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Preface

This report is the final product of a two-year study by the Commit-
tee on Integrated STEM Education, a group of experts on diverse 
subjects under the auspices of the National Academy of Engineering 

(NAE) and the Board on Science Education of the National Research Council 
(NRC). The committee’s charge was to develop a research agenda for deter-
mining the approaches and conditions most likely to lead to positive out-
comes of integrated STEM (science, technology, engineering, mathematics) 
education at the K–12 level in the United States. In fulfilling that charge, the 
committee identified and characterized existing approaches to integrated 
STEM education, in both formal and after-school and informal settings. 
It also reviewed the evidence for the impact of integrated approaches on 
various parameters of interest, such as greater student awareness, interest, 
motivation, and achievement in STEM subjects; improved college-readiness 
skills; and boosts in the number and quality of students who may consider a 
career in a STEM-related field. 

Over the past decade, the STEM acronym has developed wide currency 
in US education and policy circles. Leaders in business, government, and 
academia assert that education in the STEM subjects is vital not only to sus-
taining the innovation capacity of the United States but also as a foundation 
for successful employment, including but not limited to work in the STEM 
fields. Historically, US K–12 STEM education has focused on the individual 
subjects, particularly science and mathematics. Reform efforts, including 
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development of learning standards and, more recently, large-scale assess-
ments, likewise have treated the STEM subjects mostly in isolation. The 
relatively recent introduction of engineering education into some K–12 
classrooms and out-of-school settings and the 2013 publication of the Next 
Generation Science Standards, which explicitly connect science concepts and 
practices to those of engineering, have elevated the idea of integration as a 
potential component of STEM education. Recognizing that education within 
the individual STEM disciplines has great value and that efforts to improve 
discipline-centered teaching and learning should continue, this project 
considers the potential benefits—and challenges—of an explicit focus on 
integration. 

The report’s primary audience is education researchers and those work-
ing in the cognitive and learning sciences. It is these individuals to whom the 
committee’s research agenda is directed. However, the report contains much 
more than the agenda. It should also prove useful to the large, diverse set of 
individuals directly involved in or supportive of efforts to improve STEM 
education in the United States. These include educators, school leaders, cur-
riculum and assessment developers, and those engaged in teacher education 
and professional development, as well as policymakers and employers. 

The committee met five times, sponsored three data-gathering work-
shops, commissioned several reviews of the relevant research, and studied 
a subset of programs and projects judged to be engaged in some form of 
integrated STEM education. Beyond this data gathering, the report reflects 
the personal and professional experiences and judgments of committee 
members.

Although our report falls far short of an unequivocal endorsement of 
integrated approaches to STEM education, I know I speak for my committee 
colleagues in noting the exciting potential of leveraging the natural connec-
tions between and among the four STEM subjects for the benefit of students.

Margaret A. Honey, Chair
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Summary

Education for students in science, technology, engineering, and math-
ematics (STEM) has received increasing attention over the past decade 
with calls both for greater emphasis on these fields and for improve-

ments in the quality of curricula and instruction. In response, numerous 
new instructional materials, programs, and specialized schools are emerging. 
While most of these initiatives address one or more of the STEM subjects 
separately, there are increasing calls for emphasizing connections between 
and among the subjects.

Advocates of more integrated approaches to K–12 STEM education 
argue that teaching STEM in a more connected manner, especially in the 
context of real-world issues, can make the STEM subjects more relevant to 
students and teachers. This in turn can enhance motivation for learning and 
improve student interest, achievement, and persistence. And these outcomes, 
advocates assert, will help address calls for greater workplace and college 
readiness as well as increase the number of students who consider a career 
in a STEM-related field. 

Recently, both the Common Core State Standards for Mathematics 
(CCSSM) and the Next Generation Science Standards (NGSS) have called 
for more and deeper connections among the STEM subjects. The NGSS 
explicitly includes practices and core disciplinary ideas from engineering 
alongside those for science, raising the expectation that science teachers will 
be expected to teach science and engineering in an integrated fashion.
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Despite the rise in interest in providing students with learning experi-
ences that foster connection making across the STEM disciplines, there is 
little research on how best to do so or on what factors make integration 
more likely to increase student learning, interest, retention, achievement, or 
other valued outcomes. Recognizing the need for a more robust evidence 
base, the National Academy of Engineering (NAE) and the Board on Science 
Education of the National Research Council (NRC) convened a committee to 
examine current efforts to integrate the STEM disciplines in K–12 education 
and develop a research agenda that, if carried out, could provide the data 
needed to inform such efforts going forward. 

The NAE/NRC Committee on Integrated STEM Education was charged 
with 

•	 identifying and characterizing existing approaches to integrated 
STEM education, both in formal and after-/out-of-school settings, 

•	 reviewing the evidence for the impact of integrated approaches on 
various student outcomes, and

•	 determining a set of priority research questions to advance under-
standing of integrated STEM education.

Descriptive Framework

Far from being a single, well-defined experience, integrated STEM education 
includes a range of different experiences that involve some degree of connec-
tion. The experiences may occur in one or several class periods, throughout 
a curriculum, be reflected in the organization of a single course or an entire 
school, or be encompassed in an out-of-school activity. Each variant of inte-
grated STEM education suggests different planning approaches, resource 
needs, implementation challenges, and outcomes. 

To make sense of this confusing landscape, the committee developed a 
descriptive framework. The framework is meant to provide a common per-
spective and vocabulary for researchers, practitioners, and others to identify, 
discuss, and investigate specific integrated STEM initiatives within the K–12 
education system of the United States. Although potentially a very large 
number of variables could be incorporated into such a framework, the com-
mittee chose to focus on four high-level features: goals, outcomes, nature of 
integration, and implementation.
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Goals identified in the framework include building STEM literacy 
and 21st century competencies; developing a STEM-capable workforce; 
and boosting interest and engagement in STEM. In terms of outcomes, 
the framework considers learning and achievement; STEM course taking; 
STEM-related employment; development of “STEM identity”; and the abil-
ity to transfer understanding across STEM disciplines. Regarding the nature 
and scope of integration, the framework addresses which subjects are con-
nected; which disciplines are dominant; and the duration, size, and complex-
ity of an initiative. With respect to implementation, the framework focuses 
on instructional designs involving problem-based learning and engineering 
design; the type of educator supports present, such as pre- and in-service 
professional development and development of professional learning com-
munities; and adjustments to the learning environment, such as extended 
class periods, extended lesson planning, team teaching, and partnering 
between STEM educators working in and outside of schools.

Research on the Impacts of  
Integrated STEM Education

In reviewing the literature, the committee focused on research related to the 
potential impact of integrated STEM education in two areas: learning and 
achievement, and interest and identity. Looking across studies, the integra-
tion of STEM concepts and practices has the promise to lead to increased 
conceptual learning within the disciplines. However, the positive impact on 
learning appears to differ for science and mathematics, with less evidence of 
a positive impact on mathematics outcomes, based on current assessments 
for those subject areas, which might not fully capture integrated learning 
in STEM. For both science and mathematics, the impact on learning and 
achievement depends on the approach to integration and the kinds of sup-
ports that are embedded in the experience and provided through instruction. 
Integrated STEM education also shows promise of supporting knowledge 
gains in engineering and technology. Given the small number of studies, 
generally small sample sizes, and reliance on pre- and post-study designs, 
however, these potentially promising findings must be interpreted cautiously.

There are indications that integrated STEM experiences can support 
interest development, but research studies vary considerably in quality and 
often do not take into account the different phases of interest development, 
limiting what can be concluded from this work. Integrated STEM education 
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experiences may provide opportunities for students to engage in STEM in 
ways that potentially transform their identities with respect to the STEM 
subjects. This effect may be particularly strong for populations that have 
historically struggled in STEM classes and that are historically underrep-
resented in STEM programs in higher education and STEM professions. 
However, studies on identity in the context of integrated STEM education 
are few, and most of them are qualitative in nature. In addition, outcomes 
focused on interest and identity are more commonly measured in after- and 
out-of-school settings than in the context of formal classrooms. 

Implications of Research for the Design of  
Integrated STEM Education

In addition to reviewing research related to outcomes, the committee exam-
ined research from cognitive psychology, the learning sciences, and educa-
tional psychology—as well as from studies focused specifically on integrated 
STEM education—for clues about factors that may help explain the potential 
benefits and challenges posed by integration. 

From the perspective of what is currently known about cognition and 
learning, integration may be effective because basic qualities of cognition 
favor connected concepts over unconnected concepts so they are better orga-
nized for future retrieval and meaning making. It is these connected knowl-
edge structures that can support learners’ ability to transfer understanding 
and competencies to new or unfamiliar situations. In addition, being able 
to represent the same concept within and across disciplines in multiple 
ways—for example, visually, in physical form, and in writing—can facilitate 
learning, research shows. But integration can also impede learning because 
it can place excessive demands on resource-limited cognitive processes, such 
as attention and working memory. 

Though fundamental to all learning experiences, social and cultural 
experiences such as those which require students to work with each other 
and actively engage in discussion, joint decision making, and collaborative 
problem solving may be particularly important in integrated learning. Some 
social processes can support learning through deliberate efforts to convey 
knowledge and strategies to children. Techniques such as scaffolding and 
peer collaboration can help students be successful with challenging tasks 
and move beyond their current state of knowledge.



Copyright © National Academy of Sciences. All rights reserved.

STEM Integration in K-12 Education:  Status, Prospects, and an Agenda for Research

SUMMARY	 5

One hallmark of integrated approaches, though not unique to them, is 
the use of real-world situations or problems. Although these contexts can 
bring STEM fields alive for students and have the potential to deepen their 
learning, they may also pose challenges to students. For instance, there is 
evidence that use of detailed concrete situations that include rich perceptual 
information can prevent students from identifying the abstract structural 
characteristics that are needed to transfer their experiences to other settings. 

Taken together, the findings from research have implications for the 
design of integrated STEM education initiatives. Three key implications are: 

1.	 Integration should be made explicit. Observations in a number of 
STEM settings show that integration across representations and 
materials, as well as over the arc of multi-day units, is not spontane-
ously made by students and therefore cannot be assumed to take 
place. This highlights the importance of designing integrated expe-
riences that provide intentional and explicit support for students 
to build knowledge and skill both within the disciplines and across 
disciplines. In many integrated STEM experiences, such supports are 
missing or only implicitly embedded within the classroom activities 
or the CAD software, measurement instruments, and computational 
tools used in the classroom. 

2.	 Students’ knowledge in individual disciplines must be supported. 
Connecting ideas across disciplines is challenging when students 
have little or no understanding of the relevant ideas in the individual 
disciplines. Also, students do not always or naturally use their dis-
ciplinary knowledge in integrated contexts. Students will thus need 
support to elicit the relevant scientific or mathematical ideas in an 
engineering or technological design context, to connect those ideas 
productively, and to reorganize their own ideas in ways that come 
to reflect normative, scientific ideas and practices. 

3.	 More integration is not necessarily better. The potential benefits and 
challenges of making connections across the STEM subjects suggest 
the importance of a measured, strategic approach to implementing 
integrated STEM education that accounts for the potential trade-
offs in cognition and learning. 
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Context for Implementing Integrated  
STEM Education Experiences

Three contextual factors are likely to present both opportunities and chal-
lenges to the implementation of integrated STEM education at the K–12 
level: standards, assessments, and educator supports.

The recently published CCSSM and the NGSS have the potential to focus 
educators on helping students make connections across the disciplines. The 
committee recognizes that not all states will adopt the CCSSM or the NGSS. 
However, the underlying principles that inform both sets of standards are 
likely to influence approaches to mathematics and science education, even in 
those states that do not formally adopt the new standards. These underlying 
principles include active engagement of students in authentic tasks, support 
for development of conceptual knowledge and reasoning, and application of 
knowledge in real-world contexts. 

One challenge of taking advantage of the opportunities for integration 
presented by the CCSSM and NGSS is attending to developing disciplinary 
knowledge while also supporting students in making connections across 
disciplines. This concern is highlighted by research showing that curricula 
integrating mathematics or science with other STEM subjects are less likely 
to produce positive learning outcomes in mathematics than they are in sci-
ence, although effect sizes can vary greatly depending on how science and 
mathematics are offered (sequentially, in parallel, together and separately, 
or together either with one subject as the dominant theme of the lesson 
or with both subjects completely integrated—see Chapter 3 for additional 
details). A second challenge is presented by the partial overlap in some of 
the practices identified in the CCSSM and NGSS, where the same terms 
have different meanings for experts in different fields. For example, argu-
mentation in mathematics differs from argumentation in science. In order 
for students to engage in argumentation in both disciplines, they will need 
to understand what makes scientific arguments different from mathemati-
cal arguments.

Assessments—from formative assessment at the classroom level to 
large-scale state assessment for accountability—have the potential to limit 
the extent to which integrated STEM can be incorporated into K–12 educa-
tion. Existing assessments tend to focus on knowledge in a single discipline. 
Furthermore, they typically focus on content knowledge alone and give little 
attention to the practices in the disciplines and applications of knowledge. 
In terms of innovative approaches, large-scale assessments pose the biggest 
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challenges, though some innovative examples do exist, such as the National 
Assessment of Educational Progress (NAEP) probe assessment of technol-
ogy and engineering literacy being fielded in a sample of US eighth graders 
in 2014. Other potential models of assessments that might be adapted to 
address STEM integration include the recently restructured advanced place-
ment (AP) biology exam from the College Board and the computer-based 
tasks on the 2009 NAEP Interactive Computer and Hands-On Tasks Science 
Assessment. More generally, digital and networking technologies have the 
potential to expand the range of outcomes (e.g., progressions of integrated 
STEM learning) that can be measured. 

The expertise of educators working in classrooms and in after-/out-of-
school settings is a key factor—some would say the key factor—in determin-
ing whether integrated STEM education can be done in ways that produce 
positive outcomes for students. One limiting factor to teacher effectiveness 
and self-efficacy is teachers’ content knowledge in the subjects being taught. 
For example, most K–12 science and mathematics teachers have taken fewer 
courses in the subject area(s) in which they were prepared than are recom-
mended by their respective teacher professional associations, and many have 
taken few courses in other areas of STEM. The small amount of available 
data for K–12 technology teachers, many of whom are providing engineering 
instruction, suggests their preparation in mathematics and science is quite 
limited. Furthermore, surveys find that teachers of K–12 mathematics and 
science lack confidence in their ability to teach engineering. 

Apart from subject-specific content knowledge, the ability and confi-
dence to teach across subjects will be critical for educators called upon to 
deliver integrated K–12 STEM education. Educators will need to know how 
to provide instructional supports that help students recognize connections 
between disciplines, and they will need to support students’ developing pro-
ficiency in individual subjects in ways that complement students’ learning 
through integrated activities. At the present time, very few teacher educa-
tion programs around the country are making efforts to prepare prospec-
tive teachers with appropriate content knowledge in more than one STEM 
subject. A larger number of programs provides in-service professional 
development related to integrated STEM education; most of these efforts are 
connected to existing curriculum projects.

Although perhaps obvious, it is worth noting that many of the changes 
likely to be needed to successfully implement integrated STEM education 
will require additional financial resources. Money, as well as time and plan-
ning, will be required to help educators acquire content and pedagogical 
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content knowledge in disciplinary areas beyond their previous education or 
experience. And funds will be needed to design, pilot test, and implement 
any large-scale assessment. 

Recommendations

The committee developed 10 recommendations: two directed at multiple 
stakeholders in K–12 integrated STEM education; four directed at those 
involved in designing integrated STEM education initiatives; one intended 
for those charged with developing assessments; and three that target 
researchers. In the full report, the recommendations appear in Chapter 6 in 
an order different from that presented here. For clarity, the number of the 
recommendation as it appears in the full report is indicated.

Recommendations for Multiple Stakeholders

Researchers, program designers, and practitioners focused on integrated STEM 
education, and the professional organizations that represent them, need to 
develop a common language to describe their work. This report can serve as a 
starting point. (Recommendation 2)

To allow for continuous and meaningful improvement, designers of integrated 
STEM education initiatives, those charged with implementing such efforts, and 
organizations that fund the interventions should explicitly ground their efforts 
in an iterative model of educational improvement. (Recommendation 10) 

Recommendations for Designers of  
Integrated STEM Experiences

Designers of integrated STEM education initiatives need to be explicit about 
the goals they aim to achieve and design the integrated STEM experience 
purposefully to achieve these goals. They also need to better articulate their 
hypotheses about why and how a particular integrated STEM experience will 
lead to particular outcomes and how those outcomes should be measured. 
(Recommendation 5)
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Designers of integrated STEM education initiatives need to build in opportu-
nities that make STEM connections explicit to students and educators (e.g., 
through appropriate scaffolding and sufficient opportunities to engage in activi-
ties that address connected ideas). (Recommendation 6)

Designers of integrated STEM experiences need to attend to the learning goals 
and learning progressions in the individual STEM subjects so as not to inad-
vertently undermine student learning in those subjects. (Recommendation 7) 

Programs that prepare people to deliver integrated STEM instruction need 
to provide experiences that help these educators identify and make explicit to 
their students connections among the disciplines. These educators will also need 
opportunities and training to work collaboratively with their colleagues, and in 
some cases administrators or curriculum coordinators will need to play a role 
in creating these opportunities. Finally, some forms of professional development 
may need to be designed as partnerships among between educators, STEM pro-
fessionals, and researchers. (Recommendation 8) 

Recommendation for Assessment Developers

Organizations with expertise in assessment research and development should 
create assessments appropriate to measuring the various learning and affective 
outcomes of integrated STEM education. This work should involve not only 
the modification of existing tools and techniques but also exploration of novel 
approaches. Federal agencies with a major role in supporting STEM education in 
the United States, such as the Department of Education and the National Science 
Foundation, should consider supporting these efforts. (Recommendation 9)

Recommendations for Researchers

In future studies of integrated STEM education, researchers need to document 
the curriculum, program, or other intervention in greater detail, with particu-
lar attention to the nature of the integration and how it was supported. When 
reporting on outcomes, researchers should be explicit about the nature of the 
integration, the types of scaffolds and instructional designs used, and the type 
of evidence collected to demonstrate whether the goals of the intervention were 
achieved. Specific learning mechanisms should be articulated and supporting 
evidence provided for them. (Recommendation 1) 
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Study outcomes should be identified from the outset based on clearly articulated 
hypotheses about the mechanisms by which integrated STEM education sup-
ports learning, thinking, interest, identity, and persistence. Measures should be 
selected or developed based on these outcomes. (Recommendation 3)

Research on integrated STEM education that is focused on interest and iden-
tity should include more longitudinal studies, use multiple methods, including 
design experiments, and address diversity and equity. (Recommendation 4)

Research Agenda

To help guide future research, the committee posed questions aligned to the 
descriptive framework that, if addressed, have the potential to provide useful 
data for advancing the quality and effectiveness of integrated K–12 STEM 
education in the United States. The questions fall under three broad catego-
ries referenced earlier: outcomes of integrated STEM education, the nature 
of integrated STEM education, and design and implementation of integrated 
STEM education. Within each category, specific research questions are iden-
tified. For example, “What instructional approaches or contexts are most 
likely to lead to student outcomes related to making connections between 
and among the STEM disciplines?” And, “How should integrated STEM 
experiences be designed to account for educators’ and students’ varying levels 
of experience with integrated learning and STEM content?” Taken together, 
the questions comprise a research agenda for integrated STEM education. 

Final Thoughts

There is much more that can and should be learned about the outcomes, 
nature, and design and implementation of integrated STEM education. This 
should not discourage those designing, implementing, or studying integrated 
STEM education programs. On the contrary, our findings, recommenda-
tions, and research agenda strongly suggest the potential of some forms of 
integrated STEM education to make a positive difference in learning, inter-
est, and other valued outcomes. 

The level of evidence gathered by the committee is not sufficient to sug-
gest that integrated STEM education could or should replace high-quality 
education focused on individual STEM subjects. Indeed, integrated STEM 
education requires that students hone their expertise in the very disciplines 
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that are being connected. However, parts of the STEM education community 
are already moving toward integration. This suggests that the energy, creativ-
ity, and resources of researchers, practitioners, and concerned funders should 
be directed at generating more thoughtful, high-quality, and evidence-based 
work exploring the benefits and limitations of integrated STEM educa-
tion. Given the inherent complexities, it will not be a surprise to find that 
designing and documenting effective initiatives will be time consuming and 
expensive. Despite these challenges, the possibility of adding new tools to the 
STEM education toolbox is exciting and should be coupled with rigorous 
research and assessment of implementation efforts.
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1

Introduction

Education in science, technology, engineering, and mathematics has 
received growing attention over the past decade, with calls both for 
greater emphasis on these fields and for improvements in curricula 

and instruction within and across them. In the policy arena and increasingly 
among educators, these subjects together are referred to as STEM (Box 1-1). 

Multiple reports issued by influential education, policy, and business 
groups have argued the case for expanding and improving STEM education 
(e.g., AAAS 1990, 1993; Carnegie Corporation 2009; Council on Competi-
tiveness 2005; NCMSTC 2000; NGA 2007; NRC 1996, 2007a, 2012a; NSB 
2007; PCAST 2012). Among other things, the case rests on the idea that a 
STEM education can lead to productive employment and is critical to the 
nation’s innovation capacity. And many employers and public officials have 
come to believe that all people, particularly young people, needs to have some 
degree of scientific and technological literacy in order to lead productive lives 
as citizens, whether or not they ever work in a STEM-related field. In today’s 
science- and technology-rich society, such literacy is important to being a 
smart consumer and thoughtful participant in democratic decision making 
and to making sense of the world more generally. Thus STEM education 
serves to prepare a scientific and technical workforce, where integration is 
becoming increasingly common in cutting-edge research and development 
(Box 1-2), as well as a scientifically and technologically literate and more 
informed society. 



Copyright © National Academy of Sciences. All rights reserved.

STEM Integration in K-12 Education:  Status, Prospects, and an Agenda for Research

14	 STEM INTEGRATION IN K–12 EDUCATION

BOX 1-1 
The Four STEM Disciplines

Science is the study of the natural world, including the laws of nature 
associated with physics, chemistry, and biology and the treatment or 
application of facts, principles, concepts, or conventions associated with 
these disciplines. Science is both a body of knowledge that has been 
accumulated over time and a process—scientific inquiry—that gener-
ates new knowledge. Knowledge from science informs the engineering 
design process.

Technology, while not a discipline in the strictest sense, comprises the 
entire system of people and organizations, knowledge, processes, and 
devices that go into creating and operating technological artifacts, as well 
as the artifacts themselves. Throughout history, humans have created 
technology to satisfy their wants and needs. Much of modern technol-
ogy is a product of science and engineering, and technological tools are 
used in both fields.

Engineering is both a body of knowledge—about the design and cre-
ation of human-made products—and a process for solving problems. This 
process is design under constraint. One constraint in engineering design 
is the laws of nature, or science. Other constraints include time, money, 
available materials, ergonomics, environmental regulations, manufactur-
ability, and reparability. Engineering utilizes concepts in science and 
mathematics as well as technological tools.

Mathematics is the study of patterns and relationships among quanti-
ties, numbers, and space. Unlike in science, where empirical evidence 
is sought to warrant or overthrow claims, claims in mathematics are war-
ranted through logical arguments based on foundational assumptions. 
The logical arguments themselves are part of mathematics along with the 
claims. As in science, knowledge in mathematics continues to grow, but 
unlike in science, knowledge in mathematics is not overturned, unless 
the foundational assumptions are transformed. Specific conceptual cat-
egories of K–12 mathematics include numbers and arithmetic, algebra, 
functions, geometry, and statistics and probability. Mathematics is used 
in science, engineering, and technology.

SOURCE: Adapted from NRC (2009).
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BOX 1-2 
The New Biology

. . . (t)he essence of the New Biology is integration––re-integration of the 
many subdisciplines of biology, and the integration into biology of physi-
cists, chemists, computer scientists, engineers, and mathematicians to 
create a research community with the capacity to tackle a broad range 
of scientific and societal problems.

SOURCE: NRC (2009, p. vii).

Efforts to improve science and mathematics education in grades K–12 
are not new. Since the 1960s these efforts have included curriculum devel-
opment projects, professional development networks, and the creation of 
national standards documents (e.g., AAAS 1993; NCTM 1989; NRC 1996). 
The release of the Common Core State Standards for Mathematics (NGACPB 
2010) and the Next Generation Science Standards (NGSS; Achieve 2013), 
the latter modeled on A Framework for K–12 Science Education: Practices, 
Crosscutting Concepts, and Core Ideas (NRC 2012a), have further focused the 
nation’s attention on teaching and learning of these subjects. In engineering 
and technology the emphasis has been on expanding attention to these disci-
plines at the pre-college level, including through development of educational 
standards (e.g., ITEEA 2000), and making the case that exposing students to 
the E and T of STEM has the potential to improve learning of science and 
mathematics (NAE and NRC, 2009). 

Yet, despite the increased attention to STEM in policy and funding 
arenas, there remains some confusion about STEM, the individual subjects, 
the combination of the subjects, and even what constitutes STEM.1 In par-
ticular, recent use of the term has raised interest in whether there is some-
thing to be gained from considering the disciplines together, as somehow 
connected or integrated, rather than continuing to look at each separately 
in both teaching and learning. This report examines current initiatives in 
integrated STEM education and the evidence of their impacts. 

1  It is worth noting that while the STEM acronym is gaining currency in policy and 
education circles, many Americans do not associate the term with education at all but with 
very different ideas, such as stem cell research and a part of a plant (Keefe 2009).



Copyright © National Academy of Sciences. All rights reserved.

STEM Integration in K-12 Education:  Status, Prospects, and an Agenda for Research

16	 STEM INTEGRATION IN K–12 EDUCATION

STEM in the K–12 Curriculum

Efforts to make connections among the STEM subjects are complicated by 
the history of the K–12 curriculum and the “place” of each of the disciplines 
within it. The roots of today’s curriculum date back to the work of the 
Harvard Committee of Ten (NEA 1894), which stressed learning in discrete 
subject areas. This focus on individual disciplines is important, because there 
is great complexity and much to be understood about how students acquire 
knowledge and skills in each area. Each discipline comprises a knowledge 
base, specialized practices, and particular habits of mind. It seems appropri-
ate and necessary, then, that efforts to understand and improve discipline-
focused STEM education continue.2 At the same time, the historical focus 
on the individual disciplines, which has influenced decades of curriculum 
development and teacher education, presents practical challenges to making 
cross-disciplinary connections in K–12 STEM education.

Mathematics Education

Mathematics instruction—commonly addressing arithmetic, geometry, 
algebra, trigonometry, and calculus—has been a regular part of K–12 educa-
tion in the United States since the early 1900s (Stanic and Kilpatrick 1992). 
During the elementary years the same teacher usually teaches all of the 
core subjects, including mathematics. Since the 2001 No Child Left Behind 
(NCLB) Act required regular testing in mathematics, the subject has received 
greater attention in elementary school, though it still is not typically given as 
much time in the school day as reading and language arts. For example, on 
the 2011 National Assessment of Educational Progress, 4th-grade teachers 
reported the amount of instructional time in each subject. In reading, 49 per-
cent of teachers reported providing more than 10 hours per week of language 
arts instruction, whereas only 29 percent of teachers reported spending more 
than 7 hours per week on mathematics instruction—most (59 percent) 
reported spending 5 to 6.9 hours per week (Ginsberg and Chudowsky 2012)

Starting in middle school or junior high and continuing into high 
school, mathematics is taught as separate classes with specialized teachers. 
Most states require proficiency in algebra in order to graduate from high 
school, and students often follow different mathematics sequences that vary 
in content and level or rigor.

2  Such efforts at the undergraduate level are synthesized in NRC 2012b.
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As of 2008, the 43 states with graduation requirements in mathematics 
required at least two years of courses in that subject (with one exception, 
Illinois, which required only one year) (NSF 2012).

Science Education

Science education—commonly addressing biology, chemistry, physics, and 
Earth and space sciences—although not as prevalent in US schools as math-
ematics education, also has been a regular part of most K–12 students’ school 
experiences. However, science has not typically received much attention in 
elementary school, particularly in grades K–2. It is usually taught by the 
same teacher who teaches reading, mathematics, and social studies. As with 
mathematics, specialized science classes begin in middle/junior high school. 

The 44 states with science graduation requirements required two or 
more years of courses in that subject (NSF 2012). Testing in science under 
NCLB was mandated later (2007) than for mathematics and reading (2003) 
and at a much lower frequency. Unlike the testing for mathematics and read-
ing, science was never part of the “adequate yearly progress” requirement that 
holds schools accountable for students’ progress from year to year. Over the 
past decade, there has been a trend in elementary schools toward spending 
less time on science and more time on reading and mathematics, presumably 
due at least in part to the NCLB legislation (Blank 2012).

Technology Education

Education related to technology—the T in STEM—is interpreted and 
addressed in a variety of ways. Prior to the mid-1980s the school subject 
known as technology education was called industrial arts and, before that, 
manual arts. Some current versions of technology education are similar to 
and often confused with vocational education, which has a long and sepa-
rate history in the United States as a trade or job skills program. In the past 
decade, however, much of vocational education has been adopting a more 
academic program of study, including material related to the STEM subjects, 
under the label of career and technical education, or CTE. 

Moreover, technology teachers today are a varied group. Some oversee 
traditional laboratories where students build artifacts from wood, metal, 
plastic, and other materials. Others present a broader perspective on tech-
nology and its interaction with society, viewing technology as key to under-
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standing topics such as manufacturing, construction, transportation, and 
telecommunication. Over the past decade, prompted in part by publication 
of the Standards for Technological Literacy (ITEEA 2000) and the develop-
ment of national programs such as Project Lead the Way,3 some technology 
teachers have begun to teach engineering.

Another interpretation of the T in STEM is what many refer to as edu-
cational, or instructional, technology. Over the years, such technologies 
have included filmstrips, movies, television, videos, and learning aids such 
as calculators and electronic white boards. Arguably, the most influential 
educational technologies to date are the personal computer and the Internet, 
including online resources and educational software. Continual improve-
ments in processing speeds and data storage, lower price points, the advent 
of the fast, wireless Internet, and cloud computing have combined to make 
PCs (as well as laptops, tablet computers, and smartphones) a central tool 
for learning both in and out of the classroom. 

Computers, software, sensors, and other data collection instruments are 
also a major component of yet a third interpretation of technology relevant 
to STEM education: the tools used by practitioners of science, mathematics, 
and engineering. These tools include everything from scales used to accu-
rately measure the volume or mass of substances, to microscopes and tele-
scopes used to study very small and very far objects, to supercomputers used 
to model complex phenomena such as weather, and particle accelerators that 
reveal the tiniest building blocks of matter.

Engineering Education

The newest and least developed component of the STEM quartet at the 
K–12 level is engineering. Its footprint in elementary and secondary schools 
is much smaller than those of mathematics, science, and technology. Most 
of the growth in efforts to teach engineering to children has occurred over 
the past 15 years, as a number of engineering-focused curricula have been 
designed and implemented in elementary and secondary schools across the 
nation (see NAE and NRC 2009 for more information about these efforts). 
And a small but growing number of initiatives is providing professional 
development to teachers to enable them to engage students in engineering 
activities. 

3  More information about this initiative is available at www.pltw.org/. 
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There is no formal agreement on what constitutes engineering knowl-
edge and skills at the K–12 level, but there is growing recognition of the 
importance of the engineering design process and of concepts such as con-
straints, criteria, optimization, and trade-offs. As of 2010, nine states had 
incorporated engineering in their standards for science education (NAE 
2010). The NGSS (Achieve 2013) includes engineering concepts and prac-
tices alongside those of science. Twenty-six states participated in the devel-
opment of the standards, and many of these are expected to adopt them, 
potentially paving the way for greater inclusion of engineering education at 
the K–12 level.

Connections IN stem EDUCATION

While most new programs and specialized schools continue to address one 
or more of the STEM subjects separately, there have been some attempts to 
highlight connections within, between, and among4 the STEM subjects as 
well. Several reasons are often cited for this emphasis.

Although their efforts were focused on science rather than STEM, pre-
vious NRC committees have offered visions of how learning about science 
can incorporate habits of mind and practices along with the acquisition of 
content knowledge that can be viewed as integrative and contributing to 
building of skills that would be useful in the workplace. For example, the 
authoring committee for Taking Science to School: Learning and Teaching 
Science in Grades K–8 (NRC 2007b) recommended that science teaching 
and curriculum should include the following four strands of scientific pro-
ficiency as a framework for learning within those disciplines:

•	 Know, use, and interpret scientific explanations of the natural world.
•	 Generate and evaluate scientific evidence and explanations.
•	 Understand the nature and development of scientific knowledge.
•	 Participate productively in scientific practices and discourse. 

These strands are not to be viewed as components that need to be taught 
independently. Rather, the committee recommended that science learning be 
developed in ways in which all of the strands are inextricably intertwined. 

4  The committee uses “between” and “among” in recognition that some integrated STEM 
education initiatives involve connections between only two of the STEM disciplines, while 
others involve connections among three or more.
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The committee that authored Learning Science in Informal Environments: 
People, Places, and Pursuits (NRC 2009b) embraced these strands and added 
two additional ones:

•	 Experience excitement, interest, and motivation to learn about phe-
nomena in the natural and physical world.

•	 Think about themselves as science learners and develop an identity 
as someone who knows about, uses, and sometimes contributes to 
science.

Advocates of more integrated approaches to teaching and learning, both 
within and across disciplines, note that the professional practices that inspired 
the focus on individual disciplines have been transformed in many workplace 
and research settings to emphasize multidisciplinary enterprises, such as bio-
medical engineering. More generally, many real-world contexts and problems 
typically involve more than one of the disciplines. For example, designing 
alternative energy systems that run on solar or wind energy, understanding 
how to maintain a clean water supply, or maintaining fragile ecosystems will 
require knowledge and practices from across the STEM disciplines. 

Moreover, professional scientists and engineers in the vast, inter
connected enterprise of companies, academic institutions, and government 
laboratories that conduct research and develop new products and services 
almost always work in ways that integrate the disciplines of STEM. In fact 
in some research areas the necessity of more interdisciplinary approaches is 
increasing. In the life sciences, for example, there is recognition that some 
of the most important and interesting questions in modern biology will 
require closer interaction not only within the subdisciplines in biology but 
also among professionals in biology, chemistry, physics, computer science, 
mathematics, and engineering (NRC 2009a). Similar interactions among 
earth, behavioral, and social sciences also will become increasingly essential 
to addressing critical issues facing humanity and the planet. 

More generally, scientists use technological tools to conduct experi-
ments and mathematics and statistics to interpret the data produced by those 
experiments; engineers draw on scientific knowledge and mathematical 
reasoning to develop and model potential design inventions and solutions; 
technologists who build and maintain the products and systems designed 
by engineers must understand the scientific and mathematical principles 
governing their operation. And these professionals interact with one another 
in increasingly diverse and multidisciplinary teams. Connections among the 
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STEM disciplines extend beyond the workplace. In their day-to-day affairs, 
citizens encounter situations that require them to make decisions using a 
mix of STEM-related knowledge and skills—whether choosing appropriate 
medical care, interpreting statistical data in the latest political poll, or buying 
energy-saving appliances. Indeed, the arguments for general scientific and 
technological literacy, and for numeracy, have been well articulated (e.g., 
AAAS 1991; NAE and NRC 2002; NRC 1989). Advocates of more integrated 
approaches to K–12 STEM education claim it has advantages for learning 
and motivation. They contend that teaching STEM in the context of real-
world issues and challenges5—and hence, in an integrated fashion—can 
make the subjects more relevant to students and teachers, thereby enhancing 
motivation for learning and improving student achievement and persistence. 
These effects, in turn, may enhance workplace and college readiness skills and 
increase the number of students who consider a career in a STEM-related 
field. These issues are discussed in greater detail in Chapter 3.

Efforts to integrate across the STEM disciplines are not entirely new 
but until relatively recently focused largely on connecting just science and 
mathematics; for example, the School Science and Mathematics Association 
(www.ssma.org) has been a locus for discussions of such integration since its 
founding in 1901. As recently as 20 years ago, at the launch of the standards-
based education reform movement, there was recognition of the value of 
integration in STEM beyond just mathematics and science. Benchmarks for 
Science Literacy, for example, defined science as “basic and applied natural 
and social science, basic and applied mathematics, and engineering and 
technology, and the interconnections—which is to say the scientific enter-
prise as a whole” (AAAS 1993, p. 321). Both Benchmarks and the National 
Science Education Standards (NRC 1996) called for student learning related 
to “technology and society” and “technological design”—in science classes. 
The Standards for Technological Literacy (ITEEA 2000) devoted significant 
sections to spelling out learning goals related to engineering design and 
stressed the need for students to understand technology’s connections to 
science, engineering, and mathematics. 

More recently, the NGSS calls for deeper connections among mathemat-
ics, science, and engineering, and it encourages making connections between 
the subdisciplines of science, such as how energy is understood in biology 

5  By real world, we mean that a student will perceive the challenge posed as worthy of 
solution, not necessarily that the challenge copies exactly the complexities or subtleties 
of what takes place in science or engineering research or in commercial or academic tech-
nology development enterprises.
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and physics. As noted, the standards explicitly include practices and core 
ideas from engineering that should be taught in science classrooms. The 
Common Core State Standards (NGACPB 2010) in mathematics also sug-
gest opportunities for making connections among the STEM subjects. For 
instance, the practice labeled “model with mathematics” calls for students to 
“apply the mathematics they know to solve problems arising in everyday life, 
society, and the workplace,” which will necessarily involve ideas and practices 
from science, engineering, or technology. 

Despite the arguments for making connections across the STEM disci-
plines and the increased number of efforts to design learning experiences 
that will foster such connections, there is little research on how best to do 
so or on whether more explicit connections or integration across the disci-
plines significantly improves student learning, retention, achievement, or 
other valued outcomes. Recognizing the need for a more robust evidence 
base, the National Academy of Engineering and the Board on Science Edu-
cation of the National Research Council convened a committee to examine 
current efforts to connect the STEM disciplines in K–12 education through 
integrated approaches and to develop a research agenda that will provide the 
data needed to inform such efforts. 

Committee Charge

The Committee on Integrated STEM Education was charged with develop-
ing a research agenda for determining the approaches and conditions most 
likely to lead to positive outcomes of integrated STEM education at the K–12 
level.6 The specific objectives of the project were as follows:

•	 Identify and characterize existing approaches to integrated STEM 
education, in both formal and after-school and informal7 settings. 

•	 Review the evidence for the impact of integrated approaches on 
various parameters of interest, such as increasing student awareness, 
interest, motivation, and achievement in STEM subjects; improving 
college readiness skills; and boosting the number and quality of stu-
dents who may consider a career in a STEM-related field.

6  The committee limited its data gathering and analysis to efforts taking place in the 
United States. 

7  The committee considered informal settings to include both those in after-school and 
out-of-school environments.
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•	 Determine a set of priority research questions to advance under-
standing of the impacts of integrated STEM education. 

•	 Propose methodological approaches for addressing these questions. 
•	 Identify potential parties who could carry out the research.

Determining the scope of the charge

Developing a precise definition of integrated STEM education proved to be 
a challenge for the committee because of the multiple ways such integration 
can occur. It may include different combinations of the STEM disciplines, 
emphasize one discipline more than another, be presented in a formal or 
informal setting, and involve a range of pedagogical strategies. For example, 
one model suggests that “integrative” STEM education must include techno-
logical or engineering design as a basis for creating connections to concepts 
and practices from mathematics or science (or both) (Sanders 2009).

In educational practice and in research, the term integrated is used 
loosely and is typically not carefully distinguished from related terms such 
as connected, unified, interdisciplinary, multidisciplinary, cross-disciplinary, 
or transdisciplinary. Defining integrated STEM education is further com-
plicated by the fact that connections can be reflected at more than one 
level at the same time: in the student’s thinking or behavior, in the teacher’s 
instruction, in the curriculum, between and among teachers themselves, or 
in larger units of the education system, such as the organization of an entire 
school. The multidimensional nature of integrated STEM education led to 
one of the major tasks for the committee, “to identify and characterize exist-
ing approaches to integrated STEM.” Chapter 2 of this report takes up this 
element of the charge. 

While the committee was unable to achieve consensus on a concise and 
useful definition of integrated STEM education, it still needed to determine 
which programs, studies, and evaluations to consider under the umbrella of 
integrated STEM education. In doing so the committee members acknowl-
edged that they would likely find relevant programs or interventions not 
explicitly labeled “integrated” that would nevertheless provide important 
insights about ways to support students in making connections across the 
STEM disciplines. In the end, the committee chose to use a broad, inclusive 
lens to guide its examination of integrated STEM education. Details about 
the literature search and the process of identifying programs are provided 
in the next section.
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The committee discussed the possibility that the report’s lack of a strict 
definition might result in schools and programs engaged in STEM education 
claiming integration without actually doing it. This is a real risk. But in the 
committee’s view, at this early stage of the field’s development, it is less prob-
lematic than proposing a definition that artificially—or unwisely—constricts 
the type of experimentation and creativity that will be needed in research 
and practice to advance our understanding of integrated STEM education.

Over the course of the study, the committee came to recognize that it was 
important to consider integration in terms of both the design of the learning 
experiences and the anticipated student outcomes. In many cases, an experi-
ence may have been labeled “integrated” because the activities for students 
involved ideas and practices from more than one discipline, but learning 
outcomes (or other outcomes) were measured in only one discipline. The 
committee also found examples where curriculum or program designers may 
have stated their intention to create an integrated experience but the learner 
did not experience or recognize such. We discuss the implications of both of 
these situations in Chapters 3 and 4.

The committee also noted a tendency in the literature on integrated 
STEM education to conflate particular pedagogies with integration. For 
example, authors and program developers seemed to assume that adopting 
a problem- or project-based approach automatically meant disciplinary inte-
gration. It was not clear to the committee that this was necessarily the case. 
For this reason, the members tried to specify and carefully describe both the 
pedagogical approach and the kind of integration that various interventions 
and programs intended.

While the focus of this report is integrated STEM education, the com-
mittee in no way wishes to suggest that integrated STEM education should 
supplant learning in the individual STEM disciplines, which is appropriate 
in many situations. Part of the challenge of integrated STEM education—
and of this report—is in determining the appropriate timing, contexts, and 
purposes where integrated approaches provide value beyond what students 
might learn by studying the disciplines individually. And while the com-
mittee was aware of a number of efforts to integrate one or more STEM 
subjects with others such as English language arts, art, and history, with few 
exceptions we restricted our analysis to integration involving only the STEM 
subjects. 

Finally, this report raises many more questions than it answers regarding 
integrated STEM education, as is appropriate for a topic that has received 
relatively little systematic attention in the research literature. As a result, the 
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report does not recommend specific approaches or implementation strate-
gies for integrated STEM education.

The Study Process

To carry out the charge, the committee met five times over an 18-month 
period, held three information-gathering sessions, and commissioned 
topical papers relevant to its work.

The information-gathering sessions brought in speakers from around the 
country to present and discuss work relevant to integrated STEM education. 
In addition to discussions of specific programs, curricula, and school-based 
efforts, presenters addressed topics such as diversity in integrated STEM educa-
tion, the role of technology in STEM education, the potential for integration in 
STEM standards, and challenges to implementing integrated STEM education. 

In developing this report, the committee worked with outside consultant 
David Heil and Associates (DHA), who oversaw reviews of the research lit-
erature related to integrated STEM education in both formal and after- and 
out-of-school settings (e.g., robotics competitions, science and technology 
centers); DHA also oversaw a review of the cognitive sciences literature 
related to integrated STEM education. The literature review began with a 
search using the major multidisciplinary search engines such as Scopus, 
Web of Science, and INSPEC and was designed to capture a broad range of 
studies. The search used combinations of the following terms: integrated 
curriculum; integrated education; integrative; cross-disciplinary; inter-
disciplinary; multidisciplinary; project-based; K–12 education; unified 
studies curriculum; STEM; STEM education; integrated STEM education; 
science, mathematics, technology, and engineering education; inquiry-based 
instruction and learning; constructivism; cognitive development; cognition; 
learning; achievement; informal education; non-formal education; mentor; 
out-of-school; after school; enrichment; and extracurricular. 

Overall, multiple searches in the formal education, informal education, 
and cognitive areas uncovered over 500 reference citations. The abstracts 
of these articles were reviewed to glean more information about content 
and relevance. Papers were initially included if the program described or 
studied integrated at least two STEM subjects. Four other criteria were also 
considered:



Copyright © National Academy of Sciences. All rights reserved.

STEM Integration in K-12 Education:  Status, Prospects, and an Agenda for Research

26	 STEM INTEGRATION IN K–12 EDUCATION

•	 Does the integration include engineering as one of the integrated 
subjects?

•	 Does the article provide empirical evidence regarding the impact 
of the program or a review of research on integrated curriculum?

•	 Do the authors present information or insights that are likely to 
contribute to addressing the committee’s charge?

•	 Is the focus of the article on K–12 education and/or informal educa-
tion programs?

Articles were more likely to be considered if they met more of the crite-
ria. This initial search of the literature was supplemented by searches using 
key authors suggested by the committee or identified in articles as search 
terms.

The literature review was complemented by commissioned papers on 
social cognition, embodied cognition, the development of interest and iden-
tity, and assessment. The committee considered the literature review and the 
commissioned papers together in developing the report.

Also, with guidance from the committee, DHA identified a large sample 
of programs, projects, schools, and other initiatives that claimed or appeared 
to be engaged in integrated STEM education. Of 213 possible programs or 
initiatives, 55 were dropped because they did not appear to be integrated, 
no current information was available, or they did not have any evidence of 
impact. The remaining 158 programs were formal education programs (98), 
informal education programs (46), and programs that combined formal and 
informal elements in some way (14). From this group and taking account of 
time and budget constraints, DHA selected 28 (14 formal and 14 informal) to 
be reviewed in greater detail (Appendix; excerpts from some of these reviews 
appear throughout the report). The selection was based on expert judgment, 
the information available for each program, the responsiveness of program 
developers or practitioners to inquiries, evidence of integration, and some 
evidence of program impacts. In addition, programs were selected to rep-
resent different types and scales of integration. Formal education programs 
were identified as activities, modules, full curriculum, school-wide pro-
grams, or teacher preparation/professional development. Informal program 
categories included curriculum, professional development, after-school, 
camps, community events, competitions, exhibit/on-site drop-in programs, 
mentoring/internships, and media (e.g., television, websites).

Finally, the committee’s understanding of integrated STEM education 
and how to make this report useful to readers was informed by interviews 
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DHA conducted with some 30 stakeholders in education, policymaking, and 
industry. 

The Report

Chapter 2 of this report presents a descriptive framework for integrated 
STEM education. The framework can be used to help design and study such 
integrated approaches. Chapter 3 focuses on evidence most closely related 
to integrated STEM education, considering outcomes related to learning, 
achievement, interest, and identity. Chapter 4 explores a broader range of 
literatures and identifies potential implications for the design of integrated 
STEM learning experiences. Both chapters draw on the DHA literature 
review and commissioned papers as well as the committee’s expertise. 
Chapter 5 discusses the context for integrated STEM education, considering 
standards, assessment, and supports for teachers. Chapter 6 summarizes key 
findings based on the evidence discussed in the previous chapters and pres-
ents recommendations and a research agenda developed by the committee. 

APPENDIX

List of Reviewed Programs8

Formal Programs

Active Physics	  (http://its-about-time.com/physics/ap.html) 
A World in Motion® (www.awim.org)
Biological Sciences Curriculum Study (www.bscs.org)
Engineering by Design—EbD-TEEMSTM (www.engineeringbydesign.org)
Engineering is Elementary (www.eie.org/)
Engineering the Future (www.mos.org/etf/)
Everyday STEM (www.shop.pitsco.com/store/item.aspx?art=4725)
Engaging Youth through Engineering (www.maef.net) 
Harrisonburg Public Schools (www.i-stem-harrisonburg.com/)
I-STEM Summer Institute (www.sde.idaho.gov/site/istem)
Integrated Mathematics, Science, and Technology (http://cemast.

illinoisstate.edu/educators/stem/index.shtml)

8  Accessed November 15, 2013.
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Manor New Tech High (http://mnths.manorisd.net)
The National Center for STEM Elementary Education (www.stem.stkate.

edu/stk/center.php)
WISEngineering (www.wisengineering.org)

Informal Programs

Build IT (http://buildit.sri.com/index.html)
Camp Invention (www.invent.org)
CSTEM Challenge (www.cstem.org)
Design It! (http://npass2.edc.org/resources/design-it)
Design Squad Nation (www.pbskids.org/designsquad/)
DREAM—Achievement Through Mentorship (http://.dream.rice.edu)
Family Engineering9 (www.familyengineering.org)
Jr. FIRST LEGO League, FIRST LEGO League, FIRST Tech Challenge, 

FIRST Robotics Competition (www.usfirst.org)
MathAlive! (www.mathalive.com)
National Partnerships for Afterschool Science (NPASS) and NPASS2 

(http://.npass2.edc.org)
Techbridge (www.techbridgegirls.org)
TechXcite (www.techxcite.org)
Tinkerer’s Workshop10

Waterbotics11 (www.waterbotics.org) 
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2

A Descriptive Framework for 
Integrated STEM Education 

The study committee was tasked with identifying and characterizing 
existing approaches to integrated STEM education. As explained in 
Chapter 1, in determining the scope of the charge, we emphasized 

“connections” between and among the STEM subjects.1 Seen this way, inte-
grated STEM education occupies a multidimensional space in the larger 
K–12 education landscape: Rather than a single, well-defined experience, 
it involves a range of experiences with some degree of connection. The 
experiences may occur in one or several class periods, or throughout a cur-
riculum; they may be reflected in the organization of a single course or an 
entire school, or they may be presented in an after- or out-of-school activity. 

Each variant of integrated STEM education suggests different planning 
approaches, resource needs, implementation challenges, and outcomes. In 
this chapter we present a framework (Figure 2-1) with four features: (1) goals 
of integrated STEM education, (2) outcomes of integrated STEM education, 
(3) the nature and scope of integrated STEM education, and (4)implementa-
tion of integrated STEM education. Each feature has specific subcomponents, 
as shown in Figure 2-1, thus providing a vocabulary for researchers, practi-
tioners, and others to identify, describe, and investigate specific integrated 
STEM initiatives in the US K–12 education system. Boxes throughout the 

1  “Between and among” refers to connections between any two STEM subjects (e.g., most 
commonly math and science) and those among three or more.
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FIGURE 2-1  Descriptive Framework Showing General Features and Subcomponents of 
Integrated STEM Education
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Figure for chapter 2 
chapter briefly describe examples drawn from our review of selected pro-
grams and projects that illustrate the concepts discussed. Table 2-1 (see p. 48)
shows use of the framework to characterize an integrated STEM education 
program. The committee used the framework to help clarify its thinking 
in writing the report; Chapters 5 and 6 mirror the framework’s high-level 
structure. Chapter 3’s analysis of the research focuses on two key outcomes 
described in the framework: those related to learning and achievement and 
those related to interest and identity.

The committee recognizes that numerous variables could be incorpo-
rated in a descriptive framework. In research involving 16 STEM schools, 
for example, Researchers Without Borders (2012) identified over 100 “criti-
cal components” deemed important to the schools’ success. Our framework 
does not aim to be so comprehensive but rather to promote a more general, 
higher-level conceptualization of STEM education. 

Although the framework treats the four features separately, they are 
meant to be interdependent in practice. These interdependencies are con-
sidered in Chapter 6 (Figure 6-1, Iterative Model of Educational Change).



Copyright © National Academy of Sciences. All rights reserved.

STEM Integration in K-12 Education:  Status, Prospects, and an Agenda for Research

A DESCRIPTIVE FRAMEWORK FOR INTEGRATED STEM EDUCATION	 33

GOALS OF INTEGRATED STEM EDUCATION

Goals are statements of what the developer of the particular educational 
intervention hopes to accomplish. The importance of attending to goals in 
the design of educational interventions cannot be overemphasized, as goals 
are the driver for an iterative process of educational change (see Fig. 6-1). 
Data gathered for the project revealed five major goals for students and two 
for educators: 

Goals for Students 

•	 STEM literacy 
•	 21st century competencies 
•	 STEM workforce readiness
•	 Interest and engagement
•	 Ability to make connections among STEM disciplines

Goals for Educators

•	 Increased STEM content knowledge
•	 Increased pedagogical content knowledge

Some of these goals are quite high-level, such as encouraging more 
young people to enter STEM careers and increasing student interest in STEM 
subjects. Goals may also include more specific objectives, which are usually 
framed in a way that supports assessment (discussed in Chapter 5) of student 
learning or other outcomes. For example, an objective may be to provide 
students with learning experiences that support their ability to analyze how 
components of simple machines interact to produce desired outcomes). 

In practice, goals and objectives are often used interchangeably, and 
some goals overlap. Many of the STEM programs and projects we examined 
claimed to address more than one goal, sometimes for both students and 
educators (Box 2-1). In some cases, goals seemed to serve more as indicators 
of general aspiration rather than as guides for the design and evaluation of 
programs, thus raising questions about the degree of focus on achieving 
goals as opposed to using them as statements of aspiration. Notwithstanding 
these complexities, it is important to try to identify the goals of a particular 
initiative; the absence of goals specified or even implied raises questions 
about the design of the initiative. 
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STEM Literacy and 21st Century Competencies

Two high-level goals associated with integrated STEM education are STEM 
literacy and 21st century competencies. 

STEM literacy is a relatively new idea that has not been well defined in 
literature or practice, although significant work has gone into elaborating 
aspects of literacy in the individual STEM disciplines (e.g., AAAS 1990; 
ITEEA 1996; NRC 1989). From these efforts it is possible to infer that STEM 
literacy might include some combination of (1) awareness of the roles 
of science, technology, engineering, and mathematics in modern society, 
(2) familiarity with at least some of the fundamental concepts from each 
area, and (3) a basic level of application fluency (e.g., the ability to critically 
evaluate the science or engineering content in a news report, conduct basic 
troubleshooting of common technologies, and perform basic mathematical 
operations relevant to daily life). 

BOX 2-1 
Example of Multiple Goals: CSTEM Challenge

The CSTEM (communications, science, technology, engineering, math-
ematics) Challenge is a year-long competition involving student teams 
across elementary, middle, and high schools. Its goals include:

•	 Empowering students to become innovators and technologically 
proficient problem solvers

•	 Increasing students’ 21st century skills and STEM literacy 
•	 Enriching community understanding of STEM education and its 

importance in building capacity to prepare students for work and life 
in the 21st century

•	 Increasing teacher capacity to deliver STEM content in grades 
pre-K–12 

•	 Serving as a channel for connecting classroom learning with the 
business sector to improve students’ college and career readiness 
skills

SOURCE: www.cstem.org.
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Twenty-first century competencies2 are a blend of cognitive, inter
personal, and intrapersonal characteristics that may support deeper learning 
and knowledge transfer. Cognitive competencies include critical thinking 
and innovation; interpersonal attributes include communication, collabora-
tion, and responsibility; and intrapersonal traits include flexibility, initiative, 
and metacognition. 

STEM Workforce Readiness

One goal of integrated STEM education is the development of a STEM-
capable workforce. Efforts to achieve this goal may focus on increasing the 
number of individuals who (1) develop STEM skills through school-to-work, 
tech prep, or career and technical education (CTE) experiences in high 
school, (2) earn STEM-related degrees at the certificate, associate’s, or bach-
elor’s levels, equipping them for jobs such as K–12 STEM teachers, medical 
assistants, nurses, and computer and engineering technicians, or (3) pursue 
professional degrees3 in one of the STEM fields. Such efforts may start at the 
high school level, as illustrated by the example in Box 2-2. 

Interest and Engagement

Another frequently cited goal of integrated STEM education programs is to 
boost interest and engagement in the STEM subjects. Some programs stress 
STEM interest and engagement among all students; others focus on specific 
populations, such as those historically underrepresented in STEM fields (i.e., 
girls and certain minorities) (Box 2-3). Chapter 3 discusses what is known 
from research about engagement and the related concepts of motivation and 
persistence.

2  We prefer the term “21st century competencies” to “21st century skills.” The two are 
related, but the former is a more robust concept that has been elaborated in recent work 
by the National Research Council (2012a).

3  For engineering, the first professional degree is at the bachelor’s level; for most areas 
of science, mathematics, and technology, the first professional degree is generally at the 
master’s level.
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BOX 2-2 
Example of Career-Focused Goals: Build IT

Build IT: Girls Building Information Technology Fluency Through Design is 
an after-school and summer curriculum for middle school girls. One goal of 
the program, jointly run by SRI International and Girls Inc., is to increase 
girls’ interest in and desire to take high school algebra, geometry, and 
computer science courses in preparation for postsecondary STEM edu-
cation and careers. The Build IT curriculum consists of six 10-week units 
(average 2.5 hours per week) over two years, as well as extensive profes-
sional development resources for informal, out-of-school-time educators 
and staff. The program also includes structured interactions between the 
participating students and IT professionals—research has found that these 
interactions encourage girls’ interest in IT careers (Koch et al. 2010).

Ability to Make Connections among STEM Disciplines

Integrated STEM education calls for making connections across disciplines, 
so it is important to develop student and educator awareness of these con-
nections and to leverage the connections in ways that improve learning. 
For example, an understanding of the general idea of systems may be aided 

BOX 2-3 
Example of Engaging Girls in STEM: TechBridge

TechBridge (www.techbridgegirls.org) is a yearlong after-school program 
for girls in grades 5–12 that seeks to promote participants’ interests and 
skills in science, technology, and engineering. The program provides 
hands-on activities and career exploration experiences, exposure to 
role models and mentoring, and field trips to STEM-focused enterprises. 
TechBridge began in the San Francisco Bay area and expanded to 
other parts of the country through a collaboration with the Girl Scouts. 
Research on the program has examined the importance of (1) social 
relationships and racial diversity in encouraging engagement (Kekelis et 
al. 2005) and (2) role models in shaping girls’ interest in STEM subjects 
(Kekelis and Wei 2009). 
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by examining electrical systems, mechanical systems, ecosystems, and even 
mathematical systems to identify their common characteristics.

Connections may also depend on a synthesis of approaches from mul-
tiple disciplines to yield understanding of a core concept or big idea, resulting 
in knowledge that is more integrated, wider in scope, or more differentiated 
than is typical of understandings developed within the boundaries of an 
individual discipline.

The committee’s review of integrated STEM education programs 
found surprisingly few in which the goal of making connections was stated 
explicitly. But the design of many instructional materials and data from 
research and evaluation studies suggest that implied goals for students learn-
ing related to connections underlie many integrated STEM initiatives, as 
illustrated in the following competencies: 

•	 recognizing and applying concepts that have different meanings or 
applications across disciplinary contexts (i.e., transfer);

•	 engaging in a STEM practice, such as engineering design, that uses 
knowledge from a different discipline, such as mathematics;

•	 combining practices from two or more STEM disciplines (e.g., sci-
entific experimentation and engineering design) to solve a problem 
or complete a project;

•	 recognizing when a concept or practice is presented in an integrated 
way; and

•	 drawing on disciplinary knowledge to support integrated learning 
experiences and knowing when to do so.

Educator-Specific Goals

Some integrated STEM education programs target in-service teachers rather 
than or in addition to students, often through professional development 
activities tied to a specific curriculum. Goals for these programs frequently 
aim to build teachers’ knowledge of subject-matter and pedagogical content 
knowledge relevant both to individual STEM subjects and to making con-
nections between and among them (Box 2-4). 

A related goal is to boost educators’ pedagogical skills in subjects to 
which they may have had little exposure. This is especially true for profes-
sional development programs targeted to afterschool educators, who typi-
cally have little coursework in mathematics, science, or engineering (Klenk 
et al. 2012). 
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BOX 2-4 
Example of Building Teacher Content 

Knowledge: Everyday STEM

The goal of Everyday STEM is to help K–5 teachers integrate STEM into 
what they already do in their classrooms. The program was designed by 
a group of Virginia-based elementary technology education teachers who 
believe that the hands-on learning made possible by engineering design 
activities will “encourage children of all learning styles and abilities to 
develop ownership of the essential knowledge expected of elementary 
students in our rapidly changing world.” The program provides teachers 
with instructional materials (from Pitsco) as well as a professional devel
opment course offered through the Content Teaching Academy of James 
Madison University. The course is intended to help teachers use design, 
engineering, and technology instructional resources to enhance chil-
dren’s attainment of the Virginia Standards of Learning in science, math-
ematics, social studies/history, and language arts.

SOURCES: www.pitsco.com, www.jmu.edu/contentacademy/Engineering.
shtml, www.childrensengineering.com. 

OUTCOMES OF INTEGRATED STEM EDUCATION

Education goals are closely related to outcomes. That is, a successful inter-
vention should be tied to outcomes (or evidence) consistent with its goals. 
Our review of the literature and programs revealed six important outcomes 
for students and two for educators. 

Outcomes for Students

•	 Learning and achievement
•	 21st century competencies
•	 STEM course taking, educational persistence, and graduation rates
•	 STEM-related employment
•	 STEM interest, development of STEM identity
•	 Ability to transfer understanding across STEM disciplines
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Outcomes for Educators 

•	 Changes in practice 
•	 Increased STEM content knowledge and pedagogical content 

knowledge 

In reality, outcomes for some goals are difficult or impractical to mea-
sure. STEM literacy is a case in point. Because it has not yet been well defined 
and because it includes many different elements (see, for example, Bybee 
2010), measuring STEM literacy as an outcome of a particular integrated 
educational experience can be problematic. However, individual aspects of 
STEM literacy—for example, understanding of specific science or math-
ematics concepts (Box 2-5) or awareness of how the STEM disciplines help 
shape our world—are measurable outcomes. 

Similarly, development of 21st century competencies is a high-level goal 
with multiple components, such as improved communication or collabo-
ration, and outcomes are likely to be tied to those individual components 
rather than to the overall concept.

In developing the framework the committee recognized that outcomes 
may be cognitive or affective, may reflect educational persistence, or may be 
some combination of these. Typically, cognitive outcomes are determined 
through standard measures of achievement, such as large-scale (e.g., state, 
national, or international) assessment; they may also be gauged through for-

BOX 2-5 
Example of Understanding Science Concepts:  

Engineering is Elementary

Developers of the Engineering is Elementary (EiE) curriculum at the 
Museum of Science, Boston, have conducted research to determine 
whether and to what extent students participating in the program increase 
their knowledge of science concepts as a result of engaging in engineer-
ing design activities. For example, in a unit on designing lighting systems, 
EiE researchers found that students significantly increased their under-
standing of concepts related to the properties of light, such as reflection, 
transmission, and absorption (Lachapelle et al. 2011).
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mative or summative tests designed to measure learning related to a specific 
curriculum, course sequence, or activity. 

In addition, interest is growing in the idea of assessing 21st century com-
petencies such as flexible learning, ability to work with unstructured prob-
lems, communication, and teamwork as indicators of STEM learning (NRC 
2012a). However, low-cost, valid, and reliable measures of these important 
competencies are not yet available (NRC 2012b). 

Affective measures consider factors such as interest in or motivation to 
learn about STEM subjects as well as the development of a “STEM identity,” 
a measure of the degree to which STEM subjects and careers are personally 
relevant to the learner. Efforts to study outcomes related to STEM identity 
have focused on single subjects (Box 2-6) rather than the broader concept of 
STEM. Educational persistence reflects how successfully and for how long an 
individual pursues STEM-related studies. Measures may include high school 
course taking (beyond the classes required by state law) and graduation rates, 
declared intended major, postsecondary STEM course taking, and matricula-
tion in a STEM-related postsecondary degree program (Maltese and Tai 2011).

The discussion in Chapter 3 of research on integrated STEM learning 
and thinking makes clear that there are significant methodological and 
design weaknesses that limit the committee’s ability to draw strong conclu-
sions about outcomes of integrated STEM education. Part of the problem 
relates to the fact that some measured outcomes are not clearly connected 
to the intervention. In other cases, the design of the research itself may not 
allow inferences about outcomes. Suggestions for addressing some of these 

BOX 2-6 
Example of Boosting Interest in Mathematics: 

Bedroom Design Activity

Researchers at the Hofstra University Center for Technological Literacy 
have tested the impact of introducing a mathematics-infused engineering 
and technology education curriculum on student attitudes toward mathe-
matics. Mathematics concepts addressed in the activity included geometric 
shapes, factoring, percentages, scale, mathematical nets, and the com-
putation of pricing information. The researchers found that students who 
studied mathematics as part of a computer-based bedroom design activity 
thought mathematics was more important and interesting in the context of 
technology than their counterparts in a control group who learned math in 
a traditional technology education class (Burghardt et al. 2010).
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shortcomings are addressed in Chapter 6, which outlines directions for future 
research. Despite the current paucity of outcomes data for STEM education 
initiatives, we believe it is important that the framework include outcomes, 
if only to bring attention to the importance of designing integrated STEM 
experiences in a way that enables measurement of their impact on students. 

The framework accounts for the fact that many educators likely will be 
impacted by integrated STEM education, in both preservice and in-service 
settings. Outcomes for educators will be reflected in changes in practices 
(e.g., the adoption or increased use of teaching strategies that support stu-
dent engagement with science inquiry or engineering design); in expecta-
tions for their knowledge of subject-matter or pedagogical content; or in 
gains in teacher efficacy. Educator outcomes also might include an increase 
in student interest in STEM subjects (Box 2-7) or in the development of 
STEM-related identity among students.

NATURE AND SCOPE OF INTEGRATION

In examining the research literature and selected examples of integrated 
STEM initiatives, the committee identified three important elements that 
determine the nature and scope of integration: 

•	 type of STEM connections,
•	 disciplinary emphasis, and
•	 duration, size, and complexity of initiative.

BOX 2-7 
Example of Reducing Math Anxiety:  

MST Teacher Education Program

In 1998, The College of New Jersey inaugurated a K–5 teacher educa-
tion program that combines coursework in mathematics, science, and 
technology (MST) with instruction in pedagogy. One intriguing finding 
is that the MST students, who begin the program with relatively high 
levels of math anxiety, have much less anxiety—comparable to that of 
TCNJ math majors—after taking certain MST math classes. In contrast, 
math anxiety among non-STEM majors taking these same math courses 
remained relatively high (O’Brien 2010). The program’s leaders believe 
these data may be explained by the initiative’s interdisciplinary approach. 
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BOX 2-8 
Example of a Dominant Discipline in STEM Integration:  

MathAlive!

MathAlive! (www.mathalive.com) is a 5,000-square-foot traveling exhibit 
that presents mathematics in the context of real-world applications. It 
is underwritten by Raytheon and was developed in partnership with 
the National Council of Teachers of Mathematics, NASA, the National 
Society of Professional Engineers, MATHCOUNTS, and the Society of 
Women Engineers. The connections between math and the other STEM 
disciplines are explicit in the design of the exhibit interactives. For exam
ple, in “Easy on the Gas,” visitors are challenged to use systems engi-
neering to create a mathematical simulation that relieves traffic gridlock 
and reduces fuel consumption. In “Ramp It Up,” visitors explore simple 
machines and design specifications to design a skateboard that can 
perform a specific trick.

Regarding the nature of connection, integrated STEM education may 
bring together concepts from more than one discipline (e.g., mathematics 
and science, or science, technology, and engineering); it may connect a con-
cept from one subject to a practice of another, such as applying properties of 
geometric shapes (mathematics) to engineering design; or it may combine 
two practices, such as science inquiry (e.g., doing an experiment) and engi-
neering design (in which data from a science experiment can be applied).

In integrated STEM education it is frequently the case that one STEM 
subject has a dominant role—the explicit or implicit focus of a project, 
program, or school is to develop students’ knowledge or skill mainly in one 
content area, such as mathematics (Box 2-8). The inclusion of concepts or 
practices from other subjects is often intended to support or deepen learning 
and understanding in the targeted subject. 

In terms of scope, integrated STEM education initiatives exhibit a vari-
ety of relevant parameters, such as duration, setting, size, and complexity. 
Initiatives may occur as a single hour-long project or over one or several 
class periods, or they may be reflected in the organization of a single course, 
a multicourse curriculum, or an entire school. Most of the programs we 
examined have very small footprints, existing as pilot efforts involving just a 
few students. But some have been implemented much more broadly, some-
times across several schools or states, engaging hundreds or thousands of 
participants. 
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Complexity varies, too, from efforts that are designed to be plugged in 
to an established curriculum (with no other changes to the status quo) to 
those that ambitiously strive to design a new integrated learning experience 
in concert with professional development for the teachers who will deliver it, 
sometimes in the context of a whole-school design. Some efforts do this and 
more, including building in a component of research or evaluation. 

Finally, as illustrated in the examples presented in this chapter and else-
where in the report, considerable efforts are being made to expose young 
people to integrated STEM education experiences in settings outside the 
formal classroom. 

The scope and nature of integration have a direct bearing on the time 
and resources needed for implementation; on the level of acceptance or 
resistance such initiatives receive from students, educators, and administra-
tors; and on the types of outcomes that may be expected and the challenge 
of measuring them.

IMPLEMENTATION

A range of factors must be considered in the implementation of integrated 
STEM education. The committee focuses here on three:4 

•	 instructional design,
•	 educator supports, and
•	 adjustments to the learning environment. 

Regarding instructional design, the programs we reviewed included a 
variety of approaches to teaching, from traditional, highly structured direct 
instruction to methods that are more student centered, experiential, and 
open ended, often involving variants of problem-based learning (Box 2-9). 

Engineering design (Box 2-10), like problem-based learning (PBL), is 
associated with a large number of efforts to teach the STEM subjects in an 
integrated fashion. Science inquiry, engineering design, and PBL share fea-
tures that can provide students with opportunities to apply STEM concepts 
and engage in STEM practices in interesting and relevant contexts. 

By educator supports, we mean the opportunities provided to STEM 
educators to improve STEM content knowledge and pedagogical practices 

4  Additional factors related to implementing integrated STEM education are addressed 
in Chapter 5.
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BOX 2-9 
Problem-Based Learning and Integrated STEM Education

Problem-based learning, or PBL, is an experiential instructional strategy 
that encourages students to be active learners by engaging them in 
loosely structured problems that resemble situations they might encoun-
ter in their lives and for which multiple solutions are possible. Though not 
synonymous with or required for connected STEM learning, many STEM 
integration initiatives examined by the committee used some form of PBL. 
The central features of PBL, according to Barrows (1996), are

•	 student centeredness, 
•	 small group work, 
•	 teachers as facilitators or guides, 
•	 problems as both the focus and stimulus for learning, and
•	 acquisition of new information through self-directed learning.

Other instructional designs, particularly project-based learning, share 
many of these traits, thus the terms problem-based and project-based 
learning are often confused or used interchangeably. Other terms some-
times associated with PBL-type instruction are authentic, real-world, 
challenge-based, and concrete, and each appears in the literature de-
scribing integrated STEM education.

Readers wishing more detail about problem- and project-based learning 
strategies may want to consult one or more of the following: Barron et al. 
1998; Savery 2006; Strobel and van Barneveld 2009. 

in ways that support subject-matter integration, typically through pre- and 
in-service professional development (Box 2-11).

Adjustments to the learning environment may entail extended class peri-
ods to allow students more time to repeat experiments or iterate and improve 
a design; extended lesson planning, team teaching, and other ways of devel-
oping a professional learning community (Box 2-12); or opportunities for 
partnering between STEM educators working in schools and those working 
outside schools, for example, in museums and higher-education institutions.

The factors discussed here are illustrative, not comprehensive. It is 
certainly appropriate to consider other factors in the implementation of 
integrated STEM education. For example, extensive research documents 
the importance of fidelity of implementation to the long-term success of 
educational innovations (e.g., O’Donnell 2008). Fidelity—the delivery of a 
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BOX 2-10 
Engineering Design and Integrated STEM Education

The engineering design process, a problem-solving method, is used by 
engineers—along with knowledge from mathematics and science—to 
solve technical challenges. According to Standards for Technological 
Literacy: Content for the Study of Technology (ITEEA 2000), engineering 
design has a number of attributes. 

First, it is purposeful; a designer begins with an explicit goal that is clearly 
understood; thus design can be pictured as a journey with a particular 
destination, rather than a sightseeing trip. Second, designs are shaped 
by specifications and constraints. Specifications spell out what the de-
sign is intended to accomplish. Constraints are limitations the designer 
must contend with, such as costs, size requirements, or the physical 
limitations of the materials used. In addition, the design process is sys-
tematic and iterative. 

Engineering design can be a highly social and collaborative enterprise 
as well. Engineers engaged in design activities often work in teams and 
communicate with clients and others. 

In K–12 education, engineering design has come to be seen as the 
central practice for students engaged in engineering activities (NAE 
and NRC 2009; NRC 2012b). The words and phrases used by different 
integrated STEM education efforts to describe the process vary, but the 
basic approaches are analogous and generally include the following 
steps (although not necessarily in this order):

	 Identify the problem or objective
	 Define goals and identify the constraints
	 Research and gather information
	 Create potential design solutions
	 Analyze the viability of solutions
	 Choose the most appropriate solution
	 Build and implement the design
	 Test and evaluate the design
	 Repeat all steps as necessary
	 Communicate the results

Readers wishing more details about design-based learning strategies 
may want to consult Crismond and Adams 2012.
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BOX 2-11  
Example of Professional Development for Integration:  

Idaho STEM Summer Institute

The Idaho STEM Summer Institute is a four-day residential experience 
for approximately 300 grade 4–9 teacher teams from across the state. 
The 32-hour program involves lectures, panels, field trips, and lab activ
ities and includes 20 hours of content/domain-specific instruction. An 
evaluation of teacher engagement developed by researchers at Boise 
State University found, among other outcomes, that educators increased 
their purposeful coordination with instruction in other content areas as a 
result of their participation in the program (Nadelson et al. 2012).

curriculum or other educational intervention in a manner consistent with 
its original design—is critical to produce outcome measures that can inform 
decisions to continue, modify, or terminate a particular intervention. 

At the same time, there is an argument that differences in local circum-
stances and priorities justify modification of some aspects of an intervention, 
particularly if it is an innovative one (Berman 1981; Dusenbury et al. 2003). 
A large-scale study of educational change efforts in five school districts gave 

BOX 2-12 
Example of Professional Learning Community: 

Manor New Tech High School

Manor (Texas) New Technology High School (MNTHS) is one of over 100 
schools in the New Tech Network (www.newtechnetwork.org), a nonprofit 
that supports project-based-learning approaches to education reform. 
Every Monday is a late start day for students while staff engage in pro-
fessional development meetings and leadership committees. Teachers 
are encouraged to team teach across disciplines, and the school pro-
vides time for teachers to receive peer feedback on project designs and 
suggestions on how to adapt tactics as student projects progress. The 
school’s Teacher Advancement Program System provides time and com-
pensation for teachers to take on additional responsibilities and roles, 
such as providing assistance and mentorship for newer teachers. Each 
Manor teacher participates in a minimum of 150 hours of professional 
development annually (E3 Alliance 2009). 
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rise to the construct of mutual adaptation, which treats accommodations on 
the part of both the district and the organization delivering the educational 
intervention as both inevitable and, in many cases, desirable (Berman and 
McLaughlin 1976). 

In all cases, careful documentation of implementation practices and 
program outcomes is needed to build understanding of the critical compo-
nents of an innovation and to inform decisions about whether to continue 
programs.

USING THE FRAMEWORK

This framework will be useful to a variety of groups and for several purposes. 
It should enable administrators, teachers, curriculum developers, funders, 
and others to better understand what is a confusing and underresearched 
trend in the US education system. By clearly defining a small number of 
salient features, the framework can stimulate productive and meaningful 
discussion about efforts in the name of integrated STEM education. 

The framework can be used to examine and compare features of pro-
grams that have characteristics of integrated STEM. Table 2-1 illustrates just 
such a characterization for an integrated STEM initiative examined by the 
committee. 

The framework also will enable researchers in education and the cogni-
tive sciences to start developing and testing hypotheses about the relation-
ships among critical elements of integrated STEM education. For example, 
keeping other parameters constant, what might happen to student outcomes 
related to STEM identity when the nature of integration varies? As the frame-
work is explored in this way and yields a better understanding of integrated 
STEM education, some underlying assumptions may prove not to be useful 
and the framework will need to be adjusted to account for new data. This is 
appropriate and desirable.

CONCLUSION

This chapter provides a relatively simple organizing scheme to help readers 
with a range of interests and expertise begin to make sense of integrated 
STEM education. The framework almost certainly will need to be revised as 
more is learned, through research and practice, about how the STEM subjects 
can be connected to support student learning and other outcomes. 
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TABLE 2-1  Integrated STEM in the Harrisonburg City Public School 
System, Harrisonburg, Virginia. Target population: Students K–12 with 
emphasis on elementary grades.

HIGH-LEVEL 
FEATURE SUBCOMPONENT RELEVANT DETAILS 

Goals STEM literacy Target specific STEM skills in students and 
teachers 

Nature of 
integration

S, T, E, and M •	 Engages students in engineering design 
process as a way to study core content 
through a variety of challenges (e.g., 
studying simple machines to discover what 
makes an elevator work and the design of 
bird beaks for capturing different kinds of 
foods)

•	 Addresses standards in science, technology, 
engineering, and mathematics

Implementation Educator supports •	 Uses STEM strategies developed at VA 
Tech; district STEM coordinator has 
modeled classroom activities in classes for 
teachers 

•	 Teachers provided with “proven units” 
during professional development sessions 

•	 Yearlong professional development 
provided for teachers

•	 Teachers participate in developing research 
questions for design challenges 

Instructional 
approaches

Engineering design–based program brings 
together elements from S, T, E, and M in a 
series of design challenges at each grade level 
in elementary grades

Outcomes Cross-subject 
competencies and 
identity change in 
students

Based on anecdotal evidence only, students:
•	 improved at integrative learning
•	 felt success and saw friends succeed

STEM-related 
changes in teacher 
practice

Continual improvement of STEM model and 
lessons
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3

Integrated STEM Education Experiences:  
Reviewing the Research 1

Many claims are made about the benefits to students’ learning and 
thinking of integrating education across science, technology, 
engineering, and mathematics (STEM). In this chapter we explore 

the evidence relevant to whether and how integrated approaches to STEM 
education support a range of outcomes within and across the disciplines. 
The full range of outcomes was described in Chapter 2. Here, we consider 
two main types of outcomes: those related to learning and achievement and 
those related to interest and identity.

As noted in Chapter 2, integrated STEM instruction is typically accom-
plished through the use of problem-, project-, or design-based tasks to 
engage students in addressing complex contexts that reflect real-world 
situations. For example, students might be invited to build an oven that 
is environmentally friendly or functional in settings where people do not 
have access to electricity. The students would use the engineering process to 
create a solar oven and in doing so investigate a wide range of STEM con-
cepts such as the thermal properties of materials and how density affects a 
material’s performance as a thermal insulator. They might use mathematics 
for measuring, and for graphing and interpreting data, and even develop 
a mathematical model of device behavior to inform the process of design. 

1 This chapter is based on the literature review overseen by David Heil and Associates 
and on commissioned papers by Angela Calabrese Barton, Michigan State University, Mary 
Gauvain, University of California, Riverside, and K. Ann Renninger, Swarthmore College.
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Through iterative design cycles the students would engage in planning, creat-
ing, testing, and improving their inventions. 

As illustrated in this example, we define integration to mean working 
in the context of complex phenomena or situations on tasks that require 
students to use knowledge and skills from multiple disciplines.

LEARNING AND ACHIEVEMENT

Research on the impact of integrated experiences on students’ achievement, 
disciplinary knowledge, problem-solving ability, and ability to make con-
nections between domains is not extensive, and concerns related to both 
the design of studies and the reporting of results hamper the ability to make 
strong claims about the effectiveness of integrated approaches. Nonetheless, 
preliminary conclusions can be drawn from the well-designed studies. The 
findings suggest that integration can lead to improved conceptual learning 
in the disciplines but that the effects differ, depending on the nature of the 
integration, the outcomes measured, and the students’ prior knowledge and 
experience. 

Most studies of STEM learning consider each discipline singly and do 
not measure students’ ability to make connections across disciplines or their 
proficiency with skills such as collaboration or general problem solving. In 
addition, learning is often assessed using standardized achievement tests, 
which may not effectively measure the full range of learning and reasoning 
outcomes supported by integrated experiences. Assessment instruments on 
integration are rare because theories and tests have generally focused on con-
tent area–specific concepts and procedures and because, as explained in 
Chapter 2, there is no widely accepted definition of integrative thinking.

Beyond these assessment challenges, there are fundamental conceptual 
difficulties as well. A major difficulty follows from the simple fact that disci-
plinary knowledge is structured—understanding disciplinary ideas depends 
on understanding how they fit with other, related ideas. Concepts make sense 
not as isolated facts but as elements of integrated bodies (or structures) of 
knowledge, and learning means developing or “building” those structures, 
often over extended spans of time. 

Although education research has made some progress in understanding 
how to help students construct coherent bases of disciplinary knowledge, 
domain-general learning principles provide limited guidance. Instead, how 
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to support the development of disciplinary knowledge remains largely an 
empirical enterprise, in which cycles of research and trials with students 
and teachers gradually yield information about the most fruitful starting 
points, what conceptual resources students bring, and the kinds of instruc-
tion that are needed. Because integrated knowledge structures are devel-
oped gradually, it takes time—weeks, months, or years—for researchers 
to track their growth of student knowledge. Consequently, information 
about how to best help students learn with understanding is still limited 
to relatively few topics and has not yet resulted in widespread changes in 
educational practices. 

Given these difficulties, it is not surprising that very little is known about 
how to organize curriculum and instruction so that emerging knowledge in 
different disciplines will mesh smoothly and at the right time to yield the 
kind of integration that supports coherent learning. Without very careful 
attention to developing coherent knowledge structures, the danger is that 
one or more of the “integrated” disciplines will receive short shrift in its 
development.

Integrating Mathematics and Science

The most well-studied integrated STEM education pairing is that of math-
ematics and science (e.g., Berlin and Lee 2003, 2005; Czerniak et al. 1999; 
Hurley 2001; Pang and Good 2000), but the number of studies that report 
the effects of integration on student learning in these two subjects separately 
is small. Moreover, the studies often are not explicit about the theory guid-
ing how learning in the two subjects is coordinated and developed. Czerniak 
and colleagues (1999) noted in a review of the literature that there were few 
empirical studies of the integration of mathematics and science; many of 
the published articles promoted assumed benefits of integration or were 
theoretical in nature. Yet among the few empirical articles, Czerniak and 
colleagues saw a general trend toward a positive influence of integration 
on science and mathematics learning, although they pointed out that the 
descriptions of integration were so impoverished that it is difficult to make 
generalizations about the different approaches described.

Hurley (2001) conducted a meta-analysis of 31 studies that compared 
integrated mathematics and science instruction to a nonintegrated control 
group and reported mathematics and/or science achievement measures. She 
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found positive effects of integration on scores in both math (ES = .27)2 and 
science (ES = .37), which is consistent with other meta-analyses that report 
small to medium positive effects of integration (Hartzler 2000), although the 
effects varied both by subject and by the year the study was conducted. The 
lowest overall effect size for math achievement (ES = .07) was observed in 
the 10 most recent studies reviewed (1980s–1990s) and was lower than the 
effect for science achievement in all time periods. 

Hurley also separated the achievement results by the level of integration 
(as described in the study reports) using the following categories:

•	 Sequenced: science and mathematics are planned and taught sequen-
tially, with one preceding the other.

•	 Parallel: science and mathematics are planned and taught simulta-
neously through parallel concepts.

•	 Partial: science and mathematics are taught partially together and 
partially as separate disciplines in the same classes.

•	 Enhanced: either science or mathematics is the major discipline 
of instruction, with the other discipline apparent throughout the 
instruction.

•	 Total: science and mathematics are taught together in intended 
equality.

The effect size for mathematics achievement was positive and large when 
using a sequenced integration model (for mathematics ES = .85, for science 
ES = .34) but much lower for all other models of integration, ranging from 
−.11 for parallel instruction to .20 for total integration; parallel instruction 
also produced a negative effect size in science (ES = −.09). Both enhanced 
instruction (.66) and total integration (.96) produced large positive effect 
sizes for science. 

Hurley also examined the 31 studies by grade level. At the elementary 
level there was only one study that examined mathematics. At the middle 
school level, two studies had outcomes for both science and mathematics. 
At the high school level, six studies had science outcomes and four mathe

2  Effect size (ES) was calculated by subtracting the control group mean from the treat-
ment group mean and dividing by the combined standard deviation of the treatment and 
control groups, following the recommendation of Hedges et al. (1989). Small effect sizes are 
around .3 or less, medium effect sizes around .5, and large effect sizes .8 or above. A nega-
tive effect size indicates that the traditional group outperformed the experimental group.
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matics outcomes. At the college level, two studies had outcomes for science 
and three for mathematics. 

At both the middle and high school levels the effect sizes for science 
were higher than those for mathematics, indicating that it may be difficult 
to enhance mathematics achievement by integrating the math into another 
disciplinary context. Similar results in an unpublished meta-analysis of math 
and science integration also suggest that there are fewer positive benefits 
of integration for mathematics outcomes compared to science outcomes 
(Hartzler 2000). One possible explanation is that attempts to integrate sci-
ence ideas with ideas from mathematics may interrupt a sequential approach 
thought to help students investigate and elaborate the rich relations among 
mathematical concepts and procedures (Lehrer and Schauble 2000). 

In contrast, Lehrer and Schauble (2006) found enhanced development 
of scientific concepts known to be challenging to students in the elementary 
grades when the students use mathematics as a resource for representing 
and modeling natural systems. These more carefully articulated studies of 
the use of mathematical systems as tools for learning about natural systems 
suggest that effect sizes may depend on details of the instructional approach 
that are obscured by simple characterizations of the temporal sequence of 
integration.

According to other studies, the nature of the mathematical tools and sys-
tems of representation available to students determine the depth and breadth 
of learning about core ideas in science because mathematical forms 
correspond to forms of understanding natural systems. For example, Sherin 
(2001) noted that university students’ models of force and motion were 
bound with symbolic equations. When students worked with the relations 
among quantities expressed by equations, they occasionally generated novel 
equations that prompted elaboration and reconsideration of core concepts. 
DiSessa (2000) posits that new forms of mathematical expression supported 
by computational media can make new ways of understanding science 
and mathematics accessible to larger numbers of students. For example, 
studies of student learning about complex systems indicate that agent-based 
descriptions—descriptions that represent phenomena as a large collection of 
interacting individuals—support learning about phenomena that are tradi
tionally difficult to learn, such as electricity (Sengupta and Wilensky 2011), 
statistical mechanics (Wilensky 2003), and natural selection and population 
dynamics (Dickes and Sengupta 2012; Wilensky and Reisman 2006). 

Collectively, these studies suggest that the integration of mathematics 
and science can be supported by engaging students in the invention and 



Copyright © National Academy of Sciences. All rights reserved.

STEM Integration in K-12 Education:  Status, Prospects, and an Agenda for Research

56	 STEM INTEGRATION IN K–12 EDUCATION

revision of mathematical models of natural systems. A strong implication 
is that learning science entails learning to express the behavior of natural 
systems as mathematical models, making this form of integration not merely 
supportive of but indispensible to learning science.

Learning Science and Mathematics in the  
Context of Engineering Design3

Design-based approaches, a hallmark of engineering education, have 
received particular attention for their potential as a rich context for inte-
grated STEM. The effect of engineering on learning in science and mathe-
matics was examined in the NAE/NRC report Engineering in K–12 Education 
(2009). The authoring committee found preliminary but promising evidence 
of a positive impact of engineering on learning in science and mathematics. 
However, two published empirical studies of Project Lead the Way (PLTW), 
a major program in engineering education for middle and high schools, 
showed mixed results when state achievement test scores were the basis of 
comparison. In schools serving a high proportion of low-income families, 
all students showed significant overall gains in mathematics and science 
achievement scores between 8th and 10th grade regardless of their course 
enrollment. However, students enrolled in one or more PLTW engineering 
classes showed statistically less improvement in mathematics scores and 
a nonstatistical difference in science achievement scores over that period, 
compared with a control group (Tran and Nathan 2010a). In schools serv-
ing predominantly affluent families, PLTW students exhibited small gains 
in mathematics achievement but no improvement in science achievement 
compared with students in a control sample (Tran and Nathan 2010b). 

The results of these two studies provide additional evidence that enhanc-
ing math achievement through integration with other disciplines is difficult 
to do, and it is likely that students need additional support in place to see how 
specific mathematics concepts and skills are integrated with the engineering 
activities in order to exhibit substantial gains in mathematics achievement. 
These studies also fail to show substantially larger gains for students partici-
pating in project-based engineering courses, underscoring the inconsistency 
in current research on integrated STEM instruction.

3  This section is based in part on a commissioned paper by Petrosino et al. (2008) for the 
NAE/NRC Committee on Engineering Education K–12.
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Other research has demonstrated the effectiveness of learning science 
concepts through design in some but not all situations (Baumgartner and 
Reiser 1997; Fortus et al. 2004; Mehalik et al. 2005, 2008; Penner et al. 1997, 
1998; Sadler et al. 2000). This approach can be effective if concepts are 
introduced when students engage with the design activity (Baumgartner and 
Reiser 1997; Fortus et al. 2004; Mehalik et al. 2007) or when design failure 
provokes conceptual change as students redesign an artifact to meet a goal 
(Lehrer et al. 2008). In addition, participant structures such as research 
groups (Lehrer et al. 2008) and design sharing sessions (pinup sessions) 
(Kolodner 2002) can provide conversational forums for clarifying and elabo-
rating relations between designed artifacts and scientific concepts. These 
collective forms of activity are described more fully in Chapter 4.

Studies reveal that students may not spontaneously make connections 
between the devices being designed and the related scientific concepts 
(Crismond 2001; Kozma 2003; Nathan et al. 2013) and that they tend to focus 
on aesthetic or ergonomic aspects of design (Crismond 2001; Penner et al. 
1998). Connections between the representations and notation systems used 
for design and for science need to be made explicit to students (Fortus et al. 
2004; Nathan et al. 2013), or the material must be presented in such a way 
that students grasp that they can invent and revise systems of representation 
to understand how a natural or designed system works. Furthermore, the 
scientific knowledge gained through design may be highly contextualized, 
unless the activities are developed to support transfer of knowledge from 
one context to another, for example by using designs that highlight similar 
concepts across contexts (Fortus et al. 2004, 2005).

Design can elicit naïve conceptions from students. Explaining how a 
device functions presents an opportunity for the exploration of appropri-
ate scientific concepts, especially in the case of redesign. However, without 
instructional support nothing inherent in the design process will necessarily 
challenge students’ ideas (Crismond 2001; Penner et al. 1997). Sadler and 
colleagues (2000) demonstrated the potential of redesign as an avenue to 
challenge naïve conceptions through rapid cycles of design activity that allow 
for many iterations to refine the student’s understanding (see also Penner et 
al. 1997, 1998). Redesign may be particularly useful for instruction because 
many elements of the designed object are already working, and only a few 
need to be focused upon and changed (Crismond and Adams, 2012).

When students engage in an engineering design task, they are likely to 
develop contextually dependent ideas about designing (e.g., “rules of thumb” 
and “how-to” knowledge). At least initially, without instructional support, 
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their design ideas are unlikely to connect to or be coherent with normative 
science ideas that might inform their designs. 

Crismond (2001) showed that whereas experts recognize opportunities 
to connect with science ideas, nonexpert designers miss them. Even after 
lots of experience in given design contexts, individuals can reach an expert 
level but connect very different ideas to the context depending on their own 
conceptual frame. For example, aquarium hobbyists are likely to consider 
the practical challenges of designing an aquarium to support a specific range 
of aquatic organisms, whereas academic biologists may be more likely to 
focus on very general notions about how energy exchanges drive the system 
(Hmelo-Silver et al. 2007). 

These findings highlight the need to carefully frame the instructional 
goals and settings to support students in making links to concepts in science. 
Box 3-1 provides an example of design as a context for integration.

A study of two elective digital electronics classes in two urban high 
schools examined instructional strategies that can support students in build-
ing connections across different representations of a phenomenon or situa-
tion when they are engaged in the complexities of design (Nathan et al. 2013). 
One classroom in each school was videotaped over 3 or 4 contiguous days; the 
participating students were in grades 10–12. In one school students partici-
pated in a unit on a voting booth security system; in the other they designed 
and built a digital circuit that tallied votes and passed resolutions only when a 
majority affirmed the resolution (with a tie favoring the vote of the president). 

Analyses of the instructional moves made by the teachers and interac-
tions between the teachers and students suggest that a key mechanism of 
integrated STEM education is cohesion of central concepts across the math-
ematics and science representations, engineering objects, design and con-
struction activities, and social structures in the classroom. When cohesion 
was supported, students made useful connections across STEM disciplines, 
as was evident by their ability to move more fluidly among discipline-specific 
representations (e.g., Boolean algebraic expressions, schematized logic gates, 
and wiring of the digital circuits) and perform effective troubleshooting. 
Cohesion was effected through four pedagogical mechanisms:

1.	 identification of invariant relations and disciplinary concepts 
regardless of the surface features (Nathan et al. 2013);

2.	 coordination that “supports students’ reasoning and meaning mak-
ing by constructing clear links across representations and activities” 
(Nathan et al. 2013, p. 110);
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BOX 3-1 
Example of Using Design as a Context for Integration

In a study with 6th graders, the activity of designing vessels that float 
was used to make learning from experimentation more relevant to the 
students (Schauble et al. 1995). After being given a design brief, students 
individually constructed vessels and added weight until the vessel sank. 
They then graphed their vessel with others that had similar carrying 
capacities. This was followed by further individual work in which students 
drew designs from various views and reflected on their previous design in 
a journal. Working in teams, students negotiated their designs by experi-
menting with various aspects of them. These efforts were supplemented 
by teacher and whole-class discussions of concepts such as buoyancy 
and relative density. By synthesizing the data from the experimentation, 
students could go on to plan their final design. 

During this activity across several classrooms, a number of instruc-
tional challenges emerged. Although reflection is critical to learning, it 
was difficult to balance reflection activities with time spent on the more 
dynamic portions of the design process. It was also difficult to keep 
students focused on the design rather than on diversions while still valu-
ing their background knowledge. And it was challenging to ensure that 
students not only remained focused on their goal of making the best 
vessel but also understood how various aspects of design could lead to 
improvements. 

Analysis of interviews with the students before and after the activ-
ity revealed that they learned science through design and showed an 
improved understanding of experimentation. It also revealed that from 
an instructional perspective it was important to change only one variable 
at a time. This was true even when variables that would not affect the 
outcome of an experiment were altered. Instances in which teachers sub-
stituted or altered one irrelevant variable (such as using different types of 
weights that look different but are the same weight) led to confusion for 
the students, who were still developing an understanding of experimen-
tal procedure. Furthermore, teachers rarely discussed patterns in data, 
assuming that they were obvious to the students; this was demonstrated 
not to be the case. Finally, students were not spontaneously aware of 
the value of examining the unsuccessful vessels for attributes to be 
excluded; this useful skill can be nurtured by explicitly drawing attention 
to it (Schauble et al. 1995). 

This example highlights the importance of framing and instructional 
support in design activity for integrated STEM learning.
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3.	 forward projection to orient students to connections between cur-
rent events or representations and future ideas and activities, which 
“facilitates planning, highlights pending importance, and prepares 
students for future learning opportunities” (Nathan et al. 2013, 
p. 110); and

4.	 backward projection to previously encountered ideas and events, 
which “prompts students to engage in reflection and emphasizes 
making connections between new and prior knowledge” (Nathan 
et al. 2013, p. 110).

Learning Mathematics in the Context of Technology

Although evidence reviewed thus far indicates that it may be difficult to sup-
port mathematics learning in integrated contexts, at least two studies suggest 
it can be done when explicit attention is given to mathematics learning. 

Stone and colleagues (2008) studied mathematics-enhanced career and 
technical education (CTE) courses in high school that covered multiple 
occupational contexts—business and marketing, auto technology, health and 
information technology, and agriculture (but not engineering). CTE teachers 
were randomly assigned to teach courses either with enhanced mathematics 
or using traditional approaches. The teachers in the enhanced courses 
received guidance on how to structure their classes and additional profes-
sional development and were partnered with a mathematics teacher. They 
provided explicit opportunities for students to focus on the mathematics 
concepts, rather than just using math in the occupational context. Students 
in the two courses performed at similar levels in terms of technical skills, 
but those in the math-enhanced courses did better on measures of general 
math ability compared to students in the regular technical education courses.

A study of efforts to “infuse” mathematics in a 20-day middle school 
engineering/technology (ETE) course (referenced in Chapter 2) also showed 
promising results (Burghardt et al. 2010).4 Mathematics concepts and skills 
were introduced in the ETE curriculum at critical points through focused 
lessons to facilitate students’ ability to make connections between the dis-
ciplines. The mechanism used was a bedroom design activity, engaging 
students in the planning, design, and physical modeling of a “bedroom” 
that must meet specific cost and building requirements (e.g., the window 

4  Infusion (the term used by the study authors) is similar to the enhanced approach to 
integration described by Hurley (2001).
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area must be at least 20 percent of the floor area, the minimum room size is 
120 square feet, the minimum closet size is 8 square feet). Eighth-grade stu-
dents from 13 middle schools participated in the curriculum. Each teacher 
involved in the infusion curriculum was compared with a teacher in a “busi-
ness as usual” technology class.

Students in both the infusion and comparison classrooms completed 
an assessment of mathematics concepts that were relevant to the bedroom 
design unit before and after instruction in the unit. Students in the infusion 
classes showed greater gains in scores from pre- to post-test than those in the 
control classes. It is important to point out, though, that the concepts on 
the mathematics test were closely aligned to the bedroom design unit and it is 
not clear from the study whether the students in the comparison classrooms 
were exposed to these concepts.

In a recent analysis of nationally representative data from the Education 
Longitudinal Study of 2002, Bozick and Dalton (2013) explored the effects 
of enrollment in CTE courses on mathematics achievement. Controlling 
for the characteristics of the students’ background and those of the school 
or district, the authors found that enrollment in occupational courses 
did not compromise mathematics achievement when such courses were 
taken instead of academic courses. When examined alone, engineering and 
technology courses—a subset of occupational courses that the authors say 
incorporate quantitative skills, problem solving, and logic—were unrelated 
to mathematics achievement.

Learning about Engineering and Technology

Very few studies have examined outcomes related to understanding engi-
neering and technology, but pilot studies conducted as part of a large-scale 
curriculum intervention in New Jersey show some promising results. 

Engineering Our Future New Jersey (EOFNJ) is a collaborative effort of 
Stevens Institute of Technology, the New Jersey Department of Education, 
the National Center for Technological Literacy (NCTL) at the Museum of 
Science, Boston, and others to bring exemplary technology and engineering 
curricula, such as Engineering is Elementary (EiE) and A World in Motion, 
to mainstream New Jersey K–12 education. The goal of EOFNJ is to ensure 
that within the next five years all K–12 students in New Jersey experience 
engineering curricula with a focus on innovation, as a required component 
of their elementary, middle, and high school education. Pilot studies were 
conducted at each school level. 
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At the elementary level, two modules from the EiE curriculum were 
implemented in 13 schools. One module focused on water quality, and 
students designed a water filter. The second focused on wind energy, and 
students designed a windmill that could lift a small weight. Results of tests 
administered before and after indicate that students improved in their ability 
to identify examples of technology and in their knowledge of water filters, 
filter materials, the science involved with the water filter module, and wind-
mills and blade materials. 

At the next level, 11 middle schools implemented a 4-week module from 
A World in Motion that involved designing a simple, mechanically propelled 
toy. Results on before-and-after tests of students’ conceptions of engineer-
ing and technology indicate that they improved their understanding of 
engineering.

At the high school level, 11 teachers from 10 high schools implemented 
2 modules from the NCTL curriculum Engineering the Future: Designing 
the World of the 21st Century (NCTL 2005). One module was on fluid and 
thermal systems and included redesign of a boat to improve an aspect of 
the design. The second involved electrical and communication systems in 
which students worked with snap circuits. Results on pre-/posttests showed 
improvement in students’ understanding of fluid and thermal systems and 
of electrical circuits.

Summary

The studies reviewed indicate that the integration of STEM concepts in 
applied settings can yield increased conceptual learning in the disciplines but 
that there remain too many inconsistencies and gaps to effectively implement 
or assess integrated STEM programs. 

For example, the positive impact on learning appears to differ for science 
and mathematics—it is less evident for mathematics outcomes. For both 
science and mathematics, the impact on learning and achievement varies 
depending on the approach to integration and the kinds of supports both 
embedded in the task and provided through instruction. Integration shows 
improved results on assessments of specific concepts related to the interven-
tion, but not on general mathematics or science achievement tests like those 
administered by states.

Furthermore, the evidence presented above has several limitations that 
need to be considered when identifying directions for future research and 
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development. One of the most significant is the lack of a commonly agreed- 
upon definition for integration. Without one, it is difficult to consistently 
describe pedagogy or compare results across studies to develop a nuanced 
picture of whether and how different approaches to integration support 
learning. Likewise, without a common set of measures or criteria for docu-
menting integrated learning, there is no clear basis on which to compare 
results. Moreover, there are few direct measures of integration as a construct 
or of outcomes that show how well students are able to make connections 
across disciplines. In the absence of standardized measures of integrated 
learning, researchers may use assessment instruments that are biased in favor 
of the particular intervention being studied, thus calling into question the 
validity of measures of STEM integration.

Finally, the research base includes a relatively small number of studies, 
with limited samples and often with potential problems with selection bias 
(e.g., only students who already do well in STEM or are interested in STEM 
participate). Studies span multiple age groups, include a variety of measures 
of learning or achievement, and effect sizes are generally small. In order to 
advance research on integrated STEM education, researchers need to con-
sider a range of designs and methodological approaches. These are discussed 
in more detail in Chapter 6.

INTEREST AND IDENTITY

Fostering the development of students’ interest and identity in STEM is 
an important potential outcome of integrated STEM experiences. Interest 
and identity are thought to lead to continued engagement in STEM-related 
activities as reflected in course selection and choice of out-of-school activi-
ties, college major, and career path. In this section we review the evidence 
to determine whether and how integrated approaches support the develop-
ment of interest and identity and lead to continued engagement in STEM 
fields. The committee found that out-of-school programs or experiences 
emphasized these outcomes, whereas school-based programs were more 
likely to focus on achievement outcomes. In both types of settings, however, 
direct measures of interest and identity were infrequent, although there was 
somewhat more attention to continued engagement (e.g., course taking or 
career aspirations).

In the following sections we explain how interest and identity have been 
defined by researchers and describe the ways they have been explored in 
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research. Next we examine evidence indicating whether integrated STEM 
experiences support the development of students’ interest and identity in 
STEM.

What Are Interest and Identity?

Interest develops over time, beginning with the triggering of attention and 
extending to voluntary reengagement, often characterized in terms of curios-
ity, persistence, and resourcefulness (Hidi and Renninger 2006; Renninger 
and Hidi 2011). Research findings clearly show that the presence of interest 
positively affects learner attention, goals, and levels of learning (see Hidi and 
Renninger 2006; Renninger and Hidi 2011) and that learners of all ages can 
be supported to develop interest (see Renninger 2010). 

Interest is also related to other outcomes that can influence learning 
such as self-efficacy, an individual’s sense that s/he can be successful in a 
given domain. With more developed interest, the learner often has stronger 
feelings of self-efficacy and can better self-regulate behaviors to persevere on 
challenging tasks (Hidi and Ainley 2008; Sansone 2009). 

Once an interest begins to develop, it can be sustained through instruc-
tion and/or out-of-school experiences, during which the learner often comes 
to identify with those who represent and pursue the interest professionally 
(Krapp 2007; Renninger 2009). 

Identity generally refers to who one is or wants to be, as well as to how 
one is recognized by others—as a particular kind of person, with particular 
interests, expertise, and ways of being in particular social contexts, such as 
the classroom. Identity with respect to STEM has implications for how or 
why one might engage in classes, enroll in STEM courses, or use ideas and 
practices from STEM disciplines outside the classroom.

People have multiple shifting identities based on the diverse contexts and 
communities they encounter. As they move through time and space, they 
create, through their talk, actions, and interactions, different stories or nar-
ratives about who they are and want to be. These identities are always under 
negotiation, are contingent on the resources one has access to, and are shaped 
by a person’s social, cultural, and historical context, both in the moment 
and over time (Holland et al. 2001; Wortham 2006). These complexities are 
illustrated in the case study of a middle school student, Chantelle, presented 
in Box 3-2.
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BOX 3-2 
Case Study of Identity Development in STEM

Because identities are always in the making and socially negotiated, they 
are difficult to isolate or to name, raising questions about how to study 
them and what role they might play in helping an individual make sense 
of best practices for integrating learning in STEM. 

Take, for example, the case of Chantelle (see Calabrese Barton et 
al. 2012). In the 6th grade, Chantelle, a soft-spoken African American 
girl growing up as the only daughter of a single mother, disappeared 
from view in science class. She infrequently volunteered in class and 
her average grades made her neither a concern nor an interest of her 
teacher. She had an avid desire to be a dancer when she grew up and 
pursued all the dance-related opportunities available at her arts-based 
public magnet school. She had little interest in science and mathematics; 
she’d never met an engineer and did not know what they did. And yet, 
at the very time when interest and motivation to pursue STEM drops 
precipitously, especially among girls, Chantelle’s interest—and scholastic 
achievement—in science increased. By 8th grade, she declared her 
interest in science and mathematics and stated her career goal to be a 
green architect, bringing together her love of the arts with science and 
engineering. 

Why is it that Chantelle’s interest in science increased and her 
identity in science developed into one of a confident and competent stu-
dent of STEM? There is clear evidence that one reason for the change 
was her participation in a technology-rich science and engineering club 
grounded in project- and place-based approaches. She had joined the 
club because her friends were involved, and initially her participation 
mirrored that in the science classroom: She arrived on time and finished 
her work, but she talked only with her small peer group and appeared 
more interested in watching YouTube videos of singers and dancers than 
in the science at hand.

However, through a series of events, Chantelle’s participation be-
gan to change. The turning point was her involvement in an after-school 
lightbulb audit at her school. Near the end of a unit on energy efficiency, 
Chantelle and two of her friends developed a project to determine how 
much energy and money their school was wasting by using incandescent 
lightbulbs. Saving money was important to them as budget cuts at their 
school loomed. They counted the number of incandescent bulbs in the 
school, documented their kilowatt-hour expenditure, and calculated how 
much money and CO2 emissions would be saved if they replaced those 

continued
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bulbs with CFLs. They used a video recorder to document the process 
and to interview teachers and students on the topic. Chantelle’s two 
friends led the effort, organized the spreadsheet, and made the sugges-
tions for where to go in the building; Chantelle pointed to the lightbulbs 
in each video shot.

Chantelle’s role changed, however, when the girls began to edit the 
video into a short documentary. She directed the editing, choreographed 
each new scene, and added text and graphics to pull out the message. 
As the group began to run out of time to finish the movie, Chantelle 
edited the film in her spare time. The project took about 6 weeks.

The lightbulb audit received such rave reviews by peers in the club 
that the girls were persuaded to seek permission to present their find-
ings to their school’s student congress and school leaders. When the 
local electric company got word of the video from the school principal, 
it donated 1000 CFLs for the youth to distribute to their peers at school. 

Furthermore, Chantelle asked to present the project to her science 
class, a level of active participation that stood in stark contrast to her 
previous everyday participation. Not only did she present the material, 
she engaged the class by asking her peers questions about why they 
should care about lightbulbs. She positioned herself both as the expert 
and as someone who cares about her fellow students and about the 
connections between science and their world. The following school year, 
when her 7th-grade class studied energy transformations, Chantelle 
eagerly volunteered in class discussion. She became deeply engaged in 
her science class across a variety of lessons and was described by her 
teacher as someone he wishes he could “clone.”

Chantelle’s story is illustrative of one of the more positive identity 
pathways Calabrese Barton and her collaborators have observed among 
middle school youth. Her experience shows that identity work is ongoing 
and cumulative and can be either facilitated or constrained by opportuni-
ties in the spaces where a student encounters science. 

This case study also vividly illustrates the role of integrated STEM 
experiences and place- and project-based learning in fostering a produc-
tive science identity, which in turn enabled greater participation in the 
classroom, greater opportunities to learn, and the sense that a future 
in science is possible. Had the researchers only studied Chantelle’s 
achievement, or only studied her at a moment in time, they would have 
missed her developmental pathway.

BOX 3-2 Continued
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Many studies of identity in STEM disciplines have been tied, in some 
form, to concerns about equity, in the context of underrepresentation and 
as a factor in pipeline losses. Studies have documented K–12 classroom 
and school practices that may contribute to certain students’ choices to dis-
engage from STEM, such as African American girls (Calabrese Barton et al. 
2012) who felt they had to choose friendships over extracurricular science 
in order to make academic success acceptable. Brown (2004, 2006) similarly 
observed that students “disidentified” with science to avoid cultural conflict. 

Identity research may also help to explain why some instructional 
reforms succeed or fail even when they take into account gender, race, and 
language concerns (e.g., Carlone et al. 2011). 

Evidence that Integrated STEM Supports  
Development of Interest and Identity

In addition to the case study illustrated in Box 3-2, evaluations of and 
research on integrated STEM programs provide preliminary evidence that 
such programs support the development of interest, identity, and continua-
tion in STEM. As noted, however, measures of interest and of continuation in 
STEM are more common in studies of out-of-school programs, and in most 
cases the outcomes are measured without careful attention to the specific 
mechanisms that support the development of interest. Documentation of 
the development of identity is less common, and the few studies that have 
examined it in the context of integrated STEM are qualitative.

Interest

Studies and evaluations reviewed by the committee provide some evidence 
that integrated STEM programs can support the development and mainte-
nance of interest in STEM. The programs or interventions considered were 
school-based projects and curriculum units, afterschool programs, and 
summer camps.

The study by Burghardt and colleagues (2010) of the infusion of math-
ematics into an ETE curriculum for middle school students (described in 
the previous section) documented outcomes related to interest. Students 
in the infusion curriculum and those in a comparison curriculum completed 
surveys of their attitudes toward mathematics and technology both before 
and after the intervention. Survey questions assessed the students’ interest 



Copyright © National Academy of Sciences. All rights reserved.

STEM Integration in K-12 Education:  Status, Prospects, and an Agenda for Research

68	 STEM INTEGRATION IN K–12 EDUCATION

in mathematics and their perceptions of the importance of mathematics for 
technology and the relevance of mathematics. Comparison of the postsurvey 
responses of the two groups showed that students in the mathematics-infused 
curriculum reported that the subject was more important and interesting 
than did the students in the comparison group (controlling for responses 
on the presurvey). There were no significant differences between the groups 
on relevance. However, changes between the presurvey and  postsurvey data 
revealed a decrease in reports from students in the infusion curriculum 
about the relevance of mathematics to their lives (Burghardt et al. 2010). 

An unpublished study of a school-based engineering project for 6th 
and 7th graders similarly showed positive effects on students’ attitudes. The 
study included a comparison group of students who did not participate in 
the project, and students were surveyed both before and after the project. 
Students who participated in the project (designing a prosthetic arm) 
reported increased interest in engineering as a potential career as well as 
increased confidence in mathematics and science, although girls scored lower 
than boys in terms of their interest in engineering as a career and in their 
beliefs that they could become engineers (High et al. 2010).

Turning to out-of-school programs, in an unpublished evaluation of 
the Techbridge program, 367 girls (44 percent of the total number of girls) 
who had participated in the program from 2000 to 2007 completed surveys. 
Nearly 90 percent of the respondents reported that Techbridge had increased 
their interest in STEM; asked to identify what got them most interested in 
STEM, 72 percent cited hands-on projects and 16 percent said it was field 
trips (Ancheta 2008). 

Evaluation of another enrichment program for high school youth, 
integrating engineering with biology concepts in a health care context using 
lecture and hands-on activities, also revealed positive effects on interest. On 
post-program surveys 50 percent of participants reported increased interest 
and more positive attitudes toward science and engineering (Monterastelli 
et al. 2011). 

In a study of an all-girl summer camp with a STEM focus, the girls’ self-
report of the likelihood of their pursuing a career in mathematics, science, or 
engineering rose from an average of 6.3 to 7.4 on a 10-point scale (Plotowski 
et al. 2008). 

The results of other studies have been less clear. An unpublished evalua-
tion of Project Exploration in Chicago, an out-of-school program for middle 
school–aged girls and minority students, summarized findings from surveys 
and interviews of participants during and after their participation. The 
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responses showed greater interest and confidence in science, but these were 
not assessed at the beginning of the program and no control group was used 
(Chi and Snow 2010).

Four studies of robotics programs showed somewhat mixed results. A 
published study of a 4-H robotics program revealed no significant differ-
ences in attitude between program participants and a control group of non-
participants (Baker et al. 2008). But in an unpublished evaluation of FIRST 
robotics, an out-of-school program where students work in teams to design 
and build robots, students’ self-report on retrospective surveys (57 percent 
response rate) indicated higher interest in science and technology (89 per-
cent of respondents) and in science and technology careers (69 percent of 
respondents) (Melchoir et al. 2005). In an evaluation of an out-of-school 
program that engages students in computer programming and engineering 
using robotic kits, 76 percent of students showed an improvement in their 
attitudes toward science and technology on pre and post surveys (Martin 
et al. 2011). Finally, in an evaluation of a robotics and geospatial program, 
about half of students reported more positive attitudes at the end of the 
program (Nugent et al. 2010).

Identity

Few of the studies considered by the committee examined identity. A com-
missioned paper on the topic reported that only three were conducted in the 
context of integrated STEM programs, and they were qualitative case studies. 

The first study examined identity development in the context of science 
clubs for low-income middle school youth to pursue projects of their own 
choosing (Rahm 2008). The study showed that youth who were successful 
in the science clubs took on positions and roles that integrated their own 
histories and cultural backgrounds with science and that these roles were rec-
ognized by individuals who were more knowledgeable, such as the teachers 
running the clubs. The researcher posited that the formally acknowledged 
hybrid roles allowed the youth to try out ideas and ways of being that may 
have previously seemed out of reach or culturally incongruent (i.e., inconsis-
tent with the culture of the students’ families or communities). She further 
suggested that the flexibility of the program, the value of doing a project 
both in and for the community, or the openness that allowed the students to 
define their own projects may all have been important elements in support-
ing development of a STEM-related identity (Rahm 2008).
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A similar argument is made by Calabrese Barton and Tan (2010a) in the 
context of a technology-rich integrated science and engineering program 
focused on green energy. The researchers argue that as the youth in the 
program appropriated tools and resources through the program in ways 
that were culturally congruent, they developed roles as “community science 
experts”—they were seen as experts on matters in the community and in sci-
ence, able to bring the two together. The study report describes the process 
by which the youth chose to investigate the urban heat island effect in their 
city and how they designed their study through scientific, engineering, and 
place-based concerns. They then wove these concerns together in a series 
of digital narratives to educate their community about their findings. Their 
role as experts was recognized and legitimized by teachers, scientists, and 
community members, and this acknowledgment was essential in supporting 
both their identity development and their learning (Calabrese Barton and 
Tan 2010a). 

In a follow-up study, Calabrese Barton and Tan (2010b) analyzed the 
participants’ narratives describing their involvement in the green energy 
project over multiple years. These narratives revealed how the youths’ identi-
ties as community science experts and activists were carried from project to 
project and into new communities through public service announcements, 
scientific documentaries, and a new green roof for the building where the 
club was held, which the youth described as visible reminders of their hard 
work, what they know, and whom they influenced. 

The findings from these three studies suggest that identity develop-
ment may be supported by integrated experiences because such experiences 
support a range of ways of knowing, employ project- or problem-based 
approaches that allow youth to follow their interests, and can focus on prob-
lems relevant in local communities. 

Summary

The findings about whether integrated STEM supports interest and continu-
ation in STEM are mixed; there are promising indications, but the studies 
vary in quality. The measures of interest are typically not very sophisticated 
and do not take into account different phases of interest development. Also, 
many studies use before/after designs without any comparison groups. This 
is not a very powerful design for determining causal effects, so results are 
difficult to interpret. 
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Research on identity is at a very preliminary stage. The studies reviewed 
were qualitative and involved a very limited number of participants, but 
seem to indicate that open-endedness and links to students’ culture and com-
munity are important, as is the opportunity for students to be recognized 
as experts. 

For both types of research, larger-scale studies and studies that incorpo-
rate a wider range of methods are needed.

CONCLUSIONS

Research on integrated STEM experiences suggests that they may be prom-
ising for supporting both learning in and across the STEM disciplines and 
the development of STEM-related interest and identity. The research base 
is limited, however, in terms of the design of the studies, the populations of 
students involved in them, the outcome measures used, and the extent to 
which research examines the mechanisms underlying learning in integrated 
STEM contexts.

In terms of learning and achievement, for integrated STEM education 
to be successful students need to be able to move back and forth between 
the acquisition of disciplinary knowledge and skill and their application 
to problems that call on competencies from multiple disciplines. Students 
need to be competent with discipline-specific representations and be able to 
translate between discipline-specific representations thereby exhibiting what 
some scholars refer to as “representational fluency.” Participation in shared 
practices, such as modeling in engineering, science, and mathematics, may 
support such fluency. 

Integrated STEM experiences do appear to provide opportunities for 
students to productively engage in ways that can transform their iden-
tity with respect to STEM, and this effect may be particularly strong for 
populations that have historically struggled in STEM classes and are under
represented in STEM higher education programs and professions.

The committee’s review of the research illuminated specific areas where 
further research is needed. For example, there is a need for more studies 
that measure or document students’ ability to make connections across 
disciplines or to demonstrate representational fluency. Few studies focus on 
the development of interest and identity in formal educational settings, and 
even fewer address their development in the context of integrated STEM, 
in either formal or informal settings. Finally, although there is a body of 
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research showing how integrated STEM experiences can be designed to 
foster connections between science and mathematics, there is a clear need 
to extend this research to more grade levels and to show more connections 
with engineering and technology. 

More generally, the evidence base needs to be both deepened and broad-
ened to support strong conclusions about the effectiveness of integrated 
STEM and an understanding of underlying mechanisms. Weaknesses in 
the research that need to be addressed include impoverished descriptions 
of interventions, lack of common terms and theories, and the need to use a 
wider range of methods with a better match of the questions to the designs. 
Current measures and descriptions of integration, as both a pedagogical 
method and a student outcome, lack reliability and validity.

All of these research-related issues are explored in greater depth in 
Chapter 6.
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4

Implications of the Research for Designing 
Integrated STEM Experiences

The recent surge of interest in designing programs that successfully 
engage students in integrated STEM learning experiences has created 
a demand for guidance about what constitutes “effective” integrated 

STEM education. Yet, as evidenced in the previous chapter, research on 
integrated STEM is at the preliminary stages and there are few large-scale 
studies that systematically compare different approaches to integration. 
However, the smaller-scale research efforts in the field can be supplemented 
with relevant findings from research on cognition, learning, and teaching to 
formulate hypotheses about how to design effective integrated STEM learn-
ing experiences and the limitations that need to be considered. 

In this chapter we identify implications for design based on the research 
reviewed in the previous chapter, as well as evidence related to cognition 
and learning more generally. In the first section, we explore research on how 
people learn in order to determine how integrated experiences in STEM 
might support learning, thinking, interest, and identity development, and, 
conversely, why they might do little to change students’ attitudes, thinking, 
and behaviors. 

Drawing on these discussions together with the research findings and 
limitations reviewed in Chapter 3, we identify issues related to designing 
integrated STEM experiences so that they more effectively support learning 
within and across the STEM disciplines. We also lay out important areas for 
future research and development.
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INTEGRATED EXPERIENCES AND HOW PEOPLE LEARN1

In this section we draw on a substantial body of research on cognition and 
learning to explore the mechanisms by which integration might support, or 
be an obstacle to, learning within and across the STEM disciplines. Several 
decades of research in cognitive psychology, the learning sciences, educational 
psychology, curriculum and instruction, and other fields have shed light on 
how the mind works and how best to support learning. This research provides 
a foundation for understanding how and why integrated STEM experiences 
can support improvement in learning and thinking, where they might pose 
difficulties for learners, and how they can be designed to be more effective. 

The committee considered findings from studies on learning and 
teaching across a range of research traditions including those informed by 
situative, sociocultural, cognitive, pragmatist, and constructivist theoretical 
perspectives. Findings obtained using diverse research methods, applied 
across several fields and perspectives, converge to create a picture of learning 
as an active process that is deeply social, embedded in a particular cultural 
context, and enhanced by intentional support provided by more knowledge-
able individuals, be they peers, mentors, or teachers.

Based on what is known about cognition and learning, it is possible 
to hypothesize both advantages and disadvantages for learning from inte-
grated experiences. But such experiences have only recently become a focus 
of research in STEM educational contexts, so important research questions 
remain. These are discussed in the final chapter of this report.

We begin with a discussion of key basic processes of cognition and learn-
ing and their implications for integrated instruction—how it supports learn-
ing and where it might introduce challenges. It appears that integration can 
be effective because basic qualities of cognition favor connected concepts over 
unconnected concepts; the former are better organized for future retrieval 
and meaning making than the latter. But it can also impede learning because 
it (1) places excessive demands on resource-limited cognitive processes such 
as attention and working memory, or (2) attempts to make bridges between 
ideas that were not well learned, or (3) obscures important differences in 
STEM disciplines about how knowledge is constructed and revised. 

1 This section is based on the review of the cognitive sciences literature conducted by Eli 
M. Silk and Christian D. Schunn, University of Pittsburgh, and on commissioned papers 
by Mary Gauvain, University of California, Riverside, Angela Calabrese Barton, Michigan 
State University, and Steven Marc Weisberg, Temple University.
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Given the focus of this report and the breadth of the research on cogni-
tion and learning, it is impossible to provide a detailed review of all the cur-
rent research (for a summary see NRC 2000). Instead, we focus on the aspects 
of cognition and learning that, in the committee’s judgment, are relevant to 
an understanding of integrated STEM.

Building Connected Knowledge Structures

A major insight from research on cognition and learning is that the organiza-
tion of knowledge—that is, the ability to make connections between concepts 
and representations2—is key to the development of expertise in a domain. 
Multiple studies have shown that experts do not just know more about a 
domain, they understand how ideas are related to each other and their rela-
tive importance and usefulness in the domain. They also notice features and 
meaningful patterns of information in the context of their field of expertise 
that are often not noticed by novices (see NRC 2000, Chapter 2, for a sum-
mary of research on expert knowledge). This organized knowledge gives 
experts multiple advantages for thinking and learning. For example, when 
they approach a new problem they are able to attend to its deep, structural 
aspects rather than surface features (Chi et al. 1981) and thus connect new 
tasks or concepts to prior experiences more readily and more meaningfully. 

The importance of organized knowledge relates directly to some of the 
aims of STEM integration described in Chapter 3, such as helping students 
connect ideas learned at different stages of project-based learning or devel-
oping students’ representational fluency. Thus one way to frame the goals of 
learning is to think of it as helping novices build and reorganize their knowl-
edge to develop more expertlike competence in a domain. For integrated 
STEM it is important to determine how to help students both build knowl-
edge in individual disciplines and learn to make connections among them. 

The foundation of knowledge building and rebuilding is the learner’s 
experience. All new knowledge builds on existing knowledge and involves 
making connections from previous experiences to the current context (NRC 
2000, 2007). But learners often do not spontaneously relate the knowledge 
they possess, however relevant, to new tasks, a phenomenon referred to as 
a problem of transfer (see the discussion of transfer below as well as NRC 

2  A representation expresses or symbolizes an idea or relationship. Examples of represen-
tations include drawings, schematics, graphs, and mathematical equations.
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2000, Chapter 3); they often need cues or explicit supports to help them 
make connections. 

One emerging view (e.g., Koedinger et al. 2012; Rau et al. 2012) is that 
integrated approaches benefit individuals who already have knowledge per-
tinent to the integrating elements, whereas individuals with limited knowl-
edge are less adept at building connections among conceptual structures. 
This situation can produce so-called aptitude-treatment interactions; that 
is, an intervention produces different results depending on an individual’s 
initial level of knowledge or skill (e.g., Cronbach and Snow 1977; Serlin 
and Levin 1980). 

Integrated STEM experiences vary depending on whether they are 
designed to target discipline-specific knowledge and skills or to support 
integration of knowledge across disciplines. In some cases a context or 
activity incorporates knowledge, and requires use of practices from more 
than one discipline, but students are expected to demonstrate learning gains 
in only one discipline. In other cases, experiences are designed to help stu-
dents advance in more than one discipline, but students are not expected to 
demonstrate an ability to make connections across disciplines. And a smaller 
number of integrated experiences are designed to help students make and 
demonstrate connections between ideas across disciplines. 

Depending on the outcomes of interest, an integrated learning experi-
ence should take account of students’ knowledge within individual disci-
plines as well as help them make connections between disciplines, drawing 
on the disciplinary knowledge they already possess.

Transfer

Transfer is one of the principal goals of learning in school: students should be 
able to take the knowledge and skills learned in one context and apply them 
in another. Typically, teaching for transfer aims to increase transfer within a 
discipline. Integrated STEM educational experiences, by design, ask students 
to engage in the transfer of disciplinary knowledge and, ideally, enable the 
students to reliably transfer their knowledge to other areas and activities in 
the future. 

Transfer can be explored at a variety of levels—from one context to 
another, one set of concepts to another, one school subject to another, one 
year of school to another, across school, and to everyday nonschool activi-
ties. A recent NRC report on transfer in the context of learning 21st century 
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skills (NRC 2012) found that there is little research on how to help learners 
transfer competencies learned in one discipline or topic area to another. The 
report identifies features of instruction that may support transfer (NRC 
2012, p. 9):

•	 Using multiple and varied representations of concepts and tasks
•	 Encouraging elaboration, questioning, and explanation
•	 Engaging learners in challenging tasks
•	 Teaching with examples and cases
•	 Priming student motivation
•	 Using formative assessment

Many of these features are present in integrated STEM programs, but 
research is needed to assess whether and how they support development of 
both disciplinary competence and the ability to make connections across 
disciplines.

Integrating Across Multiple Representations

Representations that express or symbolize an idea or relationship are an 
important element of disciplinary knowledge and can facilitate learning. 
In STEM disciplines, each form of representation highlights or amplifies 
an aspect of a natural or designed system while simultaneously reducing or 
summarizing its essence (Latour 1999). Within a discipline, the development 
of connections among different representations is an important way in which 
disciplinary knowledge grows (Latour 1999, p. 24). Kozma and colleagues 
(2000) reported on integrative thinking among chemists who made explicit 
and implicit connections between a structural drawing, an experimental 
design, and data and used language to support these connections. Conse-
quently, the chemists were able to reason with one representation (a draw-
ing), while making inferences about another (e.g., a spectrum). 

In integrated STEM learning experiences, students often need to make 
connections across different kinds of representations from a single discipline 
and learn to recognize how representations from different disciplines are 
related. For example, high school geometry students who use interactive 
software such as the Geometer’s Sketchpad® may construct multiple cases 
for exploring invariant relations that exist when a triangle is inscribed in a 
circle. The initial representations will start out as visual-spatial, but the stu-
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dents may be called on to present verbal proof in support of their conjectures 
(Nathan et al. 2013), thus demonstrating connections between visual and 
verbal representations in a single discipline. Similarly, students participating 
in an engineering project on ballistic behavior may use geometry modeling 
software, such as AutoDesk, to formalize a sketch into the design of a device 
such as a catapult. They will make connections across disciplinary bound-
aries when they relate the specifications of the device created in the CAD/
CAM system (technology) to trigonometric relations (geometry) used in the 
quadratic equations (algebra) that model the kinematic laws (physics) that 
specify the ideal trajectory of the ballistic flight.

Psychological research has shown important benefits for learning and 
performance in people who make connections between multiple representa-
tions of a particular concept or relationship. Evidence from both behavioral 
(e.g., Griffin et al. 1994; Stenning and Oberlander 1995) and neuroscience 
research (e.g., Dehaene et al. 1999) points to a dual system of linguistic and 
spatial representations that supports mathematical reasoning. Tabachneck 
(1992; Tabachneck et al. 1994) showed that an expert in economics success-
fully conveyed an economic situation that was thought to be out of reach for 
novices by combining graphical and verbal representations. Schwartz (1995) 
found that the availability of multiple representations played a key role in 
students’ generation of abstract representations. And Case and Okamoto 
(1996) demonstrated that when children form an integrated conceptual 
understanding, they exhibit new capabilities. For example, they can under-
stand a concept presented in one modality using their understanding of 
another system that shares deep conceptual structure but has vastly different 
surface features and operations. Each of these cases represents discipline-
specific integrative thinking.

Learning from Real-World Situations

One hallmark of integrated approaches, though not unique to them, is the 
use of real-world situations or problems. They can bring STEM fields alive 
for students and deepen their learning, but they may also pose particular 
challenges for them. 

There is evidence that use of detailed concrete situations with rich 
perceptual information can prevent students from identifying the abstract 
structural characteristics needed to transfer their experiences to other settings. 
Goldstone and Sakamoto (2003) and Sloutsky and colleagues (Kaminski et al. 
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2005, 2006a, 2006b; Sloutsky et al. 2005) found disadvantages to increasing 
levels of perceptual richness, especially when the added features were irrel-
evant to the structural features the students were meant to learn. Goldstone 
and Sakamoto (2003) found that the effects of the perceptual richness differed 
depending on students’ initial capabilities: students who were already able to 
attend to the abstract features of a situation were unlikely to be distracted by 
perceptual richness, whereas those who had difficulty grasping the abstract 
information were more likely to be distracted by superficial features. 

It may be that real-world situations can be designed to encourage 
students to attend to the critical (as opposed to irrelevant) features of the 
situation. Kaminski and colleagues (2009) tested this idea by having stu-
dents learn a mathematical rule either with entirely generic materials, so the 
rule’s connection to the symbols was entirely arbitrary, or with materials in 
a familiar context that follows the rule (in this case pictures of beakers of 
liquid combined with some left over). They found again that the relevant 
concreteness had advantages for learning of the particular rule, but that the 
generic materials resulted in better transfer to another context that followed 
the same rule but in which the objects didn’t compel the rule as they had in 
the relevant concrete learning materials. Although Kaminski and colleagues 
do not test claims about rich contexts directly (their “concrete” condition is 
an abstract image meant to resemble real objects), this work does reveal some 
of the trade-offs for perceptually rich and lean curriculum materials when 
measuring learning and transfer.

One implication of this research is that classroom instruction designed 
to promote the use of knowledge across different contexts should include 
instruction in the abstract or generic representations of the concept being 
taught. Teachers should not expect students to be able to infer the underlying 
symbolic or abstract representation of a problem by solving the problem 
using a single concrete instantiation (e.g., Goldstone and Sakamoto 2003; 
Goldstone and Son 2005; Kaminski et al. 2006a, 2006b; Sloutsky et al. 2005). 

Cognitive Limitations: Attention and Memory

Research in cognitive psychology demonstrates that the amount of informa-
tion a learner can simultaneously attend to and process deeply is very limited 
(Anderson 1996, 2004; Miller 1956). One’s intellectual abilities can appear 
to be outsized, however, when one effortlessly perceives information as 
connected and meaningful. Strings of random numbers will quickly exceed 
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an individual’s information processing capabilities, unless s/he can readily 
group them in familiar “chunks,” such as important dates or the time (in 
minutes and seconds) needed to run a race of a certain distance (Ericsson 
et al. 1980). 

When presented with multiple sources of information, learners must 
direct their attention to each individual source, encode separate pieces of 
information, manage the stored information, and discern the relevant con-
nections. Split attention—simultaneously dividing one’s attention between 
competing sources of information—is cognitively demanding and can be a 
major obstacle to understanding and learning. The split-attention effect is 
evidenced by difficulties in storing and processing information that is physi-
cally separated (Mayer 2001; Mayer and Moreno 1998; Sweller et al. 1998). 
But it can be remedied: student learning improves when individual sources 
of information are visually integrated so they can be processed together in a 
single image (Bobis et al. 1993; Chandler and Sweller 1992, 1996; Mayer and 
Anderson 1991, 1992; Moreno and Mayer 1999; Mwangi and Sweller 1998; 
Sweller et al. 1990). 

These aspects of cognition point to a potential drawback of integra-
tion: without effective guidance, the effort to make connections among 
multiple disciplines in the context of a complex problem or situation could 
overwhelm students and inhibit learning. Design of integrated experiences 
must balance the richness of integration and real-world contexts against 
the constraints of the cognitive demands of processing information that is 
separated in time, in space, or across disciplines and types of representation. 

Learning by Doing and Embodied Cognition

Integrated STEM experiences typically call on students to engage in activities 
that involve the use of tools or manipulation of objects, and claims have been 
made that this use enhances learning. Although such instructional strategies 
are widely used in mathematics education (e.g., Fuson et al. 2000; Clements 
2000) and mathematics education research (Chao et al. 2000; Martin and 
Schwartz 2005; Uttal et al. 1997), there is little research in other STEM fields 
on the relationship between physical manipulation of objects and learn-
ing, although some studies of physics learning do demonstrate benefits. 
One study reported that students who actually felt the angular momentum 
change when a rotating bicycle wheel was held performed better on written 
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tests about angular momentum than students who merely watched other 
students hold the bicycle wheel (Kontra et al. 2012). 

A related approach to understanding learning involves embodied cogni-
tion, the perspective that cognition occurs in a physical organism interacting 
with its environment; to understand the structures that mediate learning, 
one must consider the brain, body, and environment as an interactive unit. 
This approach considers forms of “embodied learning” such as gesture, 
sketching, and arranging objects, which can help mitigate the brain’s limited 
processing ability (Kirsh and Maglio 1994). 

Embodied experiences may provide pathways for coordinating math-
ematical and scientific concepts. For example, children in elementary grades 

FIGURE 4-1  Three complementary representations of rotary motion: embodied (upper 
left), geometrical (upper right), and mechanical/linkage (lower). SOURCE: Bolger et al. 
(2010). Reprinted with permission.
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are often expected to understand how simple machines work. But developing 
mechanistic reasoning is challenging, and many elementary students fail to 
anticipate or explain how interactions among components of the devices 
account for how they work (Bolger et al. 2012; Metz 1985). 

Simple forms of embodiment and mathematical representation appear to 
substantially support the development of mechanistic reasoning. For exam-
ple, in one study, children participated in rope walks, in which one student, 
“the holder,” acted as a fixed pivot (the fulcrum) and the other, “the walker” 
at the other end of the rope, as the end of a lever arm (Figure 4-1). When the 
child at the end of the rope attempted to walk in a direction perpendicular 
to the line joining the two children, the path was constrained to be circular. 
Challenged to represent the essential difference between ends of lever arms 
near and far from the fulcrum, by walking toward and away from the holder 
students came to see the usefulness of circles and their properties for describ-
ing how linkages (connected levers) function (Bolger et al. 2010, 2011).

Social Aspects of Learning and Cognition

Social and cultural factors are fundamental to all learning experiences and 
particularly important in integrated experiences, which typically require 
students to work with each other and actively engage in discussion, joint 
decision making, and collaborative problem solving. Integrated STEM edu-
cation often involves extensive collaboration among teachers and students, 
and therefore its success depends on the design and effectiveness of the social 
aspects of the approach. 

Social supports for learning are ubiquitous, occur in a variety of settings, 
and are present in all cultures (Lancy et al. 2009). Key ingredients for effective 
learning are the availability of appropriate support to help learners engage in 
an activity in a meaningful way, the gradual withdrawal of these supports as 
the learner’s competence increases, and instruction and guidance in the use 
of tools that support learning (NRC 2000). 

Social processes of learning are inherent to three major components of 
integrated STEM education: the participation of the learners, the assistance 
provided by the teacher(s), and the nature and meaning of the learning activ-
ity itself. Because research has shown that not all forms of social experience 
are conducive to learning (Slavin 1983), careful attention to the design of 
social processes in integrated STEM education is essential.
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The social contexts that support learning include the physical settings 
themselves and the social psychological processes that occur in these set-
tings. Learning is promoted by many social processes—observation, imita-
tion, regulation of joint attention, demonstration, instruction, and shaping. 
Research has shown, for example, that children learn how to solve problems, 
including how to attend to important features and the knowledge and strat-
egies needed to solve problems, by observing more experienced partners 
solve similar problems. Research has also demonstrated that learning can 
result when social support is carefully arranged, learning is monitored, and 
adjustments are made if learning strays too far from the goal (Gauvain 2001). 

What children learn from observation and collaborative activity depends 
on their developmental status. Whereas preschool children benefit from 
assistance in understanding problems, following rules, and manipulating 
materials, school-age children gain more from help with strategies. Research 
suggests that the social psychological processes available in the learning 
environment, including the composition and activities of learning groups 
and the involvement of the teacher, are important design features for inte-
grated STEM education. Social guidance and support for learning also exist 
in cultural tools that aid thinking and problem solving and in the type and 
structure of the learning activities in which children engage.

Certain social processes that support learning involve deliberate efforts 
to convey knowledge and strategies. Among these are instruction in the 
zone of proximal development (Vygotsky 1978), scaffolding (Wood and 
Middleton 1978), and peer collaboration. 

The zone of proximal development (ZPD) is defined as “the distance 
between the actual developmental level as determined by independent prob-
lem solving and the level of potential development as determined through 
problem solving under adult guidance or in collaboration with more capable 
peers” (Vygotsky 1978, p. 86). The ZPD is the region of sensitivity for learn-
ing in a particular domain. 

One of the primary means by which teachers and other more experi-
enced partners (such as more advanced peers, older students or parents) 
support children’s learning in the ZPD is with a learner-focused instructional 
technique known as scaffolding, which involves verbal and nonverbal efforts 
tailored to the learner’s needs to help him or her engage with a challenging 
activity (Renninger and Granott 2005; Wood et al. 1976, 1978; Wood and 
Middleton 1975). For instance, an activity, such as planning errands, may be 
broken into a series of actions (Gauvain and Rogoff 1989) and strategies for 
solving the problem (how to do the errands in an efficient manner) modeled 
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by the more experienced partner, who meanwhile encourages and supports 
the learner’s involvement. The more experienced partner may also take on 
the more difficult parts of the problem so the learner can concentrate on 
easier parts that are less taxing to attention and memory (Gauvain 1992). 

At both the elementary and secondary school levels children’s under-
standing and skills can be improved when peers work together on challeng-
ing tasks, especially when the exchanges are cooperative (Gauvain 2001; Light 
and Littleton 1999). Peer interaction can be more open and egalitarian than 
interaction with adults (Piaget 1952) and therefore can generate unique 
learning opportunities. Peer interactions such as tutoring, discussion, or 
joint problem solving offer different opportunities for learning because 
peers can define and structure a problem in a way that is mutually accessible  
(Ellis and Gauvain 1992). Peer interaction can also make different points of 
view available to learners, and they can take these perspectives into account 
in their reasoning. 

Research has focused on collaborative problem solving by peers in the 
classroom in several disciplines, including mathematics and science (Light 
and Littleton 1999). Findings confirm that learning emerges from the joint 
construction of understanding through social processes such as discussion, 
argumentation, and negotiation. Even when classroom situations are not set 
up as collaborations, children often seek support for learning from peers, 
which can aid learning (Karabenick and Newman 2006). 

Summary

Integrated approaches to STEM education are generally consistent with what 
is known about effective ways to support learning. They can promote the 
development of rich, conceptual knowledge in a particular discipline and 
provide contexts for students to build competence in problem solving 
and develop skills that apply across disciplines. The use of physical objects in 
the course of project-based learning may facilitate intellectual performance 
and learning, because it can help make up for the limitations of the brain’s 
processing capacity. Furthermore, because working with physical objects 
typically fosters interaction between students and requires communication 
and collaboration, it can leverage the social aspects of learning in ways that 
traditional approaches to instruction often do not. 

At the same time, integrated instruction can pose challenges to learning 
and must be carefully designed with these challenges mind. One challenge is 
posed by the use of real-world contexts that are complex and characterized by 
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potentially distracting details. Students may be cognitively overwhelmed by 
the complexity and distracted by irrelevant details. Such distractions, how-
ever, are an ever-present reality for practitioners of STEM disciplines, so the 
potential gain for students is to face the challenges and complexities and 
determine which warrant further attention and inquiry (Ford 2010; Ford and 
Forman 2006). Second, students need to draw on and build their knowledge 
and skills, and develop facility with representations, in individual disciplines 
at the same time they are making connections across disciplines. Third, stu-
dents need opportunities and supports for productive embodied cognitive 
and social interactions that support their learning. 

IMPLICATIONS FOR THE DESIGN OF APPROACHES TO 
INTEGRATED STEM EDUCATION

Research findings on integration converge with those on cognitive, social, 
and embodied learning processes to highlight the importance of design-
ing integrated experiences that explicitly support students in building 
knowledge and skill both within and across disciplines. These strategies for 
instructional design also need to take into account the collaborative nature 
of learning and include guidance for structuring students’ interactions with 
their peers and teachers. In the next sections, we discuss principles for the 
design of integrated STEM learning experiences, including: making integra-
tion explicit, attending to the students’ disciplinary knowledge, attending to 
the social aspects of learning, and supporting the development of interest 
and identity.

Making Integration Explicit

Observation studies in K–12 classrooms show that pedagogical practices 
aimed at fostering integration are quite rare. Analyses of K–12 engineering 
curricula, for example, reveal that, although many valuable STEM concepts 
are presented to students in rich contexts, the explicit integration of mathe
matics and science concepts is not common (NAE and NRC 2009; Prevost 
et al. 2009; Welty et al. 2008). These analyses also show that, although many 
mathematics and science concepts are present in the curriculum, they tend to 
be embedded in the activities (e.g., Redish and Smith 2008), CAD software, 
measurement instruments, and computational tools used in the classroom. 
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Explicit integration seems to be particularly rare in entry-level courses; more 
advanced engineering classes, such as digital electronics, typically support 
explicit integration, albeit for a smaller and more sophisticated pool of stu-
dents (Prevost et al. 2010).

Students are less likely to make connections on their own without 
explicit integration (Graesser et al. 2008; NRC 2001). Its absence is probably 
not intentional but rather due to teachers’ and curriculum developers’ highly 
refined knowledge of the material. Similarly, instructors and curriculum 
developers shape their teaching by their more advanced understanding and 
experience an “expert blind spot” (Nathan and Petrosino 2003): they spon-
taneously see the deep connections and expect that their students will, too. 

But one of the most important roles of a STEM instructor is to explicitly 
draw students’ attention to deep structural relations shared across objects 
and representations. Without this support, students often fail to iden-
tify which components of a representation or problem solution matter 
(Ainsworth et al. 2002; Bottge et al. 2007). Another approach is to design 
instructional experiences that compel students to develop conjectures about 
which relations matter and ways to test these conjectures (e.g., Lehrer and 
Lesh 2013 re designing mathematical modeling).

The lack of explicit integration in STEM instruction is also problematic 
because studies show that students do not spontaneously integrate what they 
learn across representations and materials or across multi-day lessons, so 
integration cannot simply be assumed to take place simply because of tem-
poral or spatial juxtaposition (Kozma 2003; Nathan et al., 2013; Walkington 
et al., in press). Analyses of project- and problem-based STEM units in both 
technical education and college-preparatory courses show that deep con-
necting concepts that thread through formal lectures laden with symbolic 
notation and graphs are not readily applied by students as the projects move 
from design to simulation, fabrication and construction, and testing and 
phases of analysis and redesign (Nathan et al. 2011). These connections must 
be articulated and maintained by instructors throughout the course (Kanter 
2010). Once connections are made—most often by teachers but occasionally 
by peers—students are better able to see the phases of project-based units as a 
cohesive whole and their performance often improves (Richland et al. 2007). 
Furthermore, operating with these connections in mind can actually change 
students’ perceptions of the project materials and representations and how 
they communicate about them (Nathan et al. 2013). 
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Attending to Students’ Disciplinary Knowledge

Because integrated approaches are intended to help students both deepen 
their disciplinary knowledge and make connections across disciplines, 
instructional designers need to understand how students connect ideas even 
within a discipline (Nordine et al. 2010) and then consider how to help them 
use their discipline-specific knowledge in the integrated context. Connecting 
ideas across disciplines (Stevens et al. 2005) may be challenging as students 
are unlikely to cue their normative disciplinary ideas in disparate contexts. 
They need explicit support to elicit scientific or mathematical ideas in an 
engineering or technological design context, to connect those ideas produc-
tively, and to reorganize their ideas in ways that come to reflect normative, 
scientific ones. 

A number of integrated programs that use design as a context for learn-
ing science have incorporated scaffolding supports to help students connect 
normative science ideas to their designs (Fortus et al. 2004; Kolodner et al. 
2003). Additional supports may be necessary to help students express and 
rework their understanding of scientific ideas. For instance, Puntambekar 
and Kolodner (2005) used explicit prompts in design diaries and whole-
class pinup sessions and presentations to encourage students to justify and 
articulate the science behind their design ideas as well as to hear other ideas. 
Schnittka and Bell (2011) supplemented a design-for-science curriculum 
with demonstrations that specifically targeted students’ alternative concep-
tions. Using science ideas in troubleshooting is another possible strategy 
(Crismond and Adams 2012). Supporting students in focusing attention on 
problematic areas of their prototypes and then using science ideas to offer 
possible explanations of why the problem may be occurring can be a power
ful context for the use of these ideas in improving designs (Crismond and 
Adams 2012). In sum, typical design-for-science activities need additional, 
targeted scaffolding for students to explicitly connect and sort through their 
science ideas in the context of their design activities.

Developers of design-based curricula need to make sure that abstract 
knowledge is both motivated from and then applied to the design (Kanter 
2010). Students are also likely to need explicit support in projecting back-
ward in time to reflect on the process of connecting the normative science 
idea to their design. Such reflections are rare in design activities (Walkington 
et al., in press) but are likely the primary mechanism for students’ grasping 
the strength and centrality of normative science and mathematics ideas.
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Attending to the Social Aspects of Learning3

Social approaches to learning and cognitive development offer several 
important ideas for the design of integrated STEM education. As noted 
earlier in this chapter, the social elements of a learning activity include the 
learners and their interactions, the teacher’s guidance and support in direct-
ing learning, the activity itself, and the materials or tools used. 

The social components of the learning environment are interdependent, 
and learning depends on their coordination, but they have received little 
attention in research. Two key questions are:

•	 What social processes will promote individual learning in integrated 
STEM education? 

•	 Can these social processes be implemented in systematic and effec-
tive ways? 

In the following sections we discuss social elements of learning that 
are possible directions for future research and that can usefully inform the 
design of integrated STEM instruction. 

Social Arrangement

The use of small social groups in integrated STEM learning is consistent with 
the theoretical view that learning and cognitive development do not reside 
separately in the child or in the social context, but in the child-in-social-
context. The ways in which participants are involved in problem-solving 
activities is as important to the design of integrated STEM education as 
the problems themselves. Group activity needs to be designed to allow and 
encourage children to be active and contributing members. Social arrange-
ments that use group work simply to lure children into the activities, use 
individual group members to manage (offload) elements of the problem, 
or do not allow ample time for individual or group work when needed or 
desired do not promote learning. 

3  This section is based on a commissioned paper by Mary Gauvain, University of 
California, Riverside.
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Social Process

Even with well-designed activities or groups, people cannot just be assigned 
to them with the expectation that social processes that foster learning will 
automatically emerge. Conversation, argument, note taking, and other 
recording and review activities should be part of the integrated STEM 
design. These techniques foster active participation by individual group 
members and help engage both the mind and the body (sensory and motor 
systems) in learning. Use of a distributed learning approach in which each 
group member has a meaningful role may produce more uniform engage-
ment of all participants. Rotating roles and regular peer instructional 
exchanges are important. In addition, the design should include explicit and 
specific learning outcomes for individuals in relation to the various aspects 
of the problem and clear means of assessing these gains, both within and 
outside the group. A distributed learning approach may also be useful for 
addressing learning issues related to equity and diversity in the classroom 
setting. Such approaches can create opportunities for learners to observe 
and engage with other learners as competent and contributing members 
of the group. 

Role of the Teacher

Teachers can provide effective instruction by engaging students in learning 
with the support and guidance they need (without doing the thinking for 
them). They should be attentive to learners’ needs as they work with them, 
individually and in groups, and be able to ensure the positive and productive 
involvement of all as well as facilitate engagement when group work breaks 
down. They should also have techniques to guide (or redirect, as necessary) 
learners toward achieving the learning goal. It is important to recognize that 
requests for help are evidence of active engagement in learning and not an 
indication of a deficit. Teachers also need to be prepared to offer hints that 
steer individual and group learners toward insight into problems without 
being overly directive. 

As learning in integrated contexts becomes more commonplace, further 
research may yield findings that aid teachers in understanding students’ 
development, as exemplified by research on learning progressions in math-
ematics and in science education.
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Supporting the Development of Interest and Identity4

As explained in Chapter 3, while there is little or no research that explicitly 
examines how to design integrated STEM learning experiences to support 
interest, there is research that describes features of learning environments 
in general that promote the development of interest. Azevedo (2006), for 
example, identified four factors that contributed to the development and 
deepening of students’ interest in grades 7–12 during their work with image 
processing in a computer laboratory: 

•	 a general feeling of competence; 
•	 the features of activities, including whether they allow the students 

to express their competence; 
•	 enough time both to complete activities and to initiate activities that 

students come up with themselves; and 
•	 the flexibility of the learning environment. 

Competence here reflects the learners’ knowing that they will be able to be 
successful in the activities and that they have the necessary support to be 
successful. Azevedo (2006) also points to the importance of designing the 
activity in such a way that it provides opportunities for feedback that builds 
competence. 

The need for learners to have enough time both to complete activities 
and to initiate activities they select is critical, according to Azevedo (2006); 
adequate time not only ensures that the activity is completed but also makes 
it possible for the learner to engage in “personal excursions,” a basis for devel-
oping interest. He explains that personal excursions are typically aligned with 
the planned activity and prompt the learner to make connections between 
present and previous activity, ask questions, and/or seek resources that con-
tribute to deepening understanding (see Flum and Kaplan 2006). 

Research has also demonstrated the importance of the following design 
elements for integrated STEM education:

•	 Interactions with others (Barron et al. 2009; Pressick-Kilborn and 
Walker 2002; Renninger and Hidi 2002)—educators, workshop 
facilitators, parents, peers—provide models of how one engages 
with others and works on the problem solving of STEM content. 

4  This section is based on commissioned papers by Angela Calabrese Barton, Michigan 
State University, and K. Ann Renninger, Swarthmore College.
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They can be a source of encouragement, stimulating feelings of 
competence and continued engagement,. 

•	 Triggers of interest (Durik and Harackiewicz 2007; Renninger and 
Hidi 2002; see also Renninger and Su 2012) vary from earlier to 
later phases of interest: (1) real-world connections and connections 
to prior experiences and instruction are important for learners in 
earlier phases of interest development, whereas the opportunity to 
continue to be challenged to think about the content is important 
to learners in later phases of interest (Renninger 2010); (2) in earlier 
phases of interest puzzles and group work can trigger interest, and 
personalization and meaningfulness may sustain it (e.g., Palmer 
2004, 2009; Mitchell 1993).

•	 More open learning environments such as project- and problem-
based learning sustain interested engagement and enable it to 
develop (e.g., Renninger and Riley, in press;). Opportunities for 
sustained inquiry ground student participation in other STEM 
practices as well. For example, elementary students’ inventions and 
revisions of representations and models of ecosystem functioning 
are motivated by their questions about local ecologies (Lehrer and 
Schauble 2012; Manz 2012), and students’ disposition to generalize 
and seek invariants in light of change about mathematical systems 
is nurtured by sustained opportunities to pose mathematical ques-
tions and conduct investigations related to them (Lehrer et al. 2012).

Although there is very little work on identity development and inte-
grated STEM, studies of the development of identity in science offer insights. 
For example, traditional approaches to science often favor aspects of a sci-
ence identity that are more reflective of schooling than of science itself, 
thereby limiting engagement of some youth with strong science identities 
and rich knowledge based on nonschool experiences (Bricker and Bell 2012; 
Brickhouse 2001; Brickhouse et al. 2000; Brickhouse and Potter 2001).

In one case study, Carlone and colleagues (2011) examined what it 
meant to be scientific in two 4th-grade classes taught by teachers who were 
both committed to reform-based science instructional practices. Students 
in both classrooms achieved at similar levels and expressed positive attitudes 
toward science learning, but differences emerged in what it meant to be 
recognized as a smart science student. One of the teachers allowed for and 
supported a wide range of science practices, fostering a classroom culture in 
which scientific expertise carried a range of meanings. The other teacher held 
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more narrowly defined views of science practice, thus limiting the opportu-
nity for all students in the class to engage actively. 

In contrast, an ethnographic study of an urban magnet high school 
(Buxton 2005) shows how students resisted and transformed the identity of 
the “preferred student” and in doing so impacted the cultural, institutional, 
and structural features of their school. The students’ interactions with 
each other and with their teachers led to the development of new tasks and 
relationships that helped to change perceptions of what counted as a “good 
science student.” Teachers became more open to redefining what counted 
as successful student work, and course scheduling patterns were changed to 
address students’ needs and interests. 

These two studies suggest that teachers play a dynamic role in the devel-
opment of science identity. In the comparative study by Carlone and col-
leagues (2011), the teacher who privileged the sharing and vetting of ideas 
and tools over securing the right answer created more spaces for students to 
try out being scientific. The implication is that, even when teachers commit 
to enacting reform-based science, without explicit attention to the ways they 
support different possible identities it may be difficult to foster the kinds of 
identities that support meaningful learning.

Looking across studies of science learning, there is evidence that class-
room interventions and design experiments grounded in reform-based 
curriculum/pedagogy and intended to explicitly incorporate students’ iden-
tities in instruction can positively impact learning and identity. Calabrese 
Barton and Tan (2009) report that one teacher’s approach to a reform-based 
inquiry unit on dynamic equilibrium and the human body led students 
not only to learn the relevant concepts but also to exhibit strong science 
identities. Using a design experiment approach, the authors collaborated 
with the teacher and a small group of students to design lesson extensions 
that incorporated students’ existing knowledge. Use of the students’ own 
knowledge positioned them as experts and positively impacted how they 
viewed themselves and ultimately participated in class. Thus the design of 
the learning environment, including how resources are made accessible and 
legitimized, norms, routines, and expectations, all play crucial roles in how 
identities are formed.

Youth who engage in project-based investigations with local significance, 
codeveloping research questions and identifying connections to the work 
of practicing scientists and engineers, develop positive science identities 
(Calabrese Barton 1998; Furman and Calabrese Barton 2006; Rahm and 
Ash 2008). A number of studies show that when youth engage in science 
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projects, they activate a combination of traditionally scientific and non
scientific resources, and this engagement supports them in being recognized 
as experts, as successful in school/science, while they maintain cultural 
allegiance. 

But the research has focused on programs in which participation is 
voluntary and long-term. Given the time scale of identity development (see 
next section) long-term engagement could be a critical component of these 
programs. 

Summary

Looking across the literatures on instruction that supports development of 
interest and identity, a few key features emerge. It is important to provide 
learning opportunities that make students feel competent and give them 
opportunities to express that competence. Learning experiences that allow 
flexibility and choice for students and that make connections to the real 
world are also important. Project- and problem-based experiences seem to 
be especially effective in supporting the development of interest and identity, 
suggesting that integrated STEM experiences can be powerful tools for build-
ing students’ interest and identity in STEM fields.

In sum, integrated STEM can provide opportunities for students to 
productively engage in STEM in ways that spark their interest and transform 
their identity. But the research base is sparse, particularly on the subject of 
designing integrated STEM experiences to intentionally support interest and 
identity. 

CONCLUSIONS 

Disciplinary integration can support learning because basic qualities of cog-
nition favor connected concepts and representations, so they are associated 
with other knowledge and grounded in familiar experiences. In some cases, 
however, the presentation of concepts in the context of activities that inte-
grate multiple disciplines can impede comprehension and learning because 
of the cognitive processing demands associated with split attention. More-
over, there are substantial differences in how different disciplines generate 
and validate knowledge, and it is not clear when these differences matter for 
learning and when they do not. 
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Work on complex, real-world problems, which almost always call on 
multiple disciplines, can support both short-term learning and longer-term 
application or transfer to new contexts. However, these desired outcomes are 
not a given and depend on factors related to the design and implementation 
of the learning experience as well as the teacher’s ability to effectively support 
student problem-solving efforts. 

Integrated STEM experiences should be designed so that they support 
students’ development of knowledge and practices in individual disciplines 
and their ability to recognize and make connections across disciplines. STEM 
curricula should also attend to discipline-specific learning progressions; if 
the learning goals of one discipline are primary, the knowledge and skills of 
other disciplines should be integrated into the curriculum with the learning 
progressions of that discipline in mind.

STEM connections that may appear obvious to teachers, curriculum 
developers, and disciplinary experts often are not obvious to novice learners 
and cannot be assumed to occur simply because certain concepts and prac-
tices are introduced at the same time or place. Integrated STEM instruction 
needs to make connections explicit to students through scaffolding, sufficient 
opportunities to engage in activities that address connected ideas, and other 
approaches described in this chapter. 
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5

Context for Implementing Integrated STEM

In the two preceding chapters we reviewed research that can inform the 
development of effective integrated STEM programs (Chapter 3) and, 
based on this research, identified strategies for designing programs 

(Chapter 4). In this chapter we consider the broader context for implement-
ing integrated STEM education, taking account of factors at the school, 
district, state, and national levels. We examine three elements of the educa-
tion system that can advance or limit opportunities for providing integrated 
STEM: standards, assessment, and teacher education and professional devel-
opment, including the importance of collaboration. We also briefly touch on 
other contextual factors that might affect efforts to implement integrated 
STEM education. 

Standards

The most recent standards for mathematics and science education, the 
Common Core State Standards for Mathematics (CCSSM; NGACPB 2010) and 
the Next Generation Science Standards (NGSS; NRC 2013a), can support efforts 
to make connections across the disciplines. The CCSSM call for students to 
use mathematics in applied contexts and identify practices in mathematics that 
can link to those of science and engineering. The NGSS explicitly include prac-
tices and core ideas from engineering and technology. The increased focus on 



Copyright © National Academy of Sciences. All rights reserved.

STEM Integration in K-12 Education:  Status, Prospects, and an Agenda for Research

108	 STEM INTEGRATION IN K–12 EDUCATION

applications of math and science concepts, the emphasis on practices in math-
ematics, science, and engineering, and the addition of engineering design as a 
central aspect of the NGSS all provide strong support for more integration of 
STEM in math and science curriculum and teaching. Likewise, the Standards 
for Technological Literacy: Content for the Study of Technology (ITEEA 2000) 
spell out learning goals related to engineering design and emphasize the need 
for students to understand technology’s connections to science, engineering, 
and mathematics. 

The committee recognizes that not all states will adopt the CCSSM or 
the NGSS. Even so, the standards have the potential to influence approaches 
to mathematics and science education, even in states that do not formally 
adopt them. The standards call for the engagement of students in authentic 
tasks that require integration across the STEM disciplines and support for 
the development and application of conceptual knowledge and reasoning.

The NGSS, based on the NRC’s Framework for K–12 Science Education 
(NRC 2012), identify eight practices in science and engineering that may 
serve as starting points for integrating science, engineering, and mathematics. 
Engineering practices are described alongside scientific practices, several of 
which offer opportunities to link to mathematics, including “modeling” 
and “using mathematics and computational thinking.” The Framework and 
NGSS also describe core ideas related to engineering design. The goal of 
including practices and ideas related to engineering, technology, and applica-
tions of science is to help students understand the similarities and differences 
between science and engineering by making the connections between them 
explicit (NRC 2012). 

The Framework and NGSS also outline seven crosscutting concepts 
relevant to both science and engineering; two of these concepts—“Patterns 
and Scale, Proportion, and Quantity”—have clear links to mathematics. The 
NGSS identify connections to elements of the CCSSM and provide examples 
(Appendix L) of the use of mathematics in the context of science. 

The standards for mathematical practice outlined in the CCSSM also 
have potential links to the scientific and engineering practices in the NGSS 
(see Table 5-1). For example, one of the standards, “Using appropriate tools 
strategically,” calls for students to select tools appropriate for solving a 
mathematical problem; the tools can include computer software as well as 
“hard” technology. Knowledge of what the technologies can and cannot do 
in a given situation and how to use estimation are essential for the effective 
use of technology in mathematics. For high school students, “modeling” is 
a conceptual category in CCSSM; as described in the overview of this cat-
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TABLE 5-1  Mathematical Practices in the Common Core State Standards 
for Mathematics and Scientific and Engineering Practices in the Next 
Generation Science Standards

Mathematical Practices Scientific and Engineering Practices

1.	 Make sense of problems and persevere 
in solving them

2.	 Reason abstractly and quantitatively
3.	 Construct viable arguments and 

critique the reasoning of others
4.	 Model with mathematics
5.	 Use appropriate tools strategically
6.	 Attend to precision
7.	 Look for and make use of structure
8.	 Looking for and expressing regularity 

in repeated reasoning

1.	 Ask questions and define problems
2.	 Develop and use models
3.	 Plan and carry out investigations
4.	 Analyze and interpret data 
5.	 Use mathematics and computational 

thinking
6.	 Construct explanations and design 

solutions
7.	 Engage in argument from evidence
8.	 Obtain, evaluate, and communicate 

information

egory, the modeling cycle can also be viewed as an engineering design cycle: 
It involves making choices, assumptions, and approximations. The use of 
technology is also inherent in modeling; computer-assisted design programs 
and 3D modeling applications, for example, are tools that are often used in 
the modeling process. 

A potential challenge of taking advantage of the apparent overlap in the 
practices identified in the CCSSM and NGSS is clarification for students of 
the similarities and differences in the two disciplines (e.g., Davidson et al. 
1998). For example, argumentation in mathematics differs from argumenta-
tion in science. Students will need to develop the ability to engage in argu-
mentation in each and to understand how the two types of argument differ. 
Whether skill in one form of argumentation can enhance skill in another is 
an open, empirical question.

In addition to standards for mathematical practice, the CCSSM identify 
concepts in 11 domains and describe what students should understand in 
these domains at each grade level. Many of the concepts are critical to sci-
ence and engineering. For example, according to CCSSM standard 8.G.4, 
8th-grade students are expected to understand congruence and similarity in 
mathematics using physical models, transparencies, or geometry software. 
This standard may support achievement of the 8th-grade endpoint in engi-
neering design outlined in the Framework, to consider possible constraints 
on design solutions (ETS1.A). Students in 8th grade are also expected to learn 
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to investigate patterns of association in bivariate data (CCSSM, 8.SP.1). This 
concept links to the crosscutting concept of patterns in the Framework and 
NGSS and is important to scientific investigation and engineering design. 

One challenge of implementing both the CCSSM and NGSS is to ensure 
the development of discipline-specific knowledge while also supporting con-
nections across STEM. As reported in Chapter 3, analyses of math and science 
integration have found fewer benefits for math outcomes compared to sci-
ence outcomes (e.g., Hartzler 2000). Therefore, as the CCSSM and NGSS are 
implemented, research on approaches to integrated STEM education will be 
necessary to enhance learning outcomes for all the disciplines. For example, 
students in high school are expected to apply geometric concepts in model-
ing situations involving design problems (G.MG.3) and to conduct calcula-
tions of density based on area and volume (G.MG.2)The teacher could use a 
science- and engineering-based lesson to meet these standards with an engi-
neering project in which students use a design-based approach to develop 
or redesign a fuel-efficient gas tank to meet new environmental standards 
and minimize human impacts on Earth systems (ESS3.C). A research-based 
assessment of this integrated lesson would measure improvements in student 
thinking and learning in mathematics, science, and engineering. 

Assessment

Assessments—from formative assessments at the classroom level to large-
scale state assessments for accountability—can limit the extent to which 
integrated STEM can be incorporated into K–12 education. This is because 
it is challenging to design assessments that are effective for both discipline-
specific and integrated learning. Historically, assessments have focused on 
concepts in a single discipline, with little attention to disciplinary practices or 
applications of knowledge. Large-scale assessments used for accountability 
pose the biggest challenges, although some innovative examples do exist and 
we touch briefly on those in this section.

Designing Systems of Assessment for Integrated STEM

Assessments of integrated STEM education should be balanced, using mul-
tiple levels of assessment (e.g., formative, interim, and summative measures 
of student performance) in a coherent and continuous manner to address 
student needs, inform instructional adjustments, and guide long-term edu-
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cational improvement.1 A coherent assessment system would connect inte-
grated STEM goals, curricula, and assessments in programs and projects as 
well as across different levels of the system (classroom, school, district, and 
state); a continuous system would use multiple assessments over time. Ideally, 
balanced systems of assessment would be designed to connect evidence of 
learning from particular integrated STEM programs to more generalized, 
summative assessments of learning across a range of integrated STEM initia-
tives. The development of balanced integrated STEM assessment systems will 
be particularly challenging, because of the many possible permutations of 
disciplinary knowledge and practices in integrated STEM learning environ-
ments. This challenge is exemplified in student performance expectations 
spelled out in the recently published NGSS, which combine disciplinary 
core ideas and cross-cutting concepts with scientific practices. Assessment 
of this “three-dimensional learning” will require tasks that allow students 
to demonstrate their proficiency with scientific practices and that reflect 
the connected use of different scientific practices in the context of inter
connected disciplinary ideas and crosscutting concepts. A systems approach 
to assessment will be needed in which a range of assessment strategies are 
designed to answer different kinds of questions with appropriate degrees of 
specificity to provide results that complement one another (NRC 2013b).

Current assessments of STEM learning tend to be either standardized 
tests of content knowledge in the separate disciplines or evaluations of 
project-specific student performance and/or products in particular interven-
tions. Standardized assessments typically include items only partially aligned 
with an integrated STEM curriculum or projects, whereas assessments of 
integrated STEM education tend to measure very specific outcomes, and 
often details of the tests and their technical quality are not reported. As 
integrated STEM projects and curricula become more widely implemented, 
more attention will need to be paid to appropriate uses of data from con-
ventional large-scale tests and to procedures for developing and establishing 
the technical quality of measures for specific interventions. Research on the 
reliability and validity of assessments is needed (AERA et al. 1999).

Integrated STEM programs and assessments of them should identify the 
knowledge and skills to be monitored during learning activities and tested 
at the culmination of a project (Crismond 2001). An important related con-
sideration is whether the intended integrated STEM outcomes are all at the 

1  Balanced assessments are discussed in detail in the NRC report Systems for State Science 
Assessment (NRC 2005).
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same grade level for each component discipline or related hierarchically by 
drawing on knowledge and skills attained in earlier grades. 

The design of integrated STEM assessments should be firmly grounded 
in research from the learning and measurement sciences, which has led to a 
shift from emphasis on questions about discrete, factual content to questions 
about interactions amo	ng concepts and to tasks that require integration of 
reasoning and inquiry in the context of significant, applied problems. Thus 
integrated STEM assessments should feature tasks that provide real-world 
contexts for using and integrating discipline-specific knowledge while engag-
ing in engineering and scientific practices. 

The NRC report Knowing What Students Know: The Science and Design 
of Educational Assessment (NRC 2001) incorporated cognitive research find-
ings into systematic test design frameworks, based on evidence from tasks 
that enable the observation and measurement of learning. The framework 
can help to structure and focus both the design of integrated STEM learn-
ing activities and the systematic, rigorous assessment of specified learning 
outcomes. 

Integrated STEM assessment designs will vary depending on the purpose 
of the assessment (e.g., formative monitoring, summative accountability 
measures) and the particular disciplines to be assessed, but all would specify 
(1) what would count as evidence of learning and (2) the types of contexts 
and tasks that would elicit such evidence. Ideally, design of both the activi-
ties and assessments would occur simultaneously, accompanied by iterative 
cross-checking to ensure that the learning activities are designed to promote 
the specified STEM knowledge and scientific and engineering practices and 
incorporate systematic assessments of progress in all the target areas. Assess-
ments should also allow for appropriate adjustments in instruction, includ-
ing the learning supports, or scaffolding, provided to students.

Large-Scale Assessments

Large-scale assessments of students’ ability to integrate knowledge and prac-
tices related to science, technology, and mathematics are difficult to design, 
given the possible combinations. At present, the Technology and Engineering 
Literacy Framework for the 2014 National Assessment of Educational Progress 
(TEL; NAGB 2010) is the primary example of assessment design that inte-
grates technology and engineering. It could be adapted to integrate math-
ematics and science. 
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The TEL framework was developed within the constraints typical of 
large-scale assessments: limited testing time and the need to assess knowl-
edge and skills acquired across a wide range of curriculum programs. It 
will be administered by computer and the specifications call for short 
(12-minute) and long (25-minute) scenario-based item sets. An example of 
a scenario-based item, a simulation of a nuclear reactor developed for the 
Programme of International Student Assessment (PISA) to assess science, 
appears in Figure 5-1. It asks students to set the generator valve at a specified 
level and determine how far the control rods need to be lifted for the power 
plant to supply a continuous output of megawatts without the safety valve 
opening. The TEL framework suggests the item can be modified to assess 
engineering design and systems learning goals, such as analyzing potential 
hazards of the reactor or determining safe levels of temperature and power. 

Two other large-scale assessments that provide examples of tasks to 
assess integrated STEM learning are the revised advanced placement (AP) 
biology exam from the College Board (2013) and the 2009 National Assess-
ment of Educational Progress (NAEP) Interactive Computer and Hands-On 
Tasks Science Assessment (NCES 2012). 

Most assessments at the state level test the STEM disciplines separately, 
although they may include performance tasks that assess science or math in 
the context of an applied design problem. For instance, a released science 
item from the 2009 Connecticut Academic Performance Test involves hands-
on investigation of the effects of enzymes on the production of juice from 
applesauce or pears (CSDE 2009). Responses are rated on the credibility of 
the design of the investigation and interpretation of the data, measuring only 
scientific investigation practices. Another performance assessment asks stu-
dents to conduct an experiment to determine the most durable material for 
a public sculpture. Scientific concepts and practices are the intended targets, 
and the evidence weighed aligns with scientific inquiry standards rather than 
standards for engineering design.

The Use of Information and  
Computer Technology in Assessment

Thanks to the rapidly advancing capabilities of digital and networking tech-
nologies, assessment functions related to authoring, delivering, collecting, and 
reporting measures of learning are becoming more efficient and economical. 
Technologies can expand the range of outcomes tested and support designs 
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of innovative tasks that can be used to assess progressions in integrated STEM 
learning (Quellmalz et al. 2012) or allow portfolio-based assessment of STEM 
practices, such as engineering design (Abts et al. 2013). Technology can also 
help align learning and assessment targets in an integrated STEM program 
with STEM standards and with embedded formative assessment items and 
summative tests.2 Box 5-1 describes strategies for applying digital and net-
working technologies to support assessments of integrated STEM instruction. 

Educator Expertise

The expertise of educators, whether in classrooms or in after-/out-of-school 
settings, is a key factor—some would say the key factor—in determin-
ing whether the integration of STEM can be done well. At the most basic 
level, educator expertise combines knowledge of the subject matter with an 
understanding of effective approaches for teaching it to students with diverse 
learning styles. Such approaches include not only teaching strategies but 
also the skill with which educators plan lessons and work collaboratively 
to support student learning. Teachers’ subject-matter knowledge is directly 
correlated with students’ learning (e.g., Hill et al. 2005). 

Because integrated STEM education is a relatively recent phenomenon, 
little is known from research about how best to support the development 
of educator expertise in this domain specifically. However, much that is 
known about the successful preparation of educators and about professional 
development generally is likely to be relevant to integrated STEM educa-
tion. Research on K–12 STEM educators’ expertise can provide insight into 
challenges and opportunities for preparing them to teach integrated STEM. 

The following sections present a synthesis of research on three factors of 
particular relevance to the implementation of integrated STEM instruction: 
teachers’ content knowledge, self-efficacy, and opportunities for collabora-
tion. Where possible, we refer to research or cite examples from studies that 
tie directly to integrated STEM education. Preparing effective, confident 
teachers in single academic subjects is no easy task, and the task is likely to 

2  Embedded assessment attempts to measure knowledge or skill as part of the learning 
activity rather than as a separate step (i.e., test) after the fact. Formative assessment is typi-
cally employed by educators during the learning process to inform changes in instruction 
that will improve student understanding. Formative assessment typically involves qualita-
tive feedback, rather than scores. Summative assessment (e.g., an end-of-unit exam) seeks 
to monitor educational outcomes, often for purposes of external accountability.
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BOX 5-1 
Possible Strategies for Leveraging Technology 

to Assess Integrated STEM Learning

The high school course Engineering the Future (http://legacy.mos.org/
etf/) by the Museum of Science, Boston, engages students in four 8-week 
projects on concepts of energy. Problems include how to use insulation 
to create an energy-efficient building by minimizing loss of thermal en-
ergy and how to design a boat engine based on understanding of energy 
transferred through pneumatic and hydraulic systems. Readings from 
first-person narratives by engineers and technicians provide background 
on how to apply engineering standards. The readings are keyed to sec-
tions in an engineer’s notebook, in which students record their drawings, 
design briefs, scale models, and prototypes. Math and science concepts 
are brought in as prototypes are tested.

The engineer’s notebook permits embedded formative assessment of 
students’ learning of engineering design, technology, science, and math 
as they work through phases of the problems.Rubrics, or criteria, for eval-
uating paper-based entries (e.g., design briefs, sketches of prototypes, 
worked calculations) provide evidence of progress and of outcomes need-
ing feedback and additional scaffolding to guide improvement. Rubrics 
may be used by students, teachers, and/or external experts. Progress 
reports on integrated STEM concepts and practices can be entered into 
the notebooks and in a teacher class-level assessment record.

A digital version of the engineer’s notebook could deliver questions 
and problems designed to test the engineering design, science, math, 

be more challenging for educators capable of guiding students in integrated 
STEM education. 

Teachers’ STEM Content Knowledge

The prospects for widespread implementation of integrated STEM in and 
out of the classroom may be limited by educators’ STEM content knowledge. 
While there is no universal measure of such knowledge, all indications are 
that a significant percentage of educators have inadequate STEM content 
knowledge in the individual STEM fields that they teach. 

One important indicator of content knowledge is an undergraduate 
degree in the subject being taught, but a significant proportion of elementary 
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and technology knowledge and practices involved during the phases of 
the project. These questions and problems could include text, graphics, 
photos and videos of sample designs, calculations, and prototype 
sketches. Some of the newly designed embedded assessment tasks 
and items could be automatically scored; some designs and drawings 
could be displayed for peer review and assessment. For the auto-scored 
tasks and items, the system could provide individualized feedback and 
scaffolding related to problematic concepts and practices, and generate 
progress reports.

The summative assessment tools are print self-evaluations, concept 
maps,a and end-of-project tests that can be administered electronically, 
with automatic scoring and rubric-based ratings generated for student 
and teacher analysis.

An alignment table could show the links between the intended learn-
ing targets and the different forms of evidence from the concept maps 
and end-of-project tests. The table would also document the extent to 
which learning targets for the distinct STEM disciplinary concepts and 
practices were at the same or different grade levels. A more ambitious 
summative assessment effort could develop brief simulation tasks for 
each unit to test whether students correctly apply the STEM concepts 
and practices to other integrated STEM design problems about energy 
concepts related to insulation and engines.

a Concept maps show relationships among different concepts and are a way to organize 
and structure knowledge.

teachers of science and mathematics are deficient by this measure. Accord-
ing to the 2012 National Survey of Science and Math Education (NSSME; 
Horizon Research 2013), just 5 percent of elementary teachers had a degree 
in science or science education, and 4 percent had a mathematics or math-
ematics education degree. Among middle school science teachers, 41 percent 
reported having earned a degree in science or science education, and 35 per-
cent of middle school mathematics teachers had a degree in mathematics 
or mathematics education. The comparable figures for high school teachers 
were 82 and 73 percent for science and mathematics, respectively.

Some science and mathematics teachers without degrees obtain certifi-
cation to teach those subjects, and this provides a proxy for content knowl-
edge. For example, data from the 2007–2008 school year indicate that 12 and 
16 percent of high school science and mathematics teachers, respectively, 
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without a college degree in their subject received state certification to teach 
those subjects (NCES 2010). 

Beyond majors and certifications, the professional associations rep-
resenting K–12 science and mathematics teachers have proposed specific 
course-background standards for elementary and secondary educators. 
According to NSSME, the National Science Teachers Association (NSTA) 
recommends that elementary teachers take coursework in each of three areas: 
life, Earth, and physical sciences. Among elementary teachers, 74 percent 
have taken courses in at least two of the three recommended areas, NSSME 
found, and 73 percent of middle school general science teachers had taken 
courses in at least three of the four NSTA-recommended areas: life and 
Earth sciences, physics, and chemistry. The National Council of Teachers 
of Mathematics (NCTM) suggests coursework in five areas for elementary 
teachers: number and operations, algebra, geometry, probability, and statis-
tics. NSSME found that 10 percent of elementary teachers met this standard, 
42 percent of mathematics teachers at the secondary level took coursework 
in at least three of the areas, and 49 percent of middle school mathematics 
teachers took courses in all or five of the six areas recommended by NCTM. 
Guidance for the mathematical education of teachers is also offered by the 
Conference Board of the Mathematical Sciences (CBMS 2012).

Although they are in the majority by a wide margin, science and 
mathematics teachers are not the only teachers of K–12 STEM. Some 45 
undergraduate programs in the United States prepare technology teachers 
(CTETE 2012), most of whom will be working in middle and high schools.3 
The technology teacher education curriculum includes mathematics and sci-
ence coursework, though specific requirements vary. A survey of technology 
teacher preparation programs (McAlister 2004) found that most required 
between 2 and 8 credits of mathematics and 6 to 8 credits of science. The 
curriculum also includes coursework in specific areas of technology—such 
as communications, manufacturing, transportation, construction, and medi-
cine and health—and on the relationship between technology and society. 
The basis for most programs’ curricula is Standards for Technological Lit-
eracy: Content for the Study of Technology (ITEEA 2000). With the exception 
of teachers licensed under emergency certification programs, states require 
technology teachers to have a bachelor’s degree in technology education or 
in industrial arts. 

3  Technology education is discussed in Chapter 1.
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Over the last decade, technology educators have begun to teach aspects 
of engineering, and engineering coursework is now offered by some teacher 
education programs (Fantz and Katsioloudis 2011). Courses such as engi-
neering math and statistics include mathematics and science content; others 
address engineering design as well as more narrow subjects, such as thermo-
dynamics and mechatronics. 

Educator Self-Efficacy

A teacher’s self-efficacy depends on adequate background in the STEM 
subject(s) being taught, the ability to effectively transfer that knowledge and 
understanding to students—what is called pedagogical content knowledge 
(Shulman 1987)—and confidence in both areas. Self-efficacy, research shows, 
is a major determinant of teacher effectiveness (e.g., Berman and McLauglin 
1977; Gibson and Dembo 1984; Woolfolk Hoy and Davis 2005). 

Not surprisingly, educators who are or feel deficient in their content 
knowledge are less likely to believe they can teach the material effectively 
(Peterson et al. 1989; Rubek and Enochs 1991). The literature reports 
abundant data showing that many teachers are reluctant to teach science 
(Wenner 1993) and to a lesser extent mathematics, especially in the elemen-
tary and middle grades. Several studies suggest that efficacy is a significant 
factor contributing to this reluctance (Baker 1991; Riggs and Enochs 1990; 
Wenner 2001). 

Lack of confidence in mathematics and science knowledge (Diefes-Dux 
and Duncan 2007) and fear of engineering (Cunningham 2007) have been 
tied to educator reluctance to engage in professional development related to 
engineering. The NSSME (Horizon Research 2013) found that only 4 percent 
of elementary teachers4 and only 6 and 7 percent of middle and high school 
science teachers, respectively, felt very well prepared to teach about engi-
neering. By comparison, 39 percent and 77 percent of elementary teachers 
reported that they felt very well prepared to teach science and mathematics, 
respectively. Depending on the specific topic,5 between 5 and 58 percent of 

4  The survey defined engineering broadly as “nature of engineering and technology, 
design processes, analyzing and improving technological systems, interactions between 
technology and society.” 

5  Teachers rated their confidence in teaching 19 specific topics across earth/space science, 
biology/life science, chemistry, and physics. The lowest level of confidence by far for both 
middle and high school teachers was in “modern physics (e.g., special relativity).” 
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middle school teachers and 19 and 83 percent of high school teachers felt 
very well prepared to teach science. For mathematics topics,6 high confidence 
ranged from 48 to 88 percent for middle school teachers and from 30 to 
90 percent of high school teachers.

In a specific illustration of the problem, William Hunter of Illinois State 
University told the committee about the development and implementation of 
the iMaST (Integrated Mathematics, Science, and Technology) curriculum.7 
It includes 195 learning cycles, 107 readings, and 16 thematic modules that 
have been tested and revised for grades 6 through 8, but most teachers have 
been reluctant to fully implement the program, he reported. Math teachers 
were especially hesitant because of their lack of confidence in teaching science. 

It is highly likely that educator self-efficacy will play a critical role in 
effective integrated STEM education (e.g., Koirala and Bowman 2003). 
Research is needed to determine how best to address the challenge of inad-
equate self-efficacy among teachers of integrated STEM, but, as described in 
the next section, some programs are available for enhancing teacher’s STEM 
content knowledge, which may contribute to self-efficacy. 

Developing Expertise for Teaching Integrated STEM

Because integrated STEM education must address at least two of the four 
disciplines, one basic question is to what extent a teacher must be respon-
sible for (have expertise in) multiple STEM content areas. As we note above, 
even in the individual STEM subjects, K–12 teacher expertise is often lower 
than what professional organizations in the field recommend. It is therefore 
important to determine ways to help K–12 educators develop substantive 
understanding of more than one STEM field.

Although expertise related to the individual subjects is important for 
integrated STEM, content knowledge alone is not sufficient. Teachers also 
need to know about and become expert in pedagogical strategies that support 
students in integrated experiences. For example, as discussed in Chapters 3 
and 4, teachers need to know how to provide instructional supports that 
help students recognize connections between disciplines. They also need to 

6  Teachers rated their confidence in teaching algebraic thinking, the number system and 
operations, functions, measurement, geometry, modeling, statistics and probability, and dis-
crete mathematics. The lowest level of confidence for both middle and high school teachers 
was in discrete mathematics.

7  For more information: http://cemast.illinoisstate.edu/downloads/imast/glance2011.doc. 
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be able to assist students in developing proficiency in individual subjects in 
ways that complement and support students’ learning in integrated activities.

Examples of Preservice Teacher Preparation in Integrated STEM

A small number of teacher education programs around the country are 
making efforts to prepare prospective or current K–12 teachers with appro-
priate content knowledge in more than one STEM subject. One of them 
is UTeachEngineering (www.uteachengineering.org/), at the University 
of Texas at Austin (UT), a collaboration among UT’s Cockrell School of 
Engineering, its Colleges of Natural Sciences and Education, and the Austin 
Independent School District. 

UTeachEngineering is modeled after the UTeach Natural Sciences pro-
gram (www.uteach.utexas.edu/), which encourages undergraduate STEM 
majors to pursue careers in secondary-level mathematics and science teach-
ing. UTeachEngineering provides a broad content foundation in STEM for 
physics, mathematics, chemistry, and engineering majors to teach grades 
8–12 under a new Texas Education Agency certification, 174 Mathematics/
Physical Science/Engineering 8–12 (TEA 2011). Students seeking this 
certification who are majoring in physics, chemistry, or mathematics must 
supplement core content coursework in their major with upper-division 
classes in the other two subjects (e.g., a mathematics major must add 
coursework in chemistry and physics) and successfully complete three 
upper-division engineering classes that teach fundamentals in the context of 
design problems. Engineering students seeking the same certification must 
fulfill all of their engineering degree requirements and complete additional 
content coursework in chemistry, physics, and mathematics (e.g., structure 
of modern geometry; foundations, functions, and regression models). All 
students in the UTeach program, regardless of their major, complete profes-
sional development coursework and a teaching apprenticeship. 

The 174 certification is relatively new; UT Austin was approved to offer 
it beginning in 2012. To date, four UTeachEngineering graduates—three in 
physics and one in engineering—have earned the certification, and at least 
seven students in physics, chemistry, and mathematics are pursuing it, as 
are some of the 37 engineering majors enrolled in UTeach courses (Cheryl 
Farmer, UTeachEngineering, personal communication, March 1, 2013). 

Nearly half of the other 32 institutions around the country involved in 
UTeach Natural Sciences replication programs are enrolling engineering stu-
dents: at the University of Massachusetts, Lowell, 16 of 71 UTeach students 
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are engineering majors; at the University of Kansas, 21 of 307 students are 
engineering majors; and at Southern Polytechnic State University, 5 of 29 
are engineering majors. In spring 2013, the University of Colorado, Boulder, 
announced creation of CU Teach Engineering, which will offer general engi-
neering majors the opportunity to earn a license to teach secondary science 
or mathematics (UCB 2013). Similar programs are being implemented at 
the University of Tennessee, Chattanooga, and the University of California, 
Berkeley.

Colorado State University (CSU) requires additional coursework of 
engineering science majors that allows them to obtain teaching certificates 
in technology education. The program, a collaboration between the univer-
sity’s schools of engineering and education, has enrolled 35 students so far 
and graduated 12, all with primary licenses in technology education and 
additional endorsements in mathematics. More than half of the program’s 
graduates are women (Michael DeMiranda, CSU, personal communication, 
February 27, 2013). The MST (math, science, technology) elementary edu-
cation degree offered by The College of New Jersey (TCNJ; O’Brien 2010) 
and described in Box 2-7 in Chapter 2, requires students to take coursework 
across multiple STEM areas. And Boise State University’s (BSU) master of 
science in STEM education program for in-service teachers requires 33 credit 
hours, including 14 hours of STEM content courses and a 3-credit course 
covering fundamentals of education research. 

A program at Purdue University educates future secondary school math 
and science teachers, engineering education doctoral students, and students 
in a graduate-level engineering course designed to provide strategies for 
integrating engineering in stand-alone or integrated environments (Carr 
and Strobel 2011). The program uses a combination of face-to-face and 
online instruction that models a project-based learning approach, and there 
are opportunities for students to apply research-based methods of integra-
tion and engineering instruction throughout the learning process. Course 
outcomes, including understanding of concepts, knowledge, and attitudes 
are assessed using student products, concept maps, and student feedback. 

At the National Center for Elementary STEM Education based at 
St. Catherine University in Minnesota, all elementary education majors 
obtain a STEM certificate that requires three cross-disciplinary, inquiry-
based courses: Chemistry of Life, Environmental Biology, and Makin’ and 
Breakin’: Engineering in Your World. There have been 76 graduates of the 
program since 2010 (Patricia Born Selly, National Center for STEM Elemen-
tary Education, personal communication, November 8, 2013). The university 
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also offers a 15-credit graduate STEM certificate program for in-service 
elementary teachers. The program, which initially served only Montessori 
teachers but now enrolls teachers from non-Montesorri schools, pairs in-
depth, hands-on learning for one week each summer with online mentoring 
and support during the academic year. The graduate program, which since 
2009 has awarded 227 certificates, is driven in part by the state’s K–12 science 
standards, which include learning goals related to the practice of engineering 
(MDE 2009).Virginia Tech (VT) has taken a different tack with its Integra-
tive STEM Education Graduate Program (www.soe.vt.edu/istemed/). Its 
goal is to prepare STEM teachers and administrators to design, implement, 
and investigate integrative approaches to STEM education (Mark Sanders, 
Virginia Tech, personal communication, February 22, 2013). The program, 
begun in 2005, currently enrolls about 50 students pursuing master’s, EdS, 
EdD, or PhD degrees. Most earn a 12-semester Integrative STEM Educa-
tion Graduate Certificate on the way to completing their degree. More than 
half of the students are middle/high school science, mathematics, and/or 
elementary school teachers, or K–12 administrators; the rest are full-time 
technology or engineering teachers, coordinators, or administrators. Courses 
are taught on campus, but because most enrolled students are working full-
time off campus, interactive video-based class sessions are also conducted in 
real time via the Web. 

Students in the VT program can take advantage of a 2,800-square-foot 
STEM Education Collaboratory, a laboratory and classroom space for inves-
tigating, assessing, and promoting innovative design-based approaches to 
teaching and learning (Wells 2013). In fall 2011, for example, the collabora-
tory hosted a professional development session for elementary master teachers 
from around the country who planned to teach the technology, engineering, 
environment, mathematics, and science (TEEMS) curriculum developed by 
Engineering by Design™ (www.iteea.org/EbD/ebd.htm), a program of the 
International Technology and Engineering Educators Association.

The UT, CSU, TCNJ, BSU, Purdue, and St. Catherine programs indicate 
that it is possible to enhance the STEM content knowledge of both new and 
experienced teachers. But it is less clear, because there is virtually no research 
on the topic, that this additional knowledge is put to use in the classroom or 
in ways that support students’ ability to make connections between or among 
concepts and practices in more than one area of STEM. In this regard, the 
VT program’s goal of supporting teacher and administrator efforts to carry 
out “integrative” STEM education appears unique. But it, too, lacks empirical 
study of the impact of teacher certification on student learning. 
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Having the content knowledge and pedagogical skills to teach STEM 
in an integrated fashion is only part of the challenge of implementation, 
however. Even educators who graduate from one of the programs described 
above will have relatively few options in terms of schools that are equipped 
to support integrated approaches to STEM education. It is the committee’s 
sense that, at this time, most educators with broad STEM backgrounds are 
likely to find themselves teaching single subjects in fairly traditional settings.

Examples of Professional Development for In-Service  
Integrated STEM Teachers 

Professional development can boost the STEM content knowledge of 
in-service teachers, as teachers with expertise in one area, such as science 
education, pursue coursework to build knowledge in another area, such as 
mathematics. While such programs vary in structure and content, research 
on professional development has found that effectiveness increases signifi-
cantly if teachers are engaged over extended periods—a week or more—and 
have access to ongoing support and mentoring beyond the formal training. 

A basic premise of many professional development programs reviewed 
by the committee is that if teachers have not themselves experienced integra-
tion of science, mathematics, technology, and/or engineering, they are not 
likely to teach integrated curricula for these subjects in their classrooms. In 
short, teachers need an understanding of and experience with integrated 
STEM if they are to teach in an integrated manner. 

In one fairly representative study, Basista and Mathews (2002) describe 
a small-scale (22 teachers of grades 4–12) university-based professional 
development program on integrating mathematics and science. The program 
consisted of an intensive summer institute followed by academic-year sup-
port activities and visits to participating teachers’ classrooms. The authors 
report that a minimum duration of 3 weeks (contact time of 72 hours) was 
necessary to bring about significant shifts in teachers’ beliefs, pedagogical 
preparation, and subject content knowledge. Institute courses were team 
taught by science and mathematics educators, and teachers were “immersed” 
in inquiry-based learning environments where they worked on integrated 
science and mathematics units in cooperative groups of three or four. Pro-
gram assessment, based on before and after evaluations, found that teachers’ 
content knowledge, pedagogical knowledge, and confidence increased. How-
ever, because the design did not include a control or comparison group, it is 
not possible to attribute the results to the program alone, nor are the results 
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generalizable. Nevertheless, the findings suggest that this approach has the 
potential to make a positive contribution to preparing teachers for effective 
integrated STEM instruction.

Daugherty (2009) examined five integrated STEM programs (Engineer-
ing the Future–Project Lead the Way, Mathematics Across the Middle School, 
MST Curriculum Project, the Infinity Project, and INSPIRES) that provide 
professional development for in-service teachers. Participating teachers 
agreed on three aspects that contributed to the programs’ effectiveness: 
(1) hands-on activities, (2) teacher collaboration, and (3) instructor credibil-
ity. Given the multiple ways engineering may be portrayed in the classroom, 
Daugherty suggests that more research is needed to better understand how 
teachers and students best learn engineering in order to design effective 
professional development. 

A number of K–12 engineering curricula include professional devel-
opment that familiarizes in-service teachers in technology, science, and 
mathematics with the engineering design process (NAE and NRC 2009). For 
example, a 2012 survey of teachers participating in training to teach Project 
Lead the Way (PLTW; www.pltw.org), one of the largest engineering-focused 
curriculum projects in the country, found that 32 percent were certified to 
teach science, 30 percent were certified to teach technology education, and 
13 percent were certified to teach mathematics8 (Anne Jones, PLTW, personal 
communication, March 12, 2013).

Collaboration

Research findings indicate that teacher collaboration and the development 
of professional learning communities (PLC; Box 5-2) will be important to 
effective integrated STEM education. Such relationships not only support 
the development and revision of integrated curriculum and instruction but 
also nurture communities of practice that may extend beyond the classroom 
or after-/out-of-school setting. Online tools, particularly the Internet, have 
the potential to facilitate development of PLCs and to support professional 
development more generally (NRC 2007). 

8  These numbers do not add to 100 percent because some teachers reported certifica-
tions in two or all three of the areas of science, technology, and mathematics, and these 
respondents are not reported here. In addition, 9 percent of teachers indicated that they 
had a certification in an area other than these three subjects.
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BOX 5-2 
Professional Learning Communities

Professional learning communities (PLCs) provide opportunities for 
teachers to pursue ongoing learning and professional growth, which 
research suggests are tied to teacher self-efficacy and effectiveness. 
DuFour (2004, p.9) characterizes PLCs as “a systematic process in 
which teachers work together to analyze and improve their classroom 
practice. Teachers work in teams, engaging in an ongoing cycle of ques-
tions that promote deep team learning. This process, in turn, leads to 
higher levels of student achievement.”

For example, when the Martha and Josh Morriss Mathematics and 
Engineering Elementary School was established in 2007, the Texarkana 
Intermediate School District introduced a teacher professional develop-
ment curriculum that provided math content but also empowered teachers 
to engage in ongoing curriculum design and revision through opportunities 
for collaboration. In a presentation to the committee, Principal Rick Sandlin 
and Curriculum Coordinator Rona Jameson noted that elementary school 
teachers’ lack of confidence and competence in math and science limited 
their ability to effectively and meaningfully integrate the STEM disciplines. 
All teachers were therefore required to complete a master’s degree in cur-
riculum and instruction, available through a program created in partner-
ship with the local university. In the summer of 2007, teachers took two 
courses—Interdisciplinary Curriculum Development and Interdisciplinary 
Curriculum Delivery—intended to build teamwork and skill in collaborative 
design and delivery of integrated STEM curriculum units, with support as 
needed from the principal and the university-based curriculum coach. The 
Morriss school efforts, reported in a case study by Hunter (2009), have since 
been adapted in a districtwide curriculum review process that incorporates 
curriculum and instruction self-evaluation.

An analysis of nine midwestern schools and districts that implement 
the PLTW curriculum identified teacher collaboration as a key element in 
developing a “STEM culture” (Meeder 2012). At Thomas Worthington High 
School in suburban Columbus, Ohio, PLTW teachers and their colleagues 
in mathematics and science formed a STEM Collaborative Team for lesson 
planning. Using a curriculum mapping process, the team identified topics 
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taught across disciplines but delivered at different points in the year and thus 
coordinated instruction among courses. A mathematics teacher quoted in 
the Meeder analysis said, “Teaching STEM math has taken lots of extra work 
to develop the lessons. But the payoff is great. . . . Working with other teachers 
makes me a better teacher.”

At Manor (Texas) New Technology High School, all teachers participate 
in at least 150 hours of professional development yearly (E3 Alliance 2009). 
This includes specialized training with New Tech’s project-based-learning 
school model, in which administrators also participate, and training pro-
vided by Texas Tech University to implement engineering across the cur-
riculum. Each Monday morning at Manor begins with a two-hour “teacher 
school,” in which teachers introduce or critique projects, analyze data, and 
learn about each other’s instructional strategies that have proven effective. 
By one account, this two-hour period of professional development is criti-
cal to the school’s success (ICLE 2010). Although there is a shared library of 
lessons, rubrics, and course material from the New Tech Foundation, Manor 
teachers are actively engaged in creating their own project-based lessons and 
learning activities. Many of the school’s teachers participate in the national 
Teacher Advancement Program (www.tapsystem.org), qualifying them to 
pursue other positions such as career counselor, mentor, or master teacher.

Aimee Kennedy, principal of Metro Early College High School in 
Columbus, Ohio, told the committee that teacher education and professional 
development are critical to her school’s efforts to integrate the STEM sub-
jects. Ohio State University (OSU) and Battelle Industries jointly established 
the school, and it serves as a research and development site for the OSU 
College of Education and Human Ecology, “to fundamentally change how 
teacher and leadership preparation occurs” (Metro fact sheet, n.d.). School 
leadership priorities for teachers include strong content knowledge, “instruc-
tional agility,” and a professional culture that pushes practice (North 2011); 
Kennedy reported that, in 2010–2011, the focus of professional development 
was on “design challenges.” 

OTHER CONTEXTUAL FACTORS

Although standards, assessment, and educator expertise must be attended 
to in implementing integrated STEM, the larger context of the school or 
after-/out-of-school entity—its policies, norms, practices, and administra-
tive leadership—is also important. Schools are influenced by the norms, 
practices, and policies of the school district, and both schools and after-/
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out-of-school learning programs are affected by parents, taxpayers, higher 
education, and business leaders in the community. The community and 
school district, in turn, are influenced by norms, practices, and policies at the 
state, regional, and federal levels. To understand how these different factors 
may encourage or discourage effective implementation of integrated STEM 
experiences, it helps to view the education enterprise as a complex system 
with interacting parts (e.g., Confrey and Maloney 2011).

A detailed discussion of all aspects of the education system that might 
constrain or advance integrated STEM education is beyond the scope of this 
report, but recent studies of STEM education in general shed light on the 
topic. The NRC (2011a) report Successful K–12 STEM Education: Identifying 
Effective Approaches in Science, Technology, Engineering, and Mathematics 
identified elements shared by schools that showed improvements in student 
learning in mathematics and science (see Box 5-3). And it suggests that dis-
tricts provide instructional leaders with professional development that helps 
them create conditions favorable for students’ success in STEM. Similarly, 

BOX 5-3 
Elements of School Culture That Support STEM Learning

1.	 School leadership as the driver for change. Principals must be stra-
tegic, focused on instruction, and inclusive of others in the leader-
ship work.

2.	 Professional capacity or the quality of the faculty and staff recruited 
to the school, their beliefs and values about changes, the quality of 
ongoing professional development, and the capacity of staff to work 
together.

3.	 Parent-community ties that involve active outreach to make school 
a welcoming place for parents, engage them in supporting their 
children’s academic success, and strengthen connections to other 
local institutions.

4.	 A student-centered learning climate that is safe, welcoming, stimu-
lating, and nurturing for all students.

5.	 Instructional guidance focused on the organization of the curricu-
lum, the nature of academic demands or challenges it poses, and 
the tools teachers have to advance learning (such as instructional 
materials).

SOURCE: NRC (2011a).
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administrators and other leaders in schools or districts that seek to develop 
integrated STEM programs will need to understand integrated STEM educa-
tion and strategies they can use to ensure its success. 

Although the project’s data gathering did not focus on this dimension 
of K–12 education, information and communications technology (ICT) is 
playing an increasingly important role in delivering content, connecting 
students and teachers, and monitoring learning and other outcomes. Certain 
types of ICT, such as games and simulations, show promise for supporting 
student conceptual understanding and motivating interest (NRC 2011b). But 
overall, evidence regarding improved learning outcomes from blended and 
online learning approaches is thin (Means et al. 2013), suggesting the need 
for continuing research on the effective use of these tools for both students 
and educators. 

CONCLUSIONS

State adoption and implementation of the CCSSM and NGSS will require 
a deeper understanding of how to create effective integrated STEM experi-
ences that engage students in the practices of mathematics, science, and 
engineering while applying disciplinary content knowledge. If done well, the 
implementation should lead to fundamental shifts in the teaching of STEM 
in schools as the standards make explicit the connections between science, 
mathematics, and engineering and provide a framework for schools and 
informal education programs to integrate STEM education. 

Implementation of integrated STEM experiences in school and in after-/
out-of-school settings will in many cases demand educator expertise beyond 
that needed to teach any of the STEM subjects individually. Thus, many 
educators will need additional content and pedagogical content knowledge 
in disciplinary areas beyond their previous education or experience. Such 
supplementation will require time, money, planning, and monitoring for 
effectiveness. 

We learned of several programs that provide preservice opportunities to 
develop educators with deep knowledge in more than one STEM field. But 
the number of teachers participating in these initiatives is still quite small, 
and we know little about the extent to which they are teaching in ways that 
might be considered integrated. For teachers already in the classroom, a 
number of curriculum projects include professional development to build 
content knowledge in more than one STEM discipline. Little is known, how-
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ever, about how or whether these efforts address teacher expertise related to 
integrated STEM education. 

Evidence does indicate that educators need opportunities and training 
to work collaboratively to deliver effective, integrated STEM instruction. 
Collaboration should involve staff in the school (e.g., joint lesson planning 
among STEM teachers) but may extend beyond the classroom to include 
STEM and education faculty in postsecondary institutions, educators in 
after-/out-of-school settings, and STEM professionals in industry.

As noted, the recently published NGSS emphasize the role of engineering 
design in facilitating student learning of scientific concepts. Given current 
low levels of confidence among K–12 educators in the teaching of engineer-
ing (Horizon Research 2013), it may be especially important for both new 
and experienced science teachers to become familiar with the engineering 
design process and how it can be integrated into science teaching.

The quest for integrated STEM programs that engage students in 
real-world applications of STEM knowledge and practices will require sig-
nificantly different assessments of learning. To understand the strengths and 
weaknesses of current assessment practices, analyses need to be conducted 
of integrated STEM programs and of formative and summative STEM 
assessments. Analyses of integrated STEM programs may reveal additional 
opportunities for assessment. Promising exemplars of integrated STEM 
assessment of individual and team learning could be identified and evalu-
ated. Pilot studies of assessment designs could contribute to the develop-
ment of next-generation integrated STEM assessments, which are to provide 
evidence supporting the promise and claimed benefits of integrated STEM 
teaching and learning.
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6

Findings, Recommendations, 
and Research Agenda

There is considerable concern among policymakers, educators, 
employers, and others about improving K–12 STEM education in 
the United States and in raising the number and quality of students 

who are both interested in and prepared to enter STEM and related pro-
fessions. Historically, most efforts to improve STEM education at the pre
college level have focused on the individual subjects—particularly science 
and mathematics—rather than on how or whether they can or should be 
connected in ways that might improve student thinking, learning, engage-
ment, motivation, or persistence. 

Several converging forces have elevated the importance of understanding 
the potential value—as well as the limitations and challenges—of integrated 
STEM education. One development is the small but growing presence of 
engineering in K–12 classrooms1 and out-of-school settings. Because engi-
neering by its nature draws on ideas and practices from the other three 
STEM disciplines, it is has been seen by some as a natural focus for integra-
tion efforts. The recent publication of the Next Generation Science Standards 

1  Two of the most widespread programs are Engineering is Elementary (EiE) and Project 
Lead the Way (PLTW). EiE estimates that its curriculum has reached 4.1 million students 
and has been used by 52,000 teachers (Christine Cunningham, Museum of Science, Boston, 
personal communication, August 1, 2013). PLTW estimates that 5,500 schools offer at least 
one of its programs each year, enrolling between 400,000 and 500,000 students annually 
(Jennifer Cahill, PLTW, personal communication, August 7, 2013).
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(NGSS; Achieve 2013), which suggest that certain science concepts be learned 
in the context of engineering design, is a significant illustration of the belief 
that concepts and practices from different STEM disciplines can be learned 
in concert. This appealing but still somewhat intuitive notion, however, is 
not yet strongly supported by findings from research, as indicated by the 
committee’s review of the literature. 

A key driver of the NGSS was the desire to present science to students 
in ways that more closely represent how scientists experience it: as a practice 
requiring application of knowledge from multiple disciplines. This speaks 
to a second factor driving interest in integrated STEM education: concern 
about how to better prepare US students to enter the workplace, whether 
immediately after high school or following postsecondary coursework. An 
increasing share of jobs across a range of economic sectors, not just in science 
and engineering, is likely to require some background in the STEM subjects 
(Carnevale et al. 2011). In addition, employers have made clear their need 
for workers who can flexibly apply knowledge to solve practical problems 
(AACU 2013). Development of problem-solving expertise is neither the goal 
nor an assured outcome of every integrated STEM education initiative, but 
the committee’s review of programs finds problem solving2 to be a common 
element of many integrated approaches to STEM learning. 

Finally, some of the impetus for integrated STEM education is undoubt-
edly driven by dissatisfaction with traditional approaches to science and 
mathematics education in the United States. Although decades of educa-
tion reform have brought significant changes to curricula, standards, and 
professional development in these subjects, much science and mathematics 
teaching still emphasizes rote skills and memorization; relatively few K–12 
students express interest in pursuing these subjects in college or as a career; 
and the performance of US students on international comparative assess-
ments is below what many feel is adequate, given how expertise in these 
subjects helps fuel the nation’s innovation engine. Might integrated STEM 
education be part of the solution to the country’s math and science educa-
tion woes?

There are many more questions than answers. Research on integrated 
STEM education is just emerging as a distinct topic. As noted, few data 
convincingly correlate integrated STEM education with student outcomes. 
Additionally, much of the research that has been conducted does not distin-

2  The committee uses “problem solving” here as it is described in the cognitive science 
literature. For additional background, see Mayer 1992; Newell and Simon 1972; and Polya 
1973.
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guish between the different possible curriculum approaches and pedagogical 
methods for enabling integration or between the different cognitive mecha-
nisms students may use to construct meaning from integrated learning 
experiences. 

Taking into account these various limitations, this chapter presents 
the committee’s findings and recommendations in four areas: research on 
integrated STEM education; outcomes of integrated STEM education; the 
nature of integrated STEM education; and the design and implementation 
of integrated STEM education. In some cases, the recommendations are 
directed to researchers, in others to those who design, implement, or assess 
integrated STEM education. 

In the chapter’s last three sections, we pose important questions for 
researchers in education and the learning sciences. Taken together, the 
questions constitute a research agenda for advancing understanding and 
the effective design and implementation of integrated STEM education in 
the United States. Addressing some of the questions will benefit from, if not 
require, the participation of K–12 educators who are engaged in efforts to 
integrate the STEM subjects.

FINDINGS AND RECOMMENDATIONS RELATED TO 
RESEARCH ON INTEGRATED STEM EDUCATION

In the majority of studies of curricula and programs in integrated STEM 
education, whether in formal or out-of-/after-school settings, the educational 
interventions are poorly described. Evaluation studies are of little value if it is 
not possible to tell what was done to improve students’ understanding, skills, 
or attitudes. Lack of detailed descriptions of interventions and of experimen-
tal methods makes it difficult to have confidence in reported outcomes or 
to identify the essential ingredients of effective integrated STEM education. 
In addition, many of the studies used research designs or outcome measures 
that did not appear optimal for addressing the questions posed. Last, most 
studies did not have control groups, making it impossible to disentangle 
program effects from student selection effects.

RECOMMENDATION 1: In future studies of integrated STEM educa-
tion, researchers need to document the curriculum, program, or other 
intervention in greater detail, with particular attention to the nature of 
the integration and how it was supported. When reporting on outcomes, 
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researchers should be explicit about the nature of the integration, the 
types of scaffolds and instructional designs used, and the type of evi-
dence collected to demonstrate whether the goals of the intervention 
were achieved. Specific learning mechanisms should be articulated and 
supporting evidence provided for them.

Across studies of integrated STEM education, there is often inconsistent 
use of language, failure to define terms, and lack of a theoretical framework 
for understanding integrated STEM education. One goal of this report is to 
provide a common vocabulary and a starting point for a theoretical frame-
work. Generally recognized theoretical perspectives can be a powerful tool 
for helping build a community of researchers, program designers, and practi-
tioners who are working toward a shared understanding. Chapter 2’s descrip-
tive framework, which suggests four high-level dimensions of integrated 
STEM education, provides a vocabulary that practitioners and researchers 
can use as a basis for mutual understanding; the implications of the research 
reviewed by the committee presented in Chapter 4 can be a foundation for 
implementation efforts as well as a basis for further research.

RECOMMENDATION 2: Researchers, program designers, and prac-
titioners focused on integrated STEM education, and the professional 
organizations that represent them, need to develop a common language 
to describe their work. This report can serve as a starting point.

The research literature reviewed by the committee shows that studies of 
integrated STEM education vary greatly in design and methodology. In 
some cases, the study design was not suited to addressing the questions 
posed in the research. A recent report by education staff at the Institute for 
Education Sciences at the Department of Education and the National Science 
Foundation clarifies the categories of education research and provides basic 
guidance about their purposes, justifications, design features, and expected 
outcomes (Box 6-1). Importantly, the document notes that, although the 
study types are presented in a linear sequence, the reality of education 
research is considerably more complex and often involves multiple feedback 
loops between and among the categories. The two agencies intend to use 
the document to establish uniform expectations for proposals submitted 
in response to particular program announcements, solicitations, or other 
funding opportunities. Research teams engaged in efforts to understand 
integrated STEM education could benefit greatly by attending to the guid-
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BOX 6-1 
Types of Educational Research

Foundational Research and Early-Stage or Exploratory Research 
contributes to core knowledge in education. Core knowledge includes 
basic understandings of teaching and learning, such as cognition; com-
ponents and processes involved in learning and instruction; the operation 
of education systems; and models of systems and processes. 

Research Type #1: Foundational Research provides the funda-
mental knowledge that may contribute to improved learning and 
other relevant education outcomes. Studies of this type seek to test, 
develop, or refine theories of teaching or learning and may develop 
innovations in methodologies and/or technologies that will influence 
and inform research and development in different contexts. 

Research Type #2: Early-Stage or Exploratory Research exam-
ines relationships among important constructs in education and 
learning to establish logical connections that may form the basis for 
future interventions or strategies to improve education outcomes. 
These connections are usually correlational rather than causal. 

Research Type #3: Design and Development Research develops 
solutions to achieve a goal related to education or learning, such 
as improving student engagement or mastery of a set of skills. Re-
search projects of this type draw on existing theory and evidence to 
design and iteratively develop interventions or strategies, including 
testing individual components to provide feedback in the develop-
ment process. These projects may include pilot tests of fully devel-
oped interventions to determine whether they achieve their intended 
outcomes under various conditions. Results from these studies 
could lead to additional work to better understand the foundational 
theory behind the results or could indicate that the intervention or 
strategy is sufficiently promising to warrant more advanced testing.

Impact Research contributes to evidence of impact, generating reliable 
estimates of the ability of a fully developed intervention or strategy to 
achieve its intended outcomes. The three types of Impact Research share 
many similarities of approach, including designs that eliminate or reduce 
bias arising from self-selection into treatment and control conditions, 
clearly specified outcome measures, adequate statistical power to detect 

continued
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effects, and data on implementation of the intervention or strategy and the 
counterfactual condition. However, these studies vary with regard to the 
conditions under which the intervention is implemented and the popula-
tions to which the findings generalize.

Research Type #4: Efficacy Research allows for testing of a strat-
egy or intervention under “ideal” circumstances, including with a 
higher level of support or developer involvement than would be the 
case under normal circumstances. Efficacy research studies may 
choose to limit the investigation to a single population of interest. 

Research Type #5: Effectiveness Research examines effective-
ness of a strategy or intervention under circumstances that would 
typically prevail in the target context. The importance of “typical” 
circumstances means that there should not be more substantial 
developer support than in normal implementation, and there should 
not be substantial developer involvement in the evaluation of the 
strategy or intervention. 

Research Type #6: Scale-up Research examines effectiveness in 
a wide range of populations, contexts, and circumstances, without 
substantial developer involvement in implementation or evaluation. 
As with effectiveness research, scale-up research should be car-
ried out with no more developer involvement than what would be 
expected under typical implementation. 

SOURCE: Adapted from IES/NSF (2013).

BOX 6-1 Continued

ance presented in this framework. Similarly, the composition of the teams, 
which will vary according to the category of research, can be informed by the 
considerations discussed in the agencies’ report.

FINDINGS AND RECOMMENDATIONS RELATED TO THE 
OUTCOMES OF INTEGRATED STEM EDUCATION

Advocates of integrated STEM education claim that integrated approaches 
can produce improvements across a range of outcomes, including learn-
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ing and achievement, interest, identity, and persistence in STEM fields. Yet 
research on these outcomes is uneven and lacks consistency in terms of defi-
nitions and variables. Studies in formal settings tend to emphasize learning 
outcomes, for which measures are narrowly focused on improved conceptual 
knowledge or achievement. In contrast, studies in after-/out-of-school set-
tings tend to give more emphasis to outcomes related to development of 
interest and identity. In both settings, there is some attention to persistence in 
STEM, but few studies follow students over multiple years. Thus it is unclear 
why and how integration might offer better support for developing certain 
conceptual knowledge and skills. And while there is a theoretical basis for the 
conjecture that integrated instruction can promote stronger engagement and 
longer-term interest in STEM subjects, there is a lack of empirical support 
for this conjecture.

To determine what forms of integration are most effective, more attention 
needs to be directed to the types of outcome measures collected. For example, 
if a particular integrated STEM program focuses on science and engineer-
ing, the researchers should include separate measures of learning for each. 
Similarly, the differences between programs may be apparent not simply in 
measures of basic knowledge, such as recall of normative ideas or very contex-
tualized problem solutions, but also in measures of deep, connected conceptual 
understanding and transfer. Too few studies measure retention or transfer of 
learning. Finally, hypothesized benefits of long-term engagement in STEM 
and participation in the STEM pipeline are often cited as the rationale for 
integrated STEM instruction. But persistent changes in attitudes, the develop-
ment of STEM identities, and subsequent course taking are rarely measured 
in evaluations of such programs. The emerging domain of discipline-based 
education research is attending to many of these issues (NRC 2012a).

RECOMMENDATION 3: Study outcomes should be identified from the 
outset based on clearly articulated hypotheses about the mechanisms by 
which integrated STEM education supports learning, thinking, inter-
est, identity, and persistence. Measures should be selected or developed 
based on these outcomes.

Learning, Reasoning, and Achievement

In studies on integrated STEM education, learning outcomes are often mea-
sured using scores on standardized tests, though some studies include tests of 
knowledge specifically tied to the intervention. For outcomes that are more 
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typically measured, such as gains in content knowledge, it is important to be 
sure that the measure fits the expected outcomes; achievement tests are often 
used, but a more refined measure directly linked to the particular experience 
may be more appropriate. Outcomes tested might relate to students’ ability 
to make connections between disciplines or to use concepts or skills learned 
in the context of one discipline in the context of a different discipline. Such 
outcomes are likely very difficult to measure but more reflective of the 
deeper learning many experts believe is vital for college and career readiness 
(NRC 2012b).

Interest, Identity, and Persistence

Understanding the impact of integrated STEM education on learners’ atti-
tudes about the disciplines is important and will help determine whether 
integrated STEM environments can be more interesting and motivating for 
students than settings in which there is no integration. In its review of the 
literature, the committee found hints that integrated STEM education may 
positively influence STEM interest and identity, and that this effect may be 
particularly strong for populations that have historically struggled in STEM 
classes and are underrepresented in STEM programs in higher education 
and STEM professions. 

As noted in Chapter 3, identity generally refers to who one is or wants 
to be, as well as to how one is recognized by others—as a particular kind of 
person with particular interests, expertise, and ways of being in particular 
social contexts. Preliminary evidence indicates that problem- and inquiry-
based work better position youth in expert roles, especially when students 
can define the content and direction of the research. Integrated experiences 
also appear to offer a wider range of knowledge, experience, and ways of 
knowing that might be valued by schools and employers and that are integral 
to identity development. However, more research is needed to determine if 
this is the case across different populations and contexts. 

All but two of the studies on identity that the committee reviewed were 
qualitative in nature, and most were ethnographic. Ethnography is a clear 
choice for documenting local settings in rich detail with in-depth focus on 
individuals, resources, tools, actions, and interactions. Most of the studies 
took place over several months (some were shorter term, and several longer). 
Few of the studies seriously considered race or class as central analytic lenses, 
even if the students involved were of different races and ethnicities. The few 
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longer-term studies and small sample sizes limit the ability to understand 
patterns of identity development and the mechanisms that lead to produc-
tive patterns.

RECOMMENDATION 4: Research on integrated STEM education 
that is focused on interest and identity should include more longitudi-
nal studies, use multiple methods, including design experiments, and 
address diversity and equity.

An underlying assumption of the focus on interest and identity is that 
students with greater interest in STEM and who identify with STEM will 
be more likely to seek and persist in STEM-related experiences, not only 
through traditional or interdisciplinary career paths but also by using their 
STEM knowledge and skills in other professions and pursuits. This has 
typically been measured by tracking course taking after an integrated STEM 
experience or through self-reported aspirations. In the case of integrated 
STEM education programs in after- and out-of-school settings, most of 
the studies that measured persistence did not include a sufficient control 
or comparison group of students who did not participate in the program 
to enable inferences about impact. Because students in after-/out-of-school 
programs can choose whether to participate, it is important to design studies 
that support inferences about the role of the integrated STEM programs in 
persistence in STEM. 

Box 6-2 provides examples of research questions related to the outcomes 
of integrated STEM education. 

FINDINGS RELATED TO THE NATURE OF  
INTEGRATED STEM EDUCATION

Our analysis of the research and examination of specific programs led to 
important findings about three aspects of integrated STEM education: the 
interplay between integrated and disciplinary learning; the cognitive pluses 
and minuses associated with connection making; and the role that context 
seems to play in supporting integrated STEM learning. 

One reasonable expectation of integrated STEM education is that it 
encourages the learner to make new and useful connections between or 
among STEM disciplines. These connections may be exhibited as improve-
ments in student performance, learning and transfer, and interest and moti-
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BOX 6-2 
Research Questions Related to Outcomes 

of Integrated STEM Education

•	 What theory of change can help describe and explain the learning 
mechanisms by which integrated STEM experiences support par-
ticular outcomes in school and after-/out-of-school settings?

•	 What instructional approaches or contexts are most likely to help 
students make connections between and among the STEM disci-
plines, and how can these outcomes be measured? 

•	 How is development of STEM interest linked with that of students’ 
abilities to work with nonroutine problems and in nonroutine problem 
solving? 

•	 What discipline-based resources can be used by learners in differ-
ent phases of interest in integrated STEM educational contexts, and 
when do they do so? 

•	 What types of integrated STEM experiences affect student identity, 
and how do these effects vary according to gender, ethnicity, socio-
economic background, and other factors?

•	 What effect does access to/engagement with STEM professionals 
as role models and mentors have on student interest, identity and 
self-efficacy in STEM? 

vation. Some research suggests that integration can support learning because 
basic qualities of cognition favor connecting concepts and representations, 
so they are associated with other knowledge and grounded in familiar 
experiences and prior knowledge. Yet the literature is also full of examples 
suggesting that integration requires considerable cognitive resources. Thus, 
in some cases activities that integrate multiple disciplines may actually 
impede comprehension and learning because of the large mental processing 
demands associated with split attention—dividing one’s attention between 
multiple sources of information presented in noncomplementary forms, in 
different settings, or at different times. 

Our review of the research suggests that, to benefit from integrated 
STEM education experiences, students need to be competent with discipline-
specific representations and able to translate between them, exhibiting what 
some scholars refer to as “representational fluency.” Participation in shared 
practices, such as modeling in engineering, science, and mathematics, 
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may support such fluency. But because the practice of modeling differs in 
these disciplines, it is possible that shared practices might actually muddle 
important distinctions. The level of disciplinary competency may be fairly 
low in younger students and still allow meaningful integrated STEM experi-
ences; higher levels of content knowledge become increasingly important as 
students move into high school and tackle more challenging problems. To 
help students both build and use disciplinary knowledge and skill in inte-
grated settings, it may be necessary to strategically incorporate discipline-
specific learning opportunities into integrated experiences (see, for example, 
Burghardt and Hacker 2008; Lehrer and Schauble 2004).

The use of problem solving as a context and pedagogical approach for 
integrating concepts and practices from multiple disciplines is a feature of 
many integrated STEM education programs. One implication of this find-
ing is that practices such as engineering design and science inquiry, and 
instructional approaches like problem- and project-based learning, may 
offer special opportunities to support STEM integration when sufficient 
and intentional instructional support is provided. Some problem situations 
aim for authenticity, but there are also contrived problems that may sup-
port student learning, and some authentic problems will be too complex 
to carry out in the classroom. Working on complex, authentic problems, 
which almost always calls upon multiple disciplines, has the potential to 
support both short-term learning and longer-term application or transfer 
to new contexts. However, such outcomes are not a given and depend on a 
number of factors related to the design and implementation of the learning 
experience, as well as the teacher’s ability to successfully support student 
problem-solving efforts. 

Box 6-3 provides examples of research questions related to the nature of 
integrated STEM education.

FINDINGS AND RECOMMENDATIONS RELATED TO THE DESIGN 
AND IMPLEMENTATION OF INTEGRATED STEM EDUCATION

Those who design and implement integrated STEM education experiences 
will need to attend to a number of interrelated factors, if they hope to 
influence student learning, interest, motivation, and persistence in STEM 
subjects. A starting point can be the committee’s effort in Chapter 4 to spell 
out the implications of the research for creating or modifying existing STEM 
education programs to include elements of disciplinary integration. The 
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BOX 6-3 
Research Questions Related to the Nature 

of Integrated STEM Education

•	 What disciplinary knowledge that is important to success in later 
STEM-related study or work can be learned in an integrated setting, 
and what disciplinary knowledge is best learned in more traditional 
ways? 

•	 What features of integrated STEM learning experiences support 
and what features impede the learner’s ability to make connections 
between or among disciplinary ideas and/or practices?

•	 When problem solving is used as a context for integrated STEM 
education, to what extent and in what situations are student learn-
ing and other valued outcomes attributable to the integration versus 
situating the material in a real-world context? 

•	 How, if at all, and in what circumstances does the use of engineer-
ing design in integrated STEM education boost learning, motivation, 
or interest in science and mathematics beyond that resulting from 
high-quality instruction in those subjects not involving engineering 
design? 

•	 Is there a repertoire of high-level, cross-domain abilities—such 
as complex reasoning and problem solving—rooted in the STEM 
disciplines that can be strengthened through integrated learning 
approaches? 

•	 To what degree might these abilities be transferable or generalizable 
to academic subjects or workplace domains outside STEM?  

•	 What synergistic STEM concepts and practices are learned better 
through integrated STEM education approaches than via disciplin-
ary-focused approaches, and what student and teacher supports 
are needed to accomplish this learning?

potential benefits and challenges of making connections across the STEM 
subjects suggest the importance of a measured, strategic approach to imple-
menting integrated STEM education that accounts for the inherent trade-
offs in cognition and learning.

Beyond this, being clear up front about what an educational intervention 
is expected to achieve—goal setting—is critical. As noted, we found that the 
goals of integrated STEM education in formal settings are often focused on 
achievement and preparation for future academic study. In after-/out-of-
school settings, the goals of integrated STEM education tend to focus on 
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promoting awareness and interest in the STEM disciplines more than on aca-
demic achievement and preparation for future study or careers. The majority 
of integrated STEM education programs reviewed by the committee did not 
explicitly tie goals to hypotheses about the design of the intervention. This 
makes it very difficult to determine whether integration is helping to achieve 
the particular goal. 

RECOMMENDATION 5: Designers of integrated STEM education 
initiatives need to be explicit about the goals they aim to achieve and 
design the integrated STEM experience purposefully to achieve these 
goals. They also need to better articulate their hypotheses about why 
and how a particular integrated STEM experience will lead to particular 
outcomes and how those outcomes should be measured.

As noted, there are few studies that specify and test the mechanisms by 
which integrated STEM experiences support learning within and across the 
disciplines. In this report we have begun to describe potential mechanisms 
based on existing research on learning in integrated settings and more 
broadly. One example of such a mechanism is to look for core concepts and 
practices that recur in the STEM subjects. Such recurring concepts and prac-
tices can be elaborated, extended, or otherwise transformed by exploring the 
different senses of the “same” idea or practice across multiple STEM disci-
plines. Designing educational initiatives to take advantage of these recurring 
ideas and practices is challenging. Many of the practices, such as developing 
and using models, and crosscutting concepts, such as patterns and systems, 
identified in A Framework for K–12 Science Education (NRC 2012c) may be 
good candidates.

It is clear from the research that STEM connections that may appear 
obvious to teachers, curriculum developers, and disciplinary experts often 
are not obvious to novice learners. At times, teachers themselves may not 
apprehend the connections. For either reason, integration of STEM concepts 
and transfer of learning to new contexts may not be spontaneously made by 
students and cannot be assumed to take place simply because certain con-
cepts and practices are introduced at the same time or place. Put another way, 
deep, lasting, and transferable learning through integrative experiences will 
rarely be automatic for most students and some teachers. 

RECOMMENDATION 6: Designers of integrated STEM education 
initiatives need to build in opportunities that make STEM connections 
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explicit to students and educators (e.g., through appropriate scaffolding 
and sufficient opportunities to engage in activities that address con-
nected ideas).

As previously noted, neither the committee nor this report is suggesting 
that integrated STEM education take the place of high-quality education 
focused on the individual STEM subjects. Indeed, if anything, integrated 
STEM education reinforces the need for students to hone their disciplinary 
expertise. 

RECOMMENDATION 7: Designers of integrated STEM experiences 
need to attend to the learning goals and learning progressions in the 
individual STEM subjects so as not to inadvertently undermine student 
learning in those subjects. 

It seems clear that implementing integrated STEM experiences in 
school and after-/out-of-school settings will often require educator expertise 
beyond that required to teach any of the STEM disciplines alone. This find-
ing has implications for the education and ongoing support of those charged 
with delivering integrated STEM instruction.

RECOMMENDATION 8: Programs that prepare people to deliver 
integrated STEM instruction need to provide experiences that help 
these educators identify and make explicit to their students connections 
among the disciplines. These educators will also need opportunities 
and training to work collaboratively with their colleagues, and in some 
cases administrators or curriculum coordinators will need to play a 
role in creating these opportunities. Finally, some forms of professional 
development may need to be designed as partnerships among educators, 
STEM professionals, and researchers.

A growing number of K–12 schools self-identify as “STEM” schools, and 
some proportion of these schools are or claim to be delivering integrated 
STEM education. For schools attempting integrated STEM education as well 
as for those, such as private funders, with a desire to support such efforts, 
this report can provide a useful guide for assessing the nature and degree 
of integration present. The committee’s effort to map one school’s efforts 
against the descriptive framework for integrated STEM education (see Table 
2-1, p. 48) is an example of how this might be done. 



Copyright © National Academy of Sciences. All rights reserved.

STEM Integration in K-12 Education:  Status, Prospects, and an Agenda for Research

FINDINGS, RECOMMENDATIONS, AND RESEARCH AGENDA	 149

Assessment

The design and implementation of any educational intervention will ben-
efit by having methods or tools for assessing outcomes. Without a way of 
determining how student understanding of STEM concepts and facility with 
STEM practices are changing, it will be impossible to modify the design or 
implementation in ways that improve chances for success. In the case of 
integrated STEM education, we have found no evidence that researchers, 
curriculum developers, or practitioners are measuring outcomes from inte-
grated STEM experiences in reliable, valid ways. The National Assessment 
of Educational Progress will field an assessment of technology and engi-
neering literacy in a sample of US 8th graders in 2014 (NAEP 2013). While 
the test will not probe connections among the STEM subjects per se, it will 
measure performance on problem-solving activities. Lessons learned from 
this assessment may be useful to future efforts to develop assessments for 
integrated STEM education. In addition, as the NGSS begin to be adopted 
and implemented by the states, pressure for new assessments, including 
those that measure facets of STEM integration, may increase. The National 
Research Council has developed a framework for assessment of K–12 science 
proficiency based on NGSS that addresses issues of integration.3

RECOMMENDATION 9: Organizations with expertise in assessment 
research and development should create assessments appropriate to 
measuring the various learning and affective outcomes of integrated 
STEM education. This work should involve not only the modification of 
existing tools and techniques but also exploration of novel approaches. 
Federal agencies with a major role in supporting STEM education in the 
United States, such as the Department of Education and the National 
Science Foundation, should consider supporting these efforts.

In order for any significant and lasting change to take hold within the K–12 
education system, decades of research and experience suggest the importance 
of aligning key aspects of the improvement process. Thus, for example, both 
the design of an educational intervention and its implementation should 
reflect the goals and objectives established by the developers (e.g., Krajcik et al. 
2008). Furthermore, what is learned during implementation and data gathered 
on the outcomes of the intervention should inform an iterative process of con-

3 Information on the project is available at www8.nationalacademies.org/cp/projectview.
aspx?key=49464. 
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FIGURE 6-1  Iterative model of educational change.

tinuous improvement (see, for example, NRC 2003). The design, implementa-
tion, and even the original goals may need to be modified to reflect experience 
and optimize the desired outcomes.These ideas can be represented as a series 
of feedback loops (Figure 6-1). 

The challenge of creating alignment and assuring productive feedback 
among the major elements of education change is not trivial. As the com-
mittee notes in its review of the research on STEM education in Chapter 3 
and repeats in this chapter, many well-meaning efforts to develop integrated 
STEM education programs are either unclear about goals or do not collect 
outcomes data that allow one to determine if the stated goals have been met. 
In addition, in many cases, it is not possible to determine if the program as 
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designed, what is sometimes called the intended curriculum, is the same as 
what is implemented, the enacted curriculum. 

RECOMMENDATION 10: To allow for continuous and meaningful 
improvement, designers of integrated STEM education initiatives, those 
charged with implementing such efforts, and organizations that fund the 
interventions should explicitly ground their efforts in an iterative model 
of educational improvement. 

Box 6-4 provides examples of research questions related to the design 
and implementation of integrated STEM education.

BOX 6-4 
Research Questions Related to the Design and 
Implementation of Integrated STEM Education

•	 What discipline-based resources do learners make use of in inte-
grated contexts and, when they do so, what supports are needed 
and how can integration be facilitated?

•	 What age-related developmental strengths and needs exist in differ-
ent types of integrated learning situations?

•	 How are problem-solving experiences best constructed to support 
student learning and other desired outcomes in integrated STEM 
education?

•	 How should integrated STEM experiences be designed to account 
for educators’ and students’ varying levels of experience with inte-
grated learning and STEM content? 

•	 What pedagogical content knowledge do educators require to suc-
cessfully support student learning in integrated STEM education ex-
periences, and how might this knowledge vary according to student 
age or level of interest in STEM? 

•	 What pedagogical practices best support student learning in inte-
grated STEM education?

•	 What are the benefits and trade-offs of delivering integrated STEM 
education experiences with collaborative teams of educators who 
have expertise in different STEM disciplines?

•	 Given the variability in teachers’ own knowledge of STEM content 
and pedagogy, what kinds of instructional supports might be most 
effective and most useful for them? 

•	 What features of a school’s management, organization, philosophy, 
and physical facilities are most important to supporting teachers and 
students in integrated approaches to STEM education? 
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Two recent developments in US K–12 STEM education provide special 
opportunities for researchers to investigate some of these questions. One, 
as noted above, is publication of the NGSS, which is spurring new curricu-
lum, assessments, and educator supports, some of which will focus on how 
science and engineering concepts and practices are connected. The second 
is the implementation of restructured advanced placement (AP) science 
courses by the College Board, developed in response to recommendations 
from the National Research Council (2002).The new AP biology course was 
introduced in the 2012-13 school year (College Board 2011a) and the new 
chemistry course in 2013-14 (College Board 2011b). The revised physics 
course will begin in the 2014-15 school year, and the environmental science 
course sometime after 2015. Although each of these courses has a disciplin-
ary emphasis, they also aim to build student competencies to connect with 
other subjects, particularly mathematics.

FINAL THOUGHTS

In addressing its charge, the committee has carefully reviewed the available 
research on integrated STEM education and related research and examined 
a selected set of curricula, schools, professional development efforts, and 
other relevant initiatives. As this final chapter suggests, there is much more 
that can and should be learned about the outcomes, nature, and design and 
implementation of integrated STEM education. This should not discourage 
those designing, implementing, or studying integrated STEM education 
programs. On the contrary, our findings, recommendations, and research 
agenda strongly suggest the potential of some forms of integrated STEM 
education to make a positive difference in student learning, interest, and 
other valued outcomes. 

In order to achieve this potential, the energy, creativity, and resources of 
researchers, practitioners, and concerned funders must now be directed at 
generating more thoughtful, high-quality, and evidence-based work. Given 
the inherent complexities, it will not be a surprise to find that designing, 
implementing, and documenting effective integrated STEM education is 
both time consuming and expensive. Despite these very real challenges, the 
possibility of adding new tools to the STEM education toolbox is tantalizing. 
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Appendix

Biographies of Committee Members

Dr. Margaret A. Honey
New York Hall of Science

Margaret Honey, chair, is president and CEO of the New York Hall of Sci-
ence, where she is interested in the role of design-based learning in pro-
moting student interest and achievement in STEM subjects. Before joining 
the museum in November 2008, she was vice president of the Education 
Development Center (EDC) and director of its Center for Children and 
Technology. During her 15 years at EDC, she was the architect and overseer 
of numerous large-scale projects funded by the National Science Founda-
tion, Institute for Education Sciences, Carnegie Corporation, Library of 
Congress, US Department of Education, and US Department of Energy. 
She also codirected the Regional Educational Laboratory–Northeast and 
Islands, helping educators, policymakers, and communities improve 
schools by leveraging research findings about learning and K–12 education. 

Dr. Honey is widely recognized for using digital technologies to sup-
port children’s learning in the STEM disciplines. Her work has shaped 
thinking about learning and technology with special attention to tradi-
tionally underserved audiences. She has led some of the country’s most 
innovative and successful education research, focusing on efforts to identify 
teaching practices and assessments for 21st century skills; new approaches 
to teaching computational science in high schools; collaborations with PBS, 
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CPB, and national public television stations; investigations of data-driven 
decision-making tools and practices; and, with colleagues at Bank Street 
College of Education, the creation of one of the first Internet-based profes-
sional development programs in the country. 

Dr. Honey has shared what she’s learned before Congress, state legis-
latures, and federal panels and in numerous articles, chapters, and books. 
She is a member of the National Research Council’s Board on Science 
Education, chaired an NRC1 workshop that resulted in the report IT Flu-
ency and High School Graduation Outcomes, and coedited Learning Science: 
Computer Games, Simulations, and Education. Her 2013 book Design, 
Make, Play: Growing the Next Generation of STEM Innovators (coedited 
with David Kanter) explores the potential of these strategies for supporting 
student engagement and deeper learning. She is a graduate of Hampshire 
College and earned her doctorate in developmental psychology from 
Columbia University. 

Dr. Linda M. Abriola
Tufts University

Linda Abriola is dean of the School of Engineering at Tufts University 
as well as professor of civil and environmental engineering and adjunct 
professor in chemical and biological engineering. She is a member of both 
the National Academy of Engineering (NAE) and the American Academy 
of Arts and Sciences (AAAS) and a fellow of the American Geophysical 
Union. Before her appointment at Tufts, she was the Horace Williams King 
Collegiate Professor of Environmental Engineering at the University of 
Michigan. Her research focuses on the integration of mathematical model-
ing and laboratory experiments for the investigation and prediction of the 
transport and fate of reactive contaminants in the subsurface. An author 
of more than 130 refereed publications, she is particularly known for her 
work on the characterization and remediation of aquifers contaminated 
by chlorinated solvents. Dr. Abriola’s numerous professional activities 
have included service on the US Environmental Protection Agency Sci-
ence Advisory Board, the NRC Water Science and Technology Board, and 
the US Department of Energy’s Natural and Accelerated Bioremediation 
Research (NABIR) Advisory Committee. She served on the NRC’s Com-
mittee on Ground Water Cleanup Alternatives, which investigated the 

1  Here and throughout, NRC designates the National Research Council unless otherwise 
indicated. 
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efficacy of pump-and-treat technologies; Committee on Gender Differ-
ences in Careers of Science, Engineering, and Mathematics Faculty; and the 
NAE Offshoring Engineering Workshop Committee. She is the recipient 
of numerous honors, including the Association for Women Geoscientists’ 
Outstanding Educator Award (1996), the National Ground Water Associa-
tion’s Distinguished Darcy Lectureship (1996), and the Strategic Environ-
mental Research and Development Program (SERDP) Project of the Year 
Award in Environmental Restoration (2006 and 2012) and was named 
Drexel University’s Engineering Leader of the Year in 2013. Dean Abriola 
received her PhD and master’s degree from Princeton University and a 
bachelor’s degree from Drexel University, all in civil engineering.

Dr. Sybilla Beckmann
University of Georgia 

Sybilla Beckmann, Josiah Meigs Distinguished Teaching Professor of 
Mathematics at the University of Georgia, has done research in arithme-
tic geometry but is currently interested in the mathematical education of 
teachers and mathematics content for students at all levels, especially pre-K 
through the middle grades. She is interested in helping college faculty 
learn to teach mathematics content courses for elementary and middle 
school teachers and works with graduate students and postdoctoral fellows 
toward that end. She developed mathematics content courses for prospec-
tive elementary school teachers at the University of Georgia, wrote a book 
for such courses, Mathematics for Elementary Teachers, now in its fourth 
edition, and is studying future middle school teachers’ thinking and learn-
ing about proportional relationships. She has worked on the development 
of several states’ mathematics standards. In addition, Beckmann was a 
member of the writing team of the National Council of Teachers of Mathe
matics (NCTM)’s Curriculum Focal Points for Prekindergarten through 
Grade 8 Mathematics, the mathematics writing team for the Common 
Core State Standards Initiative, and the NRC committee that produced 
the report Mathematics Learning in Early Childhood: Paths Toward Excel-
lence and Equity. She taught at Yale University as J.W. Gibbs Instructor 
of Mathematics and also taught an average 6th grade mathematics class 
at a local public school in order to better understand school mathemat-
ics teaching. She earned her PhD in mathematics from the University of 
Pennsylvania. 
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Dr. Susan Hackwood
California Council on Science and Technology 

Susan Hackwood is executive director of the California Council on Sci-
ence and Technology (CCST) and professor of electrical engineering at 
the University of California, Riverside, where in 1990 she was the founding 
dean of Bourns College of Engineering. In 2003–2005 she was a visiting 
scholar at UCLA’s Anderson School of Management and in 2005 a visit-
ing scholar at the California Institute of Technology. In 1984 she joined 
the University of California, Santa Barbara, as professor of electrical and 
computer engineering and was founder and director of the National Sci-
ence Foundation Engineering Research Center for Robotic Systems in 
Microelectronics (CRSM). Before joining academia, she was department 
head of device robotics technology research at AT&T Bell Labs, where, 
among other things, she invented and named the electrowetting effect, 
now used in many micro devices and an increasing number of applica-
tions. Her current research interests are science and technology policy, 
innovation mechanisms, and distributed asynchronous and cellular robotic 
systems. She has worked extensively with industry, academia, and govern-
ment partnerships to identify policy issues of societal importance. She is 
also active in regional, state, national, and international economic, sci-
ence, and technology development (e.g., in Mexico, Taiwan, Vietnam, and 
Costa Rica). She is a fellow of the IEEE and the AAAS. For the AAAS, she 
has served as engineering delegate and chaired the Committee on Science, 
Engineering, and Public Policy and the section on Societal Impacts of 
Science and Engineering. Since 2006 she has been a member of the IEEE 
Spectrum Editorial Board. She also serves on the boards of directors and 
consults on new product development for several technology companies. 
She cofounded and coedited the Journal of Robotic Systems from 1984 to 
2005. She received her PhD in solid-state ionics in 1979 from DeMontfort 
University, UK, and holds honorary degrees from Worcester Polytechnic 
Institute (PhD) and DeMontfort University (DSc).

Dr. Alfred L. Hall II
University of Memphis

Alfred Hall is an assistant professor of science education at the University of 
Memphis, where he is also director of the West Tennessee STEM Collabo-
ratory Hub. He was previously chief of staff for the Memphis city schools 
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system and served the district in other capacities, such as chief academic 
officer, associate superintendent of curriculum and instruction, and direc-
tor of mathematics and science, for a school system of 106,000 students 
and more than 7,000 teachers. He began his educational career as a high 
school teacher of biology and physics and an instructor of biology and pro-
gram director for an undergraduate STEM program for underrepresented 
students at Delta State University in Cleveland, Mississippi. He has also 
worked as a science education specialist for the Eisenhower Mathematics 
and Science Consortium at Appalachia Educational Laboratory, which sup-
ported state education agencies and school districts in Kentucky, Tennes-
see, Virginia, and West Virginia. In 1999 he was selected to serve as project 
director of the Delta Rural Systemic Initiative, a reform program funded by 
the National Science Foundation to support poor, rural school districts in 
the delta areas of Arkansas, Louisiana, and Mississippi. In 2001, he began 
directing the Memphis Urban Systemic Program and provided leadership 
for mathematics and science education, teacher professional development, 
and student support programs. He has served on the National Science 
Advisory Board for Macmillan/McGraw-Hill Publishing Company and the 
National Task Force for Recruiting, Retaining, and Supporting Teachers 
of Mathematics for the National Council of Teachers of Mathematics. He 
received his PhD in science education from George Mason University.

Dr. Jennifer Hicks
I-STEM Resource Network 

Jennifer Hicks is K–12 science program manager for Purdue University’s 
I-STEM Resource Network, managing professional development and 
curriculum implementation for the Indiana Science Initiative, a K–8 sys-
temic science initiative that has engaged 2,000 teachers and 134 schools 
in research-developed science curriculum and professional development. 
Prior to this position she was science curriculum specialist in the Office 
of Curriculum and Instruction for the Indiana Department of Education, 
where she managed the development of science standards, supported cur-
riculum resources for science, and promoted innovation in science teach-
ing throughout the state. A former high school teacher in California, she 
received a Life Sciences Single Subject Credential from San Francisco State 
University. She also holds a Professional Educator’s License in the State of 
Indiana in chemistry and life sciences. She has taught biology, chemistry, 
marine biology, and Earth sciences at the high school level and science at 
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the postsecondary and graduate levels at Webster University in St. Louis and 
at Indiana University in Bloomington. With a BS in biology and a PhD in 
visual sciences from Indiana University, she was an NIH postdoctoral fellow 
in the Biology Department at Washington University in St. Louis, where she 
performed research on proteins in fruit flies.

Mr. Stephen J. Krak
Battelle

Steve Krak is an open innovation manager for Battelle’s energy and envi-
ronment business, responsible for intellectual property management 
and business development. He began his 25-year career at Battelle as an 
electrical engineering intern and has handled assignments in photonics 
and microfabrication R&D, project management, line management, busi-
ness development (domestic and international), and intellectual property 
management. He is a long-time volunteer in the classroom and served four 
years as founding program manager of the Ohio STEM Learning Network, 
a public-private collaboration to change the relationship between economic 
development, education, and personal prosperity in Ohio. He also managed 
the proposal process for Ohio’s winning Race to the Top submission and 
was relationship manager to New York at the beginning of Battelle’s multi-
state STEM network program.

Mr. Bill Kurtz 
DSST Public Schools 

Bill Kurtz is founding head of school and CEO of the Denver School of 
Science and Technology (DSST), a charter school management organiza-
tion that is opening ten secondary schools on five campuses in Denver. The 
flagship school of DSST Public Schools has become an exemplar for high 
school reform and a leader in STEM education nationwide. The combina-
tion of the school’s significant year-to-year student learning growth, very 
diverse student population, innovative school culture, and 100 percent 
college acceptance rate for its graduates has made DSST a change agent for 
local public schools and a destination for school reformers from all over 
the country. Bill was recognized as the 2010 Entrepreneur of the Year by 
the New Schools Venture Fund at its national summit in Washington, DC, 
and in 2008 was named one of 25 champions of public education in Denver 
over the last 25 years by the Public Education Business Coalition. He serves 
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on the advisory council of the University of Southern California’s Rossier 
School of Education Master of Arts in Teaching (MAT) program. Before 
joining DSST, he was principal of Link Community School, an indepen-
dent middle school in Newark, New Jersey. He graduated magna cum laude 
from Princeton University with a BA and earned an MA from Columbia 
University’s Teachers College in educational administration and leadership. 

Dr. Richard Lehrer
Peabody College of Vanderbilt University 

Richard Lehrer is the Frank W. Mayborn Professor of Education at 
Vanderbilt University’s Peabody College. He worked previously at the 
University of Wisconsin–Madison as associate director of the National 
Center for Improving Student Learning and Achievement in Mathematics 
and Science. He collaborates with teachers to craft, implement, and 
assess modeling approaches to mathematics and science education in the 
elementary and middle school grades. He has also formulated innovative 
geometry instruction for primary and elementary school students that 
is guided by longitudinal study of student thinking about space. He is a 
former high school science teacher and has pioneered classroom research 
that investigates cognitive technologies as tools for thought in mathematics 
and science. He has served on the NRC Committees on the Foundations of 
Assessment and on Systems of Statewide Science Assessment, and the NAE/
NRC Committee on Engineering in K–12 Education. He has a PhD in edu-
cational psychology and statistics from the University of New York, Albany.

Ms. Beth McGrath
Stevens Institute of Technology 

Beth McGrath is chief of staff in the president’s office at Stevens Institute 
of Technology in Hoboken, NJ. She was previously executive director of 
the institute’s Center for Innovation in Engineering and Science Educa-
tion (CIESE) and senior research associate in its Schools of Engineering 
& Science and Systems & Enterprises. Since 2005, under her leadership, 
CIESE has been honored with the Presidential Award for Excellence in 
Mathematics, Science, and Engineering Mentoring and has garnered more 
than $26 million in STEM education and research projects (sponsored by 
the National Science Foundation, US Department of Defense, NJ Depart-
ment of Education, and US Department of Education), mainly in K–12 
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engineering and science education, 21st century skills, and STEM scale-
up and capacity building in K–12 and higher education. She played a key 
role in several national Internet-in-K–12 science education curriculum 
development and teacher training initiatives for more than 35,000 teachers 
in 23 states and 8 countries. Her research interests include organizational 
development and capacity building in K–12 education, diffusion of tech-
nology innovations in K–12, and the role of engineering in 21st century 
skill development. She serves on the Technology and Engineering Literacy 
(TEL) Assessment Standing Committee of the National Assessment of 
Educational Progress (NAEP) as well as several advisory boards of science 
and engineering education development projects. She holds a BS degree in 
mass communications from Virginia Commonwealth University and an 
MEd from the University of Maryland. 

Dr. Barbara M. Means
SRI International 

Barbara Means, codirector of the Center for Technology in Learning at SRI 
International, is a leader in defining issues and approaches for evaluating 
the implementation and efficacy of technology-supported educational 
innovations. Her research focuses on ways technology can support stu-
dents’ learning of advanced skills and the revitalization of classrooms and 
schools, and on STEM-focused secondary schools that target underserved 
populations and do not use selective admissions processes. In addition, she 
is directing SRI’s work supporting the National Science Foundation’s effort 
to implement a K–12 STEM education indicator system, as recommended 
by the 2013 NRC report Monitoring Progress Toward Successful K–12 STEM 
Education. Her published works include the edited volumes Evaluating 
Educational Technology, Technology and Education Reform, and Teaching 
Advanced Skills to At-Risk Students and the jointly authored volumes Using 
Technology Evaluation to Advance Student Learning, The Connected School, 
and Comparative Studies of How People Think. A fellow of the American 
Educational Research Association, Dr. Means serves on the boards of the 
Oracle Education Foundation and CFY, a nonprofit organization promot-
ing effective uses of technology in schools that serve low-income students. 
She has served on the NRC Committee on Highly Successful Schools or 
Programs for K–12 STEM Education, Board on Testing and Assessment, 
and the committee that produced How People Learn. She earned her bach-
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elor’s degree in psychology from Stanford University and her PhD in edu-
cational psychology at the University of California, Berkeley.

Ms. Donna Migdol
Oceanside School District, New York 

Donna Migdol is a 5th- and 6th-grade “project extra” elementary teacher 
in Oceanside, New York, where her students are passionately involved in 
STEM learning. She previously taught grades 3–6 and was the mathematics 
lead teacher and supervisor for K–6 mathematics and science. She has 
presented her classroom engineering design and math lessons to the Peer 
Review Panel in Albany and to the National Science Foundation. WNET 
and Teacher Net filmed her third grade classroom, highlighting engineer-
ing design coupled with inquiry-based math and science instruction, and 
in 2012 her fifth graders were filmed by the Teaching Channel and WNET 
in “Roller Coaster Physics” (www.teachingchannel.org/videos/teaching-
stem-strategies). Ms. Migdol codeveloped and facilitated the Math, Sci-
ence, and Technology Summer Institute at Hofstra University, where she is 
an adjunct professor teaching graduate STEM courses, and she partnered 
with Hofstra’s Center for Technological Literacy as a curriculum writer and 
professional developer for two grant-funded projects supporting STEM 
literacy in grades 6–8. As keynote presenter for Hofstra’s HNET Confer-
ence, she spoke about “What a classroom could be. . . .” She has also served 
as an elementary mathematics and STEM consultant for school districts 
across Long Island. She has published several articles and her work has 
been cited in Alfie Kohn’s book, The Schools Our Children Deserve, as well 
as Exemplary Science in Grades 5–8: Standards-Based Success Stories, edited 
by Robert E. Yager. 

Dr. Mitchell J. Nathan
University of Wisconsin–Madison 

Mitchell Nathan is a professor of learning sciences in the Department of 
Educational Psychology and director of the Center on Education and Work, 
both at the University of Wisconsin–Madison, as well as faculty member 
for the Latin American School for Education, Cognitive, and Neural Sci-
ences. He also holds affiliate appointments in the UW-Madison Depart-
ment of Curriculum and Instruction, Department of Psychology, and 
Wisconsin Center for Education Research. In research and development in 
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artificial intelligence, computer vision, and robotic mobility, he has worked 
on the design and development of autonomous robotic arms and vehicles; 
the development of expert systems and knowledge engineering interview 
techniques; and the representation of perceptual and real-world knowledge 
to support inference making in dynamic environments. He has also worked 
on computer-based mathematics tutoring that relies heavily on students’ 
comprehension processes for self-evaluation and self-directed learn-
ing (so-called unintelligent tutoring systems). Prof. Nathan directed the 
project Supporting the Transition from Arithmetic to Algebraic Reasoning 
(STAAR; funded by the Interagency Education Research Initiative, IERI), 
which studied the transition from arithmetic to algebraic reasoning. He is 
co-PI for both the AWAKEN Project (“Aligning educational experiences 
with WAys of Knowing ENgineering”), which documents how people 
learn and use engineering, and the National Center for Cognition and 
Mathematics Instruction. He is a member of the steering committee for 
the Delta Program, which promotes the development of a national faculty 
in the natural and social sciences, engineering, and mathematics that is 
committed to implementing and advancing effective teaching practices for 
diverse student audiences. He received his PhD in experimental (cognitive) 
psychology and holds a BS in electrical and computer engineering, math-
ematics, and history.

Dr. Mark Sanders 
Virginia Polytechnic Institute and State University

Mark Sanders, Virginia Tech Professor Emeritus of Integrative STEM 
Education/Technology Education, has been working for more than two 
decades in integrative STEM education. As co-PI of the Technology, 
Science, Mathematics (TSM) Integration Project (NSF, 1991–1996) he 
coauthored Technology, Science, Mathematics Connection Activities (1996, 
McGraw-Hill) and Engineering & Design Applications (2008, McGraw-
Hill). In 2003, he conceptualized Virginia Tech’s unique integrative STEM 
education graduate program, which he cofounded in 2005 and for which he 
continues to advise PhD candidates. From 1980 to 2005 he pioneered, dis-
seminated, and taught emerging communication technologies, including 
e-publishing (1981), digital multimedia (1983), interactive video (1984), 
digital video and holography (1992), and Web-based portfolios (1995). He 
wrote Communication Technology: Today and Tomorrow, the first textbook 
to address digital cross-media publishing technologies (McGraw-Hill, 
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1991, 1996). He was founding editor of the Journal of Technology Education 
(JTE; 1989–1997) and pioneered free global access to the journal (begin-
ning in 1992) before the Web became viable. He established and edited 
Graphic Comm Central (1997–2009), the Web portal for graphic commu-
nication educators. He began his career as a high school technology teacher 
in Albany, NY.

Mr. Michael Town 
STEM High School 

For the past 27 years Mike Town has taught numerous integrated STEM 
courses at the high school level in Redmond, Washington, including 
Advanced Placement environmental science and environmental engineer-
ing and sustainability design. The courses are dual credited and Career 
and Technical Education (CTE) certified. He has worked on committees to 
design standards for a state-certified CTE course in environmental science 
and sustainability and an endorsement certification in environmental and 
sustainability education for preservice teachers. He has also written envi-
ronmental curriculum, most notably the Cool School Challenge (CSC), 
which enables students to conduct energy audits and develop action plans 
to measure and reduce the carbon footprint of schools across the United 
States. The CSC has won the EPA Clean Air Award, and Mike’s students 
received the President’s Environmental Youth Award from President Bush. 
Mike also helped design an environmental education center and serves as 
a board member for the Environmental Education Association of Wash-
ington. He has won the National Education Association Foundation Green 
Prize for the United States, Environmental Educator of the Year from the 
North American Association of Environmental Educators, and the Con-
servation Fund Environmental Educator Award for the United States. In 
2010–2011, as a National Science Foundation Einstein Fellow, he worked 
on STEM education policy issues for the National Science Board. He also 
served on the steering committee for the NRC Board on Science Education 
workshop on Climate Change Education in the Formal Setting K–14 and 
is a current member of the NRC Teacher Advisory Committee. He earned 
degrees in environmental science and education from Huxley College of the 
Environment and Western Washington University and a master’s degree in 
science education from the University of Washington.
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