs while solving a messy, complex problem.

10.3 Novel Engineering Framework

This section details the principles and framework that supported the development
and design decisions of Novel Engineering.
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10.3.1 Engineering in Novel Engineering

Novel Engineering used the Tufts Center for Engineering Education and Outreach
(CEEO) definition of engineering as applying understanding of the environment in
the pursuit of solutions to problems, solutions in the form of new objects, systems, or
processes. This definition emphasizes that engineering is the pursuit of solution to
problems—an active process of solution finding that involves applying knowledge.
This definition encompasses what professional engineers do as they apply formal
knowledge inmath and sciencewith disciplinary engineeringknowledge and rigorous
engineering practices. It also encompasses what K-12 students do as they act as
beginning engineers leveraging their developing knowledge of science, mathematics,
materials, and their own experiences in the world.

Novel Engineering research also focused on the importance of problem scop-
ing within engineering. Problem scoping was a focus because it represents an
essential part of engineering. The problems engineers work on are typically ill-
defined—meaning they have missing information, vague requirements, and multiple
criteria for success (Jonassen et al., 2006). This necessitates that engineers engage
in refining the problem, identifying the requirements, and defining the constraints
(e.g., Cross & Cross, 1998). This practice connects professional engineers to client
and problem. In Novel Engineering, engineering design begins with the identifica-
tion of problems for characters and includes framing problems, conceptual planning,
building and testing ideas, and sharing.

10.3.2 Literacy and Text in Novel Engineering

The word literacy is often equated with the act of reading. Some take it a step further
and say that literacy is the ability to read and write, when in fact, literacy is an
umbrella term that encompasses all that it means to be a literate person: reading,
writing, speaking, and listening. Novel Engineering units are aligned to Common
Core State Standards for English Language Arts in reading, writing, and speaking
(http://www.corestandards.org/ELA-Literacy/). They leverage literacy instruction in
a manner that is consistent with the belief that children can engage in complex work
in engineering and literacy.

In Novel Engineering, the text serves as the basis of discourse, argumentation,
and sharing of ideas and thinking. Overall, the text is a shared experience or docu-
ment fromwhich partners can work and engage in engineering design. By discussing
and comprehending the text together as a group, a whole class, and with partners,
students have a common language, understanding, and context. Because a text can
have multiple interpretations, it makes it an ideal basis for the type of work Novel
Engineering promotes—work wherein students use what they know, evidence from
the world or book around them as they interpret and synthesize this information to
address the problem at hand. It is in this context that we see Novel Engineering func-
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tioning well—when literacy endeavors are active and thoughtful activities through
which meaning is created.

10.4 The Novel Engineering Arc

Figure 10.1 shows the general flow of a Novel Engineering unit, which was high-
lighted in the sample Novel Engineering classroom.

The Novel Engineering Arc comes from a combination of traditional represen-
tations of the engineering design process, researchers’ analysis and observation of
classroom activity, and input from collaboration with Novel Engineering educators.
While there have come to be other literacy-based engineering projects (e.g., Moore
& Tank, 2014; Wilson, Smith, & Householder, 2014), Novel Engineering had few
resources from which to draw at its inception in 2010. The research team1 started
with models of the engineering design process for children (e.g., “Engineering is
Elementary,” n.d.; Massachusetts Department of Education, 2001) and looked to see

Fig. 10.1 Novel Engineering Arc

1The original Novel Engineering research team included Bill Wolfson and members of Engineering
Lens (http://www.integratingengineering.org/) which had previously implemented a project that
integrated engineering and literacy that served as the inspiration for Novel Engineering.
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Table 10.1 Elements of the Novel Engineering Arc—combining engineering and literacy

Engineering design practice Connections between engineering and literacy

Identify problems While reading the text, students and teachers identify
problems the characters face

Scope problem and design solution Students identify which problems are related to
engineering and decide what they could make to address
a character’s problem

Test solution and get feedback Mid-design share-outs facilitate students getting
feedback on their solution based on its functionality and
how their solution would work for the character (client)

Improve solution Students reconsider the literacy text and the character’s
needs as they redesign

Share culminating activity The final presentation of the solution is done within the
context of the book. (e.g., How would the character use
the solution? In what ways might it change the
narrative?)

how literature could provide characters to play the role of client. Table 10.1 illustrates
how the Fig. 10.1 elements connect engineering and literacy.

10.5 Design Principles

Novel Engineering leverages two guiding principles in its design. The first principle
is that teachers are professionals who should be empowered to make responsive deci-
sions about learning and instruction in their classroom. This principle is grounded in
work on responsive teaching in science that asserts that pedagogical moves, instruc-
tional choices, and learning goals should be derived by the teacher from students’
action and discourse (Hammer, Goldberg, & Fargason, 2012; Levin, Hammer, Elby,
& Coffey, 2013; Roberston, Scherr, & Hammer, 2015). The second principle is that
children have nascent engineering abilities that can be capitalized on by providing
themwithmeaningful contexts inwhich they can develop and improve their practices.
This principle comes from work showing how students are able to engage in engi-
neering design practices with minimal direct instruction in particular rich contexts
(Portsmore, Watkins, & McCormick, 2012; Watkins, Spencer, & Hammer, 2014).
Novel Engineering units are student-driven, and the teacher’s job during a unit is to
act as a facilitator, guiding discussions and engineering by listening to their students
and then responding to what students are thinking and doing in an effort to help them
realize their ideas and build functional solutions that respond to the problems and
requirements that have emerged from the text.
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Table 10.2 Novel Engineering student work and the related Next Generation Science Standards
for K-2
Next Generation Science
Standards

Novel Engineering Arc

Read book
and identify
problems

Scope
problems
and
brainstorm
solutions

Design
solutions

Get
feedback

Improve
solutions

Reflect and
share

K-2
Standards

K-2-ETS1-1. Ask
questions, make
observations, and
gather information
about a situation
people want to
change to define a
simple problem that
can be solved through
the development of a
new or improved
object or tool

X X

K-2-ETS1-2.
Develop a simple
sketch, drawing, or
physical model to
illustrate how the
shape of an object
helps it function as
needed to solve a
given problem

X X X X

K-2-ETS1-3.
Analyze data from
tests of two objects
designed to solve the
same problem to
compare the strengths
and weaknesses of
how each performs

X X

10.6 Bidirectional Benefits and Standards

Engineering and literacy are equal components of a Novel Engineering unit and
connect to both Common Core (National Governors Association Center for Best
Practices & Council of Chief State School Officers, 2010) and Next Generation
Science Standards (Achieve Inc., 2013).

Tables 10.2 and 10.3 list the overarching literacy and engineering components
that Novel Engineering supports.

Although Novel Engineering can be connected to point to specific engineering
and literacy skills and standards, the work students are doing is interdisciplinary and
the students do not see or work in disciplinary silos.
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Table 10.3 Novel Engineering student work and relate Common Core English Language Arts and
Literacy Standards
Common Core
Standards
English Language Arts
Literacy

Novel Engineering Arc

Read book
and identify
problems

Scope
problems
and
brainstorm
solutions

Design
solutions

Get
feedback

Improve
solutions

Reflect and
share

Reading CCRA.R.1. Read
closely to determine
what the text says
explicitly and to
make logical
inferences from it;
cite specific textual
evidence when
writing or speaking to
support conclusions
drawn from the text

X X X

CCRA.R.2.
Determine central
ideas or themes of a
text and analyze their
development;
summarize the key
supporting details
and ideas

X X

CCRA.R.3. Analyze
how and why
individuals, events, or
ideas develop and
interact over the
course of a text

X X X

Writing CCRA.W.1. Write
arguments to support
claims in an analysis
of substantive topics
or texts using valid
reasoning and
relevant and
sufficient evidence

X

CCRA.W.2. Write
informa-
tive/explanatory texts
to examine and
convey complex
ideas and information
clearly and accurately
through the effective
selection,
organization, and
analysis of content

X

(continued)
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Table 10.3 (continued)
Common Core
Standards
English Language Arts
Literacy

Novel Engineering Arc

Read book
and identify
problems

Scope
problems
and
brainstorm
solutions

Design
solutions

Get
feedback

Improve
solutions

Reflect and
share

CCRA.W.3. Write
narratives to develop
real or imagined
experiences or events
using effective
technique,
well-chosen details,
and well-structured
event sequences

X

CCRA.W.6. Use
technology, including
the Internet, to
produce and publish
writing and to interact
and collaborate with
others

X

CCRA.W.9. Draw
evidence from
literary or
informational texts to
support analysis,
reflection, and
research

X X X

CCRA.W.10. Write
routinely over
extended time frames
(time for research,
reflection, and
revision) and shorter
time frames (a single
sitting or a day or
two) for a range of
tasks, purposes, and
audiences

X X

Speaking
and
listening

CCRA.SL.1. Prepare
for and participate
effectively in a range
of conversations and
collaborations with
diverse partners,
building on others’
ideas and expressing
their own clearly and
persuasively

X X X X

(continued)
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Table 10.3 (continued)
Common Core
Standards
English Language Arts
Literacy

Novel Engineering Arc

Read book
and identify
problems

Scope
problems
and
brainstorm
solutions

Design
solutions

Get
feedback

Improve
solutions

Reflect and
share

CCRA.SL.2.
Integrate and evaluate
information
presented in diverse
media and formats,
including visually,
quantitatively, and
orally

X

CCRA.SL.3.
Evaluate a speaker’s
point of view,
reasoning, and use of
evidence and rhetoric

X X X

CCRA.SL.4. Present
information, findings,
and supporting
evidence such that
listeners can follow
the line of reasoning
and the organization,
development, and
style are appropriate
to task, purpose, and
audience

X X X X

CCRA.SL.5. Make
strategic use of digital
media and visual
displays of data to
express information
and enhance
understanding of
presentations

X

CCRA.SL.6. Adapt
speech to a variety of
contexts and
communicative tasks,
demonstrating
command of formal
English when
indicated or
appropriate

X X X
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10.7 Elementary Classroom Engagement in Novel
Engineering

The core ofNovel Engineering happenswhen students are discussing the textwith the
lens of engineering. To better illustrate how Novel Engineering works, this section
will share discourse from two classrooms that show students’ engagement in literacy
and engineering practices.

10.7.1 Mrs. Kent’s Second Grade—Clementine by Sarah
Pennypacker

Ms. Kent has taught second grade for four years and has long used Clementine by
Sarah Pennypacker as an interactive read-aloud with her entire class. In this example,
we’ll see students doing several key practices from literacy and engineering: using
evidence from the text to back up their thinking and ideas, connecting the fictional
world to their own experience, and making inferences and predictions based on what
they have read and how they think the character will respond.

After working with the Novel Engineering project, she decided to incorporate the
book into a Novel Engineering unit. As the class read the book, they compiled a
list of problems on an anchor chart that the characters encounter in the text. One of
the problems in the book that resonates with the class is when Clementine’s friend
Margaret gets glue in her hair. Clementine cuts the glue-laden hair off, making her
friend almost bald. This results in Margaret feeling self-conscious about how she
looks. Ms. Kent stops at a point in the book when Clementine’s friend is regretting
having Clementine cut her hair. The teacher facilitates a discussion so that the whole
class works on a conceptual design to the problem of being nearly bald. One student,
Chava, thinks a hat would be a good option and is prompted by the teacher to talk
about the type of hat Margaret would wear.

10.7.1.1 Using Evidence from the Text to Support Thinking and Ideas,
Making Inferences and Understanding the Client

Teacher: If you have come up with at least one possible solution, show me your
quiet coyotes, and let me see, okay. I heard some pretty interesting things
and some ideas that I hadn’t thought of.

…

Teacher: Umm, Chava?
Chava: She could wear like a pretty hat that would like; no one would notice she

has, um, hair missing because it is so pretty.
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Teacher: She could wear a hat. A pretty hat. Okay, so I’m going to say, “wear a
hat.”

Chava feels that it is important for the hat to be pretty based onMargaret’s personality,
and as the class talked about the characters, they noticed that Margaret likes to wear
pretty things. Chava has taken this information found in the text as she thinks about
possible solutions.

10.7.1.2 Making Inferences and Predictions and Balancing Trade-Offs

As the discussion progresses, Ms. Kent wants her students to consider trade-offs,
which she calls pros and cons, as they think about solutions, first with a partner and
then as a whole class. The discussion about trade-offs leads the students to predict
what would happen if Margaret used their solution ideas. Students continually infer
what her reasons would be for using these solutions in answer to questions from
peers and friends. We zoom in on Cecilia and Ester’s conversation as they talk about
a wig as a possible solution.

Cecilia: The good thing about it is that um- the good thing about the wig is that no
one will see her hair, and she’ll- and she’ll be able to go to school. The bad
thing about it is they might um- they might like feel it or see it’s fake.

Ester: Or- or go like upside down and stuff or the wig will fall off.
Cecilia: yeah
Ester: I think like a con and a pro. It would be- it’s like she could have the wig

and just like glue it onto her hair until the hair grows out, but the con about
it would be because then- then it would never come off, so…

Cecilia: Sticking like taping it to her head.
Ester: But tape falls off real easily.

The girls present some of their ideas to the whole class.

Teacher: Okay, Ester, lead us.
Ester: Umm, me and Cecelia were thinking of pros and cons too and we-
Teacher: For the wig?
Ester: Yeah for the wig, and one of the pro was that she could still go to school

and no one would really notice it. But the bad one would be, what happens
if like she goes upside down or something or–

Marlena: On the monkey bars.
Cecelia: Or if, um, and wait lemme say.
Teacher: I’m going to just put a little extra star next to it because it could fall off

and
Cecelia: Or if they like touch her hair they would feel that it’s fake.

Celia and Ester feel that a wig would allow Margaret to feel comfortable enough to
go to school, but name a few features they feel would impact Margaret negatively.
They also imagine how the wig would function physically.
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The teacher asks the class to discuss the trade-offs for another solution on the
student-generated list—a hat.

Teacher: How about solution number two - wear a hat? Chava.
Chava: Um, um. So uh, something that’s good is that she could- if they ask,

“Where is all your hair?” you could say, ‘I just put it behind like this.
Teacher: Okay so she could say that she, she tuck- she could say she tucked her

hair under?
Student: That would be kind of like lying.
Dash: That would be a lie.
Teacher: Well, maybe that’s the con. It may not- she may not feel good about it,

okay? She could say her hair is tucked. Okay? How about a con about
the hat? Ester?

Ester: A con about the hat is what happens if like someone wants to feel it or
something, and- and or like the hat would fall off really easily.

Teacher: Okay, so could fall off.
Ester: It’s really- It’s really hard to do it. It’s kind of like a wig ‘cause if you

glue it on, her hair should-
Teacher: Absolutely. Could fall off easily. It’s a very similar issue as the wig.
Ester: But when the hair grows down, it- it can go past it really, but not really

with the wig. But it still get- like the hair hurts a lot because all of the-
the hat is glued there.

Teacher: It could be uncomfortable is what I’m getting from that. Harrison?
Harrison: A con of the hat…
Teacher: Yes
Harrison: Is um that it’s- it might be sweaty while like it’s gonna be on all day, so

it might be sweaty.
Teacher: Sweaty.
Student: Even in the summer.
Teacher: Okay, Harry?
Harry: Well, you can’t have the hat on at school.
Dash: I know! I was gonna say, you’re not allowed to wear hats in school!

(Students agree)

Jack: That’s not a good idea.
Student: Maybe you could tell the teacher.
Teacher: It’s a possibility, but I don’t know. A lot of people might be asking her

questions if- even if she gets permission, so she’ll be drawing-
Student: No, she can ask the principal!
Teacher: But do you think that’ll stop her friends from asking her questions about

why she’s allowed to wear the hat? It might draw more attention to the
issue. Right? It’s a great point, Harry.

Ester: And people will start wearing hats and break the rules.
Teacher: Who else has a pro or a con about the hat? Alice?
Alice: Well, I sort of did- did things randomly. I didn’t find any pros, but I thought-
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Teacher: That’s okay. That’s not random.
Alice: It would have to be a really big hat for the kids to believe that Margaret

could actually tuck all her hair into it.

In this exchange, the students (and teachers) are making inferences backed by infor-
mation from the book and what they know about the world to imagine how a hat
would make Margaret feel and how it would work as a solution to hide her baldness.
The students’ comments are evidence of their ability to make logical predictions
based on text as well as to support them as they work on their speaking and listening
skills as outlined in Common Core ELA Standards. They are also balancing multiple
constraints.

10.7.1.3 Example: Making Connections

As the students are talking about the trade-offs of the wig and hat, they are applying
what they have learned from their personal experiences to talk about how this would
affect the function of the solutions. In this next exchange, Claire has worn a wig as
part of a costume and knows they are sometimes uncomfortable.

Teacher: Absolutely, any more pros or cons about the wig? Claire?
Claire: I have a con. Sometimes wigs are really itchy…

The class continues to generate trade-offs of the wig, thinking about things they
do at school such as going on the monkey bars and touching each other’s hair.

Ester: Umm, me and Cecelia were thinking of pros and cons too and we–and
one of the pros was that she could still go to school and no one would
really notice it. But the bad one would be, what happens if like she goes
upside down or something or…

Marlena: On the monkey bars.
Cecelia: Or if, um, and wait lemme say.
Teacher: I’m going to just put a little extra star next to it because it could fall off

and…
Cecelia: Or if they like touch her hair they would feel that it’s fake.
Dashiell: Oh yeah. That’s a good one.

Bringing up the possibility of the wig fall off leads the teachers to ask the students
about how they were thinking the wig would be attached. This leads to a discussion
about possible materials they could use to attach it and their properties.

Teacher: What were you guys saying about how you would attach it to her head?
Ester: Well, because, well…
Cecelia: Well I was thinking tape.
Ester: But I was thinking glue but then, but then when her, when some of her

hair starts to grow back then she wouldn’t need the wig anymore, so it’s
kind of like in the middle.
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Teacher: That’s a great point.
Cecelia: I was thinking she could get like a clear kind of like string or something

and she could tie it to her head.
Teacher: Those are some really good ideas about how, If you, if you chose the wig

as a solution ways to help solve some of the issues that could arise, it
falling off and such, depending on her activities. So, for you, you might
be leaning more towards this solution because you’re finding ways to deal
with some of the cons that you’re coming across.

Atticus: Umm, a con about the glue if the hair grows back under it, it would really
hurt to take the wig off.

Teacher: Okay, so it could hurt to take it off.
Jack: And the hair might get stuck on the, on the, on the, on the glue and…
Ester: And it might just rip off before it even grows back.
Jack: … and yank the hair off right away.

These interactions illustrate that the teacher has identified a place in the text that
leads to a discussion that begins with an open-ended question. The students are
clearly comfortable engaging in open discussions as a class. This opportunity for
students to discuss, listen, and share ideas in an authentic way is a core value in
Novel Engineering and what makes it appealing to students and teachers. Students
are given the freedom to play with ideas as they identify constraints that would
influence the success of a design. They bring pertinent information from the text to
help them frame the problem. Their conceptual plan begins with the consideration
of multiple solutions, and their design decisions are based on evidence from the text
and the world around them rather than random decision making.

10.8 Second Grade—Designing, Testing, and Evaluation

To look more at how students actually engineer and create, this section of the chapter
looks at another second-grade class, Mrs. Adams’ class, which is reading Danny
Champion of theWorld byRoaldDahl. The class has identified a number of problems
in the story, from the challenge of Danny and his father getting food to a key moment
in the story when Danny’s father falls in a hole. Pairs of students have selected
the problem they want to focus on and are working to design, build, and test their
solutions. They have some materials from the recycle bin (paper towel tubes, boxes,
containers) and LEGO pieces available, and they are also allowed to request specific
materials like Play-Doh, pulleys, fabric. The students are planning and building, with
testing ongoing throughout the design process.

Two girls, Jeslen and Sabriel, have chosen the problem of getting the father who
is injured out of a pit in the woods. They explain why they’re making their solution
while referring to events in the text.

Researcher: So how’d the Dad fall in the pit? I’ve never read this one.
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Jeslyn: Because he was walking at night and there was like a hole…
Sabriel: He didn’t see it, and then he fell into it.
Researcher: At night?
Jeslyn: In the woods at night. And he didn’t get to see the pit so he just fell in.
Researcher: So did you read the whole book?
Jeslyn: Yeah
Researcher: So he gets out eventually, but you’re thinking of another way? Or did

he not get out of the pit? What ends up happening, how does he get
out?

Jeslyn: Um, he got out of the pit with Danny.
Sabriel: But they didn’t tell how. That’s why we’re doing it.
Jeslyn: Yeah, they didn’t tell how.

Since they will not be able to test their solution with a real tree, they build a tree with
available materials as part of a test. The tree is not yet able to stand on its own. Once
it does, they will attach a pulley to a branch of the model tree they have constructed.
There will be a chair connected to the pulley system to pull the father up and out of
the pit (a trashcan with a Barbie doll on the bottom).

Jeslyn: This is the tree, but we’re not finished, and since it couldn’t stand that
much, right now we’re making this stand, and we’re gonna put it up
like that so it could stand more.

Researcher: Okay, so the dad is in the pit and how’s the tree gonna help him get
out?

Sabriel: ‘Cause it’s gonna hold up the pulley.
Jeslyn: And Danny’s gonna pull up.
Sabriel: He’s (Dad) gonna like get in it, and he’s gonna- and Danny’s gonna try

to like pull him up.

…

Jeslyn: And we’re gonna make a chair, so he could go up, and when his legs hurt,
we’re gonna make a pillow.

…

Researcher: So how are you gonna use the pulley? How’s it gonna attach?
Jeslyn: We’re gonna put a stick sticking out, and we might tape it on, and then

we’re gonna put a pulley on it, and the string- the string is gonna be in
here (on the pulley), and we’re gonna attach it to that.

In this exchange, the girls have planned a design and are realizing not only the devise
that will get Danny’s father out of the pit, but have also thought ahead to how they
will test the device. Due to the scale of the pretend pit (a trashcan) they feel the need
to augment the test to more closely mirror what they would need to test their design
in real life. Halfway through the building time, the teacher stops the students so each
group can share with the class to get feedback on their designs. Jeslyn and Sabriel
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explain their design and then Christian asks a question that causes the girls to think
more deeply about their design.

Teacher: What’s your problem?
Jeslyn: We did um, Dad falling in the pit. And this is a tree we didn’t get to finish

yet.
Sabriel: This is a pillow he’s supposed to sit on.
Jeslyn: Um, put it leg on. And we didn’t make the chair yet, and um, we’re gonna

tie this pulley to um this (the tree), and then umDanny’s going to be pulling
his dad up, and the chair’s going to be tied to it. We’re gonna make- Do
you know how like a chair, like you just put your legs on the cushion?
Yeah, this is part of it, because his leg really hurts.

Teacher: Questions or comments? … Karun.
Karun: Um, I have a comment. I think it’s a good idea because in that chapter they

were talking about how Danny was gonna get- was driving Baby Austin
there to get, um, his dad, and since he used the rope from the car that had
the pulley, I think he could just use the pulley from the car and the rope,
so it does make sense to have a pulley and a rope. (Argumentation with
evidence)

…

Christian: Wouldn’t it be kind of heavy to pull him?
Jeslyn: Um. We’re not sure about that
Sabriel: Maybe Danny might like tie it to a rock and then he might like pull that

rock.

Later when they return to building, Jeslyn and Sabriel make changes to their design
based on the feedback that they got from the students.

10.9 Implementation Considerations for Early Elementary
Novel Engineering

Evaluation of the project was collected through surveys, teacher interviews, and
observations, and collated by an external, independent project evaluator as well as
researchers. This evaluation yielded a number of particular considerations for Novel
Engineering in early elementary classrooms.

• Books—Books that work well across Novel Engineering have rich characters and
settings from which students can identify engineering problems and constraints.
Across Novel Engineering, texts that have worked well have realistic setting (not
magical, like Harry Potter) and problems that have multiple possible solutions.
Early elementary teachers used picture books as well as longer early chapter books
that they read aloud. The short nature of picture books provides some challenges
as often the story or characters are simple, but are good options for initial Novel
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Engineering experiences. Some short picture books that haveworkedwell inNovel
Engineering contexts include A Snowy Day (Ezra Jack Keats), Peter’s Chair (Ezra
JackKeats),Westlandia (Paul Fleischman), andMuncha!Muncha!Muncha! (Can-
dance Flemming).

• Exploration with materials—While all students need experience manipulating
hands-on materials with which they will engineer, the need can be more acute
in early elementary classrooms. Early elementary teachers often allowed students
more exploratory time with the craft or recycled materials before starting Novel
Engineering.

• Pairs of Students—As students build their solutions to a character’s problems dur-
ing Novel Engineering, they discuss character traits, constraints of the setting, and
how to assemble the physical materials they have chosen. At the early elementary
level, teachers in Novel Engineering reported that this was done best with stu-
dents working in groups of two as students are just learning communication and
collaboration skills.

• Tracking Problems and Ideas—There are many methods of having students track
engineering problems as they read.Many classrooms used reading journals or note
catchingworksheets as students read independently. Themethods that worked best
in early elementary classrooms, where teachers most often led interactive “read-
alouds,” were shared visual representations, like an anchor chart (Fig. 10.2), which
could be revisited each day.

10.10 Research

Research on Novel Engineering did not focus on particular aspects of the implemen-
tation in early elementary. It focused on the dynamics of how students engage with
an integrated engineering and literacy approach as well as how teachers are able to
navigate design problems as learners and educators, much of the data came from
upper elementary. However, there are elements that have implications for the early
elementary teachers.

Watkins, Spencer, and Hammer (2014) looked at how students engage in problem
scoping within Novel Engineering activities, highlighting their abilities to balance
criteria and to take different perspectives in a fourth-grade classroom. Similarly,
Portsmore, Watkins, and McCormick (2012) examined the emergent nascent plan-
ning abilities of students when designing physical solutions for characters in a Novel
Engineering unit. They found that students have rich resources for identifying mate-
rials they needed, creating representations of their ideas, and using those representa-
tions as a guide for their prototyping when the context of the project made planning
necessary. Both studies raised questions about how students’ engineering abilities
may not be fixed but instead be context-dependent, an implication that is likely to be
true for early elementary classrooms as well.

McCormick and Hammer (2016) explored the potential mechanisms for why
Novel Engineering research shows students taking up engineering practices in dif-
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Fig. 10.2 Anchor chart from kindergarten class reading The Relatives Came

ferent ways. In particular, they looked at the idea of epistemological framing—how
students interpret the purpose of an activitywithin a classroom in relation to engineer-
ing activities (McCormick&Hammer, 2016). They illustrate how students’ framings
shift in response to the students’ sense of the purposes of the activity as well as how
materials and prototypes influence students framing of the activity (McCormick &
Hammer, Under Review).

Research on teachers involved in Novel Engineering has examined how teachers
enter into open-ended engineering design as well as how they recognize and respond
to students’ engineering. Wendell (2014) looked at pre-service teachers engaged in
a Novel Engineering activity and analyzed their discourse in designing a potential
solution to a challenge. She found that teachers were easily able to enter into some
engineering design practices, like solution generation and feasibility analysis, but did
not spend time information gathering, problem scoping, or doing detailed analysis of
their solution. The research suggests that teachers may need support and scaffolding
with those practices.

The Novel Engineering approach’s need for responsive teaching has prompted
research on how K-8 teachers have taken up elements of responsive teaching and
the associated challenges. McCormick, Wendell and O’Connell (2014) analyzed
what teachers in clinical interviews noticed about a video of a student engaged in
Novel Engineering. They identified a range of stances that teachers took toward
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student work. Their work laid the groundwork for thinking how responsive teaching
in engineering, particularly around open-ended challenges, may develop. Johnson,
Wendell and Watkins (2016) looked at clinical interviews with six teachers in which
teachers discussed the challenges in identifying nascent engineering and their self-
reported challenges in responding. They found that teachers, new to engineering
can, with little support, notice some disciplinary practices. However, teachers were
challenged in how to push students in their design when the students are struggling
or straying from the problem.

10.11 Conclusion

As K-12 engineering education continues to evolve, Novel Engineering represents
one of the ways in which we can emphasize different aspects of the engineering
design process.Moreover, in already crowdedK-8 curricula, engineering often needs
to do double duty—supporting more than one discipline. Novel Engineering has
demonstrated how engineering can be engaged inwith disciplinary authenticitywhile
also meeting literacy learning goals.

The context of the book has been shown to be powerful for early elementary as
well as older children, offering a way to simulate clients and constraints that real-
world engineers wrestle with as they define problems and identify design constraints.
This authentic context has focused on ways in which students engage in engineering
and the ways teachers need to be prepared to design learning situations and respond
to student work.
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Chapter 11
Books, Butterflies, and ‘Bots: Integrating
Engineering and Robotics into Early
Childhood Curricula

Mollie Elkin, Amanda Sullivan and Marina Umaschi Bers

Abstract Although we are surrounded by technology on a daily basis, the inner
working of devices like phones and computers is often a mystery to children and
adults alike. Robotics offers a unique way for children (and grown-ups!) to explore
sensors, motors, circuit boards, and other electronic components together from the
inside out. This chapter describes how robotics can be used as a playful medium
in early childhood classrooms to learn foundational engineering and computer sci-
ence concepts. By presenting vignettes from three early childhood classrooms that
embarked on an eight-week KIBO robotics curriculum, this chapter highlights how
educators with little to no prior engineering experience were able to successfully
integrate robotics with traditional early childhood content such as literacy and sci-
ence. KIBO is a developmentally appropriate robotics kit specifically designed for
children ages 4–7 that is controlled with tangible programming blocks—no screen
time required. The three classroom teachers worked with researchers from Tufts
University and Lesley University to integrate KIBO robotics with the teachers’ tra-
ditional learning units. The three vignettes will describe the following classroom
experiences: using robotics to bring to life the book Brown Bear, Brown Bear, What
Do you See? in the context of literacy explorations; and in science, programming
the life cycles of the frog and the butterfly, and using robots to model the movement
of worms through different environments. These vignettes will highlight the very
different approaches teachers took to introducing robotics to their students and how
they utilized the engineering design process as a teaching tool that can be applied to
most subject areas.
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Although we are surrounded by technology on a daily basis, the inner working of
devices like phones and computers is often a mystery to children and adults alike.
Robotics offers a unique way for children (and grown-ups!) to explore sensors,
motors, circuit boards, and other electronic components together from the inside
out. This chapter provides another perspective on applying the engineering design
process in integrating early engineering education within the classroom.With a focus
on technology, this chapter describes how robotics can be used as a playful medium
in early childhood classrooms to learn foundational engineering and computer sci-
ence concepts. By presenting vignettes from three early childhood classrooms that
embarked on an eight-week KIBO robotics curriculum, we highlight how educators
with little to no prior engineering experience were able to successfully integrate
robotics with traditional early childhood content such as literacy and science. KIBO
is a developmentally appropriate robotics kit specifically designed for children ages
4–7 that is controlled with tangible programming blocks—no screen time required.
The three classroom teachers worked with researchers from Tufts University and
Lesley University to integrate KIBO robotics with the teachers’ traditional learn-
ing units. The three vignettes describe the following classroom experiences: using
robotics to bring to life the book Brown Bear, Brown Bear, What Do you See? in the
context of literacy explorations; and in science, programming the life cycles of the
frog and the butterfly, and using robots tomodel themovement of worms through dif-
ferent environments. These vignettes highlight the very different approaches teachers
took to introducing robotics to their students and how they utilized the engineering
design process as a teaching tool that can be applied to most subject areas.

11.1 Introduction

Anyone who has spent time with a four- or five-year-old child has undoubtedly
been asked the famous “why?” questions about the world around her.Why is the sky
blue? Why do birds fly, but not dogs? As their environment becomes increasingly
technological, children’s questions are beginning to include things like “how does a
phone work?” and “why do some doors open automatically?” These questions are a
genuine attempt for children to make sense of their world and understand how things
work. This natural inclination to curiosity, inquiry, and investigation is not only the
cornerstone of early childhood development, but is also a key component of thinking
like an engineer (Brophy, Klein, Portsmore, & Rogers, 2008; Peel & Prinsloo, 2001).

When introducing the engineering design process to young children, we can begin
by satisfying their curiosity through askingquestions or posingproblems that children
are personally interested in investigating (see Fig. 11.1). As the chapters in this book
have documented, early childhood is the ideal time to begin teaching engineering
concepts because children are naturally inquisitive about the world around them and
aremotivated to explore, build, and discover answers to their big questions. Educators
and researchers are thus beginning to see the importance of teaching engineering at
an early age (Bers, 2008, 2018). According to the Massachusetts Department of
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Fig. 11.1 An illustration of
the engineering design
process (image created by
the DevTech Research Group
at Tufts University)

Education (2006), the engineering design process refers to the cyclical or iterative
process engineers use to design an artifact in order to meet a need. In line with the
other descriptions of engineering design presented in this book, the Massachusetts
curriculum frameworks refer to identifying a problem, looking for ideas for solutions
and choosing one, developing a prototype, testing, improving, and sharing solutions
with others. The steps of testing and improving, which require problem-solving and
perseverance, are critical for establishing a learning environment where experiencing
failure, as opposed to instant success, is necessary for learning (Bers, Flannery,
Kazakoff, & Sullivan, 2014; Chap. 9). This is aligned with Dweck’s (2006) concept
of “growth mind-set.” Growth mind-set refers to the belief that basic abilities can
be developed through dedication and hard work. By developing this type of attitude
through activities like engineering, children are improving their skills for effectively
facing challenging situations. (Dweck, 2006). Growth mind-set complements the
engineering design process, but it is also applicable to other areas of personal and
cognitive development such as dealing with interpersonal conflicts and persevering
through challenging coursework.

Explicitly teaching these foundational engineering concepts has only recently
become an interest to early childhood educators. Science curricula in early child-
hood classrooms were traditionally more likely to focus on the natural world includ-
ing plants, animals, and the weather (Bers, 2008). While learning about the natural
world is important, developing children’s knowledge of the human-made world, the
world of technology and engineering, is also needed for children to understand the
environment in which they live (Bers, 2008; Sullivan & Bers, 2015). Research and
policy changes over the past five years have brought about a newfound focus on
STEM (science, technology, engineering, and math) education for young children
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(SesameWorkshop, 2009; White House, 2011), with particular emphasis on the “T”
of technology and the “E” of engineering.

Amidst this national focus on STEM, and engineering in particular, early child-
hood educators are now facedwith the difficult issue ofhow to implement engineering
curricula in their classrooms. One of the major difficulties early childhood teachers
face is figuring out developmentally appropriate ways to introduce young children
to this often complex discipline (Bers, 2008; Bers, Seddighin, & Sullivan, 2013).
Robotics and computer programming initiatives have grown in popularity as a way
for teachers to introduce young children to engineering content in a developmen-
tally appropriate way that is aligned with traditional teaching approaches such as
the use of games, group work, and playful exploration (Bers, 2008, 2012, 2018).
Additionally, robotics allows young children to build, create, and design their own
inventions using the engineering design process. Moreover, integrating robotics into
the classroom does not necessarily require teachers to take time away from teaching
standard curricula; instead, robotics can serve as another entry point for their students
to explore content already being taught.

In this chapter, we present three vignettes from a public school in Cambridge,
Massachusetts, that recently began a robotics and programming initiative in their
early grades (kindergarten through second grade):

(1) integrating robotics and literacy to bring to life the book Brown Bear, Brown
Bear, What Do you See?

(2) using robotics to program the life cycles of the frog and the butterfly, and
(3) using robots to model the movement of worms through different environments.

These vignettes were chosen to illustrate how robotics can be used to facilitate
the learning of foundational engineering content while being integrated into literacy
and natural science curricular content. Implications for best practices in the early
childhood classroom are discussed.

11.2 Robotics in Early Childhood Education

Robotics and computer programming initiatives are growing in popularity among
early childhood researchers and educators (Bers, 2008; Bers et al., 2013; Elkin,
Sullivan, & Bers, 2014; Kazakoff & Bers, 2014; Strawhacker & Bers, 2014; Sullivan
& Bers, 2015). Recent work has shown how the field of robotics offers a unique
potential for early childhood classrooms by facilitating cognitive aswell as finemotor
and social development (Bers et al., 2013; Lee, Sullivan, &Bers, 2013). For example,
robotics can support a range of cognitive skills, including number sense, language
skills, and visual memory (Clements, 1999a). New educational robotic construction
sets may help children develop a stronger understanding of mathematical concepts
such as number, size, and shape in much the same way that traditional materials
like pattern blocks, beads, and balls do (Resnick et al., 1998; Brosterman, 1997).
Technology can also serve as catalysts for positive social interactions and emotional
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growth in children (Clements, 1999b). For example, robotics offers a playful way
for young children to practice social skills by sparking collaboration and teamwork
(Bers, 2008; Lee et al., 2013). Robotic manipulatives invite children to participate
in peer-to-peer interactions and negotiations while playing and learning in a creative
context (Resnick, 2003).

Robotics engages young children as engineers by allowing them to construct and
design with electronic and non-electronic components. It also inspires children to
become storytellers by creating and sharing personally meaningful projects that react
in response to their environment (Bers, 2008). The discipline of robotics provides
opportunities for young children to learn about mechanics, sensors, motors, pro-
gramming, and the digital domain (Bers, 2010; Sullivan & Bers, 2015; Strawhacker
& Bers, 2014). The use of educational robotic kits is now becoming widespread in
elementary schools (Elkin et al., 2014; Kazakoff, Sullivan, & Bers, 2013; Rogers,
Wendell, & Foster, 2010; Sullivan & Bers, 2015).

Research with programmable robotics in early childhood settings has shown
that beginning at age 4, children can learn fundamental programming concepts of
sequencing, logical ordering, cause and effect relationships, and engineering design
skills (Bers, 2008; Fessakis, Gouli, &Mavroudi, 2013; Kazakoff et al., 2013). When
children create programs to make their robots move, they are sequencing commands
for their robot to act out. The act of sequencing is foundational for early math,
literacy, and planning (Zelazo, Carter, Reznick, & Frye, 1997). Additionally, edu-
cational robotic programs, when based on research, child development theory, and
developmentally appropriate practices, can foster student learning of engineering
such as design skills and methods while engaging in collaboration and other social
skills necessary for school success (Clements, 1999a, 1999b; Druin&Hendler, 2000;
Svensson, 2000; Lee et al., 2013).

11.3 The KIBO Robotics Kit

The vignettes presented in this chapter utilize the KIBO robotic kit (see Fig. 11.2)
created by the DevTech Research Group at Tufts University after years of research
funded by theNational Science Foundation and nowmade commercially available by
KinderLab Robotics (www.kinderlabrobotics.com). KIBO is designed for children
ages 4–7 and consists of both hardware (robotic parts to assemble) and software (tan-
gible programming blocks to make KIBOmove). Using KIBO, children are engaged
with the engineering design process while they build a functional and mobile robot
using wheels, motors, lights, and a variety of sensors. These sensors, intentionally
designed to resemble body parts or objects that children are familiar with, include
sound (shaped like an ear), light (shaped like an eye), and distance (shaped like a
telescope). Additionally, there is a light output module which resembles a lightbulb.

Unlike other programming applications and games for children that require the use
of iPads and computers, KIBO is programmed to move using interlocking wooden
programming blocks. These wooden blocks contain no embedded electronics or
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Fig. 11.2 KIBO robotics kit

Fig. 11.3 Programming wooden blocks for the KIBO robotics kit

digital components; it is aligned with American Academy of Pediatrics’ (2003) rec-
ommendations for limited screen time for young children (Sullivan, Elkin, & Bers,
2015). The robot itself has an embedded scanner that reads the barcodes on each
programming block and instantly sends the program to the robot. Similar to other
programming languages, KIBO has specific syntax rules to follow. For example,
every program must start with a Begin block and finish with an End block. Addi-
tionally, in order to create a functional repeat loop (which makes KIBO do actions
a certain number of times), one must use the Repeat block, a parameter (either a
number or sensor), and the End Repeat block (Fig. 11.3).

In addition to teaching engineering and programming concepts, theKIBO robotics
kit encourages creativity and artistic design in young users. The kit contains two art
platforms that can be used to personalize robotic creations with arts, crafts, and
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Fig. 11.4 Sample decorated
art platforms on KIBO robots

recycled materials (see Fig. 11.4). The kit also inspires collaboration and teamwork.
KIBO’s programming blocks are tangible so they can be shared easily between
multiple children who are collaborating on programming together.

Most importantly, KIBO is fun and easy to use by young learners and adults
with little to no technical experience. Children can use the kit to create delightful
and silly creations that dance, light up, and make noises. Unlike other toys, KIBO
looks and behaves differently every time because children can alter KIBO’s aesthetic
appearancewith craft materials, change the assembly ofmotors and sensors, and alter
the robot’s actions through new programming commands. The following vignettes
illustrate the diversity of identities KIBO can take on from frogs and butterflies to
live action versions of popular children’s books.

11.4 School Background

The three vignettes described in this chapter took place at an urban, public school
in Cambridge, MA, serving students in prekindergarten through fifth grade. The
Massachusetts Department of Education reports that at the time of the curricula,
the student population at the school was 32.2% White, 22.9% African American,
20.9% Hispanic, 18.2% Asian, and 5.8% Multi-Race, Non-Hispanic. English was
not their first language for over a third of the students (Massachusetts Department of
Elementary and Secondary Education Enrollment Data, 2015). The students came
from three early childhood classrooms (one kindergarten, one first grade, and one
second grade). Neither the students nor the teachers had been previously exposed to
the KIBO robotics kit.

A relatively new makerspace had just been built within the school thanks to
a technology partnership with Lesley University. The makerspace was created as
a way to enhance teaching and learning through technology integration. As part
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of this initiative, the school had acquired a variety of early childhood appropriate
technologies such as BeeBot, iPads, and KIBO for students to explore engineering,
programming, and robotics. With this newfound abundance of technological tools
available, teachers actively looked for ways to incorporate these technologies as part
of their standard curriculum, rather than using them as an “add-on” to the already
busy school day. With the help of Lesley staff, they decided to use KIBO as part of
pilot curricula in three classrooms before rolling it out throughout all of their lower
elementary classrooms. This was an ideal opportunity to try out different strategies
and see what worked in the different classrooms.

11.5 Curricula Overview

The curricula presented in this chapter were created collaboratively between the
three classroom teachers, the librarian, the art teacher, and researchers at theDevTech
Research Group and Lesley University, leveraging each group’s expertise. All agreed
on three objectives for the curricula. First, the curricula needed to address fundamen-
tal engineering, robotics, and programming concepts. This would be accomplished
through a variety of small engineering and programming challenges, as well as play-
ing fun games that reinforced the concepts. Second, for the final project component
of the curricula, the KIBO content needed to connect to a topic that students were
already studying in their classrooms. This could be anything from science andmath to
literacy, but it would be classroom-specific and determined by the classroom teacher.
Third, a component of each class’ final projects needed to include the visual arts.
Using these criteria, three KIBO curricula were created, tailored to each of the three
classrooms.

The curricula were divided into eight one-hour sessions over the course of
two months, each taking place in the school’s makerspace. The sessions were
taught by Tufts University researchers and supported by classroom teachers, Lesley
researchers, and the specialist teachers (art and librarian). The first six sessions were
devoted to familiarizing the students with engineering and the KIBO robotics kit.
Children started by learning about the definition of a robot and an engineer through
two physical games, “Jump for Robots” and “Jump for Engineers,” where children
jumped if they thought they were shown a picture of a robot or something an engi-
neer made, respectively. This led to discussion about how to identify robots and
human-engineered creations. To learn about KIBO’s different programming blocks,
they played another game called “KIBO Simon Says,” where children followed the
directions on large print-out versions of the KIBO blocks. As children learned more
complex syntax to the KIBO programming language, the game became increasingly
more challenging with more ways for Simon (the instructor) to trick them. An impor-
tant topic of the curricula was the engineering design process (see Fig. 11.1), which
was taught through a song and referenced during each lesson. Finally, children par-
ticipated in a sensor walk around the school in order to learn about the difference
between senses and sensors, as well as about each of KIBO’s different sensors.
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For a portion of each session, students participated in a specific engineering or
programming challenge in order to practice the concept that had just been introduced.
For example, during Session 1, children had learned about the engineering design
process and how to put together KIBO. Their challenge that day was to assemble a
sturdy KIBO robot using motors and wheels along with non-robotic art decorations
that would not fall off when KIBO was programmed to shake vigorously. Children
returned to the iterative design process to “test and improve” if their decorations fell
off or if their motors were not attached properly. Another challenge, during Session
5, was to program KIBO to move along different shaped maps using the Repeat
and End Repeat blocks. Children had just learned how to make syntactically correct
programs with repeats, so their challenge was to create programs that would make
KIBO travel in a straight line, in an L-shape, and in a square using these new blocks
to simplify their code.

At the end of each session, time was always allotted for the sharing aspect of
the engineering design process. This gave students an opportunity to present what
they had created and get feedback from their peers, to discuss what they thought
was easy or challenging that day, and to ask questions. Teachers could also use this
as a time to informally assess which concepts their students understood and which
needed more review. For example, if many children thought using the repeat blocks
was difficult and many projects did not have functional repeat loops, this would be a
concept that teachers knew they needed to further address. They could either review
concepts during this share session itself, or return to it at the beginning of the next
class through games and teacher-led demonstrations.

Students worked on their final projects during the last two sessions of the curricu-
lum. The project chosen in each class was unique and based on unique and based
on what children were already learning in the classroom. At the beginning of the
curricula, teachers had not planned out their classes’ final projects. They wanted to
get started to see the capabilities of KIBO and how their students used the robot.
Each teacher brainstormed a variety of ideas, some which would have been too com-
plicated and others which would have been too simple, and then worked with the
Tufts and Lesley University researchers to refine their ideas. During this time, the
teachers were learning first-hand about how to use and apply the engineering design
process.

The following vignettes describe the experiences of the teachers and students
during the two sessions they spent creating their final KIBO projects. The process for
creating final projects was similar in each of the classes. First, teachers reviewed the
subject content (either the natural sciences or literacy) outside of the allotted robotics
time. Then, students were divided into groups of two or three and they brainstormed
project ideas that could be brought to life with KIBO (the “planning” phase of the
engineering design process). Next, they recorded their ideas in their Engineering
Design Journals. They then created their programs for their robot, tested them out,
and modified them. Finally, they created artistic decorations for their robots using
art, crafts, and recycled materials. All of this hard work culminated with a final
presentation of their projects to classmates, teachers, and researchers at the end of
the last session.
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Fig. 11.5 One group’s challenge to get their KIBO from the black sheep to the goldfish

Vignette #1: Brown Bear, Brown Bear, What Do You See?

An important part of the kindergarten teacher’s daily routine was reading stories
aloud to her students. At the time of the KIBO curriculum, her students had been
reading thewell-known rhymingbookBrownBear,BrownBear,WhatDoyouSee?by
Eric Carle.When she was brainstorming final project ideas for the KIBO curriculum,
she was inspired by this book which serves as a milestone for many children’s lives
as emerging readers. She saw the final KIBO projects as an ideal opportunity to
integrate literacy, engineering, programming, and robotics.

The biggest challenge this teacher described facingwas how to use the robots with
this story in a meaningful way. She wanted the project to be structured so that the
book could be read alongwith the kids’ final presentations. Additionally, she realized
that the structure of the story did not lend itself to much action (which is typically
a key component of robotics projects). Each page of the book presents an animal
that is asked the question “What do you see?” and it responds that it sees another
animal or object. After consulting with the art teacher as well as Tufts and Lesley
University researchers, she came up with a plan. Students would be divided into
groups and assigned one page of the story; their goal was to program their robot to
travel between two pictures on the ground, with each picture representing a character
in the story. For example, one group would be given the challenge of programming
pages 15 and 16 of the book, so that the KIBO robot would travel from the black
sheep to the goldfish (see Fig. 11.5). The pictures of the characters would be set up
around the room in the order they appear in the story. Once students successfully
programmed their robots to travel from one picture to another, they would be able to
add additional actions for KIBO to do to bring their characters to life.

Children used the engineering design process, particularly the stages of testing and
improving, as a guide when creating their programs for KIBO. First, children needed
to calculate how many Forward blocks they would need to get their robot from one
picture to another. This required a period of estimation and trial and error with the
robots, whichwas at time frustrating for the students. The teacherwas also challenged
with providing the “right” kind of help for her studentswithout simply telling them “it
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takes 4 Forward blocks.” Instead, she scaffolded their learning experience by helping
them measure and estimate the distance between each picture using the floor tiles as
a visual guide. Eventually, all groups persevered, and as a class, they determined the
correct number of Forwards between each picture.

Once students completed basic programs, their teacher prompted them to edit
their programs by experimenting with repeat loops instead of usingmultiple Forward
blocks to create a more streamlined program. Children worked to create syntactically
correct programswith the repeat loop blocks and number parameters. These complex
blocks allowed children to create a more concise program for KIBO only using only
one Forward block. Once children successfully programmed their robots to travel
from one picture to another and recorded it in their Engineering Design Journals,
they had the option to add additional action blocks. Some blocks, such as Turn Left
and Turn Right, would make the KIBO robot travel off course, so the kindergarteners
needed to experiment with how to ensure KIBO reached its final destination. Addi-
tionally, children were prompted to consider how the different animals they were
representing might move in order to capture these motions using KIBO’s program-
ming blocks. It took multiple iterations, as well as some adult support, for many of
the groups to get their robots to move from one picture to the other and capture the
essence of the animals from the story.

Although only one hour each week was devoted to working on KIBO robotics
in the school’s makerspace, this kindergarten teacher worked closely with the art
teacher and used non-robotics time during the regular school day for her students to
work on different components of their final projects. For example, during art class,
children created decorations for their robots. Using tin foil, pom poms, colored paper,
pipe cleaners, cups, and other recyclables, children worked in their groups to create
sculptures that would sit on top of their KIBO robots. Additionally, during normal
class time, the teacher read the book aloud several times in order to familiarize
students with the characters and the order in which they appear. This also reinforced
a core concept behind both programming and writing: Order and syntax impact
the way a story or product is conveyed. Overall, by using non-robotics time, the
kindergarten students had additional time during the last two sessions to explore the
different programming instructions, plan and test their programs, and document their
creations in their journals (Figs. 11.6 and 11.7).

Students presented their final projects to one another and visiting school admin-
istrators at the end of the last session. The kindergarten teacher read Brown Bear,
Brown Bear, What Do you See? aloud as part of the presentation. After reading a page
aloud, the corresponding group presented their project. For example, the group who
programmed their robot to travel from the black sheep to the goldfish programmed
their robot to start moving when it heard a clap (using the sound sensor); then, it
moved forward three times, turned its light on, turned right, and stopped. Another
group took a more direct approach for their robot to move from the brown bear to
the red bird. They created a program where the KIBO robot repeated the Forward
block four times and then stopped. Students and teachers expressed having a great
time during the final presentations; it served as a celebration of the students’ hard
work over the course of the eight-week curriculum. In addition to celebrating the
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Fig. 11.6 Kindergarten students creating their decorations for their robots

Fig. 11.7 Kindergarten
students creating their
decorations for their robots

final products, students and teachers had an opportunity to discuss their learning
processes and challenges they faced along the way. This provided a meaningful way
for children to express their knowledge and expertise of engineering and program-
ming, as well as mastery of the story, as they demonstrated their robots and programs
for visitors (Fig. 11.8).

Vignette #2: Life Cycles of the Frog and Butterfly
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Fig. 11.8 Example final project and robot’s program

At the time that the first-grade studentswere participating in theKIBOcurriculum,
they were also studying various plant and animal life cycles in their classroom. Their
teacher wanted to find a way to bridge together science and robotics, so she had the
idea of using KIBO to model animal life cycles. She selected the frog and butterfly
life cycles because she felt they could be well represented using KIBO’s different
action blocks like Shake and Spin. Students were put into groups of two or three
and assigned one part of a life cycle. They then were given a two-part task. The first
challenge was to program KIBO to perform an action to represent movement during
that stage. The second challenge was to program KIBO to move to the next stage of
the cycle.

Initially, the teacher was puzzled about how to structure the final project. On the
one hand, she wanted students to demonstrate through the programs they created that
they understood all steps of one of the life cycles. Realistically, she realized it would
be difficult to ask students to create four separate programs to represent each part of
the cycle due to time constraints. After brainstormingwith the librarian, as well as the
Tufts and Lesley University researchers, she decided to have four groups recreate one
life cycle, with each group focusing one part. For the frog cycle, students would be
in the following groups: eggs, tadpole, froglet, and adult frog. For the butterfly cycle,
students would be in the following groups: egg, caterpillar, chrysalis, and butterfly.
With this idea to have four groups working on a different stage of one cycle, the first-
grade students had a unique but feasible challenge: Unlike the projects in the other
classes, they would need to coordinate their robots’ movements with one another.
This would provide ample opportunities for children to utilize the engineering design
process as well as practice collaboration.
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Fig. 11.9 Engineering
Design Journal entries

After being assigned to their groups, children spent time reviewing their assigned
cycles bywatching short videos.The teacher encouraged the students to payparticular
attention to the movements they saw at each part of the cycle and consider which
of KIBO’s programming instructions might be able to represent these movements.
For example, the group working on the “frog eggs” noticed that the movement of
the eggs in the water resembled how KIBO moves when it is programmed to shake.
Afterward, students used their Engineering Design Journals (Figs. 11.9 and 11.10)
to plan out their initial programs. The journals were designed so that children could
demonstrate their understanding of the life cycle because they needed to write down
what happened during their part with words, as well as illustrate the programming
blocks or actions that would be used. Since KIBO does not have programming blocks
for actions such as jump or fly, children had to creatively decide which blocks they
wanted to use to represent these actions. For example, the group working on the
froglet part of the frog cycle chose to create the program Begin, Forward, Shake,
Forward, Shake,End.One child explained that this programwas appropriate “because
[froglets] moves around in the water.”

Once each group had finished creating their programs, the teacher provided mate-
rials for students to decorate their KIBO robots. Unlike the kindergarten class, this
was done during robotics time. Each group was given a printed image of how their
amphibian/insect looked at their stage of the cycle; they could look at the image
for inspiration or incorporate it as part of their decorations. In addition to this, chil-
dren could use modeling clay, markers, paper plates, and other craft materials. Many
groups faced an engineering challenge when it came to figuring out how to attach
their creations to their robots. One group had the idea of placing their decorations
on a plate and then attaching the plate to KIBO’s art platform. After some trial and
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Fig. 11.10 Engineering
Design Journal entries

Fig. 11.11 Decorations for
the “froglet” robot

error, this group figured out how to keep the plate from falling off the platform and
was able to share their idea with peers and teachers. Soon after, the other groups
followed their lead. By the end, each group had successfully integrated the visual
arts into their final projects (see Figs. 11.11 and 11.12 for sample projects).

Before presenting to the whole class, the four “frog cycle” and four “butterfly
cycle” groups had time to practice together, making sure that each robot traveled the
correct distance to reach the next part of the cycle. This process took up a substantial
portion of the final session, as some groups had miscalculated the distance their
robot should travel, while other groups had their decorations fall off when KIBO
executed its program. The students helped one another and reinforced the idea that
each group’s individual programs needed to work in order to accomplish their larger
goal.With time to revise and guidance from the adults, each group was ready to share
their creations by the end of the last session.
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Fig. 11.12 Decorations for
the “butterfly” robot

During the final presentations, each group started by explaining what happened
during their part of the life cycle. Next, they shared their writing and drawings
in their Engineering Design Journals in order to show which blocks they used for
their program and how their program represents their respective part. Finally, they
demonstrated their program using the robot. After each of the four groups in a cycle
had presented, there was time for students to express what they found easy and
what they found challenging. Children were given the chance to showcase not only
their newfound knowledge of programming and robots, but also their expertise on
each aspect of the life cycles. Additionally, children demonstrated their collaborative
spirit by working toward the common goal of creating one life cycle represented with
multiple KIBOs.

Vignette #3: Worms and Their Environments

The second-grade students had been exploring howwormsmove through different
environments while participating in the KIBO curriculum. As part of their final
projects, the teacher wanted to connect KIBO to their unit on worm movement;
she posed the following question to her students: How does terrain affect a worm’s
movement? Students would have to use the knowledge that they had learned in class,
their programming knowledge of KIBO, and their creativity to explore this question
and depict how a worm’s movements changed when traveling through sand, leaves,
and rocks. KIBO, acting as the worm, would need to travel along a straight line
through at least one of the environments.

Children first spent time reviewing and collecting new research on the character-
istics of the three different environments during science time. The teacher suggested
that students use their arms and hands to model how a worm generally moves, and
then try to adjust that movement based on its setting. She also provided videos and
diagrams as alternative options to understanding how worms and their environment
interact. Finally, she led a discussion about which terrains would make it easier or
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Fig. 11.13 Different worm environments

harder for worms to move. Based on their research, the class concluded that leaves
would be the easiest, then sand, and then rock.

Because children were working with technology that could be damaged by sand
and rocks, the environments would need to be modeled using materials that would
not harm the KIBO robots. An important discussion naturally emerged about what
materials could and could not be used around the robots. The children talked about
how KIBO’s wheels might get stuck in real sand, so the teacher and researchers
provided shredded packing peanuts to be used in its place. Rather than KIBO having
to drive over many different rocks, which the children hypothesized would possibly
break KIBO’s wheels, a large rock was used to represent the rock environment;
children would have to program their robots to recognize the rock using one of
KIBO’s sensors and move around it. Finally, the students discovered that leaves
would not harm the robots, so the teacher collected real leaves and brought them
in for the projects. Before taking out the robots, children spent time examining the
objects in each environment in order to help them plan out better programs. Then, the
environments were set up around the room so children could reference them while
they worked on their robots in their groups (Fig. 11.13).

Both children and adults needed to use the engineering design process as they
created their final projects. For example, the sand environment was represented with
the packing peanuts. When children programmed KIBO to travel forward, the robot
would not always go straight because the packing peanuts were slippery and their
size obstructed the motion of KIBO. The teacher herself was an engineer as she
rethought the way the materials would be best used. After trying multiple solutions
and brainstormingwith researchers, she decided to cut the packing peanuts intomuch
smaller pieces so that KIBO could move more easily through this environment. By
doing this, adults modeled the iterative process of engineering and how to problem
solve through a frustrating situation. Additionally, they demonstrated an “everyday”
application of the engineering design process.

Once students finished creating and testing their programs, their next challenge
was to incorporate the visual arts. With modeling clay and other craft materials, they
created models of worms (see Figs. 11.14 and 11.15). However, they were not sure
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Fig. 11.14 Decorations for
the robots

Fig. 11.15 Decorations for
the robots

at first how to securely attach their worms to the robots. The teachers took this as an
opportunity to demonstrate that engineers often borrow and improve on each other’s
ideas by sharing the first-grade class’ creations and suggesting a similar method
of attaching their worms to a plate. This worked well, but students still needed to
troubleshoot strategies so that their decorations would not fall off when the robots
were in motion.

For their final presentations, each group demonstrated their engineering, program-
ming, and science knowledge as they shared their programs for one of the environ-
ments. As they shared, students described their robot’s movements and why they
were unique for that particular terrain. At the end, students had time to discuss the
similarities and differences between the groups’ programs based on the environment
their robot was traveling through. This was a very unique curriculum experience
because students guided much of their own learning. From spontaneously testing
out sensors to deeper discussions of the robotic elements in KIBO, the second-grade
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Fig. 11.16 Second-grade
students presenting their
final projects

Fig. 11.17 Second-grade
students presenting their
final projects

students took their teacher’s plan in a personally meaningful direction based on their
own curiosity (Figs. 11.16 and 11.17).

11.6 Discussion

These three vignettes highlight the iterative process of creating and implementing a
robotics curriculum to not only teach about foundational engineering content, but also
integrate literacy and natural science curricular content. For example, the first-grade
students needed to draw on their scientific knowledge of how their animal moved
during the life cycle before they could effectively represent this with a program.
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Similarly, the kindergarten students needed to be familiar with the sequence and
story line of the Brown Bear, Brown Bear, What do you See? book in order to bring
this story to life with robotics. The final projects exemplify the diversity of creations
and the integration of robotics with traditional early childhood content.

11.7 Curriculum Development

While designing the KIBO curricula presented some challenges, the team of teachers
and researchers were able to successfully implement three unique KIBO curricula
in three different classrooms. The teachers themselves behaved as engineers by fol-
lowing the different stages involved in the engineering design process. They asked
questions such as: What topic do I want to integrate with KIBO, what do I want my
students to learn, and how can I integrate this project with the visual arts? They then
imagined what their students might create, and planned out their curricular ideas,
collaborating with the specialist teachers and researchers. Then, they tested out their
plans as students worked on their final projects, revising and improving the plan as
needed. Finally, teachers shared with one another about how the final projects went,
and began the cycle again by asking questions about what could be done differently
in the future.

Each teacher designed their class’ final projects in a way to meet the unique
needs of their students. First, each project focused on a curricular topic specific to
the classroom. Teachers were given an opportunity to reflect on their current lesson
plans and considerwhich onemight be enhanced through the use of a new technology.
As a pilot project, teachers did not have previous exposure to KIBO, so they could
use this opportunity to explore one topic that they were already familiar with and test
out what did and did not work. Additionally, this gave teachers an additional way to
reinforce fundamental early education topics in a creative way using a new medium:
robotics.

Second, the teachers adjusted the difficulty of the projects’ goals based on the
grade level of the students. For example, the second-grade teacher gave students the
opportunity to create up to three projects, one for each of the worm environments.
Additionally, she specifically designed the rock environment so that students would
need to use a distance sensor, which is one of themore complex concepts of KIBO for
children to understand and program. In contrast, the kindergarten project was much
more straightforward. Children were asked to get their robot to travel in a straight
line from Point A (one picture) to Point B (another picture). Theywere encouraged to
experiment with repeat loops, but they could also successfully complete the program
using basic programming blocks. Then, only once groups demonstrated that the robot
traveled to Point B could they add extra instruction blocks. By adjusting the difficulty,
students were able to successfully create personally meaningful projects.

The teachers discovered that creating appropriate curricula within the allocated
time was not always as straightforward as expected. They learned how important
it is to embrace not always knowing the “right answer,” as well as to iteratively
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problem-solving along with their students. Over the course of the curricula, they had
to adjust their initial approaches to the final project based on observations of their
students and their past teaching experience. They needed to choose a focus for the
final project that could translate well into the physical capabilities of KIBO, as well
as keep their students engaged. Not all teachers use their initial curriculum idea.
For example, the kindergarten teacher originally chose a different story instead of
Brown Bear, Brown Bear for the basis of her curriculum. However, after rereading
the story, she realized that the lack of plot would make it challenging for children
to make creative and personally meaningful projects. She therefore had to go back
to the drawing board and select a new book, which ended up integrating nicely with
the robotics component. This teacher learned the value of changing an idea when it
does not quite fit with the capabilities of the technology. She learned that technology
has the power to bring literacy to life in a new way that is exciting for students.
For the first-grade teacher, she noticed that having each group create four programs,
each one representing a portion of the life cycle, would be too time-consuming and
challenging, so she adjusted the goal to have students demonstratemastery of one part
of one cycle. This teacher learned about the unexpected time constraints that come
with using complex technologies like robotics and how to adapt an initial curriculum
idea to fit within the technological constraints.

11.8 Students’ Learning

Children embraced the engineering design process as they went through the curric-
ula. They had to plan out their programs in their Engineering Design Journals, test
each program iteration, revise it multiple times to make it better, and then share it
with others. They also engineered creative solutions to each of the challenges. The
second-grade students could not have KIBO travel through a rock environment as it
would have damaged the robots, but they were able to get the same point across by
representing it with one big rock. For the first-grade classroom, students could not
actually make their butterflies fly or their frogs hop, so they had to find other ways
to represent these actions with KIBO’s programming blocks. In the kindergarten
classroom, students had to imagine what movements their book characters might do
since it was not specified in the story.

Focusing specifically on programming, students mastered the syntax and rules of
KIBO’s programming language. Eachgrade experimentedwith sensors and advanced
programming concepts in order to create more interactive and engaging projects. For
example, kindergarten students created programs using repeat loops to minimize the
number of Forward blocks that they would need for their programs. Additionally,
they learned multiple ways to assemble sturdy and functional robots using motors,
wheels, sensors, and lights. Their mastery of robotics was demonstrated at the end
of the unit when each group had a functional KIBO robot and a syntactically correct
program to share. During the presentations, each group was able to articulate their
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reasoning behind their programming and construction choices, aswell as demonstrate
their robots in action.

Not onlywere the students exposed to fundamental programming and engineering
concepts and the intended final project topic, but they also engaged with a variety
of other traditional and non-traditional school subjects. Every class incorporated
the visual arts through their robot decorations created using craft and recyclable
materials. Also, all groups had to use estimation, measurement, and counting to
calculate the distance and direction they needed KIBO to move when creating their
programs. Beyond traditional early childhood classroom subjects, students practiced
collaboration byworking in small groups, developed their presentation skills through
sharing their work, and exercised perseverance in the face of challenging activities.
As one teacher stated, the children were “all learners engaged in the project. There
weren’t outliers anywhere because they all found something that they were good at
within the project and it make them feel really confident.”

11.9 Conclusion

The engineering design process was a powerful concept that guided student and
teacher learning through the curricula. While each teacher took a different approach
to the final KIBO projects, all were generally successful at introducing the engi-
neering design process, robotics, and programming with the support of Tufts and
Lesley University researchers. It was helpful to allow teachers to draw on subjects
they were already comfortable teaching (i.e., the natural sciences or literacy) as a
bridge to implementing robotics for the first time. These vignettes illustrate how
easily KIBO integrates with a variety of early childhood curricula and skills that
children are naturally learning at that age. Additionally, it shows how KIBO can
incorporate multiple subjects at once. For example, children may explore mathe-
matical concepts such as estimation to program their robots while they engage in
dramatic play imagining their robot acting out a famous story.

It is easy to see indicators of the children’s success with KIBO in these
vignettes—they were able to successfully program their robots and present complex
work by the end of the curriculum. It is perhaps more difficult to see the learn-
ing process that the teachers engaged with throughout this experience. Much like
the students immersed themselves in the engineering design process, the teachers
also engaged with this iterative process of learning and experiencing failures before
achieving success. Not only were they new to KIBO and faced with the challenge
of mastering a new technology, but they were also new to designing integrative
curricula tying in technology, engineering, and traditional early childhood content.
These vignettes show the benefit of scaffolding the teachers’ learning experience
when embarking on a new technology initiative. In this case, this was done through
support from the Tufts and Lesley research team, but it might also take the form of
professional developments or collaborating with a school’s technology specialist.
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Looking forward, this school is now equipped with three early childhood teachers
who are ready and capable of continuing engineering education in the early grades on
their ownand supporting new teachers joining this initiative.One teacher commented,
“I was so excited about it [KIBO] I decided to share it with my colleagues. I gave
them the opportunity to be the learners and had a little professional development
with them so that they would feel comfortable and be able to overcome that barrier
of being afraid to use it to being excited to use it. By the end of it, they were all saying
they were really excited and can’t wait to give it a try next year.” Whether or not
these young children grow up to be engineers, they have gained the problem-solving,
collaboration, and perseverance skills necessary to excel in literacy, science, the arts,
or any other area they may pursue in the future.
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Chapter 12
Seeds of STEM: The Development
of a Problem-Based STEM Curriculum
for Early Childhood Classrooms

Mia Dubosarsky, Melissa Sue John, Florencia Anggoro, Susmitha Wunnava
and Ugur Celik

Abstract This chapter adds to the body of research on engineering in early child-
hood education by describing the multiple research components associated with the
development of an early childhood engineering curriculum, Seeds of STEM. Since
very few research studies were devoted to the topic of engineering in early childhood,
the Seeds of STEM research team was charged with developing many of the tools
and instruments to be used throughout the project. The chapter describes the research
conducted by the Seeds of STEM team in order to establish the framework for the
curriculum, the development process, evaluation of fidelity of implementation, as
well as the effectiveness of the curriculum. More specifically, the chapter addresses
the following questions on curriculum development research: (a)Who should be part
of the curriculum development team? (b) What is a successful curriculum develop-
ment process? (c) What principles should guide the Seeds of STEM units? (d) How
should the curriculum’s effectiveness be measured? and (e) What measures should
be taken to ensure fidelity of implementation?

12.1 Importance of Early Engineering

Improving science, technology, engineering, and mathematics (STEM) has become
a great concern of researchers, educators, parents, and policy makers (Custer &
Daugherty, 2009; Jenniches & Didion, 2009; Katehi, Pearson, & Feder, 2009;
Schunn, 2009). The focus on STEM is largely related to issues concerning US
competitiveness in the global economy and developing a skilled labor force with
the ability to solve problem and address technological issues (CCNY, 2009; NSB,
2007). However, most efforts to improve STEM education in the USA have been
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limited to mathematics and science (and technology to a lesser degree)—all of
which have a long history of established learning standards in the K-12 grades (Hsu,
Purzer, & Cardella, 2011; National Research Council, 2011). Recently, engineering
education has received increased attention at the K-12 levels (National Academy
of Engineering, 2006; National Academy of Engineering & National Research
Council, 2009; NGSS Lead States, 2013) and engineering education standards
have been adopted by many states. There is also increased interest in the part of
early childhood teachers and administrators in the importance of STEM education
(Lindeman, Jabot, & Berkley, 2013; Moomaw, 2012; Wynn & Harris, 2013).

A child’s academic success is largely dependent on a strong foundation for learn-
ing. The first five years of life are extremely significant for children’s cognitive and
skill development. During these years, young children explore their environments
and use this information to develop language and construct abstract concepts and
theories about the world around them (Bowman, Donovan, & Burns, 2001; Gelman,
1999; French, 2004; Worth, 2010). These early cognitive structures are the founda-
tion for academic learning that includes further development of theories, strategies,
and skills and are characterized as being deeply rooted in the child’s environment
and early interactions (Bowman et al. 2001; Eshach, 2006; French, 2004; Novak,
1977). The richness of the environment, type of interactions, and early experiences
are linked to elaborate cognitive structures and better preparedness for further learn-
ing. In fact, high-quality preschool education has been found to significantly improve
young children’s learning outcomes (Camilli, Vargas, Ryan, & Barnett, 2010; Gorey,
2001; Gormley, Phillips, & Gayer, 2008). In addition, children constantly explore
and question the mathematical and scientific world around them (Bowman et al.,
2001; Brenneman, Stevenson-Boyd, & Frede, 2009; French, 2004; Gelman, 1999;
Worth, 2010), making this period of early childhood ideal for introducing concepts
in STEM and engaging children in developmentally appropriate activities to begin
understanding the world around them.

Early engineering education, the E in STEM, involves the systematic process of
problem solving, which is important for several reasons. First, children have been
described as ‘born engineers’ (Cunningham, 2009). Engineers are problem solvers,
and the engineering design process requires creativity, collaboration, and commu-
nication. Children reason, define problems, manipulate, build and test prototypes,
apply mathematical and scientific concepts, and share their newfound solutions with
friends and family (Christenson & James, 2015). Research shows that when teachers
engage in the engineering design process, children increase in their engagement of
activities, the number of engineering behaviors displayed, and their persistence in
completing activities (Wang et al., 2013). By incorporating engineering concepts into
early education, children are provided with developmentally appropriate knowledge
and skills to further examine the world (Ackerman & Barnett, 2005; Brenneman
et al., 2009).

Second, although engineering overlapswith science, technology, andmath, which
are mostly covered in a typical preschool curriculum (Bagiati & Evangelou, 2015),
some skills and concepts are specific to the engineering field (Schunn, 2009). Engi-
neering is a context-based subject with real-life applications, which appeals to a
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diverse group of students and therefore serves as an anchor for deepening scientific
knowledge (NGSS Lead States, 2013). This notion fits well with the call put forth
by early childhood and cultural education scholars to develop an early childhood
science curriculum that is connected to children’s lives and experiences. Context-
based activities have been shown to engage and include all learners, thus leading
to increased motivation and achievement (Bowman et al., 2001; Lynch, 2001; New,
1999; Warren, Ballenger, Ogonowski, Rosebery, & Hudicourt-Barnes, 2001). Inte-
grating engineering into the early childhood curriculum gives children the opportu-
nity to examine these everyday concepts and build upon them in a new way (Bagiati
& Evangelou, 2015). Research on engineering design projects finds that students
show improved problem-solving skills that are critical in dealing with ambiguity and
solving open-ended and ill-defined problems (Eshach, 2006) and enhance students’
content knowledge and skills in science (Kolodner et al., 2003; Mehalik, Doppelt,
& Schunn, 2008) and mathematics (Hjalmarson, Diefes-Dux, & Moore, 2008). For
preschoolers, such opportunities can increase persistence in completing activities
(Cohen & Uhry, 2011) and better critical thinking and social skills (Stoll, Hamilton,
Oxley, Eastman, & Brent, 2012; Tunks, 2009).

Third, stimulating interest and early exposure to engineering as a career requires
the practice of engineering (Schunn, 2009). Studies show that engineering design
projects enabledmore positive attitudes toward engineering as a career (Cunningham
& Lachapelle, 2010; Kolodner et al., 2003; Mehalik et al., 2008).

Finally, exposure to different problems and the application of science, math,
and technology has the ability to reduce the achievement gap, while simultane-
ously debunk stereotypes and change attitudes and beliefs toward the STEM fields
(Brophy, Klein, Portsmore, & Rogers, 2008). National reports highlight the wide
gap in STEM literacy between low-income and ethnic minority American students
and their White, middle-class American peers. This disparity is well documented
by research from kindergarten to 12th grade, suggesting that gaps in academic and
skill development start during the prekindergarten years. These achievement and
readiness gaps (in reading, math, science, and approaches to learning) are evident as
early as kindergarten and widen as students advance in school (Duncan et al., 2007;
Clasessens, Duncan, &Engel, 2009; Federal Interagency Forum onChild and Family
Statistics, 2013). Additionally, although girls and boys take roughly the same number
of classes in elementary, middle, and high school and are equally prepared to pur-
sue science and engineering majors in college (Hill, Corbett, & St. Rose, 2008; U.S.
Department of Education, National Center for Education Statistics, 2007), fewer girls
than boys decide to major, are retained, and actually go into these fields (Seymour
& Hewitt, 1997; Xie & Shauman, 2003).

Stereotypes of ethnic minorities and women are partly responsible for these dis-
parities (Eccles, Jacobs, & Harold, 1990; Fennema & Sherman, 1977; Jacobs &
Eccles, 1985; Swim, 1994). Stereotyping is not uncommon for 3- to 6-year-olds
(Levitch & Gable, 2016; Piaget, 1961), and this may lead to a fixed mind-set. Early
childhood educators can help children combat stereotypes in the classroom through
increased representation of engineers, engineering problems, and engineering occu-
pations (Care, Denas, & Brown, 2007; Sleeter & Grant, 1999), through the language
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used and the literature selected (Roberts &Hill, 2003; Southern Poverty Law Center,
1997).

In summary, introducingSTEMandespecially engineering during early childhood
education promises to provide young children with the problem-solving skills that
will help them address complex problems and better prepare them for success in
school and life. Early childhood teachers who teach children to solve problems in
a systematic way can also introduce children to possible career opportunities while
debunking stereotypes.

12.2 Research on Engineering Education During Early
Childhood

Despite the promising evidence that introducing STEM/engineering ideas and prac-
tices during the early childhood years supports children’s cognitive development and
positive attitudes toward learning and inquiry (Eshach, 2006; Evangelou, 2010; Katz,
2010; Van Meeteren & Zan, 2010), there is very little STEM or engineering instruc-
tion within the prekindergarten classrooms (Diamond, Justice, Siegler, & Snyder,
2013; Ginsburg, Lee, & Boyd, 2008).

One of the reasons for the lack of STEM and engineering instruction is teachers’
low self-efficacy regarding the teaching of STEM, due in part to a lack of preparation
and shortage of early childhood STEM and engineering curricula (Bagiati, Yoon,
Evangelou, & Ngambeki, 2010; Brenneman, 2011; Greenfiled et al., 2009; New,
1999).

Research on STEM and engineering in early childhood education is also limited.
At the time of writing this chapter, only a few research projects engage in system-
atic study of STEM and engineering during the early childhood years, shedding
light on teaching and learning as well as classroom materials and curricula. These
studies include the development of the Engineering is Elementary (EiE) curriculum
(Cunningham & Lachapelle, 2007, 2010) and the development of a pre-K engi-
neering curriculum (e.g., Bagiati & Evangelou, 2015). Additional early childhood
STEM/engineering research themes include robotics activities (Sullivan, Kazakoff,
& Bers, 2013), STEM during summer camp (Torres-Crespo, Kraatz, & Pallansch,
2014), and a recent guide of PreK-5 engineering curricula (Sneider, 2014).

This chapter adds to the body of research on engineering in early childhood edu-
cation by describing the multiple research components associated with the devel-
opment of an early childhood engineering curriculum, Seeds of STEM. Since very
few research studies were devoted to the topic of engineering in early childhood, the
Seeds of STEM research team was charged with developing many of the tools and
instruments to be used throughout the project. The following sections describe the
research conducted by the Seeds of STEM team in order to establish the framework
for the curriculum, the development process, evaluation of fidelity of implementa-
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tion, as well as the effectiveness of the curriculum. More specifically, the chapter
addresses the following questions on curriculum development research:

1. Who should be part of the curriculum development team?
2. What is a successful curriculum development process?
3. What principles should guide the Seeds of STEM units?
4. What measures should be taken to ensure fidelity of implementation?

12.3 About Seeds of STEM

Teacher (showing a puppet): Goodmorning, friends! Todaywe have a special visitor.
Its name is Problem Panda, and it needs your help. Do you want to meet our guest?
Children: Yes!
Puppet (in a sad voice): Hello, children! My name is Problem Panda and I have a
big problem. I heard that you are learning to solve problems just like engineers, and
I thought perhaps you could help solve my big problem. Can you help me?
Children: Yes, we can help you.
Puppet (happy): Oh, thank you! Yesterday, I was getting ready to go and meet my
friend and I bought a special present for her—a ring. Somehow the ring fell into a
glass of water and was frozen—see? (showing a cup with a ring stuck inside an ice
chunk). Now I can’t take the ring out—what will I do?
Teacher (to children): Let’s put on our ‘engineer’ badges and help Problem Panda.

The vignette above is taken from a video of a Head Start classroom (3- to 5-
year-old children) in Worcester, Massachusetts, testing the second unit of the Seeds
of STEM curriculum. Seeds of STEM is an innovative, research-based curriculum
which focuses on teaching preschool children—and their teachers—the process of
problem solving. The different units of the curriculum are built around the steps of
the engineering design process (EDP). An accompanying character, Problem Panda,
presents to the children a different problem in every unit and engages the children in
the process of understanding the problem and defining criteria for successful solu-
tions, brainstorming solutions, selecting and testing some of the solutions, creating
and revising the solution, and sharing the solution with Problem Panda and other
guests. In addition to teaching children how to solve problems, each unit addresses
a key concept (core idea) in science. For example, the science focus of unit 2, from
which the vignette is taken, is ice and water, solids and liquids, and the engineering
focus is brainstorming and selecting testable solutions. During the first week of
the unit, the children engage in multiple experiences about the ice and water, solids
and liquids, including stories, melting and freezing experiments, sorting, going on a
solid/liquid hunt, and even freeze-dancing. During the second week, Problem Panda
asks the children to help him with a problem: get a valuable item (the ring) out of the
ice without harming it in the process. With guidance from the teacher, the children
practice brainstorming solutions to Panda’s problem. The teacher encourages the
children to propose different solutions based on children’s experimentation with ice
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Table 12.1 Seeds of STEM unit description

Unit Science week Engineering week Main problem

1 Introduction to the problem-solving process Help Panda get out of a box

2 Ice and water (solids and
liquids)

Identify problem,
brainstorm, sort, and vote
on solutions

Panda dropped a ring into a
cup of water that froze!
Help Panda get the ring out
of the ice

3 Habitats Plan and create models Panda’s friend is coming to
visit!
Plan a habitat for Sally
Squirrel

4 The five senses Test and improve solutions Panda wants to play with
his friend
Design a toy for a blind
friend

5 Forces and motion Share solutions with others Panda broke his leg! Design
a device that helps Panda
move

6 Properties of materials The entire process Design a container to send
cookies to a friend who
lives across the river

7 Plant parts and needs The entire process Gladys Goat ate Panda’s
plant!
Design a barrier to protect
plants

8 Light and shadow The entire process Panda wants to play
outside, but it is too hot and
bright!
Design a shade for Panda

and water during the first week, emphasizing that every problem has multiple solu-
tions. The children then define criteria for successful solutions (e.g., not breaking
the ring, melting the ice fast) and sort the solutions into testable and non-testable in
the classrooms. The children then vote on a solution they would like to test first.

Table 12.1 presents the science and engineering focus for each Seeds of STEM
unit.

The Seeds of STEM development process offers a unique model of collaboration
between Worcester Head Start (WHS) teachers and the research team, representing
researchers from Worcester Polytechnic Institute (WPI) and College of the Holy
Cross. During the first two years of the project, the curriculumwas developed through
an iterative process of creation, testing, and revision. Currently, during the third year
of the study, the curriculum is being pilot-tested at a different Head Start program.
The project is supported by a grant from the US Department of Education’s Institute
of Education Sciences (IES, grant # R305A150571) and expected to be completed
in 2019.
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The overarching goal of the project is to support the teaching and learning of
STEM practices in early childhood and, as a result, increase students’ STEM readi-
ness. The curriculum is developed to achieve two main student learning outcomes:

(1) Children who experience the Seeds of STEM curriculum will demonstrate
improved ability to appropriately use STEM vocabulary that is integral to the
engineering design process.

(2) Children who experience the Seeds of STEM curriculum will demonstrate
improved ability to conduct each step of the engineering design process, which
includes the following: define/explain a problem in their own words, propose
multiple solutions to solve the problem, test and improve one solution of choice,
and communicate the solution others.

1. Who Should Be Part of the Curriculum Development Team?

Education research relies on partnerships between researchers and practitioners to
inform practice and enrich the research (Clements, 2007; NRC, 2002). Therefore, a
robust collaboration between the research teamand theWorcesterHeadStart program
was established.

The Seeds of STEM curriculum development team included experts in STEM
education, engineering, cognitive development, and diversity, as well as lead teachers
from the Worcester Head Start program who provided classroom and pedagogy
expertise. The development process was overseen by an advisory board consisting
of early childhood, social science, and engineering experts. The team met monthly
during the curriculum development period.

We believe that this collaborative development model is crucial for the success of
the curriculum.The teachers on the teamare knowledgeable about classroomenviron-
ment, pedagogy, individual children’s abilities and interests, appropriate vocabulary,
attention span, and family involvement. They are also familiar with the daily sched-
ule, the available materials, and other requirements of Head Start programs around
the country. Teachers’ expertise, combined with the research team’s knowledge in
STEM and children’s learning, ensured the accurate matching of the curriculum’s
activities to a real-classroom environment, enhancing feasibility of implementation
and curriculum usability by teachers.

To select teachers for the development team, the researchers defined the following
selection criteria: (1) having a master’s degree, (2) working in Worcester Head Start
for more than one year, (3) mid to high scores on all Classroom Assessment Scoring
System (CLASS) dimensions, (4) good reviews from the teacher’s supervisor, and
(5) teachers’ interest in joining the development team. Based on these criteria, seven
lead teachers from Worcester Head Start were selected for the role of ‘Developer
Teachers’ (DT). The relationship among team members was one of mutual respect.
During unit development meetings, the researchers presented the expected outcomes
for students and teachers, while the teachers proposed activities, stories, and tasks
that lead to such outcomes. Two of the developer teachers also participated in the
final revision of the curriculum, to help make it as ‘teacher-friendly’ as possible.
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Key:
RT – Research Team
DT – Developer Teachers
AB – Advisory Board
CDE – Cognitive Development Expert
DE – Diversity Expert
TT2 – Tester Teachers group 2
TT3 - Tester Teachers group 3

Fig. 12.1 Seeds of STEM curriculum development process

Lastly, the collaboration provided professional growth opportunity for the devel-
oper teachers. Several of the teachers presented at state and national conferences and
participated in the facilitation of Seeds of STEM professional development sessions.

2. What Is a Successful Curriculum Development Process?

Research on curriculum development has shown that an iterative approach to devel-
opment, in which each unit is developed, tested, revised, and tested again, leads to a
high-quality curriculum (Clements, 2007; Diamond & Powell, 2011; Kinzie, Pianta,
Kilday, McGuire, & Pinkham, 2009). This approach is in line with the engineering
design process (EDP) that calls for engaging in a systematic and repetitive process
of testing and revision until the final solution is ready for use.

In accordance with the iterative approach, each unit of the Seeds of STEM cur-
riculum was tested and revised three times during the development process by three
groups of Head Start teachers: the developer teachers (DT) and two groups of tester
teachers (TT2 and TT3). Figure 12.1 provides a visual of the entire process.

The first draft of each unit (V1) was developed collaboratively with the developer
teachers, with the research team defining the standards and learning outcomes to be
addressed, and the teachers proposing books, tasks, activities, songs, and art projects
to meet the defined outcomes. Once the first draft was created, each one of the DT
tested the unit in their classrooms and provided detailed feedback about the activities,
the props, and the engagement of their children with each activity in the unit. During
the testing of the first draft, the advisory board met to provide feedback on the unit;
feedback was also provided by the diversity and cognitive development experts on
the team.

The research team analyzed the feedback from the DT and experts and created
the second version of the unit (V2). The group of tester teachers (TT2) tested
the revised version of each unit in their classrooms and provided detailed feedback
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similar to the DT. The feedback from TT2 was analyzed and compared with video
data from the classrooms and used for the second revision of each unit. Once all
units have been tested and revised twice, the development team reviewed all the
units together to ensure a cohesive flow from one unit to the next. This step proved
to be very important. For example, the character of Problem Panda was only created
during the development of unit 3 (earlier versions of unit 2 had a character named
‘Mr. Problemo’). Once all units were developed, it became clear that Problem Panda
should be present in units 1 and 2 as well. Revisions were made, and the third version
of the curriculum (V3) included Problem Panda as a leading character from the first
unit.

Once revised, a third group of tester teachers (TT3) tested the entire curriculum
in sequence (from beginning to end), in order to assess the cumulative learning
outcomes for children and the flow of the entire curriculum. The group of TT3
was asked to provide detailed feedback about the clarity of instructions and student
outcomes.

Following the third testing and feedback from TT3, the development team and
advisory board finalized the curriculum (V4), to be tested in experimental study by
teachers from a different Head Start program.

3. What Principles Should Guide the Development of Seeds of STEM Units?

Following an extensive review of the literature, the Seeds of STEM research team
defined a set of eight research-based principles to guide the development of the
curriculum and ensure its high quality. The team adapted the Dayton Regional STEM
Center’s Quality STEM Framework (2011) to meet the standards for high-quality
early childhood education. A description of the each of the guidelines follows Table
12.2.

Developmentally appropriate. Head Start classrooms are comprised of children
of various ages and often include a wide range of skills, abilities, and language back-
grounds (Cabell, Justice, Konold, & McGinty, 2011). To ensure that each unit of the
curriculum is developmentally appropriate, the team relied on theNationalHeadStart
Child Development and Early Learning Framework (2010), and the Massachusetts
Framework for Science, Technology, and Engineering for Pre-K (2014) to define the
learning outcomes of the curriculum. The developer teachers proposed activities and
tasks that cater to their multi-age and multi-ability classrooms. Through the iterative
process of trial, feedback, and revisions, we were able to select only the activities
that were proven to engage all children, including children who are dual language
learners (DLLs). To increase engagement with the curriculum, the development team
created a character, Problem Panda (exemplified by a stuffed animal), that visits the
children in each unit to present a new problem.

Culturally responsive. Research shows that cultural contexts affect young chil-
dren’s cognitive, social, and emotional development, as well as their approaches to
learning (Bowman et al., 2001; Genishi & Goodwin, 2008). A school’s culture may
differ greatly from a minority group’s home culture. New (1999) called for early
childhood teachers to embrace children’s home culture and model the coexistence
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Table 12.2 Guidelines for high-quality STEM experiences for early childhood classrooms

1. Developmentally appropriate Seeds of STEM learning experiences provide
children with books, videos, materials, and
tasks that are appropriate for their cognitive
and language development

2. Culturally responsive Seeds of STEM learning experiences are
designed to reflect diversity of gender, ethnic
background, and physical abilities while
allowing access and emphasizing children’s
own culture

3. Application of the engineering design
process

Seeds of STEM learning experiences engage
children in an open-ended, multiple solutions
problem-solving task which requires them to
follow the engineering design process (i.e.,
defining the problem, brainstorming,
researching, creating, testing, improving, and
communicating)

4. Integrity of the academic content Seeds of STEM learning experiences are
content-accurate, aligned with the relevant
content standards, and foundational skills of
Science, Technology, Engineering, and Math
as articulated in pre-K standards and
frameworks

5. Quality of technology integration Seeds of STEM learning experiences are
hands-on in nature and require children to use
variety of tools to solve each problem (e.g.,
scissors, scales, computers, rulers, hand lenses)

6. Connections to Non-STEM disciplines Seeds of STEM learning experiences help
children connect STEM knowledge and skills
with standards from early literacy, art, social,
emotional, and physical education

7. Real-world connections and STEM careers Seeds of STEM learning are driven by a
real-world phenomena, which are familiar and
relevant to the children’s life inside and out of
the classroom
When applicable, quality STEM learning
experiences introduce different STEM careers
and help children understand the roles of
people who work in STEM disciplines

8. Nature of assessment Seeds of STEM units include formative and
summative authentic embedded assessments.
The variety of activities allow children to
demonstrate their understanding in different
ways and allow teachers to record children’s
mastery of learning outcomes
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of different cultures. This allows children of minority cultures to value their home
culture and the school (majority) culture and learn to celebrate the differences in
people’s identities. Cultural-based education recognizes the language, experiences,
values, and knowledge of children, their families, and their communities and includes
elements of children’s home culture into the daily curriculum (Dubosarsky et al.,
2011). The Seeds of STEM curriculum addresses cultural responsiveness by using
books, images, and scenarios that represent a diversity of cultures, allowing children
to identify and feel included in the units, while learning to respect other cultures. In
addition, research suggests that parent–teacher collaboration supports student learn-
ing, and parental involvement is associated with academic and social competence
(Powell, Son, File, & San Juan, 2010). To build on these findings, each unit plan
includes extension activities and home-connection ideas for engaging the family
with the topic of the unit.

Application of the Engineering Design Process. The research team strongly
believes that the process of problem solving is the heart of STEM education, and
therefore, the process should be taught explicitly through the curriculum. The prob-
lems that are presented to the children should be open ended and allow for multiple
solutions. To support the curriculum’s mission of teaching children how to solve
problems, and with full understanding that the process may be too abstract for young
children, Seeds of STEM engages the teachers in creating a visual aid of the problem-
solving process. The visual, which looks differently in each classroom, is introduced
during the first unit and being referred to multiple times in every unit of the cur-
riculum. The teachers created the problem-solving visuals during a workshop, using
vocabulary words and images that fit their students’ understanding. It was impor-
tant to the research team that every classroom team will create their own visual,
thus increasing the ownership of teaching the process. A few examples of teachers’
visuals are found in Fig. 12.2.

Integrity of academic content. Based on the authors’ experience of conducting
STEM professional development workshops with P-12 teachers, often times STEM
projects are designed as ‘add-on’ experiences, for example ‘egg drop’ or bridge-
building challenges, without making clear connection between the STEM challenge
and the instructional core ideas (academic standards). The Seeds of STEM problems
and tasks are aligned with science, math, or literacy standards, in order to make
connections between STEM (engineering in particular) and the rest of the pre-K cur-
riculum and prepare children to become problem solvers in any subject. As described
earlier, each one of the Seeds of STEM units is aligned with NGSS core ideas, as well
as the Massachusetts Framework for Science, Technology, and Engineering for Pre-
K, and the Head Start Framework. The problems presented to the children require
them to apply the science and math concepts for creating successful solutions.

Quality of technology integration. A common misconception held by educators
(and the general public) narrows the definition of technology to digital technology.
However, the technology integration principle calls for using tools, any kind of tool,
that children find useful in solving the problem. These tools may include scissors,
a scale, child-sized hammer, marker, measuring tape, spoon, camera, as well as a
computer or tablet for research. Teachers who follow the Seeds of STEM curriculum

This copy belongs to 'VANC03'



260 M. Dubosarsky et al.

Fig. 12.2 Teacher-created visuals of the problem-solving process

consider the tools that children can use safely and include a plan on teaching the
children how to use these tools.

Connection to non-STEM disciplines. Integration is a key to STEM education and
the curriculum reflects that by using non-STEM context, such as books, videos, sto-
ries, and social studies topics, to generate problems. A study involving kindergarten
students found that integration of science and literacy increased children’smotivation
and engagement in science (Samarapungavan, Mantzicopoulos, & Patrick, 2008).
William Wolfson’s Engineering Lens method (http://www.integratingengineering.
org/index.html) for integrating engineering practices with literacy was used by the
research team during the development process. There are several advantages for the
integration of STEM with literacy: first, greater engagement from teachers, who are
very comfortable with literacy activities. Second, this approach may help overcome
common stereotypes (i.e., engineering is building). Third, using books as a context to
start the problem-solving process allows for the choice of books that represent real-
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world relevance and involving a diverse population of characters. Fourth, adding
books as the context for problem solving assists with daily lesson planning since it
is expected to address literacy daily.

In addition to integration of STEM with literacy, the Seeds of STEM curriculum
includes arts, music, and physical activities. The children go on a force hunt (forces
and motion), shadow hunt (light and shadow), and solid/liquid hunt (ice and water)
around the school and end many of the daily activities with ‘freeze dance’ that helps
emphasize some of the concepts through kinesthetic learning.

Authentic assessment. Since the Seeds of STEM curriculum is centered on STEM
practices, authentic assessments that are embedded in the unit would measure chil-
dren’s mastery of learning outcomes. Each unit plan includes formative assessment
tasks that ask children to explain, demonstrate, or design a solution to a problem. The
teachers document children’s learning by scribing their explanations on the plans.
The teachers also record children’s demonstration of the problem-solving steps and
use of vocabulary in context. Since young children may show evidence of transfer of
the learning during other parts of the day, each unit includes a checklist of learning
outcomes and the teacher is able to record evidence for learning—such as using the
unit’s vocabulary or demonstrating a key skill—throughout the day.

The repetitive nature of the curriculum, and the emphasis of the problem-solving
process, engages the children in solving problems with different contexts. The last
unit of the curriculum also serves as authentic summative assessment, allowing the
teacher to evaluate children’s mastery of the curriculum’s learning outcomes.

4. What Measures Should Be Taken to Ensure Fidelity of Implementation?

Following the completion of the development process, the Seeds of STEM curriculum
is being tested in 17 Head Start classrooms to assess its effectiveness in meeting the
defined student outcomes. In order to evaluate the extent to which the curriculum
was implemented as intended, the team developed measures to gauge the fidelity of
curriculum implementation (FoI). The team defined the problem-solving steps and
the way these steps are being introduced and followed as the critical components of
the curriculum, and developed twomethods to evaluate Seeds of STEM’s FoI: teacher
surveys and observation form.

(1) Teacher survey. During the pilot study, intervention teachers complete a survey
for each unit they teach. In the survey, the teachers provide feedback on the
activities they taught and describe modifications they made during implementa-
tion, including changes to pedagogical strategies or in materials used. Teachers
also report the level of engagement that their students present in each unit’s
critical component.

(2) FoI Observation form. Each Seeds of STEM unit is being videotaped by the
classroom teachers. The video recordings are analyzed using the FoI observa-
tion form. The form development process was initiated by aligning the critical
components with the following areas of curriculum implementation: materials
and resources, duration of activity, format of activity, conceptual accuracy, use
of vocabulary words, teacher’s efforts to engage children, student participation,
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and teacher’s efforts to promote inclusion. These areas were then compared
to the FoI elements found in the literature: adherence, duration and exposure,
quality of delivery, program specificity, and student responsiveness, as well as
with the categorization into structural and instructional components (Century,
Rudnick & Freeman, 2010; O’Donnell, 2008). Through an iterative process,
the areas were narrowed, and indicators for each area of implementation were
refined. An initial seven-point scale was later revised into four categories: no
evidence, low fidelity, medium fidelity, and high fidelity. An iterative process of
developing detailed range descriptors for each area of implementation/indicators
is now complete. In developing the range descriptors, the team worked through
examples, examined sample videos to see if the range descriptors captured the
information accurately, and modified range descriptions accordingly until an
agreement was reached. The goal of this process was to create FoI descriptors
that include concrete and observable actions, behaviors, and language.

5. How Do We Measure the Curriculum’s Effectiveness?

The Seeds of STEM curriculum will be considered ‘effective’ if children who partic-
ipate in the pilot study demonstrate the following goals: (1) improved ability to use
the problem-solving vocabulary in context and (2) improved ability to conduct each
step of the engineering design process.

The first step in developing the assessment was to clearly define the learning
outcomes for eachunit, aswell as for the entire curriculum.Todo so, the research team
reviewed three sets of education standards: The Next Generation Science Standards
(NGSS), the Massachusetts Framework for Science, Technology, and Engineering
for Pre-K, and the Head Start Framework. Analysis of these frameworks resulted
in a defined list of problem solving practices for young children, which became the
curriculum’s learning outcomes. In addition, a list of key problem-solving vocabulary
words was defined and embedded in each unit (Table 12.3).

Assessment of curriculum effectiveness (in the form of mastery of learning out-
comes by the children) is conducted formatively, during each unit of the curriculum,
and summatively, during unit 8.

Formative assessment methods. Two main methods of formative assessment are
being employed as part of the Seeds of STEM curriculum: (1) a teacher checklist
and (2) a rubric for coding observational data. The teacher checklist includes the
specific outcomes and vocabulary words associated with each unit. Pilot teachers are
asked to keep the checklist handy in the classroom and check if they notice that one
or more children correctly use a vocabulary word or show evidence of mastering a
step in the engineering design process. The checklist includes a space for comments,
and teachers are able to provide the context and evidence for their marking. The
rubric for observational data is currently in development. The rubric includes detailed
descriptors that provide observational evidence for learning outcome mastery, in the
form of expressive language, gestures, and student work. Specific activities within
each unit include formative assessment questions and tasks, to be evaluated by the
research team using the rubric.
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Table 12.3 Seeds of STEM learning outcomes

Outcome Definition Assessment Outcome
addressed in
unit

1 Identify a
problem

• Articulate a problem and its
implications

• Formative
• Summative

1–8

2 Ask questions • Explore issues related to the
phenomenon and problem

• Formative
• Summative

1–8

3 Obtain
information

• Use first-hand interaction with
objects and organisms, media,
and books to gather
information

• Collect and document
information

(using senses and tools,
including technology, to gather
information)

• Formative
• Summative
• Artifacts

2–8

4 Analyze
information

• Discuss the meaning and value
of information for solving
problems

• Articulate processes and
relationships

• Formative
• Summative

2–8

5 Brainstorm
and propose
solutions

• Draw on self and others’
knowledge and observations to
come up with multiple
solutions

• Formative
• Summative
• Artifacts

2–8

6 Choose a
feasible
solution

• Review and organize the ideas
• Classify potential solutions
into: ordinary, innovative, and
magical

• Predict outcomes and anticipate
difficulties

• Formative
• Summative

2–8

7 Plan to execute
solution

• Develop a plan for the design of
the solution using simple
materials/equipment

• Investigate materials as needed

• Formative
• Summative
• Artifacts

3–8

8 Design/build a
model of the
solution

• Work with others to select and
use materials to build the
solution

• Formative
• Summative
• Artifacts

3–8

9 Test solution • Implement the design
• Gather data on the effectiveness
of the solution

• Formative
• Summative

4–8

10 Evaluate
solution

• Assess the effectiveness of the
solution in solving the problem

• Identify limitations of the
solution

• Formative
• Summative

4–8

(continued)
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Table 12.3 (continued)

Outcome Definition Assessment Outcome
addressed in
unit

11 Improve
solution

• Address limitations by
modifying existing solution or
developing a new solution

• Retest and evaluate modified
solution

• Repeat steps 9–11 as necessary

• Formative
• Summative

5–8

12 Constructing
explanations

• Look for and describe patterns
and relationships between the
solution, limitations, and the
problem, focusing on
cause-and-effect relationship

• Draw conclusions based on
evidence

• Formative
• Summative

All

13 Share findings • Communicate the entire
problem-solving and design
process
• Articulate findings and
conclusions to peers and teachers

• Formative
• Summative

All

14 Vocabulary Understand and use in the
context of the following words:
engineer, problem, solution,
brainstorm, choose, plan, model,
create, test, improve, share

• Formative
• Summative

Summative assessment methods. The last unit of the curriculum will serve as
summative assessment.While the first five units introduce and guide children through
the process of problem solving, units 6 and 7 allow the children to practice the entire
problem-solving process, and finally unit 8 presents a novel problem and allows
for authentic assessment of children’s transfer of learning. Trained observers will
use a cognitive coding rubric to assess seven dimensions based on the outcomes
checklist (describe/recognize information, identify problem, obtain information/ask
questions, brainstorming, solution planning, solution creating and testing, sharing
findings). This rubric allows the coder to record both the frequency of a behavior,
such as asking a clarifying question, and the level of sophistication within each
dimension. The rubric also allows the coder to record how often target vocabulary
words are repeated and used correctly in a novel context.

A second summative assessment was developed to evaluate children’s recognition
of vocabulary words and the steps of the problem-solving process. This individual
assessment was developed as a short computer game which asks children to identify
pictures of problems and solutions, sequence images of a problem-solving story,
and identify a picture for each vocabulary word. Every child in the intervention and
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control classrooms will play the ‘game’ before and after experiencing the full Seeds
of STEM curriculum.

This chapter described the extensive research associated with the development
of the Seeds of STEM curriculum. The authors hope that the information about the
development team, the iterative development process, the curriculum guidelines,
evaluation of fidelity of implementation, and assessment of the curriculum effec-
tiveness will add to the body of knowledge about STEM and engineering education
research during the early childhood years.

The chapter was initially written during the curriculum development process and
revised to include information about the pilot testing of the curriculum. Currently,
the Seeds of STEM project is in its third year, and several of the research instruments
are being finalized. For themost up-to-date information and publications, please visit
the project Web site: www.seedsofstem.org.
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Chapter 13
Engineering Education in Early
Childhood: Reflections and Future
Directions

Lyn English

Abstract As the chapters in this book illustrate, engineering is a natural feature of
early childhood learning and development. Young children have innate tendencies
to participate in engineering activities, displaying sophisticated design and thinking
processes in doing so. Teachers need support, however, in facilitating this early devel-
opment. The need for more developmentally and culturally appropriate curriculum
resources remains a pressing concern when trying to implement engineering in a
range of early childhood classrooms. Of the numerous areas requiring attention, this
chapter touches on just a few in both reflecting on the current scene and suggesting
recommendations for advancing the field. These include (a) the need to incorporate
both engineering design processes and habits of mind in promoting early engineering
learning, (b) the creation of developmentally appropriate experiences that provide
pedagogical affordances, and (c) the integration of engineering in STEM education,
with extensions to STEAM(science, technology, engineering, the arts,mathematics).

Engineering is a key component of STEM education (science, technology, engineer-
ing, mathematics) and yet remains largely neglected in the early and elementary
years (Aguirre-Munoz & Pantoya, 2016; English, 2016; Watkins, Spencer, & Ham-
mer, 2014). Given the need to provide some foundation for rectifying the current
state of play, this book was developed with contributions from leaders in the field.
As the chapters indicate, engineering is a natural feature of early childhood learning
and development.

Given the innate tendencies of young children to engage in engineering thinking,
teachers need support in facilitating this early development. It seems somewhat para-
doxical that beginning engineering is a natural feature of young children’s learning,
yet the domain has been largely ignored in these informative years. This situation
is perhaps not surprising, given research indicating teachers’ lack of preparedness,
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and hence confidence, in implementing engineering within their classroom curricu-
lum (Crismond&Adams, 2012; Nadelson& Seifert, 2017). Insufficient professional
development opportunities and the lack of suitable curriculum resources exacerbate
the situation. Although the present chapters provide valuable insights into existing
programs and the rich learning experiences they provide, the need for more develop-
mentally and culturally appropriate curriculum resources remains a pressing concern
(Early Childhood STEM Working Group, 2017).

Of the numerous foundational engineering components addressed by the authors,
I touch on just a few in both reflecting on the current scene and suggesting recommen-
dations for advancing the field. Given the scant literature on the topic (and hence,
an impetus for this book), any recommendations are tentative and require further
research and application within diverse educational environments. I give consider-
ation to: (a) the need to include both engineering design processes (e.g., Bagiati &
Evangelou, Chap. 6; English, King, & Smeed, 2017; Estapa & Tank, 2017; Watkins
et al., 2014) and engineering habits of mind in promoting early engineering learn-
ing (e.g., Lippard, Riley, & Lamm, Chap. 3; Lucas, Hanson, & Claxton, 2014); (b)
the creation of developmentally appropriate experiences that provide pedagogical
affordances (Gadanidis, Hughes, Minniti, & White, 2016); and (c) the integration of
engineering in STEM education, with extensions to STEAM (science, technology,
engineering, the arts, mathematics).

13.1 A Focus on Engineering Design and Habits of Mind

Design processes form a key component of beginning engineering learning, yet engi-
neering design is underrepresented in the early and elementary school years. This is
in spite of engineering design being viewed internationally as a foundational, linking
process across the STEM disciplines and not just confined to engineering (Lucas,
Claxton, & Hanson, 2014; Claxton & Lucas, 2015; Next Generation Science Stan-
dards [NGSS], 2014). Various examples and representations of engineering design
appear in the chapters in this book, with a general focus on iterative thinking, that
is, developing a problem solution, testing it, learning from what does not go well,
and trying again. Working in teams and communicating current ways of thinking are
also highlighted (Bryan, Moore, Johnson, & Roehrig, 2016; English & King, 2015;
King & English, 2017).

Engineering “habits ofmind” or engineering thinking underlines design processes
and includes systems thinking, innovative problem finding and solving, visualizing,
and collaborating and communicating (Lucas et al., 2014; English & Gainsburg,
2016). There are several variations of these engineering habits of mind including
Katehi, Pearson, and Feder’s (2009, p. 7) focus on systems thinking, creativity, opti-
mism, collaboration, communication, and ethical considerations. Systems thinking
and creative problem solving appear to be frequently cited as foundational not only in
engineering learning but also across the spectrum of STEM education (e.g., English
& King, 2016). The importance of developing engineering habits of mind is empha-
sized in several chapters including that of Lippard, Riley, and Lamm, who point
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out that such thinking processes are not a set curriculum. Rather, these processes
should be viewed as “developmental outcomes that arise from children’s meaningful
interactions with engineering concepts and activities”. These habits of mind should
thus be embedded and fostered within existing classroom curricula and instructional
practices. The present chapters provide numerous examples of how this approach
could be adopted, with many such approaches capitalizing on children’s literature,
to which I return.

By incorporating engineering design and engineering habits of mind within the
regular classroom curriculum, young children’s conceptual understanding across the
STEM disciplines can be fostered. Ultimately, such conceptual learning should lead
to the development of whatMcKenna (2014) refers to as “adaptive expertise” (p. 232)
involving applying what one learns to new situations. In other words, engineering-
based problems have the potential to encourage young students to “learn from and
about the problem, while continually reflecting on, and possibly reshaping, prior
knowledge and experiences” (McKenna, 2014, p. 232). Early engineering-based
problems that embed design constraints and draw on meaningful interdisciplinary
contexts can assist learners to recognize what knowledge they need to apply to a
new situation. For example, Tank et al. (Chap. 9) illustrate how their PictureSTEM
curricula introduce young students to STEM-based problems where they initially
define and develop a better understanding of the problem being addressed, including
the scientific and mathematical knowledge embedded in the problem. Such knowl-
edge is further developed as students engage in associated mathematics and science
activities, and subsequently learn what is needed in applying design processes to
problem solution. Furthermore, students develop knowledge of ways in which their
design can provide an acceptable and optimum solution.

13.2 Developmentally Appropriate Experiences
with Pedagogical Affordances

Implementing early engineering experiences that capitalize on both the learning
potential of young children and the appealing, multidisciplinary contexts that sup-
port engineering can be challenging but need not be. As repeatedly indicated, engi-
neering links the STEM disciplines and is an ideal vehicle for advancing the natural
curiosity and problem-solving skills that characterize early childhood (e.g., Elkins,
Sullivan, & Bers, Chap. 11). Knowing how to structure STEM activities that lift the
profile of engineering, that are geared toward the child’s world, and that cater for
different developmental levels is paramount. The present chapters provide examples
of guidelines that can be used to structure such experiences, including the “design
parameters” of Cunningham and Lachapelle (Chap. 8) and the activity guidelines
proposed by Dubosarsky et al. (Chap. 12).

Studies conducted by Gadanidis et al. (2016) have revealed how young students’
mathematical learning can be enriched and extended through designing activities
that have core features of: (a) low floors, (b) high ceilings, (c) wide walls, and (d)
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Table 13.1 Learning affordances for early engineering experiences

Low floor Enables young learners to engage in solving an engineering-based
problem for which they have minimal conceptual knowledge and can
tackle the problem at their entry or readiness level

High ceilings Afford learners opportunities to extend their thinking and learning, often
to work with ideas that are beyond their year or grade level. The focus of
the activity then becomes one of learning or idea generation

Wide walls Encourages students to share and communicate their learning not only
within the classroom but also beyond, as they convey to others the
conceptual surprises they have experienced

Conceptual surprise Develops excitement and surprise as new ideas are uncovered

generation of conceptual surprises for both the learners and their teachers. These
pedagogical affordances apply equally to integrated STEM experiences that develop
foundational engineering learning. As applied to such experiences, these affordances
are characterized in Table 13.1.

Engineering experiences that display these learning affordances are ideal for
young children, who are readily capable of dealing with challenging activities that
extend their thinking (e.g., English, 2013, 2016; Ginsburg, 2016; Ginsburg, Cannon,
Eisenband, & Pappas, 2006). As the engineering education literature has shown,
when rich and meaningful contexts are provided, young learners can engage in engi-
neering activities and display impressive learning (Portsmore & Milto, Chap. 10;
Portsmore, Watkins, & McCormick, 2012; Watkins et al., 2014). The second princi-
ple of Portsmore and Milto’s approach draws on this research, with their programs
utilizing meaningful contexts that both capitalize on young learners’ abilities and
enable them to develop their problem-solving skills. Such contexts, illustrated in
Portsmore and Milto’ chapter, enable young learners to engage in engineering activ-
ities with minimal instruction (Portsmore et al., 2012; Watkins et al., 2014). The
teacher serves as a facilitator, responding appropriately to students’ discussions and
solution efforts. An important aspect of this facilitation is the structure of the activity.
By incorporating the foregoing learning affordances into activity design, students’
learning potential can be targeted with all students nurtured to engage meaningfully
and achieve a sense of purpose and accomplishment.

13.3 Integrating Early Engineering Learning Within
a STEAM Curriculum

With the increased attention to improving STEM education, and more recently,
extending this learning to STEAM (incorporating the arts), new avenues have opened
to integrating engineering experiences. As the present chapters have shown, engi-
neering fits in naturally with other disciplines in early childhood programs, despite
the challenges in developing integrative curricula (e.g., English et al., 2017; Johnson,
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Peters-Burton,&Moore, 2016;Nadelson&Seifert, 2017). Compared to other educa-
tional areas, however, research remains limited especially with respect to the positive
learning outcomes that result from STEM integration (Pearson, 2017). Although not
without its difficulties, integrating engineering within early STEM programs would
appear to present fewer challenges than in later grade levels where such approaches
can become more complex and inflexible due to timetable and other restrictions.

It is not the intent of this section to review the numerous articles that have appeared
on STEM integration in recent years (e.g., English et al., 2017; Honey, Pearson, &
Schweingrubwe, 2014; Johnson et al., 2016). Rather, I refer to Nadelson and Seifert’s
(2017) article inwhich theymake the important point that our “age of synthesis targets
new domains of expertise.” Such expertise includes applying seemingly unrelated
information from different disciplines, dealing with the rapid emergence of new
knowledge and technologies, and preparing for transdisciplinary careers. Nadelson
andSeifert’s (2017) definition of integratedSTEMappears appropriate for addressing
the inclusion of engineering within early learning programs:

We define integrated STEM as the seamless amalgamation of content and concepts from
multiple STEM disciplines. The integration takes place in ways such that knowledge and
process of the specific STEM disciplines are considered simultaneously without regard to
the discipline, but rather in the context of a problem, project, or task (p. 221).

Such a perspective does not lose sight of the importance of foundational discipline-
specific knowledge, however. STEM learning requires a mix of integrated and sin-
gular disciplinary experiences; finding the right balance is a key consideration in
curriculum development (e.g., English et al., 2017; Johnson et al., 2016). In the early
childhood years, integrated learning occurs naturally as children undertake class
projects as well as solve problems beyond the classroom. For example, in designing
a hutch for their rabbit, children would need to consider the shape and dimensions
of their structure, suitable materials to use, ways in which their rabbit would enter
and exit the hutch, ways of insulating the hutch, appropriate food supplies, how to
arrange these within the hutch, and so on. Simply providing such experiences with-
out considering how the respective STEM components come together is insufficient.
In other words, integrated STEM needs to be crafted, with special attention given
to how engineering can be highlighted. The use of an appealing context, frequently
supported through the literature, is an essential feature of crafting early engineering
activities.

Also contributing to such a context is the aesthetics domain, which is an under-
represented yet significant component of engineering and engineering education.
Indeed, the recent expansion of STEM to incorporate the arts resulting in the STEAM
acronym (English et al., 2017; Sinclair, 2006) has implications for young children’s
engineering experiences.

Research on aesthetic approaches to teaching children mathematics (e.g., Sin-
clair, 2006) has revealed how young learners can find beauty in the mathematics
they experience, rather than being preoccupied with issues pertaining to “correct-
ness” and to “passing tests.” Fortunately, early engineering provides opportunities for
aesthetically pleasing experiences where young learners can investigate motivating
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real-world problems and create artifacts that hold beauty and personal meaning-
fulness for them. As Sinclair (2006) aptly stated, “The aesthetics judgements they
[children] make contrast to the judgments they may make about whether or not their
work is procedurally correct or acceptable to the teacher” (p. 7). By its very nature,
early engineering experiences are aesthetically enticing; indeed, we can find endless
examples of engineered creations in our world that are designed to be both functional
and aesthetically appealing. The Sydney Opera House (Australia) is a case in point,
where the architect Jorn Utzon’s masterpiece was inspired by nature, its forms, func-
tions, and colors. His design for the Opera House was influenced by bird wings and
the shape and form of clouds, shells, palm trees, and walnuts. In drawing on nature,
Utzon designed a structure that was functional, sustainable, efficient, and beautiful.

Hand-in-hand with aesthetics is children’s literature. Children’s picture story-
books naturally utilize the aesthetics domain and serve as powerful contexts for early
engineering learning. There appear two fundamental ways in which the literature,
specifically children’s picture storybooks, can be used in implementing engineering
activities: general storybooks that do not specifically target engineering but can serve
as a rich springboard for engineering experiences, and engineering-centered story-
books that directly target the engineering domain, togetherwith the STEMdisciplines
more broadly.

13.4 General Children’s Literature: Non-engineering
Specific

Rich opportunities for early STEM learning abound in children’s literature (e.g.,
Columbia, Kim, &Moe, 2005; Luedtke & Sorvaag, 2017). The chapters in this book
provide many comprehensive examples of how the literature in general can provide
stimulating scenarios that are open to exploring engineering ideas. Portsmore and
Milto (Chap. 10) make the important point with respect to their Novel Engineering
program, namely a myriad of books can stimulate engineering design challenges.
Children are prompted to draw on the information in the story lines to identify
engineering problems, such as imagining that the characters need their assistance
in solving a particular dilemma. Children can identify the nature of the dilemma,
the constraints that might exist in finding possible solutions (e.g., limited materials
or tools available, time constraints, ways to avoid predators), and approaches to
tackling the problematic situation. As Portsmore and Milto highlight, by leveraging
existing storybooks teachers can easily integrate Novel Engineering within their
existing curricula and thus customize their approach, especially when they might
lack the confidence or experience in implementing this newdomain. Furthermore, the
integration of early engineering experiences within existing curricula can overcome
concerns regarding time constraints that might occur in an already crowded school
day.

https://doi.org/10.1007/978-981-10-8621-2_10
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Tank et al. (Chap. 9) provide numerous other examples of how the literature can set
the scene for a range of engineering experiences within their PictureSTEM program.
Furthermore, these experiences can be readily combined with teaching phonemes
and word recognition. The use of an engineering design process provides an anchor
and an important link for each lesson within a PictureSTEM unit, thus helping chil-
dren see how their different learning areas are connected and contribute collectively
to the solution of real-world problems. By broadening the ways in which children’s
literature is used, increased opportunities arise for young children to explore engi-
neering in their world. These opportunities can be enriched and supplemented with
children’s books that specifically target engineering and the STEM domains more
broadly.

13.5 Engineering-Centered Children’s Literature

Early childhood literature focusing primarily on engineering experiences is not preva-
lent in the field and is a comparatively recent development. Yet research has indicated
that combining the engineering-centered literature with enhanced classroom conver-
sations and discussion can be effective tools for broadening children’s participation in
engineering education (Aguirre-Munoz & Pantoya, 2016; Cunningham, Lachapelle,
&Davis,Chap. 4). TheEngineering is Elementary program, developed byLachapelle
and Cunningham (e.g., 2014) at the BostonMuseum of Science, is a well-known case
in point. Their program incorporates storybooks that provide examples of characters
solving specific engineering problems (as illustrated in Chap. 4). The first principle
listed in their set of design principles pertains to a narrative context, where the rea-
son for the design challenge must make sense and be meaningful within children’s
world; reading and communication are foundational to these elementary engineering
experiences.

Other engineering-centered children’s literature includes the series developed by
King and Johnston (e.g., 2012, 2014), which takes children on a journey with a
mix of human and animal characters as they solve appealing problems. Children are
encouraged to contribute to the solution process as each new scenario is presented and
hypotheses considered. Problem scenarios are primarily engineering-based but also
incorporate the other STEM areas. The series is aesthetically pleasing as the artwork
is not only designed to captivate young children’s interest but is also a key component
of the problems presented and possible solutions entertained. Figure 13.1 provides
an example of the way in which the artwork serves these two primary purposes.

13.6 Future Actions

Introducing engineering education in the early childhood years has yet to gain sub-
stantialmomentum, at least acrossmanycountries. The chapters in this bookhighlight
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Fig. 13.1 An illustration from Engibear’s Dream (with kind permission from King & Johnston,
2012)

possible reasons for this situation and offer numerous recommendations for advanc-
ing the field more broadly. Although far from exhaustive, two key areas that appear
in need of attention with respect to research, policy, and curriculum development
include: increasing awareness of young children’s competencies in early engineering
and enhancing teacher resources and professional development opportunities.

13.7 Increasing Awareness of Young Children’s
Engineering Capabilities

Despite the almost commonplace use of the STEM acronym, the E often remains
silent, especially in the beginning and elementary years. One could even question
cynicallywhether its role is to complete the acronym rather than signal a core learning
area. The scarce appearance of engineering within early childhood curricula is com-
pounded by beliefs that young children are incapable of tackling the domain. Such a
situation is perhaps not surprising given that young children’s learning potential still
does not receive the recognition warranted (English, 2016; Ginsburg, 2016). Their
capabilities are often masked by standardized tests that explore a narrow range of
reasoning processes and problem-solving skills. AsGinsburg and his colleagues have
argued over many years (e.g., Ginsburg et al., 2006), a good deal of research on early
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mathematics learning has been restricted to an analysis of children’s actual develop-
mental level; this has failed to illuminate their potential for learning under stimulating
conditions that challenge their thinking: Research that focuses on children’s current
knowledge and reasoning is inadequate. Other researchers have likewise warned of
how commonmisconceptions and underestimations of young learners’ developmen-
tal capabilities can hamper the scope of the learning experiences we provide (Moss,
Bruce, & Bobis, 2016; Perry & Dockett, 2008). Although these cases refer specifi-
cally to mathematics learning, they are equally applicable to the engineering domain,
probably more so, given that engineering education is typically viewed as a tertiary
level or secondary school area of study (DiFrancesca, Lee, & McIntyre, 2014).

Unfortunately, there exist few established measures that can reveal the engineer-
ing capabilities of young learners. Purzer and Douglas (Chap. 7) offer a detailed
assessmentmodel for gaining insights into emerging engineering thinking and design
skills, with their “Mosaic Framework” comprising three key principles: (a) a base
of essential learning goals and objectives aligned with the classroom curriculum,
(b) embedded assessment tools that effectively capture evidence of learning, and
(c) professional development that incorporates the interpretation and integration of
multiple assessment forms.

One such important form of assessment is guided observation of children’s experi-
mentations with blocks and other common hands-on equipment. Awealth of insights
into the foundations of early engineering skills can be gained from observing young
children at play. The problem remains, however, of what to look for in such obser-
vations especially for educators who are new to the domain. Examples of obser-
vation protocols are presented in this book, such as that offered by Bagiati and
Evangelou (Chap. 6) in an observational study of children’s informal play. As the
authors illustrate in their detailed protocol, children’s play provides a valuable set-
ting for the learning and development of engineering thinking. The authors present
an important caveat, however, with respect to authenticity in both early childhood
curricula and engineering content: “Any attempt to bring engineering into early edu-
cation must be accompanied by sincere and systematic efforts to educate teachers
so that they may take on the responsibility of introducing engineering in their class-
rooms effectively andwith confidence”. Unfortunately, the professional development
experiences required are scarce, which impede the implementation of beginning
engineering experiences.

13.8 Enhancing Teacher Resources and Professional
Development Opportunities

Educating teachers in early engineering learning is made all the more difficult by the
limited available resources, as Bagiatti and Evangelou (Chap. 6) noted. Without an
increase in the number of worthwhile resources, the advancement of early engineer-
ing will be slowed. Several examples of specifically designed programs for younger
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learners are presented in the chapters, with a focus on developmentally appropriate
experiences that integrate effectively with existing curricula (e.g., Cunningham &
Lachapelle, Chap. 8).

As argued earlier in this concluding chapter, early engineering resources need to
feature pedagogical affordances that not only enable all children to participate, but
also capitalize on their learning potential. The curriculum design parameters that
guide the development of engineering experiences in Cunningham and Lachapelle’s
chapter, for example, illustrate the opportunities that are afforded. Children can
approach their problems in a variety ofways and produce valid and creative solutions.
In so doing, they can improve constructively on failure or dissatisfaction, reflect on
their progress, and generate and test new ideas, approaches, and solutions.

As previously indicated, the PictureSTEM program (Chap. 9) is another example
of resources that teachers can access. The program provides a detailed set of units
each comprising paired reading and STEM lessons. The literature is integratedwithin
STEMandprovides important context, backgroundknowledge, and linking concepts.
The engineering design context is a fundamental linking component across the units.
With the detailed content background, rationale, and lesson structures, the program
can also serve as a template or guideline for the development of other engineering-
based STEM programs. As with each of the programs featured in this book, high-
quality professional development is an integral component.

There is more to professional development, however, than simply providing one-
off sessions to introduce a particular program. Estapa andTank (2017) report research
that highlights the need for sustained, coherent, and collaborative teacher programs
that developmore in-depth understandings of the STEMcontent domains and various
ways of integrating engineering within the disciplines. One of the problems with
many professional development programs is the uncertainty of what specific content
and skills are most effective and how these can be conveyed to upscale the adoption
of integrated STEM programs (O’Brien, Karsnit, Sandt, Bottomley, & Parry, 2014).

An interesting approach adopted in Estapa and Tank’s study engaged triads com-
prising a classroom teacher, preservice teacher, and an engineering fellow in profes-
sional development experiences centered on STEM concepts and the use of engi-
neering design. Ways in which this learning was subsequently implemented in the
classroom were investigated. One of the findings was the difficulty experienced in
forging STEM connections in practice, with the disciplines tending to remain siloed.
Furthermore, engineering content was perceived as a particular skill or practice rather
than as academic content. Assisting teachers in better understanding the nature and
role of engineering learning, together with effective planning and the enactment of
integrated STEM lessons, appears a key area for future research and action.

The foregoing recommended areas for action are by no means exhaustive. Nev-
ertheless, they do highlight some of the key issues demanding attention, not only
from researchers and early childhood educators, but also from policy and curriculum
planning personnel. This book is one attempt to provide research-based, practical
examples of how early childhood programs can capture and build on young chil-
dren’s natural abilities and interest in the field. It is hoped that the chapters provide
the stimulus for further action in such an important domain.
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