


Educational Communications and Technology: 
Issues and Innovations

Series Editors 
J. Michael Spector
M. J. Bishop
Dirk Ifenthaler

More information about this series at http://www.springer.com/series/11824



Xun Ge • Dirk Ifenthaler • J. Michael Spector
Editors

Emerging Technologies  
for STEAM Education

Full STEAM Ahead

1  3



Educational Communications and Technology: Issues and Innovations
ISBN 978-3-319-02572-8    ISBN 978-3-319-02573-5 (eBook)
DOI 10.1007/978-3-319-02573-5

Library of Congress Control Number: 2015945813

Springer Cham Heidelberg New York Dordrecht London
© Springer International Publishing Switzerland 2015
This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part 
of the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations, 
recitation, broadcasting, reproduction on microfilms or in any other physical way, and transmission or 
information storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar 
methodology now known or hereafter developed.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication 
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant 
protective laws and regulations and therefore free for general use.
The publisher, the authors and the editors are safe to assume that the advice and information in this book 
are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or the 
editors give a warranty, express or implied, with respect to the material contained herein or for any errors 
or omissions that may have been made.

Printed on acid-free paper

Springer International Publishing AG Switzerland is part of Springer Science+Business Media  
(www.springer.com)

Editors
Xun Ge
University of Oklahoma
Norman
Oklahoma
USA

Dirk Ifenthaler
University of Mannheim
Mannheim
Germany

J. Michael Spector
College of Information
University of North Texas
Denton
Texas
USA



v

Preface

There has been a great deal written about the need for addressing the 21st century 
digital literacy in curricula at all levels and the particular concerns about failing 
to prepare college graduates for careers in science, technology, engineering, the 
arts, and humanities (STEAM), as well as other career areas. However, there is not 
much scholarly work existing to address those concerns. It is commonly accepted 
that there is a need to reconceptualise and reform curricula at all levels, from K-12 
to college and graduate level in order to successfully prepare college graduates for 
the STEAM professions. The field needs theoretical and practical works to guide 
educational researchers and practitioners in efforts to prepare future generations 
to meet the challenges of the 21st century and be creative and productive problem 
solvers.

This volume places emphasis on reconceptualising curricula for K12 and higher 
education in various domains. It includes invited chapters from a symposium on 
Emerging Technologies and STEAM Education that was held at the University of 
Oklahoma in Spring 2013 as well as contributions from an open call which was dis-
seminated in Fall 2013.

We organised the chapters included in this edited volume into five major themat-
ic parts (excluding Part I - Prologue and Part VII - Epilogue): (1) Science, (2) Tech-
nology and Technology Integration, (3) Engineering, (4) Arts, and (5) Mathematics. 
Our intention is not to isolate these subjects in the context of STEAM education, 
but rather to examine how the Arts (i.e., language, arts, design disciplines, and the 
humanities) can be integrated into STEM disciplines, or vice versa, to promote 
learners’ 21st century skills.

The first chapter of this volume focuses on technology-enhanced learning in-
formed by the arts and humanities as a way to balance tensions between individual 
and societal interests (J. Michael Spector, Chapter “Education, Training, Competen-
cies, Curricula and Technology”).

In Part II, chapters place emphasis on the science domain. Chapter “Active 
Learning Approaches to Integrating Technology into a Middle School Science Cur-
riculum Based on 21st Century Skills” describes active learning strategies that are 
not currently widely adopted but have been shown to be effective in enhancing 
middle school deep learning of content, as well as fostering positive dispositions 



vi Preface

toward science and related fields (Rhonda Christensen and Gerald Knezek, Chapter 
“Active Learning Approaches to Integrating Technology into a Middle School Sci-
ence Curriculum Based on 21st Century Skills”). The next chapter examines how to 
prepare students with critical skills to succeed in the 21st century (Jiangyue Gu and 
Brian R. Belland, Chapter “Preparing Students with 21st Century Skills: Integrat-
ing Scientific Knowledge, Skills, and Epistemic Beliefs in Middle School Science 
Curricula”). In Chapter “Reconceptualizing a College Science Learning Experience 
in the New Digital Era: A Review of Literature”, three interrelated core principles 
that can help design coherent science instruction, curriculum, and assessments at 
the college level that meet the needs of the new digital era are proposed (Ji Shen, 
Ou Lydia Liu, and Shiyan Jiang, Chapter “Reconceptualizing a College Science 
Learning Experience in the New Digital Era: A Review of Literature”). In the final 
chapter of this part, the history behind teaching science, such as its impact on the 
workforce today, the inclusion of STEAM and 21st century skills, and its influence 
on teaching and learning in the middle school classrooms are examined (October 
Smith, Chapter “There is an Art to Teaching Science in the 21st Century”).

In Part III, chapters focus on technology and technology integration. Chapter 
“An Indigenous Learning Approach to Computer Science Education” focuses on 
the ANCESTOR (AborigiNal Computer Education through Storytelling) program 
that was developed to explore computer science as a career option through digital 
storytelling and to address cultural literacy with Aboriginal youth in British Co-
lumbia, Canada (Dianne Biin and Marla Weston, Chapter “An Indigenous Learning 
Approach to Computer Science Education”). In Chapter “The Potential of Embod-
ied Cognition to Improve STEAM Instructional Dynamic Visualizations”, a diverse 
number of studies that show the instructional benefits of embodied cognition, ma-
nipulations, and gestures are reviewed. Specifically, the authors address how these 
evolved skills can be employed to effectively learn from STEAM dynamic visual-
izations (Juan C. Castro-Alonso, Paul Ayres, Fred Paas, Chapter “The Potential of 
Embodied Cognition to Improve STEAM Instructional Dynamic Visualizations”). 
The next chapter attempts to re-conceptualize the engagement of STEAM teacher-
candidates with technology during their formative years in order to help them meet 
these rapidly changing goals (Marina Milner-Bolotin, Chapter “Technology-En-
hanced Teacher Education for 21st Century: Challenges and Possibilities”). Chapter 
“Using Mobile Devices to Support Formal, Informal and Semi-formal Learning” 
explains how individuals learn using mobile devices during their daily lives—with-
in K-12 schools, higher education, and outside of educational institutions altogeth-
er—with specific attention to STEAM disciplines (Michael M. Grant, Chapter “Us-
ing Mobile Devices to Support Formal, Informal and Semi-formal Learning”). In 
the final chapter of this part, factors to drive the explosive growth of mobile devices 
in STEAM are discussed (Hong Lin, Chapter “Implementing Large-Scale Mobile 
Device Initiatives in Schools and Institutions”).

In Part IV, chapters report issues facing the field of Engineering education. The 
first chapter of this part documents findings focusing on the students’ change of 
attitudes, self-concept, and team dynamics while taking the re-designed gradu-
ate course Designing for Open Innovation (Dirk Ifenthaler, Zahed Siddique and 
Farrokh Mistree, Chapter “Designing for Open Innovation: Change of Attitudes, 
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Self-Concept, and Team Dynamics in Engineering Education”). The next chapter 
discusses the implementation of “pillar” courses, particularly with regards to meta-
cognitive awareness, critical and creative thinking, while emphasizing the potential 
of Tablet PCs and associated technologies (Enrique Palou, Silvia Husted, Gladis 
Chávez-Torrejón, Zaira Ramírez Apud, Lourdes Gazca, Judith Virginia Gutiérrez 
Cuba, Nelly Ramírez-Corona, and Aurelio López-Malo, Chapter “Critical Support 
Systems to Enhance the Development and Assessment of 21st Century Expertise in 
Engineering Students”).

In Part V, chapters place emphasis on the arts domain. The first chapter of this 
part questions to what extent are the language arts relevant, useful, and self-sus-
taining in an era of rapid technological and scientific innovation (Lawrence Baines, 
Chapter “The Language Arts as Foundational for Science, Technology, Engineering, 
Art, and Mathematics”). The next chapter seeks to connect current debates about 
the value of traditional liberal arts education to emerging trends in the learning 
sciences that promote metacognition, active learning, and other 21st century skills 
(Armanda L. Lewis, Chapter “Putting the “H” in STEAM: Paradigms for Modern 
Liberal Arts Education”). Chapter “Reconceptualizing Liberal Education in the 21st 
Century” reviews the essential learning outcomes that students develop through a 
21st Century liberal education, along with principal themes in the literature about 
higher education and shows examples of high impact liberal education practices 
in both European and American colleges and universities (Aytac Gogus, Chapter 
“Reconceptualizing Liberal Education in the 21st Century”). The final chapter of 
this part makes the assertion that the addition of STEAM will prepare liberal arts 
graduates with the skills required for a 21st century knowledge based economy 
(Michael Marmon, Chapter “Predicting The Future: Altering the Course of Future 
Liberal Arts Curriculum through an Examination of the Discipline and the Addition 
of Steam Elements”).

In Part VI, chapters focus on issues in the mathematics curriculum. Chapter “The 
21st Century Mathematics Curriculum: A Technology-enhanced Experience” fo-
cuses on the 21st Century Skills, students’ problem posing, and technology integra-
tion as vehicles to change classroom mathematics (David A. Coffland and Ying 
Xie, Chapter “The 21st Century Mathematics Curriculum: A Technology-enhanced 
Experience”). The next chapter inspects how logic is expected to be taught accord-
ing to the USA K-12 Common Core State Standards and how it is compared with 
the Singapore curriculum (Hong Liu, Maria Ludu, and Douglas Holton, Chapter 
“Can K-12 Math Teachers Train Students to Make Valid Logical Reasoning?”). 
The last chapter of this part reviews the theoretical foundation of model-centered 
learning and instruction and elaborates a model-centered prospective on the teach-
ing and learning of middle and high school mathematics (Lingguo Bu and Markus 
Hohenwarter, Chapter “Modeling for Dynamic Mathematics: Toward Technology-
Integrated Aesthetic Experiences in School Mathematics”).

The final chapter of this edited volume revisits the concept of STEAM and re-
flects on the future of STEAM as a research and pedagogical concept (Xun Ge, 
Dirk Ifenthaler, and J. Michael Spector, Chapter “Moving Forward with STEAM 
Education Research”).
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and Technology

Full STEAM Ahead

J. Michael Spector

Abstract Educational goals are relatively stable with shifting emphases among 
such large aims as developing critical thinkers, effective problem-solvers, produc-
tive workers, responsible citizens and lifelong learners. Nations strive to develop 
and maintain thriving economies with opportunities for citizens. Companies focus 
on gaining a secure place in the market and increasing profits and returns on invest-
ments. Technologies, however, are changing rapidly and, as a result, changing how 
people work and interact in nearly every sector, including education. One conse-
quence of this convergence of situations is a tension in training and education. On 
one hand, new technologies provide the ability to support highly personalized and 
learner-centered education. On the other hand, there is pressure to focus on knowl-
edge and skill development in the areas of science, technology, engineering and 
mathematics, in large part to serve economic growth and expansion in a highly 
competitive world. This chapter focuses on technology-enhanced learning informed 
by the arts and humanities as a way to balance tensions between individual and 
societal interests.

Keywords Competency-based instruction · Curriculum design · Educational 
goals · Training design · Technology integration

Introduction

The history of education dates back thousands of years. In one form or another, edu-
cation has generally involved training people how to succeed in life. Such training 
might have emphasized the development of hunting and fishing skills or knowledge 
about soils and plants in earlier times. In modern times, educational goals are more 
often associated with the development of problem solving and critical thinking 
skills. In addition, education aims at the development of responsible citizens and 
lifelong learners (Spector, Johnson, & Young, 2014).
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Broad educational goals can be deconstructed into things that can be learned 
and supported with instruction and performance support. These can be further cat-
egorized in terms of a particular task domain or cluster of related knowledge and 
skill sets, which might then become parts of a curriculum. For example, a critical 
thinking goal might be decomposed into sub-goals, such as analyzing arguments, 
identifying assumptions, evaluating evidence, formulating implications, and so on 
(Fisher & Scriven, 1997). At a certain level of decomposition in many cases, it is 
possible to specify measures and assessments that can be associated with competent 
or masterful performance. This line of thinking from goals to clustered objectives 
with associated assessments is the basis of competency-based curricula that one 
finds implemented in many training situations. Such thinking has been more or less 
loosely used to structure primary, secondary and tertiary educational curricula in 
many subject areas as well.

There is an increasing emphasis on competence-based curricula as societies 
strive to increase the ability to create and sustain globally competitive economies  
(Rust, Portnoi, & Bagley, 2010; see also http://tencompetence-project.bolton.
ac.uk/). The pressure to create a workforce educated to be competitive in the 21st 
century has led to an emphasis on STEM (science, technology, engineering, and 
mathematics) education. While new technologies make it possible to design, devel-
op and deploy powerful STEM learning environments, many of these technologies 
can also support learning that is not tightly linked to competence development, such 
as open-ended, informal, technology-enhanced environments such as San Francis-
co’s Exploratorium (see http://www.exploratorium.edu/).

As it happens, education in the liberal arts and humanities has not been easily 
or readily adapted to a competency-based model. In many liberal arts subjects, em-
phasis is on creativity and personal expressions which are not so easily measured 
or assessed. As it happens, there is evidence to support the notion that a liberal arts 
education with a rich infusion of the humanities can prepare a person for success 
in many occupations requiring creative and flexible thinking (Ferrall, 2011). In this 
chapter, a competency-based, technology-enhanced framework that is appropriate 
for STEAM (science, technology, engineering, arts, and mathematics) is developed, 
along with a discussion of associated issues and controversies. An elaboration of the 
framework in the domain of advanced learning technologies is then presented. The 
chapter concludes with implications for further research and development.

STEAM is a movement championed by the Rhode Island School of Design to in-
tegrate art and design into STEM curricula (see http://stemtosteam.org/). This effort 
has been adopted as a central focus of the National Technology Leadership Coalition 
(NTLC; see http://www.ntlcoalition.org/) and its 11 member associations and journal 
editors who meet annually for a National Technology Leadership Summit (NTLS; 
see http://www.ntls.info/index.htm). The research in terms of impact on learning for 
STEAM curricula is basically qualitative (e.g., case studies) as the effort is relatively 
young without large-scale empirical studies. However, one indicator of the impact 
of STEAM can be seen in many transmedia books that have emerged from NTLS, 
the University of Virginia, MIT and other institutions around the world (Bernardo, 
2011; Phillips, 2012; Pratten, 2011). A transmedia book is essential a story told  using 

http://tencompetence-project.bolton.ac.uk/
http://tencompetence-project.bolton.ac.uk/


Education, Training, Competencies, Curricula and Technology 5

digital technologies as an integral part of the story. Often there are activities for 
learners aimed at developing their critical thinking and problem solving skills. As 
a consequence, excellent examples of STEAM can be found in those transmedia 
books now available that illustrate how art, design, storytelling, and collaborative 
problem solving activities can be effectively integrated into a STEM curriculum.

Definitions and Rationale

In the course of developing a framework for integrating the arts and humanities into 
curricula for STEM disciplines, it is necessary to define key terms and provide a 
rationale. First, the following definitions inform this framework:

• Competence: an observable set of related skills, knowledge and attitudes that 
enable a person to effectively and consistently perform a task or job or achieve a 
desired outcome.

• Education: systematic efforts to develop critical thinkers (those who think criti-
cally and engage in higher order reasoning), effective problem solvers, produc-
tive workers, responsible citizens and lifelong learners; encompasses both for-
mal and informal learning as well as apprenticeship, training and professional 
development.

• STEM: academic and professional disciplines associated with science, technol-
ogy, engineering and mathematics; typically conceived of separately with sub-
disciplines, although new pedagogical approaches encourage cross-disciplinary 
learning in areas.

• STEAM: the inclusion of the liberal arts and humanities in STEM education; 
some STEAM conceptions simply use the ‘A’ to indicate a fifth discipline area—
namely, arts and humanities, with sub-disciplines as have historically existed 
for STEM areas; however, an alternative conception is to integrate liberal arts 
and humanities into STEM education as an expansion of an expanded cross-
disciplinary approach being advocated for STEM education; some refer to this 
approach as trans-disciplinary and it is the approach advocated in this chapter 
(Nicolescu, 2008; Spector & Anderson, 2000; see also http://www.steamedu.com/ 
and http://stemtosteam.org/).

The rationale for integrating arts and humanities into and throughout STEM dis-
ciplines is multi-dimensional. One dimension concerns career progression. As has 
been demonstrated by the International Board of Standards for Training, Perfor-
mance and Instruction (ibstpi) and many other organizations, advancement within 
a career area is highly correlated with communication skills, typically developed in 
courses offered within a liberal arts college (e.g., composition, debating, rhetoric, 
technical writing, etc.) or a business college (e.g., advertisement, leadership, per-
suasion, etc.). Communication skills are part and parcel of most jobs in the informa-
tion age, but they are rarely emphasized in college courses in a STEM area. Those 
who can speak clearly naturally migrate to leadership and management positions.

http://www.steamedu.com/
http://stemtosteam.org/
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I recall from my own experience with formal preparation in philosophy that 
when computers became commonplace in the workplace and in universities that 
new programs had to be developed for computer science teachers and those who 
would be working with computers after graduation. As there was a shortage of col-
lege faculty to teach computer science, initially mathematicians and engineers were 
recruited and cross-trained, but that effort did not meet the demand, so musicians 
and philosophers were then recruited and cross-trained, in part because those pro-
fessionals also had experience with formal systems and symbolic notation. In short, 
there is historical evidence that preparation in the liberal arts and humanities can 
serve some people well in professional STEM areas.

Another dimension concerns ethics and values, which are normally taught in a 
philosophy department and which are not very popular with students majoring in 
STEM areas. However, many professional organizations have ethical standards that 
apply to everyone in that organization. While many do not regard professional eth-
ics as a high priority personally, their professional associations do place emphasis 
on ethics. Evidence of this exists in the many large-scale surveys of professionals 
by the International Board of Standards for Training, Performance and Instruction 
(ibstpi; see www.ibstpi.org). That board establishes competencies and professional 
standards in a number of areas, and does so based on what practicing profession-
als regard as critical skills. When asked about the criticality of ethical practice in  
performing their various tasks, the respondents rank ethical competence as not criti-
cal. The Board has chosen in the case of ethics to base its standards on the Board’s 
own view as opposed to the survey data; thankfully, that Board emphasizes ethics 
and recognizes the role of values in job performance.

In the 21st century with an explosion of information on the Internet, the respon-
sibilities for respecting individual privacy and intellectual property rights is of in-
creasing significance. It is all too easy to violate such rights, and the consequences 
can be personally and professionally devastating. There are recent examples in the 
area of ship, airplane and vehicular accidents that illustrate how poorly designed 
products as well as poorly designed training can result in the loss of life. Currently, 
the treatment of ethics and values in many STEM courses preparing those who 
develop complex systems and train professionals using those systems is minimal or 
non-existent. However, such issues are frequently discussed in philosophy and soci-
ology courses, and relevant lessons could be usefully integrated into STEM courses.

Perhaps the strongest argument for integrating the liberal arts and humanities 
into STEM education is to emphasize the development of abilities associated with 
esthetics, innovation, and creativity (see the elaboration of a sample curriculum 
below). There are multiple strands to such an argument. First, many of the things 
associated with STEM careers involved the creation of products. Often, the suc-
cess of a new product involves non-technical aspects of that product—notably, its 
esthetic appeal to targeted users. Some experience and familiarity with the design 
arts, can add significantly to the creation of various products that engineers and 
technologists develop.

Additionally, there is clearly value in having a sense of history. Understanding 
the past, including situations and developments that might be directly relevant to 
the present as well as those that might appear quite different, provides a basis for 
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 thinking about alternatives. For example, the success in war of a small army over a 
larger one might be understood in terms of a particular technology, and that under-
standing could lead to an innovative application of a derivative of that technology to 
serve a peacetime engineering need. While it is not well understood how discover-
ies occur, there does seem to be value in a liberal arts education in terms of creativ-
ity and innovation (Chopp, Frost, & Weiss, 2014; Jobs, 2013).

Finally, to create roughly equal emphasis on the common educational goals men-
tioned earlier and advocated by so many educators, it is essential to include some 
emphasis on developing an understanding of individuals, groups, cultures, nations, 
and such enterprises as design and public service (Dewey, 1916; see also http://
www.aacu.org/leap/what_is_liberal_education.cfm).

A Competency Framework for STEAM

Based on the argument that a balanced STEM curriculum can be designed to inte-
grate the liberal arts and the humanities, a preliminary and provisional framework 
for doing so is presented in this section. First, it should be noted that there is an 
active effort to integrate various STEM disciplines and subjects in curricula at dif-
ferent levels, especially in the USA. For example, the recently updated standards 
for teaching high school mathematics in Georgia dropped traditional courses dedi-
cated to geometry, algebra, statistics and trigonometry in favor of integrated math-
ematics courses that covered related mathematical topics. In Mathematics I, algebra 
geometry and statistics are woven together in one course (for an elaboration see  
https://www.georgiastandards.org/Standards/Pages/BrowseStandards/MathStan-
dards9-12.aspx). The Next Generation Science Standards (NGS) promoted by 
the National Research Council in the USA (see http://www.nextgenscience.org/). 
The NGS standards are a systematic effort to integrate science, technology, math-
ematics and engineering at the level of specific standards to be taught in various 
courses in K-12 settings in the USA. An example of a middle school standard in 
the area of forces and interaction is 3-PS2-3, which says that students who meet 
this standard will be able to ask questions to determine cause and effect relation-
ships of electric or magnetic interactions between two objects not in contact with 
each other. For each NGS standard, a clarification statement is provided along with 
relevant science and engineering practices, core ideas and crosscutting concepts. 
This ambitious program to reform STEM education in public education is meeting 
resistance from teachers who have the task of supporting new standards. Nonethe-
less, there is widespread recognition that teaching separate subjects divorced from 
practical problems and real world practice is not meeting the needs of the 21st  
century.

Based on the assumption that industrial/manufacturing age curricula will even-
tually give way to dramatic curricular reformulations that are more interdisciplin-
ary, integrative and holistic in nature, a provisional framework for such a STEAM 
curriculum reformation is presented next. First, it is worth noting developmental 
differences in a number of dimensions (see Fig. 1).

https://www.georgiastandards.org/Standards/Pages/BrowseStandards/MathStandards9-12.aspx
https://www.georgiastandards.org/Standards/Pages/BrowseStandards/MathStandards9-12.aspx
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One way to elaborate a curriculum for a STEM subject involving systems (e.g., 
astronomy, biology, computer systems, ecology, engineering, etc.), especially for 
the middle parts of the developmental dimensions in Fig. 1, is in terms of graduated 
complexity (Milrad, Spector, & Davidsen, 2003). In terms of learner development, 
the progression would be from problem orientation (becoming familiar with repre-
sentative problems and their dimensions) to inquiry exploration (engaging in hy-
pothesis formulation and simple experimentation) and then to policy development 
(formulating decision making rules and guides appropriate for further inquiry and 
investigation). A holistic and systematic view would be supported throughout the 
curriculum. Specific challenges for learners (not unlike the challenges associated 
with NGS) could be sequenced from simpler to more complex as follows: (a) chal-
lenge learners to characterize the standard behavior of the complex system or docu-
ment how system components changes over time; (b) challenge learners to identify 
key variables that affect the system; (c) challenge learners to explain how and why 
the system appears to change as it does, including those aspects of the system that 
might be amenable to control; (d) challenge learners to reflect and represent the 
dynamic aspects of a system in the form of white papers, decision guides, images, 
and dynamic models; (e) challenge learners to encapsulate a system in the form of a 
model or simulation including provisions for interaction and hypothesis testing; and 
(f) challenge learners to refine the model based on the results of hypothesis testing 
and the analysis and synthesis of related findings.

Fig. 1  Developmental dimensions
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Such a curriculum progression helps a learner develop increasingly sophisticated 
reasoning skills and includes skills that are typically developed outside a partic-
ular subject area focus (e.g., argumentation skills, mathematical modeling skills, 
visual representation skills, writing skills, etc.). Another way to frame a STEAM 
 curriculum is with respect to a specific set of reasoning skills, such as argumenta-
tion. Figure 2 presents a framework focused specifically on the nature of argumen-
tation skills, which might be associated with various parts of the dimensions in 
Fig. 1, depending on which argumentation aspects are emphasized.

Figure 2 depicts the general structure of an argument as consisting of some 
statements (premises) proposed as evidence or support for another statement (the 
conclusion). As it happens, this framework is appropriately applied to research as 
well as the development of critical reasoning skills. In a curriculum progression, 
early language training is typically focused on understanding statements. Gradu-
ally, comprehension is extended to paragraphs that might have a topical sentence 
or claim being supported. At that level of language developed, a curriculum in-
formed by logic might challenge learners to distinguish the statements offered as 
evidence from those offered as the main point. A higher level of reasoning might 
then challenge learners to determine type of support being offered for the conclu-
sion—probabilistic or certain (as in a mathematical proof). Then a learner could 
be challenged to examine additional literature to find support for the premises or 
conflicting evidence suggesting that the premises are not as strong as represented. 
Having learners identify unstated assumptions and the implications of a conclusion 
are again representative of higher order reasoning skills. In other words, applying 

Fig. 2  Argumentation skills
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lessons learned in a logic sequence typically taught in a philosophy curriculum 
could easily be infused throughout a STEM curriculum. Arguably, logic should be 
taught at the secondary level prior to college, although that is not standard practice 
in the USA.

An Elaboration for Advanced Learning Technology (ALT)

An example of a curriculum that integrates arts and humanities into a technology 
domain is one developed by the IEEE (Institute for Electrical and Electronic En-
gineers) Technical Committee on Advanced Learning Technologies (ALT) as part 
of a 3-year project ending in 2010 (Hartley, Kinshuk, Koper, Okamoto, & Spector, 
2010). The domain was advanced learning technology. The IEEE Computer Soci-
ety charged the committee with the task of developing a model curriculum for the 
preparation of the next generation of educational technologists that accounted for 
the dramatic changes occurring with regard to technology and scientific approaches 
to learning.

The five persons on the committee represented multiple disciplines (computer 
science, educational computing, educational psychology, educational technology, 
and philosophy) as well as having experience in academia as well as in business and 
governmental agencies in different countries and with a wide variety of institutions. 
The committee developed initial ideas based on their experience and preliminary 
research, and then held separate focus groups to expand those ideas. Eventually 
surveys of large groups of representative professional practitioners and academics 
were circulated and data analyzed and refined over a number of iterations and with 
the assistance of additional experts.

The initial perspective that resulted from the experience of two significant efforts—
TEN-Competence in Europe (see http://tencompetence-project.bolton.ac.uk/) and the 
International Board of Standards for Training, Performance and Instruction (ibstpi), 
both of which had made extensive use of a competency approach with obvious suc-
cess. A competence can be defined as a related set of skills, knowledge and attitudes 
that enable a person to consistently and successfully perform a particular task or 
job. Competences are by nature decomposable into sub-sets that lend themselves 
to measurements and assessments. As a result, competences are often associated 
with credentials and accreditation. Here is an example of an ibstpi competence for 
instructional designers (see www.ibstpi.org):

“Communicate effectively in visual, oral, and written form.”
This competency statement is considered essential (required of all instructional 

designers) and elaborated in terms of ten performance indicators, with the following 
four considered essential:

a) Write and edit messages that are clear, concise, and grammatically correct.
b) Deliver presentations that effectively engage audiences and communicate clear 

messages.

http://tencompetence-project.bolton.ac.uk/
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c) Use active listening skills.
d) Solicit, accept, and provide constructive feedback.

Once a competence approach is adopted, the task is then to determine which com-
petencies comprise a competency set and what the indicators of those competencies 
are. This is not a trivial undertaking and typically takes a significant period of time 
working with a large number of professionals in different contexts and locations.

The ALT committee took a year to develop the competency approach and about 2 
years to determine a set of competencies appropriate for preparing advanced learn-
ing technologists. Working with the messy data collected, the committee arrived at 
13 sets of related skills, knowledge and attitudes in terms of 13 topic areas:

 1. Familiarity with advanced learning technologies;
2. Familiarity with human learning;
3. Prominent developments and how ALT has evolved;
4. Typologies and approaches for integrating technologies into learning;
5. User perspectives of learning and technology;
6. Learner perspectives of learning and technology;
7. Systems perspectives and systems thinking;
8. Social perspectives, including collaboration;
9. Design requirements, including needs assessment;

10. Design processes and the development lifecycle;
11. Instructional design, including alternative models;
12. Evaluation models and practices; and
13. Emerging issues in ALT.

These 13 topical areas were not necessarily intended to become separate courses; 
rather, they represent one way that the knowledge, skills and attitudes could be clus-
tered into what might become units of instruction or parts of various courses. Here 
is how the committee elaborated topic area #2 in the above list (Hartley et al., 2010):

“The themes, issues and sub-competencies in this section include:

• Understanding and explaining human learning;
• Behaviourist and reinforcement views of human learning;
• Cognitive interpretations of learning;
• Socio-constructivist and emotive aspects of learning;
• Collaborative and cooperative learning;
• Distributed and distance learning;
• Instructional design perspectives, and
• Systems and Information processing approaches to learning.” (p. 208)

This elaboration also demonstrates that the committee believes that a competent 
technologist should have a basic understanding of human psychology. Another way 
the committee looked at the data was in terms of competence domains; this per-
spective further highlights how the arts and humanities might be infused into a 
technology or engineering oriented curriculum. The committee identified these five 
domains that accounted for all of the competencies collected in the study:
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• Knowledge competence—for example, the ability to synthesize research and 
theory pertaining to various aspects of advanced learning technologies.

• Process competence—for example, understanding how a particular system ar-
chitecture creates some affordances as well as some limitations.

• Application competence—for example, the ability to transform a design specifi-
cation into a prototype.

• Personal and social competence—for example, awareness of group dynamics 
and ethical issues.

• Innovative and creative competence—for example, understanding limitations 
and investigating alternative approaches.

The competence domains as well as the elaboration of the 13 topic areas lend them-
selves to implementation with a Four Component Instructional Design model (4C/
ID; see van Merriënboer, 1997) or other instructional design framework that takes a 
holistic approach to learning and instruction (Spector, 2000).

These competence domains reflect a commitment to all of the educational goals 
mentioned at the beginning of this article—developing critical thinkers, effective 
problem solvers, productive workers, responsible citizens, and lifelong learners. 
Unlike many curricula, which target only one or two of the goals, the IEEE ALT 
curriculum addresses and integrates all of those goals. What does this demonstrate? 
This example can only suggest that it is possible to conceptualize a curriculum 
in a STEM area that integrates the arts and humanities, making it what could be 
considered a STEAM curriculum. It does not demonstrate the efficacy of such a 
curriculum, as that is a task yet to be undertaken.

Concluding Remarks

The message underlying the framework and example presented in this chapter is 
not simply that the arts and humanities should not be left out of a discussion about 
education in the 21st century. On the contrary, the message is that education in the 
arts and humanities should be part and parcel of education in every domain. There is 
empirical evidence that those with a strong background in the liberal arts are likely 
to be successful in attaining the education goals mentioned at the outset—namely, 
becoming critical thinkers, effective problem solvers, productive workers, respon-
sible citizens and lifelong learners. Moreover, there is value in instilling the values 
associated with the arts and humanities into education—namely, the value of appre-
ciating the complexities of life and the rich diversity of the world. Whether this is 
good for everyone at every level in an educational progression can be debated. The 
argument here is that a STEAM curriculum can inform both secondary and tertiary 
education, and help promote the value of inquiry in any discipline.

After all, inquiry involves a commitment to finding answers and explanations 
and an openness to alternative approaches and perspectives. As Perkins and Salo-
mon (1989) have argued, a combination of domain-specific and general knowledge 
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can function well in developing cognitive skills and expertise. Moreover, in be-
coming a critical thinker, effective problem solver, responsible citizen and life-long 
learner, there are also non-cognitive factors that can help or hinder those develop-
ments. Those non-cognitive factors are all often ignored in STEM courses. Address-
ing non-cognitive factors (e.g., cultural predispositions, deep-seated biases, emo-
tional states, habits, motivation, etc.) can enhance learning outcomes. In addition, 
integrating aspects emphasized in the arts and humanities (argumentation, discourse 
analysis, esthetics, ethics, logic, etc.) can transform the current emphasis on STEM 
jobs and domain specific skills to inquiry-centered knowledge development appro-
priate for STEAM-based curricula (e.g., broad inquiry-based educational goals).
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Abstract In order to prepare our next generation of scientists, continual improve-
ments in the curriculum are required to capture students’ interest in the sciences 
early in their developmental years. Improving students’ conceptual understanding, 
perceived value and enjoyment of science is critical in creating the scientific lit-
eracy that is necessary for the 21st century. This chapter describes active learning 
strategies that are not currently widely adopted but have been shown to be effective 
in enhancing middle school deep learning of content, as well as fostering positive 
dispositions toward science and related fields. The authors propose that mecha-
nisms such as these can be institutionalized in the middle school science curricu-
lum. Reasons for why these more innovative strategies are not currently employed 
by a wider community and steps conducive to wide scale adoption are discussed. 
Examples of successful programs that use the strategies of active, engaged learning 
are described as well as ways in which these innovative approaches can be imple-
mented into the classroom.

Keywords Active learning · Twenty-first century skills · Deep learning · Middle 
school

 Introduction

This chapter focuses on using active, deep learning strategies to foster middle 
school student interest in science and future careers in science. The integration of 
technology is an integral part of any future career. Student-centered active learn-
ing has been shown to improve long-term knowledge retention and deep under-
standing (Akinoglu & Tandogan, 2007; Bonwell & Eison, 1991; Gallagher, 1997). 
The strategies used for active learning closely align with guidelines employed by 
the National Research Council to develop the next generation science standards 
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(NGSS). For example, one goal is to have students understand concepts as opposed 
to memorizing facts. The NGSS standards are intended to teach the application of 
concepts to real world contexts.

In addition, the focus of these new standards is the integration of core concepts 
and coherent progression of knowledge. To prepare students for college and for sci-
ence careers, these standards focus on deeper understanding of content (depth rather 
than breadth), and it is expected that the outcomes will be measured using perfor-
mance-based expectations. An additional emphasis of the new standards is on rais-
ing engineering design to the same level of respectable activity as scientific inquiry.

In a report about engineering education published by the National Research 
Council, (2009), the committee summarized the benefits of teaching engineering 
principles to K-12 students. The committee found:

K-12 engineering education may improve student learning and achievement in science and 
mathematics; increase awareness of engineering and the work of engineers; boost youth 
interest in pursuing engineering as a career; and increase the technological literacy of all 
students. The committee believes engineering education may even act as a catalyst for 
a more interconnected and effective K-12 STEM education system in the United States. 
(National Research Council, 2009, p. 1)

 Conceptual Framework

Several theories of learning and models of instructional best practices provide the 
rationale for approaches supported in this chapter. These theories are briefly intro-
duced as individual sub-topics in the initial portions of the section, then they are 
interwoven toward specific implications for curricular innovation in the later por-
tions of the section narrative.

 Active and Deep Learning

When using the active learning approach, education becomes more personally 
meaningful and takes advantage of students’ natural curiosity. This approach pre-
pares students for the future by having students communicate, collaborate, and try 
new approaches in finding solutions to real world problems.

Middle school is an appropriate age to develop an interest in science that will 
persist through secondary school, into college and beyond into a career. Providing 
authentic, active learning experiences contributes to the internalization of learning 
about science.

Active learning principles are rooted in Dewey’s “learning by doing and ex-
periencing” principle (Dewey, 1938). Dewey advocated that a child’s schoolwork 
should have meaning and be engaging as well as have connections to other disci-
plines and life experiences. In an active learning model, the learner takes more re-
sponsibility for his/her own learning under the guidance of a teacher. Characteristics 
that are included in active learning include:
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• relevance to real world applications
• authentic solving of real world problems
• application of prior knowledge and/or experiences to solve new problems
• collaboration with others
• integration of subject matters (interdisciplinary) and
• self-directed learning.

Within this context, it is proposed that strategies promoting active learning be de-
fined as instructional activities “involving students in doing things and thinking 
about what they are doing” (Bonwell & Eison, 1991).

Jonassen, Howland, Moore, and Marra (2003) defined meaningful learning as 
“occurring when students were actively engaged in making meaning. They broke 
down this definition into five interrelated, interactive, and interdependent attri-
butes with the most meaningful learning activities supporting combinations of these 
attributes”.

Collectively these researchers have established the importance of active, en-
gaged learning in creating learning that is deep and meaningful.

The Four Cs: Super Skills for the 21st Century

The Partnership for 21st Century Skills (Partnership for 21st Century, 2011) has 
consolidated components of numerous theories, models, and studies of 21st century 
workforce needs to produce the following list of four essential skills for students 
in the 21st Century. These skills along with brief explanations of each skill set are:

• Communication (sharing thoughts, questions, ideas and solutions)
• Collaboration (working together to reach a goal—putting talent, expertise and 

smarts to work)
• Critical Thinking (looking at problems in a new way, linking learning across 

subjects and disciplines), and
• Creativity (trying new approaches to get things done equals innovation & inven-

tion) (Partnership for 21st Century, 2011)

These four C’s align well with the active and meaningful learning principles and, 
provide a conceptual foundation for targeting the types of activities needed in a 
middle school science curriculum for the 21st Century.

 Theoretical Support for the Four C’s as a Means for Learning 
Science

Learning science in a more active, discovery-learning style that incorporates rel-
evance and authenticity leads to a deeper understanding and retention of scientific 
concepts. Piaget (1983) laid the foundation for our understanding of how children 
construct their own understanding of the world, working from concrete to abstract, 
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while Vygotsky (1978) showed how children’s skills and understanding grow 
through social interaction within the zone of proximal development. Piaget’s ideas 
directly support the Critical Thinking component of the four C’s in that critical 
thinking often involves beginning with a concrete instance and generalizing across 
many instances to the level of abstraction. Vygotsky’s reported contention that “all 
meaningful learning occurs in a social context” supports both Communication and 
Collaboration as two of the four C’s.

Jerome Bruner is credited for furthering the concept of discovery-based learn-
ing in the 1960s. In his words, “Practice in discovering for oneself teaches one to 
acquire information in a way that makes that information more readily viable in 
problem solving” (Bruner, 1961). Bruner’s views on discovery learning directly 
support Creativity as being worthy of status as one of the four C’s.

 Engaging Students in Science

Two longitudinal studies conducted by Aschbacher, Ing, and Tsai (2013) concluded 
that many students believe science is too hard, uninteresting, and irrelevant and 
that their school experiences play a significant role in whether students want to 
learn science or will be prepared for science, engineering or medical-related jobs. 
These researchers surveyed 7th through 12th grade students and found one charac-
teristic that set apart the high school students who persisted in science, engineering 
or medical aspirations, compared to those who dropped out of the pipeline, was 
the opportunity to experience compelling, authentic STEM experiences outside of 
school. They concluded that more students might be interested in learning science 
if learning opportunities were more personally relevant and provided more space to 
explore and develop who they might want to be (Aschbacher et al., 2013). These 
findings imply that school curriculum developers should consider adopting strate-
gies of authentic, hands-on learning activities that have been shown to work in set-
tings outside of school.

Given that STEM knowledge is constantly changing, it is critical that everyone, 
STEM professionals as well as common citizens alike, is able to update their STEM 
understanding. Fortunately, we now appreciate that the public acquires science in-
formation continuously across their day and throughout their lives.

Dierking and Falk (2003) identified the following free-choice learning goals for 
older children and youth, designed to complement the goals of schooling and work 
place learning for that age group:

1. To develop and practice lifelong learning skills in real world contexts.
2. To engage in more in-depth study of topics or areas of interest than typical 

schooling experiences offer.
3. To learn and interact with family and other adults in increasingly meaningful 

ways, modeling adult thinking and social problem-solving including acceptance, 
self-confidence, self-monitoring and team play.

4. To explore and experiment with efforts to be increasingly independent and 
responsible.
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5. To begin to master skills and interests, make initial decisions about the kind of 
life they hope to pursue, and to develop a sense of self.

6. To find supportive mentors who can provide guidance and supervision as youth 
practice and experiment with lifelong learning skills.

These free-choice learning goals are consistent with the conceptual framework for 
preparing students for the 21st century (Partnership for 21st Century, 2011). They 
closely align with the active, deep, learning approach proposed by the authors of 
this chapter for a middle school science curriculum.

 Challenges of Teaching Science at the Middle School Level

There are distinctive challenges in teaching science to middle school students. Mid-
dle school students are unique in that they desire to become more independent in 
their thoughts and actions while at the same time being consumed with physical 
challenges such as puberty and social issues such as acceptance by peers. Research-
ers who have studied middle school students seeking an optimal learning environ-
ment have found that students’ motivation, meaningful curriculum and students’ 
choice are important factors in engaging these students in learning (Maday, 2008).

In addition to social and physical awkwardness, middle school students are the 
most likely group of K-12 students to doubt their academic ability (Heller, Calde-
ron, & Medrich, 2003). Students may not have had elementary teachers who were 
enthusiastic or qualified to teach science. When these students enter middle school, 
there may be some expectation that the students have some prior learning of science 
concepts that were never attained.

 Embedding Twenty-First Century Skills in Science 
Teaching and Learning

The P21 Framework represents a holistic view of 21st century teaching and learn-
ing that combines a discrete focus on 21st century student outcomes (a blending of 
specific skills, content knowledge, expertise and literacies) with innovative support 
systems to help students master the multi-dimensional abilities required of them in 
the 21st century and beyond. According to this framework, a focus on creativity, 
critical thinking, communication and collaboration is essential to prepare students 
for the future.

Technology readiness involves more than just technology literacy skills. It in-
volves the ability to choose the appropriate tools for the task at hand in order to be 
productive citizens. Technology plays a major role in the definition of 21st Cen-
tury skills, critical thinking, problem-solving, communication, and collaboration. 
As observed by Resta, Searson, Patru, Knezek, and Voogt (2011), “An important 
change has occurred in the way new digital tools and collaborative environments 
have enhanced learning, moving from an emphasis on reproducing information to 
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content creation and sharing in virtual environments.” This set of skills is com-
monly referred to as digital literacy.

Digital literacy is a broad concept that has several aspects: technological lit-
eracy, Information and Communication Technology (ICT) literacy and information 
literacy (Resta et al., 2011). “Digital literacy includes the confident use of ICT for 
work, learning, communication, and leisure and is considered one of the eight es-
sential skills for lifelong learning” (Resta et al., 2011). According to the New Media 
Consortium (NMC) Horizon Report (2012), digital media literacy is a key skill in 
every discipline and profession (Johnson, Adams, & Cummins, 2012). To compete 
in the global knowledge economy, successful workers will need to have multiple 
literacies. According to Spector (2012) these include digital literacy, information 
literacy, visual literacy, and technology literacy. “In addition, successful knowledge 
workers will need to be creative and critical thinkers, and have good communica-
tion and self-regulation skills” (Spector, 2012, p. 134).

Critical thinking is an essential skill both in school and beyond the classroom. 
With the massive amount of information and human connections available via the 
Internet, today’s learners must have the capacity to critically judge which parts are 
trustworthy. “Today’s citizens must be active critical thinkers in order to compare 
evidence, evaluate competing claims, and make sensible decisions” (P21, 2007, 
p. 13). According to a survey of 431 human resource officials, critical thinking is 
the most important among a dozen valuable 21st Century skills (Casner-Lotto & 
Barrington, 2006).

Problem solving involves collaboration and communication. According to a re-
port by the Partnership for 21st Century Skills, “Communication skills are espe-
cially critical in the expanding service economy—estimated to be 81 % of jobs by 
2014” (P21, 2007, p. 17). Preparing the future workforce to work with colleagues 
who are not in the same location or in the same time zone means they must learn to 
collaborate regardless of time and space. This type of working environment requires 
problem solving, collaboration and communication to work effectively with vast 
amounts of information and with people from varying cultures.

As a result of the projected needs of our society, many national and interna-
tional groups have created lists and descriptions of 21st Century skills that address 
the needs of preparing students to contribute to a global, collaborative workforce. 
These groups have found overlapping commonalities in their list of skills. All of 
these lists involve a very different set of skills than were required just a decade ago. 
What does not appear in any of the skill sets is rote memorization. What does appear 
directly or indirectly is the need for critical thinking, problem solving and effective 
communication. The facts-based knowledge and skills of the previous generation 
of schooling are no longer sufficient for today’s students. Students need to become 
lifelong learners. Therefore, it is important that they learn how to learn so they can 
adapt to an ever-changing technological society and economy.

Spector (2012) suggested that the P21 framework shown in Table 1 places a 
premium on independent, higher-order reasoning skills necessary for productive 
citizens in the 21st Century. These higher-order reasoning skills span three ma-
jor categories of: (1) learning and innovation skills; (2) information, media and 
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technology skills; and (3) life and career skills. Both the P21 framework and the 
ISTE National Educational Technology Standards (NETS) emphasize critical think-
ing, problem-solving, communication, collaboration and digital literacy.

 Examples of Middle School Science Curriculum

The Next Generation Science Standards for Today’s Students and Tomorrow’s 
Workforce (Quinn, Schweingruber, & Keller, 2013) are composed of the three 
dimensions adopted from the Framework for K-12 Science Education developed 
by the National Research Council (2012). Twenty-six states and their broad-based 
teams worked together with a 41-member writing team and partners throughout the 
country to develop the standards. Dimension 1 recommendations regarding next 
generation practices is particularly relevant to the ideas presented in this chapter:

… Practices describe behaviors that scientists engage in as they investigate and build mod-
els and theories about the natural world and the key set of engineering practices that engi-
neers use as they design and build models and systems. The NRC uses the term practices 
instead of a term like “skills” to emphasize that engaging in scientific investigation requires 
not only skill but also knowledge that is specific to each practice. Part of the NRC’s intent is 
to better explain and extend what is meant by “inquiry” in science and the range of cogni-
tive, social, and physical practices that it requires.

Scientific inquiry involves the formulation of a question that can be answered through 
investigation, while engineering design involves the formulation of a problem that can 
be solved through design. Strengthening the engineering aspects of the Next Generation 
Science Standards will clarify for students the relevance of science, technology, engineer-
ing and mathematics (the four STEM fields) to everyday life. (Quinn, Schweingruber, & 
Keller, 2013, np)

Engagement in scientific inquiry is a key component of NGSS, where scientific in-
quiry is perceived as sufficiently broad to include engineering design. Scholars such 
as Savage, Chen, and Vanasupa (2009) have suggested American institutions and 

Table 1  Framework for skills necessary for productive citizens in the 21st century. (Source: Spec-
tor, 2012)
Learning and innovation skills Creativity and innovation

Critical thinking and problem solving
Communication and collaboration

Information, media and technology skills Information literacy
Media literacy
ICT literacy

Life and career skills Flexibility and adaptability
Initiative and self-direction
Social and cross-cultural skills
Productivity and accountability
Leadership and responsibility
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students must evolve and become equipped to be “global engineers” who are: (a) 
technically versatile (multi-disciplinary), (b) able to solve problems from a system-
level perspective, (c) capable of effective communication, (d) able to function on 
diverse ethnic teams, and (e) demonstrably aware of social responsibility. K-12 edu-
cation will have to produce the beginning of a path that results in university gradu-
ates capable of meeting these needs. The technology integration examples provided 
in this section all have in common active engagement in engineering design or 
traditional scientific inquiry as a means of learning in a classroom environment.

Example One: Monitoring Energy Usage, Reducing Global 
Warming

In response to projected deficiencies in the STEM and Information and Commu-
nications Technologies (ICT) workforce, the National Science Foundation (NSF) 
created the Innovative Technology Experiences for Students and Teachers (ITEST) 
program. Founded in 2003, ITEST supports the development, implementation, 
evaluation, and scale-up of student-centered curriculum in any NSF-supported con-
tent area for the purpose of building K-12 students’ capacity to participate in the 
important STEM and ICT workforce.

Middle Schoolers Out to Save the World (MSOSW) is a multi-year National 
Science Foundation (NSF) Innovative Technology Experiences for Students and 
Teachers (ITEST) project that focuses pre-teen interest in activities to foster learn-
ing about energy consumption in students’ homes and communities. Middle School-
ers Out to Save the World (MSOSW) project activities match the criteria for foster-
ing active, deep learning.

The overarching goal of MSOSW is to incubate interests and knowledge about 
STEM majors and careers by using a problem-based active learning approach. The 
project activities were developed using the multiple theory basis formed from the 
theories of constructivist learning (Bentley, Ebert, & Ebert, 2007; Lave & Wenger, 
1991; Means, 2003) as well as theories that bear on the intersection of technology 
and real-world scientific inquiry in K-8 classrooms (Bentley et al., 2007; Bevan & 
Semper, 2006; Crane, Nicholson, Chen & Bitgood, 1994; Douglas, 2006; Glock, 
Meyer & Wertz, 1999).

Inquiry-based learning has been strongly encouraged by most science educators 
because students are provided with opportunities to ask questions, explore, plan, 
and most importantly, construct new knowledge and reflect on their learning (Chen 
& Howard, 2010). When activities like the one mentioned integrate technology with 
science and mathematics concepts, it helps develop interest in both content areas 
(Sherrod, Dwyer, & Narayan, 2009). Such hands-on activities cannot only improve 
achievement but also develop communication, critical thinking and problem-solv-
ing (Verma, Dickerson, & McKinney, 2011).

During the MSOSW project, with the help of their teachers who received profes-
sional development training through a summer institute, sixth and seventh grade 
students learn to measure the vampire power used by various appliances in the 
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students’ homes. After measuring standby power, students combine their data to-
gether with their classmates to explore energy conservation plans that could lower a 
family’s monthly electric bill and reduce the greenhouse gas emissions that contrib-
ute to global climate change. Students share their results with other middle school 
students from across the U.S. Current sites served by the project are located in 
Texas, Louisiana, Vermont, Maine, North Carolina and Hawaii.

A U.S. government study conducted in the early 21st century (Ross & Meir, 
2000) estimated that between 5 and 26 % of all electricity consumed by households 
in the U.S. is wasted in standby power that trickles away 24 hours per day, 365 days 
per year. This loss is roughly equivalent to the electricity produced by 17 power 
plants in the U.S. More recently the Environmental Protection Agency (EPA) has 
estimated that 75 percent of the electricity used during the lifetime of a typical elec-
tronic device is consumed while the unit is powered off (Gray, 2007). This wasted 
power costs money and has a negative impact on the environment. If students be-
come aware of their energy usage at a young age, this awareness might influence 
their energy usage throughout life. Knowledgeable middle schoolers can positively 
impact their homes and communities and become adults who prioritize environ-
mental stewardship.

The activities in the energy-based curriculum enhance existing curriculum but 
uses engaging activities that support active learning. The project incorporates prin-
ciples of relevance, authentic solving of real world problems, collaboration, integra-
tion of subject matters as well as choices in the learning environment.

 Example Two: Digital Design and Fabrication

Digital Fabrication is being used to promote higher order thinking and problem 
solving skills in middle school students. Digital fabrication involves automated 
conversion of a digital design into a physical object through a computer-controlled 
fabrication system. The Society of Manufacturing Engineering concludes that per-
sonal digital fabrication will offer “revolutionary changes for both manufacturers 
and the everyday consumer.” The Society lists personal fabrication as one of the key 
Innovations that Could Change Engineering, noting that the U.S. Department of 
Education has identified this kind of innovation as a key to future prosperity.

The Fab@School digital fabrication project began in September 2010. This 
4-year project implemented digital design and fabrication activities at the upper 
elementary school level in order to increase student interest and skills in science, 
mathematics, and engineering. Major goals of this project were:

• To increase elementary children’s attitudes toward and competence in science 
and mathematics while simultaneously increasing their interest in STEM ca-
reers, and

• To develop a comprehensive system for introducing digital fabrication in the 
elementary grades that integrates hardware, software, a curriculum, and a col-
laborative space.
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Fab@School makes digital fabrication in the elementary and middle-school grades 
scalable and allowing students to learn skills and concepts such as 3D visualization 
that are equally applicable to larger industrial systems. The classroom Fab@School 
project is used to enhance technology, mathematics, and engineering (STEM) in-
struction while preparing students for the STEM workforce. A non-profit/for-prof-
it collaborative team was assembled to develop the necessary infrastructure for 
introduction of digital fabrication in schools, including four essential components: 
hardware, software, an online collaborative space, and a curriculum.

Learning modules for students consisted of hands-on activities where students 
created virtual 3D models, constructed those models into physical objects with 
cardstock and other materials, and re-designed their models based on initial test-
ing (Alexander, Knezek, Christensen, & Tyler-Wood, 2014). Students were allowed 
choices in their designs and the curriculum included collaboration with others, ap-
plication of prior knowledge and problem solving in addition to the integration of 
multiple content areas.

Example Three: STEM to STEAM Initiatives

STEAM activities that incorporate the arts into science, technology, engineering, 
and mathematics (STEM) projects have emerged in many K-12 environments in re-
cent years. Many educational innovators feel that although “… innovation remains 
tightly coupled with Science, Technology, Engineering and Math—the STEM sub-
jects. Arts + Design are poised to transform our economy in the 21st century just 
as science and technology did in the last century” (STEM to STEAM, 2014, np). 
Educational improvement organizations such as Edutopia (Maeda, 2012) contend 
that including the arts in K-12 education is key to building a strong economy.

Grass-roots movements at the school district level in conjunction with agencies 
such as NASA, enable classrooms to be engaged by current scientific activities such 
as “Students […] participating in NASA’s MMS 2014 Challenge [… to be] learn-
ing about solar weather, the sun, applications of the scientific method, and NASA’s 
MMS 2014 mission. STEAM is allowing for students and teachers to be more cre-
ative with approaches used in the classroom” (Miller, 2014, p. 1424). For example, 
Miller (2013) observed:

… integrating STEAM content throughout the K-12 curriculum highly engages students 
and develops systemic learning communities. STEAM programs stimulate students’ curi-
osity and motivation to Bloom’s higher-order thinking skills to include problem solv-
ing, teamwork, self-directed learning, project-based learning, challenge-based learning, 
research, and solutions (Bloom, 1984). STEAM programs allow students to become con-
tributors of knowledge and often engage students with real-world scenarios encountered 
by professionals in the career field of STEAM. As a result, STEAM programs produce a 
higher percentage of students interested in pursuing careers to support the fields of math 
and science. Producing a workforce skilled in the fields of math and science is essential 
to the economic growth of any community and the nation at large. (Miller, 2013, p. 3290)

Miller (2013) reported that students involved in STEAM learning activities re-
searched topics, produced artistic reflections, built structures, conducted hands-on 
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science experiments, and created a variety of multimedia videos on STEAM content 
related to space weather and NASA’s Magnetospheric Multi-Scale (MMS) 2014 
mission studying the effects of peak sunspot activity on the Earth’s magnetosphere. 
Anecdotal reports indicated the STEAM curriculum was a professional develop-
ment activity for the entire rural community, resulting in family discussions about 
topics such as the sun, the Earth’s magnetosphere, and solar storms. Participating 
teachers reported it made them more aware of connections between science and 
other content areas across the curriculum. One student indicated he wished to be an 
astronomer after going through the STEAM camp and received a telescope for his 
birthday (Miller, 2013).

In analyzing effects of a STEAM camp emphasizing space weather, green en-
ergy, and green cities, Miller and Phillips (2014) used quantitative measures to 
demonstrate positive pre-post trends in perceptions of technology, engineering, and 
STEM as a career for students participating in STEAM activities related to the 
NASA’s MMS mission and local sustainability. This STEM to STEAM project in-
corporated the characteristics of active learning with emphasis on authentic solving 
of real world problems, integration of subject matters including the arts and col-
laboration with others.

 Research Findings from Curriculum Projects that Succeed 
in These Active and Deep Learning Approaches

Research studies aimed at comparing active, problem-based learning strategies to 
traditional teaching methods have shown positive impacts on student conceptual de-
velopment as well as student attitudes when using the more active learning models.

An experimental study was conducted comparing a treatment group of 7th grade 
students in Istanbul to a control group studying the same science content. The treat-
ment group used problem-based learning strategies while the control group learned 
with the standard science curriculum. The Force and Motion Energy Unit was taught 
for 30 class periods over 10 weeks. Content, attitudinal and open-ended data were 
collected pre and post to the intervention. It was determined that the implementa-
tion of the problem-based active learning model positively affected the students’ 
academic achievement as well as their attitudes toward science. In addition, the 
problem-based active learning model impacted the students’ conceptual develop-
ment in a positive way while keeping their misconceptions of science concepts at a 
lower level than the control group (Akinoglu & Tandogan, 2007).

Middle school students participating in a project that included many compo-
nents of active learning, such as hands-on activities as well as real world applica-
tions showed changes in students’ dispositions toward STEM. Pre-post test items 
were adapted from the National Center for Education Statistics Longitudinal Study 
(NELS) and the American Women in Engineering item banks (Nolte & Harris, 
2010). These were used to measure career aspirations and demographics on identi-
cal pre and post tests. Among the primary findings, a 15.8 % increase was found for 
project students who say they will obtain a Ph.D., M.D., or other advanced degree 
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(Nolte & Harris, 2010). Project researchers have confirmed through an 8-year lon-
gitudinal follow-up study that similar projects can indeed have an impact on STEM 
dispositions as students advance from elementary school to college. Specifically, 
Tyler-Wood, Ellison, Lim, and Periathiruvadi (2011) used Facebook to follow up 
with fourth grade girls (and their contrast group participants) who took part in 
the NSF-funded Bringing Up Girls in Science (BUGS) during 2001–2002. In the 
BUGS project, girls participated in hands-on, environmental science activities solv-
ing real world problems. During the follow-up study, first year BUGS participants 
were freshmen in college. Former BUGS participants retained positive STEM dis-
positions as they advanced to college age. These dispositions were roughly equiva-
lent to those of a comparison group of junior and senior college women who were 
enrolled in STEM majors. These dispositions were significantly higher than those 
of the BUGS contrast group, who were matched at the fourth grade level to BUGS 
participants using science achievement scores obtained on the Iowa Test of Basic 
Skills (ITBS). These projects provide credible evidence that STEM-related active 
learning projects for students in grades 4–8 can make an impact on their interest in 
STEM-related aspirations.

School curriculum involving digital fabrication activities is becoming more 
common. These activities typically include problem-based, active learning attri-
butes to teach science, mathematics and design-based engineering concepts. One 
study employed digital fabrication activities to teach a Waves and Sounds science 
unit to 8th graders. Learning modules for this project consisted of hands-on ac-
tivities where students created virtual 3-D models using a computer or tablet, con-
structed those models into physical objects utilizing digital fabrication machines, 
and re-designed their models based on initial testing. This method is known as the 
Engineering Design Process. The students participating in this project were found to 
have measurably large content gains (Christensen, Knezek, Standish, Kjellstrom, & 
Tyler-Wood, 2014). Findings from this study are consistent with previous research 
that found that fabrication coupled with engineering design projects may reduce the 
achievement gap among students while boosting standardized test scores in science 
subjects (Cantrell, Pekcan, Itani, & Velasquez-Bryant, 2006). Fortus, Dershimer, 
Krajcik, Marx, and Mamlok-Naaman (2004) demonstrated significant gains in stu-
dents who engaged in design based learning in science classrooms. These students 
constructed scientific knowledge through hands-on activities that encouraged them 
to problem solve and demonstrate their knowledge gains. Other findings showed 
that by fabricating models of a scientific concept, students demonstrated a deeper 
understanding of the science being studied (Hmelo, Holton, & Kolodner, 2000). 
For high-risk urban classrooms implementing the engineering design process sig-
nificant gains were reported in the science classroom (Silk, Schunn, & Strand Cary 
(2009).

Strobel and van Barneveld (2009) did a meta-synthesis of meta-analyses regard-
ing problem-based learning (PBL) to create a generalizable statement about PBL. 
The results of their synthesis favored traditional instruction for short-term knowl-
edge retention. However, the results for longer-term retention and skill development 
favored PBL, which was received more favorably by both students and teachers.
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 What Changes can be Made to the Current Educational 
System to Create Deep, Active Learning in the Middle 
School Science Classroom?

Changing the current educational system from traditional teaching models is not an 
easy task. It involves many variables at multiple school levels. Studying innova-
tions that work and provide positive findings for change are necessary for modifica-
tions to occur.

Christensen, Knezek, & Tyler-Wood (2015) gathered attitudinal data from 364 
high school students participating in a residential mathematics and science academy 
on a university campus in which they complete their last 2 years of high school in 
conjunction with their first 2 years in college. Surveys were completed by 204 first-
year students (11th graders) and 160 second-year (12th graders). These students 
were asked to provide their perspective looking back to what made a difference 
in their interest in science and to provide recommendations for making changes 
in the education system. One question asked of these students focused on ways to 
improve STEM education in the U.S. When asked for suggestions for improving 
STEM education in the United States, there were many ideas that were frequently 
mentioned. These suggestions included more hands-on and engaging lessons, more 
STEM-related (including engineering) courses offered, career education at an ear-
lier age, making classes more relevant to the real world, and more passionate and 
qualified teachers. Many of these suggestions are consistent with the research show-
ing that younger students are thought to benefit most from exposure to scientific 
inquiry during the naturally curious stages of development, in which they display a 
natural inclination to the fundamentals of engineering design processes; designing 
and building things; and taking things apart to see how they work (Lachapelle & 
Cunningham, 2007). Participant suggestions could be easily translated into research 
agendas to be tested regarding measurable impact, in a traditional experimental 
paradigm.

 Overcoming Challenges of Science Education in Middle School 
Classrooms

Previous science reform efforts have found an inability to maintain effective change 
when the efforts were organized from the top down (Cuban, 1990). This is often 
because change in practice occurs at the classroom level and may need to address 
the influential nature of the teachers’ attitudes and beliefs about necessary changes 
to teaching the science curriculum (Jones & Eick, 2007). As one component of ac-
knowledging that teachers are the most important element in how science is taught 
in the classroom, effective training and support must be provided to the classroom 
teacher. Teachers need to have the opportunity to deepen and expand their subject 
matter knowledge (Borko & Putnam, 1996) as well as learn the content and the 
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pedagogy by engaging in models of teaching that engage active and meaningful 
learning in science. Research indicates that teacher learning should be provided 
within the classroom setting making stronger links from training to practice (Davis, 
2002). Most importantly, teachers require time and support to reflect on what they 
are teaching as well as interactions with other teachers and mentors (Davis, 2002). 
In summary, effective change is a step-by-step process that first requires a change 
in belief that the innovation will improve learning. Once a teacher accepts that the 
new innovation could improve learning for his/her students, assessment of where 
each teacher is in their level of comfort and competence in the innovative change is 
important for targeting effective professional development.

Engaging middle school students in learning is quite a challenge due to the com-
plex changes that are already occurring within the student. Because this is the age in 
which students often set the course for their career goals, there is an urgency in cre-
ating an interest in science. Active learning practices can create an environment to 
be effective for middle school students. Allowing students to have some input into 
their learning environment by creating an environment of choice is one strategy that 
supports the growing need of independence for middle school students. By choos-
ing learning activities that infuse relevance, authenticity and choice into the curricu-
lum, educators can make learning more focused (Caskey & Anfara, 2007). “Young 
adolescents are more likely to engage in the classroom when they connect content 
and learning tasks with life beyond the classroom walls” (Maday, 2008, p. 3).

 Diffusion of Innovation

Evidence has accumulated in recent decades that the revision of an established cur-
riculum and wide diffusion into classroom practice cannot be accomplished over-
night. In the words of Surry and Ely (1999), “… the adoption of an innovation is not 
a single act, but a process that occurs over time.” Christensen and Knezek (Knezek 
& Christensen, 2000; Christensen & Knezek, 2001) have shown through a series of 
studies that the most optimistic expectation for bringing a technology-infused cur-
ricular innovation into standard classroom practice, across a large school, district 
or statewide level, is approximately one stage of adoption per year. This is on a 
continuum of six stages as shown in Fig. 1.

If one substitutes the phrase “active learning science curriculum” for “technol-
ogy” then a similar step by step development process can be envisioned for any cur-
ricular innovation, and, in fact this model has been shown to be congruent with the 
Concerns-Based Adoption Model (CBAM) Levels of Use sequence developed by 
Hall, Loucks, Rutherford, and Newlove (1975) for removing concerns in educators 
arising from new educational innovations. Hall et al.’s work was built on conceptual 
foundations for models of educational change by Fullan (1982) and others. These 
models are still widely respected into the 21st Century.

The Stages of Adoption sequence shown in Fig. 1 has its primary roots in the 
general concept of Diffusion of Innovations (Rogers, 1995), first introduced by Ev-
erett Rogers in the 1960s. Rogers’ ideas on the acceptance rate of an innovation by 
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teachers at the classroom level has been shown to be reasonably accurate over a 
wide range of educational innovations, including recently emerging areas such as 
distance learning (Alajmi, 2010). The basic concept is that a small proportion (3 %) 
of any typical large collection of teachers (perhaps at the school-wide level) will be 
innovators, adopting a new educational innovation immediately, while a larger but 
still small proportion (14 %) will be early adopters and enthusiastically embrace the 
change. Must larger proportions (34 %) will be Early Majority in following the Ear-
ly Adopters, and approximately an equal proportion will be Late Majority, that is, 
will follow the majority. A sizeable proportion (16 %) will be Laggards, those who 
only reluctantly adopt an innovation after the innovation has been put into regular 
classroom practice by everyone else. Rogers’ Model is shown in Fig. 2.

Alajmi (2010) has shown that educators’ self reported Stages of Adoption (Fig. 1) 
correlate highly with the same educators’ ratings of their Diffusion of Innovation 
level. A major difference is that Stages of Adoption adopts the lens of one teacher 
or a group of teachers advancing through various stages of development, while Dif-
fusion of Innovations (Fig. 2) is focused on the portion of the total group that has 
adopted an innovation at any point in time. As Surry and Ely (1999) pointed out, 
the process that is necessary for wide adoption of an innovation within a popula-
tion is sometimes lengthy but also natural and predictable. One major calibration 
of expectations to be derived from these models and scholarly observations is that 
a 5-year plan for having most teachers adopt a new curricular innovation might be 
a realistic expectation.

Fig. 1  Christensen’s (2002) six stages of adoption of technology based on Russell (1995)
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The authors have developed a model of technology integration consistent with 
Rogers’s model of diffusions of innovation and aimed at relating teacher develop-
ment to student achievement. The Will, Skill, Tool Model of Technology Integration 
includes the educator’s desire to use technology (will), training in pedagogically 
sound infusion of technology (skill) and access to hardware, software and support 
structures (tool) as necessary components for full integration of technology into the 
classroom environment (Knezek, Christensen, Hancock, & Shoho, 2000). Research 
has shown that teacher proficiency in technology integration accounts for 8–12 % 
of student achievement (Morales, 2007).

 Implementation of Innovation

From an educational systems perspective, there are other considerations such as im-
plementation and institutionalization that are important in addition to diffusion and 
adoption at the classroom level. Fullan (1996) defined implementation as “…the ac-
tual use of an innovation in practice,” while Surry and Ely (1999) have pointed out 
that in general each product, procedure, and practice has to maintain a high fidelity 
to the original (with some local adaptation) for implementation to be successful. 
This is analogous to what Dede (2010) has referred to as the need to pay attention to 
frequency, intensity, and duration for a new innovation to be successful. Ely (1999) 
has provided factors commonly associated with successful curricular implemen-
tations. These include: dissatisfaction with the status quo, a focus on meaningful 
training, shared decision-making, and leadership support of innovation.

According to Dede (2006), “Scaling up” involves adapting an innovation suc-
cessful in some local setting to effective usage in a wide range of contexts. Scalable 
designs for educational transformation must avoid what Wiske and Perkins (2005) 
term the “replica trap”: the erroneous strategy of trying to repeat everywhere what 
worked locally, without taking account of local variations in needs and environ-
ments. In the context of innovations in teaching/curriculum, scale encompasses four 
interrelated dimensions: depth, sustainability, spread, and shift in reform ownership 
(Dede & Rockman, 2007).

Fig. 2  Roger’s Diffusion of Innovations Model, Hypothesized distribution of adopter categories 
within a typical population
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Professional development can be targeted using a model such as the Will, Skill, 
Tool Model so that educational leaders can assess baseline proficiencies of teach-
ers and track progress due to targeted initiatives. Since research has shown that 
teachers can advance one level/stage per year on average with targeted professional 
development, it is important that a school district plan for a sustained effort over 
several years in order to be able to verify positive outcomes. Gathering data from 
teachers on their willingness to integrate the innovation, whether it be technology or 
other science-based active learning curriculum, can be accomplished with selected 
attitudinal measures. The skill or self-efficacy can be measured using indicators of 
confidence in using the innovation—and the necessary tools should be included in 
the implementation of the innovation. Many states and professional associations 
have recommended that 30 % of funding for an innovation be used for the very 
important area of training.

 Institutionalization

Institutionalization is sometimes referred to as “routinization” or “continuation”; 
where the innovation is routinely used in the settings for which it was designed 
(Surry & Ely, 1999). Six common indicators of institutionalization have been iden-
tified by Eiseman, Fleming, and Roody (1990):

1. The innovation has been accepted by relevant participants
2. The innovation is stable and routinized
3. The innovation is widely used throughout the institution or organization
4. There is a firm expectation by the stakeholders that the practice will continue
5. Continuation does not depend on specific individuals but upon organizational 

culture, structure or procedures, and
6. There are routine allocations of time and money to the innovation.

When all of these steps are successfully completed, the case can be made that the 
new curriculum is no longer an innovation but an embedded and essential part of 
the 21st century classroom.
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Abstract In the 21st century, every citizen needs to acquire adequate scientific 
knowledge and skills to be competitive in the job market, and be scientific literate in 
everyday contexts. The recent push for STEAM education calls for integrating sci-
ence, technology, engineering, art, and mathematic components together to prepare 
students for 21th century challenges. To address these concerns, in this chapter we 
discuss how to prepare students with critical skills to succeed in the 21st century. 
Our discussion of reconceptualizing science curriculum in middle school level is 
based on three major perspectives. To prepare students to face the challenges in the 
21st century, educators need to help students (1) acquire sufficient core scientific 
knowledge, (2) gain skills needed to engage in scientific practice, and (3) develop 
sophisticated epistemic beliefs to understand the nature of scientific knowledge and 
the methods of making it. We discuss the importance of each perspective in science 
education in light of the current literature, and address some remaining issues for 
future directions.

Keywords Science curriculum · 21st century skills · Argumentation · Epistemology 
· Middle school

 Introduction

 Overarching Goal of Science Education in the 21st Century

In the 21st century, as modern society has been reshaped by technological advance-
ment, scientific innovation, and globalization, workforce development demands 

© Springer International Publishing Switzerland 2015
X. Ge et al. (eds.), Emerging Technologies for STEAM Education,  
Educational Communications and Technology: Issues and Innovations,  
DOI 10.1007/978-3-319-02573-5_3



40 J. Gu and B. R. Belland

have shifted (NSTA, 2011). In science education, rather than being expected to know 
a list of science topics, American high school graduates are expected to “(1) appre-
ciate the beauty and wonder of science, (2) have adequate knowledge to engage in 
public discussion on socio-scientific issues, (3) become careful consumers of scien-
tific and technology information in their daily lives, (4) be capable of and continue 
to learn science outside of school, and (5) acquire adequate skills of science to enter 
the career of their choice” (NRC, 2012, p. 1). Core to strong performance in science 
is the integration of technology, engineering, arts, and mathematics into science 
education, as these complementary disciplines provide tools and processes by which 
people can investigate natural phenomena and design solutions to scientific prob-
lems (Bequette & Bequette, 2012; NGSS Lead States, 2013; Platz, 2007).

 Challenges for Students in the 21st Century

Compared to non-STEM careers, STEM-related employment will increase greatly 
in the next few decades (Ashby, 2006; BLS, 2013). However, too few American 
middle school students are proficient in mathematics and science, which makes 
it difficult for them to enter STEM fields (PCAST, 2010). Fewer than one in five 
twelfth graders are proficient in mathematics and interested in STEM subjects 
(BHEF, 2010). Besides mathematics, students need to have sufficient scientific 
knowledge and critical skills to engage scientific practices (NSTA, 2011). Although 
not every student will choose to work in STEM fields, as citizens in the 21st cen-
tury, they all need to be well prepared to address authentic scientific problems.

In the 21st century, the continuing expansion of human knowledge demands that 
everyone gain the skills to acquire, select, evaluate, and use information appropri-
ately and effectively (AASL, 2007). In a society where the Internet is the defining 
technology for literacy and learning (Leu et al., 2011), students need to be able to 
read, write, learn, and communicate using the Internet and other information tech-
nology (Drew, 2013).

Modern society also requires that people be able to solve increasingly complex 
problems in everyday and professional contexts (Jonassen, 2011). Every student 
needs to be able to use modern technology and tools such as computers and infor-
mation and communications technology (ICT) as an aid to construct and communi-
cate new information to solve problems (Kim & Lee, 2013).

With the development of modern society, a growing number of socio-scientific is-
sues have been presented in society. Every individual, as a citizen, needs to be equipped 
with decision making skills and scientific literate to make well-informed decisions and 
take active roles in society (Saunders & Rennie, 2013; Walker & Zeidler, 2007).

 Potential Solutions

To help students meet 21st century challenges, there is an urgent need to recon-
ceptualize and reform current science curriculum at K-12 level. In this chapter, we 
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focus on core scientific knowledge, critical skills for scientific practices, and so-
phisticated epistemic beliefs as three major perspectives to reconceptualize science 
education in middle school level. To prepare students to face 21st century challeng-
es, educators need to help students (1) acquire sufficient core scientific knowledge, 
(2) gain skills needed to engage in scientific practice, and (3) develop sophisticated 
epistemic beliefs to understand the nature of scientific knowledge and the methods 
of constructing it. We discuss each perspective in the following sections.

 How to Teach Scientific Knowledge in the 21st Century

In an age of knowledge explosion, the purpose of K-12 science education is not 
to teach students all the scientific knowledge they need in their everyday and pro-
fessional contexts, but rather to focus on a limited number of disciplinary core 
ideas and crosscutting concepts (NRC, 2007, 2012; NGSS Lead States, 2013). 
These core ideas and crosscutting concepts are fundamental to the development 
of science understanding so that students can continually build on and connect 
with many related scientific concepts (NRC, 2007). Helping students gain core 
scientific knowledge and improve their information literacy will enable students 
to continue to learn scientific knowledge in and out of school (Kereluik, Mishra, 
Fahnoe, & Terry, 2013).

 Integration of Core Scientific Knowledge

 Crosscutting Concepts and Disciplinary Core Ideas

The National Research Council proposed that K-12 science education should be 
centered on three major dimensions: scientific and engineering practices, cross-
cutting concepts, and disciplinary core ideas (NRC, 2012). This framework forms 
the foundation of K-12 science curriculum by outlining what to teach (crosscutting 
concepts and disciplinary core ideas) and how to teach (through scientific and en-
gineering practices). Crosscutting concepts are concepts that bridge and unify vari-
ous fields in science and engineering as they present a common way of knowing in 
science (Duschl, 2012). Learning these crosscutting concepts can enable students 
to connect knowledge from various disciplines to form a coherent understanding of 
scientific methods. For instance, by learning the first two crosscutting concepts—
patterns and cause and effect—students can understand that scientists observe and 
explore patterns and use scientific methods to investigate cause and effect relation-
ships to explain and interpret patterns (NRC, 2012).

There are several core ideas (e.g., Newton’s laws of motion and the theory of 
biological evolution) in the physics, life sciences, earth and space sciences, and 
engineering, technology and application of science (NRC, 2012). The disciplinary 
core ideas are foundational and central concepts and theories that help students 
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build conceptual understanding in natural sciences. In engineering, there are certain 
core ideas that are different from those of science. Besides core ideas in the field of 
natural sciences, students should also learn core ideas of engineering, technology, 
and art design processes, such as delimiting engineering problems, and optimizing 
design solutions, and balancing aesthetic and utility concerns.

 Integration of Core Scientific Knowledge Through Scientific and Engineering 
Practice

In the past few decades, teaching science through a process of inquiry has long 
been advocated in several policy documents (e.g., AAAS, 1990; NRC, 1996). 
However, research has consistently shown that simply engaging in scien-
tific  inquiry is insufficient to help students acquire disciplinary core ideas and 
understanding of the nature of science (Khishfe & Abd-El-Khalick, 2002; San-
doval, 2005; Schwarz & White, 2005). Many school scientific inquiry tasks do 
not incorporate the epistemic aspect of real science and engineering practices 
(Chinn & Malhotra, 2002; Prins, Bulte, & Pilot, 2011). Moreover, a narrow focus 
on the performance of inquiry skills may cause the understanding of the nature 
of science and disciplinary core ideas in science education to be deemphasized 
(Abd-El-Khalick et al., 2004).

To be clear, we do not mean that students should not engage in scientific inquiry; 
as one form of scientific practice, scientific inquiry certainly involves most scien-
tific practices. In the framework for K-12 science education (NRC, 2012), eight 
science and engineering practices (such as developing and using models, using 
mathematics and computational thinking, constructing explanations) were empha-
sized. However, it is not likely that inquiry-based learning tasks can cover all of 
these practices. Therefore, teachers can use crosscutting concepts and disciplinary 
core ideas as the foundational content onto which particular scientific or engineer-
ing practices can build. As such, certain scientific and engineering practices can 
focus on a few particular types of practices to emphasize relevant core scientific 
knowledge. In this way, by engaging in science practice, students can perceive how 
core scientific knowledge is constructed and developed, which will help them to 
develop understandings of the nature of science as well as relevant inquiry skills 
(Abd-El-Khalick et al., 2004; Ford, 2008). Engaging in engineering practice can 
also help students understand how engineers apply various knowledge, modern 
tools, scientific methods to solve practical problems (Sneider, 2012). By integrating 
core scientific knowledge with scientific and engineering practices, students will 
have opportunities to deepen their understanding of core ideas in each disciplin-
ary and apply crosscutting concepts across disciplines (NRC, 2012). In addition, 
science and engineering practices are often applied in design process for inventing 
and innovating artifacts and products to address functional, aesthetic, environmen-
tal, and economic concerns. As one way to connect science, engineering, and art 
 practices, teaching design process holds potential to integrate STEM education and 
art education in K-12 curriculum (Vande Zande, 2010).



43Preparing Students with 21st Century Skills

 Integration of Core Scientific Knowledge Through Addressing 
Socio-Scientific Issues

In the past few decades, a growing number of complex, controversial, and 
 problematic issues such as global warming, alternative fuels, and genetically 
modified food have been presented in our society. Such issues are often referred 
to as socio-scientific issues—issues “based on scientific concepts or problems, 
controversial in nature, discussed in public outlets and frequently subject to po-
litical and social influences” (Sadler & Zeidler, 2005, p. 113). All citizens need 
to be equipped with decision making skills and scientific literacy to make well-
informed decisions and take active roles in society (Saunders & Rennie, 2013; 
Walker & Zeidler, 2007).

In recent years, researchers have encouraged the incorporation of socio-scientif-
ic issues (SSI) in science curricula (Sadler & Donnelly, 2006; Saunders & Rennie, 
2013). Socio-scientific issues, by definition, have political and social implications 
for everyone in society (Sadler & Zeidler, 2005). By integrating SSIs with a focus 
on scientific content knowledge in science instruction, students may perceive the 
importance and value of scientific knowledge and see how scientific practices is-
sues are related to their daily lives, which in turn may motivate students’ interests 
in science (Dawson & Venville, 2010; Dolan, Nichols, & Zeidler, 2009). More 
importantly, SSIs can provide meaningful contexts for science instruction, which 
can potentially support students’ learning of content knowledge (Sadler, Barab, 
& Scott, 2007). By engaging in learning with SSIs, students can significantly im-
prove their understanding of relevant content knowledge (Applebaum, Barker, & 
Pinzino, 2006; Barab, Sadler, Heiselt, Hickey, & Zuiker, 2010) As SSIs often in-
volve interdisciplinary knowledge, they can provide contexts for students to see 
how crosscutting concepts apply across different fields. Moreover, SSIs are often 
found in areas of science in which there are disagreements among experts and 
few simple and clear solutions (Kolstø et al., 2006). By addressing SSIs, students’ 
understanding of the nature of science can be promoted (Eastwood et al., 2012; 
Khishfe & Lederman, 2006).

 Development of Skills to Engage in Scientific Practice  
in the 21st Century

21st Century Skills

To ensure that students are well prepared to face 21st century challenges, research-
ers and educators have started to identify the essential skills needed in 21st cen-
tury. Proposed by National Research Council (2010), there are five skills that 
are essential for every student to acquire in a fast-paced, rapidly changed world: 
adaptability, complex communication/social skills, non-routine problem solving, 
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self-management/self-development, and systems thinking. According to the Part-
nership for 21st century skills (P21, 2009), 21st century skills consist of:

• Learning and innovation skills, which include (1) creativity and innovation, (2) 
critical thinking and problem solving, (3) communication and (4) collaboration.

• Information, media and technology literacy skills, which include (1) information 
literacy, (2) media literacy, and (3) information and communication technology 
literacy.

• Life and career skills, which include: (1) adaptability and, flexibility (2) initia-
tive and self-direction, (3) cross-cultural and social skills, (4) accountability and 
productivity, and (5) responsibility and leadership.

The two definitions of 21st century skills proposed by both P21 and NRC together 
reflect the requirements and expectations for students as workers and citizens in 
the 21st century. Science education cannot and should not take full responsibility 
to develop all 21st century skills, but science education can offer a rich context for 
developing many 21st century skills (Bybee, 2010). Twenty-first century skills also 
provide new perspectives to frame essential skills in science that have long been 
valued, and new skills that are required for future generations (P21, 2009). Based 
on the 21st century skills proposed by NRC (2010) and P21 (2009), we identified a 
few essential skills that are critical for students to succeed in science education in 
middle school level.

Essential Skills to be Developed in Science Education

 Effectively Acquiring and Evaluating Information

The continuing expansion of human knowledge demands that every student be able 
to acquire, evaluate, use, and integrate information appropriately and effectively 
(AASL, 2007). Especially with the increasing use of the Internet in and out of 
school, students need to be information literate to be able to read, write, learn, and 
communicate using the Internet and other information technology (Drew, 2013). 
In the context of science education, information literacy involves evaluating the 
credibility, validity, and reliability of information to interpret data, critically inte-
grating information from multiple sources, and constructing scientific arguments 
to effectively engage in science learning (P21, 2009). During problem solving, stu-
dents often need to search for or connect to relevant knowledge, propose solutions, 
and evaluate potential solutions against certain criteria (Jonassen, 2003). To be ef-
fectively engaged in scientific practices and complex problem solving, especially 
in online learning environments, students need to have sufficient skills to identify 
information needs, locate information sources, evaluate, and synthesize information 
from a variety of sources (Brand-Gruwel, Wopereis, & Walraven, 2009).

In the 21st century, computers and the Internet have been widely used in K-12 
schools. In fall 2008, the ratio of students to instructional computers with Inter-
net access was 3.1–1 in the U.S. public school (Gray, Thomas, & Lewis, 2010). 
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 Although provided with easy access to an abundance of online resources, students 
often do not have sufficient skills to critically acquire, use and evaluate online 
information (Kuiper, Volman, & Terwel, 2009). Much web-based information 
combines varied text structures and formats, which poses unique challenges for 
young students to read and comprehend. Moreover, since online information is 
easy to create and distribute, determining the credibility of online information can 
be difficult (Baildon & Damico, 2011). In the context of science education, middle 
school students often struggle to use the Internet effectively to acquire relevant 
information during their scientific practices (Raes, Schellens, & De Wever, 2010). 
First, middle school students tend to use the Internet to search for quick answers 
rather than take time to understand and make sense of the online information 
(Kim, Hannafin, & Bryan, 2007). Second, middle school students’ online learn-
ing is often disoriented and inefficient as students do not have sufficient searching 
skills and they are easily distracted by irrelevant online information (Zhang & 
Quintana, 2012). Third, online inquiry requires strong self-regulation ability and 
 metacognitive awareness to monitor learning process (Brand-Gruwel et al., 2009); 
however, middle school students often lack such skills to plan or monitor their 
online learning process ( Kuiper et al., 2009).

 Constructing Scientific Arguments

Engaging in argumentation is a critical scientific process, as scientists often con-
struct evidence-based arguments to interpret results and make conclusions (Bricker 
& Bell, 2008; Ford, 2012; Osborne, Erduran, & Simon, 2004). Therefore, argumen-
tation skill, defined as the skill to support claims with evidence and premises through 
critical thinking and social interaction (Golanics & Nussbaum, 2007; Perelman & 
Olbrechts-Tyteca, 1958), is an essential skill in science learning. For instance, to 
engage in problem solving or scientific discussion, students need to gain sufficient 
argumentation ability to weigh the risks and benefits of alternative solutions, pose 
questions, evaluate evidence and counter evidence to make well informed decisions 
and engage in debate and discussion about problem solutions (Dawson & Venville, 
2010). Central to argumentation is design of an argument and consideration of an 
audience, and such design can be informed by design processes and client interac-
tion processes in engineering (Dym, Agogino, Eris, Frey, & Leifer, 2005) and the 
arts (Swanson, 1994). Unfortunately, engaging in argumentation is challenging for 
middle school students (Yoon, 2011). Middle school students often find it difficult 
to identify and gather relevant evidence (Pedersen & Liu, 2002), and struggle to 
back up claims with evidence (Glassner, Weinstock, & Neuman, 2005). Students’ 
difficulties might be due to two reasons: middle school students’ often lack suf-
ficient cognitive ability (Kuhn & Udell, 2007) to engage in argumentation, and 
they often do not have sophisticated epistemological understanding of the meaning 
of justification and how to use evidence to justify something (Mason & Boscolo, 
2004). Effective integration of engineering and art design processes into science 
curricula may also enhance middle school students’ argumentation abilities (Dym 
et al., 2005; Swanson, 1994).
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 Using Modern Tools to Solve Problems Collaboratively

As Popper (1999)noted, all life is problem solving. As problems people face in 
their daily and professional contexts become increasingly complex, people use vari-
ous modern tools to solve problems instead of their bare hands (Jonassen, 2003). 
Therefore, students not only need to be able to search for and use online informa-
tion, but also need to use information and communications technology (ICT) as 
an aid to construct, communicate new information to solve problems (Kim & Lee, 
2013). ICT innovations provide students with new tools for doing science including 
gathering, interpreting and analyzing data and communicating results (P21, 2009). 
As such, ICT literacy (the ability to use “digital technology, communications tools, 
and/or networks to access, manage, integrate, evaluate and create information” 
( International ICT Literacy Panel, 2002, p. 2) is an essential ability for students 
to solve real-world problems (Casner-Lotto, Barrington, Barrington, & Barrington, 
2006; EU Communities, 2007). Moreover, to solve problems in a computer-based 
learning environment, students need to cope with technological complexity so that 
the joint cognitive system (human and computer) can perform its intended functions 
(Angeli, 2013; Hollnagel & Woods, 2005).

In the 21st century, most scientific investigations are conducted by groups of 
researchers rather than individuals, which requires researchers to effectively com-
municate and collaborate with their team members to solve problems (Hung, 2013). 
Only if research is appropriately presented and described, it can be understood, con-
firmed, and advanced by other researchers. In the context of science education, stu-
dents also need to be able to communicate effectively about science through written 
and oral communication (Anderman, Sinatra, & Gray, 2012). Communication and 
collaboration skills, defined by the abilities to understand and respond appropri-
ately to both verbal and nonverbal information (such as mathematical and graphical 
representation of ideas and observation) from others, are critical for students to 
succeed in the 21st century (NRC, 2010; P21, 2009). In K-12 science education, 
students often conduct group projects or assignments, so adequate communication 
and collaboration skills are essential for them to build shared understandings vari-
ous communication needs.

 Technologies to Support Students

 Technology to Support Online Inquiry

To help students overcome these difficulties, computer-based scaffolds have been 
used in K-12 classroom in recent years. Scaffolding is interactive support provided 
by a more capable person or technological tools to enable students perform a task 
that they cannot do without help (Belland, 2014; Puntambekar & Hubscher, 2002; 
Wood, Bruner, & Ross, 1976). For example, Zhang and Quintana (2012) designed 
a computer-based scaffold called the Digital IdeaKeeper to help students search 
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for, analyze, and synthesize online information and regulate their inquiry process. 
First, IdeaKeeper provides an integrated learning environment for students to con-
duct online inquiry. By embedding the Google search engine and other tools in it, 
IdeaKeeper keeps online inquiry activities in one space to make it more efficient. 
Second, it helps students plan their online inquiry by articulating the driving ques-
tions and sub-questions as the objects of online inquiry. Students can monitor their 
progress by referring to the driving questions, which in turn help them to manage 
their inquiry process. Third, by outlining four activity spaces (planning, search-
ing, analyzing, and synthesizing), IdeaKeeper makes the structure of online inquiry 
more explicit to students to foster deep engagement with learning content. It con-
tains several prompts for students to evaluate the trustworthiness and usefulness of 
online information. Last, IdeaKeeper can automatically record URLs, search term 
and results, and browsing history for students; therefore, students can focus on more 
meaningful learning tasks such as note taking, sense making, and synthesizing. The 
affordances of IdeaKeeper enable students to engage in more efficient and deep 
learning during online inquiry through two mechanisms of computer-based scaf-
folds, structuring and problematizing (Reiser, 2004). It provides needed structures 
for students to engage in online inquiry by making the learning objects and process 
more explicit, and also problematizes the meaningful learning tasks by guiding stu-
dents to critically evaluate and synthesize online information.

 Tools to Construct Scientific Arguments

The technology-based argument construction tools can potentially help middle 
school students overcome the challenges of constructing arguments and build more 
coherent and cohesive arguments (Linn, 2003). For instance, a context-specific 
computer-based scaffold called ExplanationConstructor is designed to help stu-
dents construct and evaluate scientific explanations for natural phenomena (San-
doval & Reiser, 2004). ExplanationConstructor is an electronic journal to record 
students’ investigations. It embeds several prompts for students to set up investi-
gation goals, construct scientific explanation, and use evidence to support causal 
claims. ExplanationConstructor provides domain-specific prompts for students to 
guide students use evidence to construct and evaluate their scientific explanations. 
It makes epistemic criteria more explicit to help students evaluate evidence, which 
in turn can help them understand what counts as explanations and evidence. The 
guides in ExplanationConstructor make the scientific way of knowing more ex-
plicit for students by helping them understand how to construct coherent scientific 
explanation and framing students’ inquiry process in epistemically important ways 
(Sandoval & Reiser, 2004).

The key feature of domain-general scaffolds is to support students’ development 
of more generic concepts and skills that can be applied across domains (Davis, 
2003). For instance, as an example of domain-general computer-based scaffolds, 
the Connection Log (Belland, Glazewski, & Richardson, 2010) provides domain-
general scaffolds for students to construct evidence-based arguments. To support 
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students’ development of argumentation skills in a domain-generic way, the Con-
nection Log divides construction of arguments into five common stages: define the 
problem, determine needed information, find and organize needed information, 
develop claim, link evidence to claim (Belland, Glazewski, & Richardson, 2008). 
Within each stage, students follow the prompts to engage in different components 
of argumentation such as search for evidence, link evidence to claims, and back 
claims with evidence.

Designers who wish to promote generic skills that can be applied across do-
mains may choose to develop domain-general scaffolds (McNeill, Lizotte, Krajcik, 
& Marx, 2006). However, meta-analysis indicates no significant difference between 
domain-general and domain specific scaffolds on cognitive outcomes (Belland, 
Walker, Olsen, & Leary, 2015). Thus, designers can make the additional consider-
ations of whether target students need the additional content knowledge support that 
might be provided with context-specific scaffolds, or whether developing a scaffold 
that can be used more widely with units of varying content is desired.

 Technology to Support Collaborative Learning

Collaborative learning, defined as two or more individuals working together to 
complete certain learning tasks, has been documented to be an effective way to 
support learning (Chiu & Khoo, 2003; Fawcett & Garton, 2005). In collaborative 
learning, students need to interact with their peers, to acquire deep understandings 
of the content knowledge, and establish and maintain share understandings of the 
learning tasks (Janssen & Bodemer, 2013). To help students effectively engage in 
collaborative learning, computer-supported collaborative learning (CSCL) environ-
ments have been developed to help students share ideas and construct knowledge 
and scientific explanations (Noroozi, Weinberger, Biemans, Mulder, & Chizari, 
2012). For instance, Linn, Davis and Bell (2004) developed an online learning 
environment called Web-based Inquiry Science Environment (WISE) to support 
students to engage in collaborative learning in scientific inquiry. Within the WISE 
platform, Clark, D’Angelo and Menekse (2009) developed an online discussion tool 
called personally-seeded scripts that demonstrated effective to help ninth grade stu-
dents engage in online argumentative discussion. In the personally-seeded scripts, 
students need to articulate and select their initial scientific explanations of certain 
concepts, such as heat and thermal equilibrium, from a set of pre-scripted phrases. 
To help students engage in a more meaningful argumentative discussion from dif-
ferent perspectives, students who select different explanations will be assigned into 
a discussion group. Then, students with different perspectives can elaborate their 
scientific explanations in their own words and engage in asynchronous online dis-
cussion to co-construct, revise, and evaluate their scientific explanations (Clark et 
al., 2009). The personally-seeded scripts enable students with different perspectives 
to work together to increase diversity of perspective in the discussion, which adopts 
a critical pedagogical strategy to engage students in argumentation (Osborne et al., 
2004). In addition, in the personally-seeded scripts, rather than simply dividing up 
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the labor to accomplish learning tasks efficiently, students collaborate together in 
a more meaningful way by providing their unique insights and knowledge to con-
struct their shared understandings of scientific concepts.

With the development of information and communication technology, the collab-
orative learning can also be supported in mobile learning environments. In a recent 
study, Laru, Järvelä and Clariana (2012) developed a mobile message application 
called Flyer to help middle school students engage in collaborative learning in a 
context of outdoor field trip. During field trips, students are presented with relevant 
scientific problems composed by scientists on the storyboard messages in the Flyer. 
Each student can use Flyer to develop scientific claims to answer the questions by 
using the embedded template that requires students to fill out their claims, evidence, 
and warrant. Students can send out and receive “flyers” of their scientific claims 
to each other, and engage in small group discussion to compare their knowledge 
claims with their group members (Laru et al., 2012). With the embedded procedural 
and metacognitive scaffolds in the Flyer, students can engage in scientific inquiry 
in authentic settings, which in turn can promote their science learning (Anderson, 
Thomas, & Nashon, 2009).

 Prompting Sophisticated Epistemic Beliefs

It has long been a goal of science education that students develop an understanding 
of the nature of science (Abd-El-Khalick, 2012). Middle school students who are 
proficient in science should understand the nature and development of scientific 
knowledge (NRC, 2007). In fact, students do not automatically develop sophisti-
cated understandings of science by experiencing inquiry tasks in school (Abd-El-
Khalick et al., 2004). Research on epistemic beliefs in the context of science educa-
tion can help educators understand how and why students understand the nature of 
science in certain ways and how to promote their understandings of the nature of 
science (Sandoval, 2005; Wu & Wu, 2010).

 Middle School Students’ Epistemic Beliefs

In the current literature, researchers adopt different ways to conceptualize individu-
als’ epistemic beliefs. According to the developmental approach, individuals’ epis-
temic beliefs develop from a naïve position to a more sophisticated position through 
a stage-like, developmental sequence (Greene, Azevedo, & Torney-Purta, 2008; 
Hofer & Pintrich, 1997). Among developmental frameworks of epistemic beliefs, 
the sequenced levels in these models can be commonly labeled as: (1) absolutism/
objectivism in which individuals believe that knowledge is either right or wrong 
and can be known with certainty, (2) multiplism/subjectivism, in which individuals 
believe knowledge consists of subjective, uncertain opinions which can be equally 
right (Buehl & Alexander, 2001), and (3) evaluativism/objectivism-subjectivism, 
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which views knowledge as evolving and needing to be critically judged based on 
criteria such as critical thinking and evidence (Kuhn, Cheney, & Weinstock, 2000). 
Although some research suggested that students’ epistemological beliefs do not de-
velop much prior to high school age due to inadequate cognitive and metacognitive 
ability to monitor and control their thinking process (Kitchener, 2002), more re-
cent studies showed that early adolescents can hold relatively sophisticated beliefs 
(Muis, Bendixen, & Haerle, 2006). For instance, some middle school students can 
hold evaluativist epistemic beliefs and these relatively sophisticated epistemic be-
liefs influenced the process and strategies they use during internet-based learning 
(Barzilai & Zohar, 2012).

As a multidimensional approach, Hofer and Pintrich (1997) proposed that epis-
temic beliefs include four independent dimensions: (1) the certainty of knowledge, 
(2) the simplicity of knowledge, (3) the source of knowledge, and (4) the justifi-
cation of knowledge (Hofer, 2000). Research based on the multidimensional ap-
proach (e.g., Mason, Boldrin, & Ariasi, 2009) indicated that middle school students 
can express reflections about the nature of knowledge and the knowing process 
on the four factors of epistemic beliefs proposed by Hofer and Pintrich (1997). In 
other words, in each dimension, certain (not all) middle school students can hold 
relatively sophisticated epistemic beliefs. Generally speaking, the current literature 
showed that middle school students to some extend can perceive their active role 
in knowledge construction and hold suboptimal understanding of the complex, un-
certain, changing nature of the scientific knowledge (Ricco, Schuyten Pierce, & 
Medinilla, 2009).

 Critical Epistemic Beliefs to Engage in Scientific Practices

The epistemic beliefs frameworks mentioned above often were developed or veri-
fied by interviews, questionnaire, and assessments which focus on students’ self-
reported beliefs about the professional science or formal scientific practices (Wu 
& Wu, 2010). To be distinguished from this type of epistemic beliefs, Sandoval 
(2005) proposed a term ‘practical epistemologies’, which refers to four critical prac-
tical epistemological notions that are essential for students to effectively engage in 
scientific inquiry and evaluate scientific claims. The first practical epistemology is 
that scientific knowledge is constructed, which means students need to understand 
that scientific knowledge is socially constructed, so people do not simply accept 
knowledge because it is true. Rather, the authority of knowledge is evaluated based 
on whether it provides value (such as provide an explanation to a phenomenon) 
for certain social, historical communities (Sandoval, 2005). The second notion of 
Sandoval’s practical epistemologies is diversity of scientific methods, which pos-
its that there is no universal scientific method. In reality, scientists adopt a broad 
range of methods as they explore different kinds of phenomena in various domains 
(Windschitl, 2004). By understanding the diversity of scientific methods, students 
are expected to be able to evaluate the appropriateness of the scientific method 
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of a particular practice (Sandoval, 2005). The third notion of Sandoval’s practical 
epistemologies is forms of scientific knowledge, which varied in their explanatory or 
predictive power and in their ways to interpret and describe the nature world (San-
doval, 2005). Scientific inquiry involves different types of practices for different 
purposes such as proposing hypotheses, verifying explanation, applying theories 
to interpret certain patterns. By perceiving the difference between various types of 
knowledge, students can deepen their understanding of the purposes of scientific 
practices, which in turn can support their inquiry practices. The last practical epis-
temology is scientific knowledge varies in certainty (Sandoval, 2005). This notion 
is similar to the dimension of uncertain, tentative nature of science presented in the 
frameworks of epistemic beliefs discussed earlier. The tentativeness of knowledge 
does not mean that no knowledge is worth believe, rather, it reflect an evaluativ-
ism point of view: knowledge varied in its tentativeness and need to be critically 
evaluated based on certain criteria such as reasoning or evidence-based argumenta-
tion (Kuhn et al., 2000). To sum up, these four notions of practical epistemologies 
complement the conceptualization of formal epistemic beliefs. Practical epistemol-
ogies represent several important epistemological goals for students to engage in 
scientific practices: understand the nature of scientific knowledge, the process of 
constructing scientific knowledge, and the criteria of evaluating scientific knowl-
edge during their own inquiry practices.

 Promoting Sophisticated Epistemic Beliefs

Promoting students’ understanding of the nature of science and inquiry is not 
an easy task. Since epistemic beliefs are innate characteristics of students, one 
cannot simply teach students to hold sophisticated beliefs. Although few studies 
in the current literature examined in what way students’ epistemic beliefs can be 
promoted (Ferguson & Bråten, 2013; Knight & Mattick, 2006), the current lit-
erature can still shed some light on the strategies to promote students’ epistemic 
beliefs.

Challenging Students’ Current Beliefs—Prompt Epistemic Doubt

Cognitive disequilibrium is a driving force for individuals to progress through 
stages of cognitive development (Piaget, 1985). Likewise, the development of 
epistemic beliefs may be driven by cognitive disequilibrium (Hofer & Pintrich, 
1997). Bendixen and Rule (2004) proposed a mechanism of change of epistemic 
beliefs in which epistemic doubt is the driving force of epistemic beliefs devel-
opment. As an impetus for epistemic change, epistemic doubt involves weighing 
evidence and discerning the truthfulness of conflicting beliefs (Bendixen & Rule, 
2004). Advancing epistemic beliefs also require epistemic volition that can protect 
one’s concentration on solving epistemic doubt and avoid distractions (Bendixen & 
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Rule, 2004). By using resolution strategies such as reflection and social interaction 
(e.g., engaging in argumentation with other individuals), epistemic beliefs can be 
advanced, or at least changed. Epistemic beliefs develop in a dynamic process in-
fluenced by many contextual and social factors; as such, one’s epistemic beliefs can 
develop in fits and starts, and can thus become more primitive before it becomes 
more sophisticated (Bendixen & Rule, 2004). The components of this mechanism 
of epistemic change (epistemic doubt and resolution strategies) have been identi-
fied while college students read multiple documents containing conflicting scien-
tific evidence (Ferguson, Bråten, & Strømsø, 2012). Middle school students can 
reflect on and develop their epistemic beliefs by reading conflicting online sources 
(Barzilai & Zohar, 2012). As such, one strategy to prompt epistemic beliefs is to 
enable students to challenge their current naïve epistemic beliefs. For example, 
engaging in online inquiry may help students be exposed to multiple sources of 
knowledge during their knowledge construction process. Therefore, students may 
perceive the uncertain, subjective nature of scientific knowledge, which can in turn 
promote a reassessment of their current epistemic beliefs such as scientific knowl-
edge is certain and unchanging.

 Prompting Students to Set High Level Epistemic Aims and Epistemic Values

Epistemic aims are goals of finding, understanding, and explaining things, and 
forming beliefs, which refers to what type of epistemic achievement (e.g., true 
beliefs, minimally justified beliefs) an individual pursues (Chinn, Buckland, & 
Samarapungavan, 2011). Epistemic values refer to the value system people have 
toward different types of epistemic achievement (Alfano, 2012; Chinn et al., 2011). 
For example, one may hold the epistemic value that the pursuit of truth is the ulti-
mate goal. Such an epistemic value would lead one to strive to find truth through 
consultation of multiple, high quality sources (Alfano, 2012; Chinn et al., 2011), an 
approach that tends to reliably lead to truth (Goldman, 1993). An individual whose 
epistemic aim is to acquire minimally justified beliefs might accept a knowledge 
claim even if its justification is weak (Chinn et al., 2011). Individuals who value 
theoretical knowledge over practical knowledge (such as how to conduct an ex-
periment) will more likely set sophisticated epistemic aims to acquire theoretical 
knowledge than practical knowledge.

As one component of epistemic cognition, individual’s epistemic beliefs and 
epistemic aims and value are interrelated. Helping students to set up sophis-
ticated epistemic aims will motivate them to perceive the complex nature of 
scientific knowledge and enable them to conduct personal justification of scien-
tific knowledge. In the context of science education, teachers can help students 
set up high level epistemic aims during knowledge acquisition and perceive 
values of scientific knowledge, which in turn will help students develop their 
epistemic beliefs.
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 Establishing a Positive Epistemic Climate

To help students develop sophisticated epistemic beliefs, educators need to estab-
lish an environment or climate in which such sophisticated epistemic beliefs are 
encouraged. The epistemic climate—“how the nature of knowledge and knowing 
is portrayed and perceived” (Muis & Duffy, 2013, p. 124) —is critical to students’ 
development of epistemic beliefs. Research showed that epistemic climate can be 
established through teaching and modeling of critical thinking, evaluation of prob-
lem solving approach, and making connections to students’ prior knowledge, which 
in turn can help graduate students reflect on and challenge their current epistemic 
beliefs, and promote their epistemic beliefs and use of critical thinking strategies 
(Muis & Duffy, 2013). In the context of middle school, the epistemic climate is even 
more important as students are at critical age to form their beliefs system.

Another important aspect to establishing a positive epistemic climate is the 
cultivation of students’ epistemic virtues. Individual’s dispositions such as truth-
seeking, systematicity, and maturity correlated with their epistemic beliefs (Va-
lanides & Angeli, 2008). In Chinn et al.’s framework (2011), epistemic virtues 
such as intellectual carefulness, intellectual courage, and open-mindedness, are 
dispositions that can effectively help people achieve epistemic aims. To establish 
an epistemic climate that supports the development of epistemic beliefs, teachers 
need to cultivate epistemic virtues such as intellectual carefulness and intellectual 
courage to encourage students to set up higher epistemic aims and pursue them. By 
using strategies such as rewarding students who display epistemic virtues, estab-
lish or preset role models, teacher can set up a learning culture that value epistemic 
virtues.

 Remaining Issues

 Are Middle School Students Ready to Develop Sophisticated 
Epistemic Beliefs?

As discussed earlier, a few studies showed that some middle school students can per-
ceive the complex, uncertain nature of scientific knowledge and acknowledge their 
active role in knowledge construction (Ricco et al., 2009). However,  applying these 
beliefs during their scientific practices requires epistemic monitoring and judgment 
(Hofer, 2004). For example, during online searching, metacognitive thinking pro-
cesses might guide students to spontaneously monitor and judge online informa-
tion during their searching. However, such metacognitive processes might be too 
advanced for middle school students to acquire (Mason & Boldrin, 2008). Even 
first-year college students hold strong beliefs that scientific knowledge comes from 
external authorities and recognized expertise rather than themselves (Hofer, 2000).
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Students often hold strong beliefs that justification needs to be provided by au-
thorities until they reach college age (Greene et al., 2008). The fact that many mid-
dle school students tend to rely external authority as the source of knowledge and 
justification may simply be because they do not have the abilities or resources to 
conduct personal justification. Students may consider textbooks as credible sources 
of knowledge because they believe that knowledge claims in textbooks are sup-
ported by a large body of empirical evidence (Chinn et al., 2011). In certain contexts 
of science learning, such as doing a simple calculation, relying on authorities might 
be an effective way for learning as this type of knowledge is considered fixed and 
certain (Muis & Duffy, 2013). As a result, students’ epistemic beliefs should be con-
sidered and evaluated within certain learning contexts. Future research is needed 
to address the influence of contextual factors on students’ epistemic beliefs, and 
explore how to design instructions to promote students’ epistemic beliefs in various 
learning contexts.

 How can One Help Students Transfer Learned Knowledge and 
Skills in the Future?

The purpose of science education is to prepare students with adequate knowledge 
and skills, and the ability to apply such in future. Although computer-based scaf-
folds can provide substantial supports for students to engage in scientific practices 
in various ways, in the current literature few studies examine transfer of scaffolded 
skills. It remains unknown whether students can apply the knowledge and skills 
they learn after receiving scaffolding. The notion of scaffolding is to provide tem-
porary support for students and help them eventually accomplish tasks on their 
own (Puntambekar & Hubscher, 2002). Hence, it is necessary to uncover what stu-
dents have learned in a computer-based scaffolding learning environment, as well 
as whether and how they can transfer learned knowledge and skills in future. As 
studies consistently showed that students fail to transfer learned knowledge and 
skills, researchers started to reconceptualize transfer from an abstract, highly con-
ceptual process to a perceptual processes (Day & Goldstone, 2012). For instance, 
in a recent conceptual framework of transfer of learning, Nokes-Malach and Mestre 
(2013) conceptualized transfer of learning as a sense-making and satisficing process 
in which individuals keep constructing representations of context and generating 
and making sense of solutions so that different types of transfer mechanisms can be 
triggered when individual is dealing with complex cognitive tasks. Therefore, one 
instructional implication is to engage students in complex, integrated learning tasks 
so that application of multiple mechanisms might be promoted (Nokes-Malach & 
Mestre, 2013). However, future research is needed to explore how to design instruc-
tions with specific aims to promote students’ transfer of learning.
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Abstract Despite all the exciting new digital forms of living, our college science 
education remains relatively unchanged. Students sit quietly in large classrooms 
listening to lectures (or not), complete individual labs following cookbook instruc-
tion, and take exams only to solve problems of no practical importance. It is the 
time to reconceptualize a college science learning experience for all students. In this 
chapter, we review research on technology-enriched instruction and assessments for 
science education at the college level that target students’ 21st century skills such as 
problem solving, critical thinking, and collaboration. We propose three interrelated 
core principles that can help design coherent science instruction, curriculum, and 
assessments at the college level that meet the needs of the new digital era: (1) Set 
the development of lifelong learning skills for students as a top priority; (2) incor-
porate multi-layered instructional supports using technologies; and (3) design new 
assessments for individual students that demonstrate and facilitate their growth of 
the lifelong learning capacity.

Keywords College science education · Learning objectives · Instructional support · 
Automated scoring

 Introduction

One of the most important societal advancements of the 21st century is the rise 
of information and communication technology (ICT), which has fundamentally 
transformed our daily lives. We find dining places via smart phones, chat with 
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strangers in a virtual world, and seek information through a large collection of 
social networks. Despite all the exciting new forms of living, our college science 
education remains relatively unchanged (Deslauriers, Schelew, & Wieman, 2011; 
Mazur, 2009). Students sit quietly in large classrooms listening to lectures, com-
plete individual labs following cookbook instruction, and take exams only to solve 
problems of no practical importance. It is the time to reconceptualize a new college 
science experience for all students (Mervis, 2013). In this chapter, we propose a 
guiding framework that can help design coherent science instruction, curriculum, 
and assessments at the college level that meet the needs of the new digital era. The 
framework considers three interrelated core principles: (1) Set the development of 
lifelong learning skills (e.g., critical thinking, scientific reasoning, collaborative 
problem solving) for all students as a top priority; (2) incorporate multi-layered 
instructional supports using technologies; and (3) design new assessments for indi-
vidual students that demonstrate and facilitate their growth of the lifelong learning 
capacity.

 Reseting Learning Objectives

Learning objectives including content standards have been a common topic in any 
educational reform. This is more so in K-12 public education than in higher edu-
cation. Many modern ideas on learning objectives can be traced back to Bloom’s 
taxonomy (Bloom et al., 1956), which sets learning objectives for students in three 
domains: cognitive, affective, and psychomotor. For instance, within the cognitive 
domain, the learning objectives are placed along a hierarchy that includes (from the 
lower level to the higher level) knowledge, comprehension, application, analysis, 
synthesis, and evaluation. The higher-level objectives are often referred as higher-
order thinking or higher-level skills.

More recently the 21st century skills have been proposed in various policy docu-
ments and reports (e.g., http://www.p21.org/). In order to synthesize the abundant 
and multifaceted works related to the 21st century skills, the committee of the re-
cent NRC, (2012) report, Education for Life and Work: Developing Transferable 
Knowledge and Skills in the 21st Century, identified three broad domains of compe-
tence: cognitive, intrapersonal, and interpersonal. These are summarized in Table 1. 
These skills relevant to science learning may take various forms such as problem 
solving (Hodges, 2012), scientific reasoning (e.g., Bao et al., 2009), and critical and 
collaborative argumentation (e.g., Osborne, 2010).

The essence of these new learning objectives, we believe, is to prepare students 
as adaptive, lifelong learners. Therefore, the first principle we propose to reform 
college science education is setting the development of lifelong learning skills for 
all students as a top priority. This first principle is particularly relevant for college 
science education in the 21st century because of the knowledge expansion dilemma. 
On the one hand, there is a large body of basic (textbook) scientific knowledge 
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distilled through a long human history for students to learn. Without mastering this 
body of basic knowledge, students can hardly move on to their next level of educa-
tion or work and eventually (for some of them) contribute to the frontier scientific 
research and development. On the other hand, new knowledge advances faster than 
ever. It appears that students are never able to catch up with the knowledge ex-
pansion if the focus is on assimilating existing knowledge. Therefore, if students 
develop lifelong learning skills in schooling, they can continue their own learning 
after graduation.

These 21st century skills or higher-level learning objectives are often endur-
ing and do not change rapidly. They serve to prepare students for future learn-
ing (Bransford & Schwartz, 1999) in the ever-changing world. They should not be 
decorative additives appearing in course syllabi. Instead, they should be infused in 
every single activity of the courses students take. These objectives may differ over 
time because of “society’s desire that all students attain levels of mastery—across 
multiple areas of skill and knowledge—that were previously unnecessary for indi-
vidual success in education and the workplace” (NRC, 2012, p. 3). One particular 
new demand of the 21st century is the development of digital literacy (Lei, Shen, 
& Johnson, 2013). In the next sections, we highlight technological resources for 
college science education including new forms of assessment that take advantages 
of technology.

 Maximizing Instructional Support Through Technology

 Instructional Practices Promoting Lifelong Learning

Froyd (2008) listed eight promising instructional practices in undergraduate STEM 
education. Based on these, we propose the following four instructional practices 
that may promote students’ lifelong learning skills:

Table 1  The three domains of the 21st century competencies proposed in NRC, (2012)
Domain Clusters of competencies Examples
Cognitive domain  Knowledge, Creativity, Cognitive 

processes and strategies
Critical thinking, information 
literacy, reasoning and argu-
mentation, and innovation

Intrapersonal domain  Intellectual openness, Work ethic 
and conscientiousness, Positive core 
self-evaluation

Flexibility, initiative, appre-
ciation for diversity, and 
metacognition (the ability to 
reflect on one’s own learn-
ing and make adjustments 
accordingly)

Interpersonal domain  Teamwork and collaboration, 
Leadership

Communication, collabora-
tion, responsibility, and con-
flict resolution
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1. Designing activities to engage and motivate students in active learning. The 
essence of this practice is to develop strategies to help students take more own-
ership and responsibility of their learning through making the classrooms more 
student-centered environments. These activities range from demonstrating inter-
esting science phenomena, making science content relevant to students’ personal 
lives, extending learning to outside class realms, and linking science to other 
interesting academic disciplines or even entertainment.

2. Using scenario-based content organization. Scenario-based approaches refer to 
the wide range of instructional practices that organize learning materials for a 
longer period of time around one or more scenarios. These practices are often 
labeled as problem-based, project-based, case-based, inquiry-based, or chal-
lenge-based learning.

3. Organizing students in collaborative work. This practice is combined from the 
two separate practices proposed by Froyd (2008), organizing students in small 
groups and organizing students in learning communities. Collaborative work can 
happen in many forms including within a course or across multiple courses, in or 
after class, and through face-to-face or virtual interaction.

4. Conducting research. This practice aims to involve undergraduate students, typi-
cally advanced ones, in science research either in an established lab or under the 
supervision of a faculty member.

These practices are closely related with each other and have overlaps (Fig. 1). For 
instance, scenario-based approaches and collaboration are often considered as im-
portant ingredients in active student learning environments. Nonetheless, active 

Fig. 1  The interrelated instructional practices that promote lifelong learning
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learning can be individual-based and can occur in classes with more traditional 
ways of content organization. Interested readers can fill out the inner overlapping 
areas depicted in Fig. 1.

 Technological Resources

Advanced technologies have made significant impacts on how students learn and 
how teachers teach (Lei et al., 2013; NSF Task Force on CyberLearning, 2008). In 
this section we highlight a few technology resources that can augment the afore-
mentioned instructional practices to prepare college students to be lifelong learners 
in the 21st century.

Personal Response Systems Personal response systems, or clickers, have become a 
popular tool for large lectures in college science classrooms. The use of clickers is 
often accompanied with the instructional practice called Peer Instruction (Crouch 
& Mazur, 2001; Mazur, 1997), a pedagogy developed to engage all students in large 
classrooms in college science courses. Peer Instruction uses conceptually challeng-
ing questions to engage students in scientific reasoning and argumentation. In a 
Peer Instruction session, students are typically presented with a conceptual ques-
tion in multiple-choice format. After they spend a minute or two to think about the 
problem, they use clickers (or other alternatives such as flashcards) to submit their 
individual answers. The instructor then provides corresponding feedback or follow-
up questions based on the distribution of students’ responses. For instance, if a large 
amount of students respond incorrectly, then the instructor can ask the students to 
discuss the problem with their neighbors (especially one with a different answer). 
The students then answer the question again before the instructor finally reveals and 
explains the answer.

Peer Instruction has shown success in improving college students’ conceptual 
learning and problem solving, and retaining students in STEM majors (Kalman, 
Milner-Bolotin, & Antimirova, 2010; Mazur, 2009; Watkins & Mazur, 2013). 
Deslauriers et al. (2011)  described a comparison study in which they measured 
the impact of deliberate practice (Ericsson, Krampe, & Tesch-Römer, 1993) in a 
large-enrollment introductory physics course. In the constructivism-based deliber-
ate practice approach, students solve a series of challenging questions, make and 
test predictions, and critique their own and peers’ arguments during class time that 
require them to practice physicist-like habit of mind and receive frequent feedback 
from peers and the instructor. Clickers were used to aid students’ problem solving 
activities during class. Compared with a traditional lecture session taught by an 
experienced and highly rated instructor, in the 3-h intervention session taught by 
a trained but inexperienced instructor the students exhibited increased attendance, 
higher engagement, and much more conceptual learning.

Despite all the documented success, a major constraint of using clickers is that 
the instructor needs to develop a set of high quality and challenging questions for 
the students, similar to traditional approaches. This may drive students into thinking 
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deeply about the subject matter on the one hand, but may inhibit students from de-
veloping the essential skill of raising critical questions, an inherent trait of a lifelong 
learner, on the other hand.

Computer Visualizations and Simulations Computer visualizations and simulations 
(CVS) including computer-based modeling environments and virtual experiments 
have become popular instructional tools in science education at all levels (NRC, 
2011; Scalise, Timms, Moorjani, Clark, & Holtermann, 2011; Shen, Lei, Chang, 
& Namdar, 2014). One well-known example is the PhET Interactive Simulations 
developed at the University of Colorado, Boulder (http://phet.colorado.edu/). PhET 
simulations include various science (and math) topics covering elementary, sec-
ondary, and university levels. They not only visualize abstract and complex sci-
entific phenomena, but also provide opportunities for students to interact with the 
simulations and therefore, practice inquiry learning (e.g., Lancaster, Moore, Parson, 
& Perkins, 2013; Wieman, Adams, & Perkins, 2008). For example, Podolefsky, 
Perkins, and Adams (2010) examined how college students interacted with PhET 
simulations with minimal explicit guidance. They documented two cases on how 
students worked with a particular simulation – Wave Interference. Using this simu-
lation, students may choose different objects to show, different measurement tools 
to use, and different variables to manipulate to make progress towards developing a 
scientific model of wave interference. Given the flexibility of the PhET simulation, 
the students followed different exploration paths, similar to how scientists inves-
tigate natural phenomena. Another good example is the ChemCollective (www.
chemcollective.org) developed at Carnegie Mellon University. It is a collection 
of online activities including virtual labs, tutorials, and tests for general chemistry 
instruction. These virtual labs are designed to engage students in authentic chemis-
try problem-solving and complement algebraic computations for better conceptual 
understanding. Students’ engagement in ChemCollective has been shown to help 
identify misconceptions, facilitate deeper conceptual understanding, and predict 
posttest performance (Yaron, Karabinos, Lange, Greeno, & Leinhardt, 2010). Tak-
ing a community approach, ChemCollective allows instructors from other institu-
tions to contribute to the development of instructional materials.

With a workforce orientation, Stephens and Richey (2013) cautioned us that 
it is unlikely that computers and simulations will fully substitute for real world 
experiences. They observed that the new employees recently hired by the Boeing 
Company were generally good at using digital tools. However, many of them had 
rarely been put in situations where they had to create a product of value, and after 
training, were still weak in skills needed to manipulate materials effectively. Finkel-
stein et al. (2005) showed that well-designed computer simulations could be used 
productively in lieu of real laboratory equipment when they were used in proper 
contexts. The key factor that led to the success of their project was that the circuit 
simulation they used provided a variety of visual representations to make invisible 
physics concepts visible to students. de Jong, Linn, and Zacharia, (2013) reviewed 
the affordances and constraints of physical and virtual laboratories in science and 
engineering education, and recommended that:
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…Combinations of virtual and physical laboratories offer advantages that neither one can 
fully achieve by itself…. Research on virtual and physical laboratories calls for nuanced 
decision-making…. Designers of instruction can improve outcomes by taking advantage 
of the affordances of each type of laboratory…. To design laboratories that take advantage 
of powerful guidance requires interdisciplinary teams involving domain experts, technolo-
gists, and learning scientists. (p. 308)

Computer-Supported Collaborative Learning The works on computer-supported 
collaborative learning (CSCL) rise with information, network, and Web technol-
ogies (for a conceptual review, see Goodyear, Jones, & Thompson, 2014; Stahl, 
Koschmann, & Suthers, 2006). This instructional approach focuses on developing 
computer-based learning environments that are built on a deep understanding of 
social structure, interaction, and dynamics with a relatively broader learning out-
come in mind. Frisch, Jackson, and Murray (2013) described the WIKIed Biology 
course in which they infused Web 2.0 tools (del.i.cious, CiteULike, and Google 
docs and sites) to help college students collaborate with each other and learn biol-
ogy knowledge. Using these tools, students worked together to find, create, and dis-
seminate information and knowledge related to the course topics. Results showed 
that the students increased their understanding of certain biology topics as well as 
critical thinking skills. In order to understand how students collectively organize 
information in multiple modes and argue about social scientific issues accordingly, 
Namdar and Shen (2014)  documented a study where they developed a science 
learning unit on nuclear energy for preservice science teachers. The learning unit 
incorporated a newly developed knowledge building and sharing platform (ikos.
miami.edu) that offers three distinctive types of representational modes: pictorial, 
textual, and concept maps. The study indicated that the group of learners were able 
to generate a relatively dense knowledge network. Moreover, concept maps and 
wiki entries were more connected than the pictorial mode. The findings also sug-
gested that students’ knowledge organization and their argumentation practices 
informed each other in a complex way.

One challenge to incorporate CSCL in college settings is the grading part since 
in most college classes students are graded individually. How to balance individual 
accountability and productive collaboration in CSCL still needs more empirical re-
search.

Educational Video and Computer Games Video and computer games have become 
a popular entertainment means for people of all ages. Gee (2007) asserted that in 
game playing, players are learning actively and critically to experience the world 
in a new way and developing resources for future learning. However, evidence for 
effectiveness of games for science learning is still contested and science learning 
with games rarely occurs in college settings (NRC, 2011). One major challenge 
to adopt gaming in college science education is to make game playing really edu-
cative and meaningful. A well-known example is Foldit (https://fold.it/portal), an 
online puzzle video game about protein folding. It takes a citizen science approach 
that allows users to contribute to actual scientific research related to protein struc-
ture and unfolding, which is critical in bioinformatics, molecular biology, and 
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 medicine research. The highest scored solutions submitted by players are analyzed 
by researchers to evaluate their scientific values in solving real world problems. 
Notable accomplishments through FoldIt playing include deciphering the crystal 
structure of the Mason-Pfizer monkey virus retroviral protease (Khatib et al., 2011), 
and achieving the first crowd-sourced redesign of a protein (Eiben et al., 2012). A 
similar game is EteRNA (http://eterna.cmu.edu/web/) that enables players to solve 
puzzles related to the folding of RNA molecules. However, it is still an open ques-
tion that how these games can be embedded in formal curricula.

OpenCourseWare With the goal of enhancing human learning worldwide through 
the Internet, OpenCourseWare (OCW) became a popular source for knowledge dis-
semination for many world’s top universities during the first decade of the 21st cen-
tury. For instance, a well-known physics series is offered by MIT professor Walter 
Lewin, including Newtonian Mechanics, Electricity & Magnetism, and Vibration 
and Waves (http://ocw.mit.edu/courses/). Recently, OCW has evolved into Massive 
Open Online Courses (MOOCs), web-based and large-scale free courses that have 
no restrictions on enrollment (Adamopoulos, 2013; Balfour, 2013). Overcoming 
geographic and financial restrictions, a massive number of learners can pursue their 
individual learning in MOOCs. Popular MOOCs platforms include edX, Coursera, 
and Udacity.

Hollands and Tirthali (2014) interviewed 83 individuals who were knowledge-
able about MOOCs, including administrators, faculty members, researchers and 
other roles. The authors identified six major goals for MOOCs: (1) extending reach 
and access (the most stated goal), (2) building and maintaining brand, (3) improving 
economics, (4) improving educational outcomes, (5) innovation, and (6) research 
on teaching and learning. The authors suggested that institutions have achieved suc-
cess to a certain degree regarding these goals except improving economics. Many 
interviewees agreed that MOOCs can improve educational outcomes. For instance, 
integrating MOOCs with on-campus courses has shown some signs of success – in 
this approach students can spent more class time in problem-solving instead of lis-
tening to lectures.

A major criticism of MOOCs is that the retention rate is quite low. Only 50–60 % 
of the students enrolled in an MOOC return after the first course and only about 
5 % earned a credential after completing a course (Koller, Ng, Do, & Chen, 2013). 
Recent studies have explored students’ engagement patterns and associated causes. 
Since videos are a central element in all MOOCs, Guo, Kim, and Rubin (2009) 
examined student engagement with videos. They obtained data from 6.9 million 
video watching sessions from four edX courses: Intro to CS and Programming 
(MIT, n = 59,126), Statistics for Public Health (Harvard, n = 30,742), Artificial In-
telligence (Berkeley, n = 22,690), and Solid State Chemistry (MIT, n = 15,281). Stu-
dents’ engagement was assessed in terms of how long they watched the video and 
whether they attempted to answer post-video assessment problems. Video property 
was measured by the length, type, presentation style, quality, and speaking rate of 
instructors. The results showed that shorter videos, videos that combine instructors’ 
“talking head” with slides, videos where instructors show their personal feeling, 
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and videos with Khan-style drawing (see https://www.khanacademy.org/) are more 
engaging than longer videos, videos only with slides, videos with high-fidelity stu-
dio recordings, and videos with still screencasts. Using the same courses, Kim et al. 
(2014)  investigated within-video engagement behaviors. In order to understand the 
causes that lead to video interaction peaks that indicate points of interest or confu-
sion within the video, the study combined peak profile analysis (log) with visual 
content analysis (image similarity metric). The results showed that the interaction 
peaks can be explained by five student activity patterns: starting from the beginning 
of a new material, returning to missed content, following a tutorial step, replaying a 
brief segment, and repeating a non-visual explanation.

Connection to Arts Efforts have been made to connect science education with art 
education because arts practices can promote inspiration and interests. Here we 
highlight a few examples that take advantage of technologies. A common approach 
is to develop a course or program that integrates arts and sciences. Jennifer Burg at 
Wake Forest University initiated a project that aimed to develop curricular materials 
that integrate mathematics, science, computer science, and digital sound production 
(http://csweb.cs.wfu.edu/~burg/CCLI/Templates/ home.php). The project brought 
college-level teachers and students from science and art disciplines to carry out, 
refine, and disseminate the curricular materials. Sciences and arts can support each 
other for students to learn science concepts. For example, Bopegedera (2005) con-
ducted a light-related program in which students participated in both art workshops 
and science labs in order to help students to use scientific understanding of light to 
create artistic products. In the art workshops students could draw and paint products 
by hand or using graphing software (e.g., constructing light waves with yarn), while 
in the science labs students could learn concepts related to light (e.g., the relation-
ships among frequency, wavelength, and the speed of light). Another approach to 
think about linking arts and sciences is to exploit the power of visualization. A 
good piece of software that can help practicing scientists to create and animate 3-D 
molecules is Molecular Flipbook (http://molecularflipbook.org). With the powerful 
visual aid of molecular graphs, scientists can communicate their findings to others 
aesthetically and informatively (Atwood & Barbour, 2003). Other creative ways 
to visualize and disseminate science ideas to the public have also been promoted. 
For example, Science Magazine hosted a competition named “Dance Your PhD” 
to encourage college students’ using art to communicate scientific ideas and fuel 
creative thinking. The 2014 Dance Your PhD was awarded to a UGA plant biology 
student who danced out how forests regenerate after tornado (UGA Today, 2014). 
Despite these innovative approaches, however, research on connecting arts and sci-
ence at the college level still needs much empirical work.

Summary In this section, we described a few notable examples of technologies 
that can be used to promote college students’ lifelong learning competencies. We 
note that a number of important technologies have been left out in this review 
due to space limit. These may include physical sensors (e.g., Milner-Bolotin & 
Moll, 2008), virtual or mixed realities (e.g., Cheng & Tsai, 2013), mobile devices 



70 J. Shen et al.

(e.g., Hwang, Yang, Tsai, & Yang, 2009), and artificial intelligence (e.g., Koedinger 
& Corbett, 2006), to name a few. We want to echo the position that it is not just 
the technology but how the technology is being used that matters (Mazur, 2009; 
Mishra & Koehler, 2006). Each individual instructor needs to consider the available 
resources and student needs to incorporate these technological resources. Table 2 
summarizes the relevant features of these technological resources with respect to 
the instructional practices that promote life long learning.

Table 2  Technological resources that can be used to facilitate promising college science education 
instructional practices

Designing activi-
ties to engage 
students in active 
learning

Using scenario-
based content 
organization for 
complex problem 
solving and inte-
grated learning

Organizing stu-
dents in collab-
orative learning

Involve students 
in conduct-
ing scientific 
research for 
independent and 
critical thinking

Personal 
response system 
(i.e., Clickers)

Clicker questions 
engage students 
in critical think-
ing, reflection, 
and argumenta-
tion with peers

N/A Students discuss 
and argue with 
their neighbors 
about their 
responses to 
clicker questions

N/A

Computer 
visualizations 
and simulations 
(CVS), including 
virtual labs

CVS can draw 
students’ atten-
tion and increase 
students’ active 
interaction

CVS can provide 
vivid depiction of 
specific scenarios

CVS renders col-
lective artifacts 
for collaborative 
learning

CVS may be 
involved in 
research

Computer-
supported 
collaborative 
learning (CSCL), 
including online 
discussion and 
social networks

CSCL may 
facilitate the 
development of a 
learning commu-
nity and promote 
students’ active 
learning

CSCL can 
be used in a 
scenario-based 
approach

CSCL by defini-
tion incorporates 
features to facili-
tate students’ 
collaborative 
learning

CSCL can facili-
tate collaborative 
research

Educational 
video & com-
puter games 
(VCG)

VCG requires 
users’ active 
participation and 
learning

VCG is typically 
built on well 
designed sto-
rylines and 
scenarios

Multiplayer 
VCG including 
MUVE involves 
collaboration 
among players; 
game playing 
involves game-
based learning 
community

Games can be 
developed to 
facilitate scien-
tific research

OpenCourse-
Ware (OCW) & 
MOOCs

OCW can engage 
motivated 
students, but still 
need improve-
ment to engage 
all students

Exemplar 
scenario-based 
OCW is yet to be 
developed

OCW provides 
students with 
online collabora-
tion opportunities

N/A
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Technology-Enriched Assessment for Learning

Without appropriate assessments, a pedagogical innovation will be incomplete (Pel-
legrino, 2013). Technological advancements have great potential to expand how 
science assessment can be designed and utilized. In this section, we describe a few 
assessment approaches that draw heavily on technology to nurture students’ lifelong 
learning capacity.

 Embedded Formative Assessment

Formative assessment has been increasingly used in science instruction. Black and 
Wiliam’s seminal paper (1998) emphasized on the various ways that formative as-
sessment can be practiced in classrooms and the ways evidence can be gathered to 
evaluate the effectiveness of the practices. A characteristic that distinguishes for-
mative assessment from summative assessment is that formative assessment is for 
learning, not of learning (Black, 1993). Driven by this distinction, formative as-
sessment offers opportunities for students to understand their misconceptions and 
improve understanding based on timely feedback.

Although formative assessment has great potential to complement instruction 
and enhance learning, a few prerequisites need to be satisfied for it to benefit stu-
dents. First, sufficient professional development needs to be provided to teachers 
for them to fully understand formative assessment strategies and know when and 
under what circumstances each strategy should be practiced (Furtak et al., 2008). 
Second, formative assessment needs to meet quality standards for the assessment 
to elicit valid information from students. Last, mechanisms need to be developed 
for teachers to make use of the results from formative assessment. It is not uncom-
mon that assessment results are left sitting on the shelf after a substantial amount of 
effort has been spent on collecting the results (Ruiz-Primo & Furtak, 2007). After 
a decade of research on formative assessment, Bennett (2011) provided a compre-
hensive review of formative assessment, and called for a more critical view of how 
formative assessment should be implemented and how its effectiveness should be 
assessed.

Formative assessment can take a variety of forms. For instance, in a college-
level medical science course, Riffat, Quadri, Waseem, Mahmud, and Iqbal (2010) 
practiced a variety of learning and formative assessment tools such as small group 
discussion, self-direct learning and quizzes. The authors reported improved critical 
thinking skills and course understanding through the integrated learning and assess-
ment methods. Lancor (2013) described an approach that used student-generated 
analogies as a formative assessment tool to elicit students’ ideas about energy in 
biology, chemistry, and physics. Computer technology provides an efficient way to 
embed formative assessment in lesson sequences (Liu, Ryoo, Sato, Svihla, & Linn, 
2013). Kibble (2007) reported a program using online quizzes as formative assess-
ment. The study found that the students who participated in the formative quizzes 
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received higher scores on summative assessments and self-reported that the quizzes 
were useful in providing quality feedback.

A key component of formative assessment is the mechanism of providing infor-
mative feedback for students to improve their learning. For instance, the aforemen-
tioned Peer Instruction method (Mazur, 1997; Crouch & Mazur, 2001)  is a form 
of formative assessment. In this method, students receive instant feedback from the 
automated response distribution of the whole class, from their peers through discus-
sion and argumentation, and from their instructor for clarification and explanation. 
One constraint of this approach is that students have to attend the class, which they 
should, to receive the feedback. In contrast, Doige (2012) described an informal, 
email-based formative assessment program employed to encourage freshmen to 
constantly revisit their first-year general chemistry materials in a low-stake environ-
ment. The students would receive a formative assessment question through email 
twice a week and, if participating in the program, respond to the question through 
email. The instructor then would provide timely and personalized feedback to the 
participating students. The study revealed certain patterns of student participation in 
this voluntary-based program, and showed that students who participated regularly 
in the program were more likely to be successful in the summative assessments. 
One drawback of this approach is that if a large number of students participate in 
such a program, the responses and feedback for individual students would be ex-
tremely time-consuming.

In general, formative assessment should be practiced more frequently in col-
lege science classrooms given its potential to provide helpful feedback and improve 
learning. Formative assessment strategies are particularly needed for large-scale 
courses including MOOCs as they may be able to help increase student engagement 
and retention.

 Automated Scoring

Automated scoring of constructed-response items is one of the most prominent 
technologies developed for assessing students’ deep understanding (Bennett & Se-
brechts, 1996; Dzikovska, Nielsen, & Brew, 2012; Leacock & Chodorow, 2003; 
Mitchell, Russell, Broomhead, & Aldridge, 2002; Nielsen, Ward, & Martin, 2008; 
Sandene, Horkay, Bennett, Braswell, & Oranje, 2005). Science educators call for 
the use of constructed-response items in measuring deep understanding and elicit-
ing reasoning (e.g., Lane, 2004; Shepard, 2000). However, the use of constructed-
response items has been limited due to the cumbersome scoring and long turn-
around time. Automated scoring, if accurate, can shorten the time between test ad-
ministration and score report, reduce the number of human raters, and avoid bias 
typically introduced by human raters (Burstein, Marcu, & Knight, 2003; Liu, Brew, 
Blackmore, Gerard, Madhok, & Linn, In Press; Williamson, Xi, & Breyer, 2012).

A number of studies have employed automated scoring to score college students’ 
responses to science assessments. Attali, Powers, Freedman, Harrison, and Obetz 
(2008) applied c-rater®, an automated scoring tool developed by the Educational 
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Testing Service for content scoring, to score college-level science items in biol-
ogy and psychology. The responses to the items were typically 1–3 sentences long. 
The average kappa indicating the agreement between automated and human scores 
was.62 for biology and.83 for psychology items. Dzikovska et al. (2012)  used the 
content scoring engine BEETTLE II to score college-level physics and the respons-
es were 1–2 sentences long. The kappa value was around.69 for the items tested.

Nehm and colleagues have applied machine-learning techniques to automati-
cally score college students’ written responses related to evolutionary biology 
(Ha, Nehm, Urban-Lurain, & Merrill, 2011; Nehm, Ha, & Mayfield, 2011). Nehm 
et al. (2011) evaluated the scoring performance of the machine-learning software 
Summarization Integrated Development Environment (SIDE; http://www.cs.cmu.
edu/~cprose/SIDE.html) program against that of human experts, using a corpus of 
2,260 student explanations on evolutionary change written by 565 college students. 
The study found that overall the SIDE software performed very well (i.e., kappa 
> 0.80) and excellent for the natural selection understanding in terms of Key Con-
cept Diversity. Similarly, Ha et al. (2011) applied SIDE to score biology major 
and nonmajor students’ written responses (number of responses > 1000) related to 
evolutionary change in introductory biology courses from two institutions. The re-
sults indicated that the automated scoring software did perform well in most cases, 
accurately evaluating students’ understanding of evolutionary change. The authors 
also identified several common types of students’ responses that led to poor per-
formance of computer scoring. These include responses using many key terms but 
missing important aspects, responses using key terms that are scattered throughout a 
response, responses using uncommonly used or complex expression, and responses 
containing spelling and spacing errors.

Going forward, automated scoring has great potential to facilitate immediate 
feedback to students’ written responses to open ended items. In a formative assess-
ment setting, if students can receive instant feedback on their answers to a ques-
tion and be pointed to relevant instructional steps, learning can be facilitated in a 
much direct and engaging way. Linn et al. (2014) provided empirical evidence that 
machine-generated automated feedback is as effective as the feedback provided by 
an expert teacher in terms of prompting students to revisit instruction and revise 
answer.

Automated scoring and feedback can be particular helpful for large classrooms 
including MOOCs in which students are unlikely to receive adequate feedback from 
the instructor given the mass number of students enrolled in these classes. Automat-
ed scoring and feedback offer the possibility for these students to receive meaning-
ful and timely feedback, therefore, increasing their engagement and performance.

 Learning Analytics

Since science learning involves complex processes such as inquiry, modeling, ar-
gumentation, and collaboration, new forms of assessments need to address the dy-
namic nature of these processes in order to better capture and facilitate student 

http://www.cs.cmu.edu/~cprose/SIDE.html
http://www.cs.cmu.edu/~cprose/SIDE.html
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learning (Gobert, Sao Pedro, Raziuddin, & Baker, 2013). Learning analytics is an 
emerging method in educational application that focuses on “developing tools and 
techniques for capturing, storing, and finding patterns in large amounts of electronic 
data; representing them in generative and useful ways; and integrating them into 
intelligent tools that personalize and optimize learning environments” (Martin & 
Sherin, 2013, p. 12).

There has not been much work conducted in applying learning analytics in col-
lege science education. Baker, Hershkovitz, Rossi, Goldstein, and Gowda (2013)  
presented a supervised method for analyzing student’s moment-by-moment learn-
ing over time. In the study, participating students used an intelligent tutoring system 
for college level genetics called Genetics Cognitive Tutor. The researchers then ap-
plied a program to create graphs of student moment-by-moment learning. The graph 
is based on the probability a student knows a concept or skill at a particular time 
point (the BKT model, Corbett & Anderson, 1995) and learned the concept or skill 
at a particular step (e.g, a specific step during a problem-solving process; Baker, 
Goldstein, and Heffernan 2011). The study found that these graphs are correlated 
with different learning outcomes.

Learning analytics has also been applied in understanding students’ engagement 
patterns in MOOCs. For instance, Kizilcec, Piech and Schneide (2013) proposed a 
mechanism to identify students’ engagement trajectories in MOOCs based on pat-
terns of learners’ interaction with video lectures and assessments. Using k-means 
clustering analysis, they classified learners in three computer science MOOCs into 
four major patterns: auditing, completing, disengaging, and sampling. Based on 
learners’ self-report, “completing” learners had a significantly better learning ex-
perience than the other three groups. They also compared clusters based on learner 
characteristics and behaviors. They found out two major factors motivated a learn-
er’s enrollment: (a) the course is challenging and (b) the learner is interested in the 
content of the course.

Apparently, more empirical studies need to be conducted in extracting informa-
tion from learning analytics to facilitate college students’ science learning. One pos-
sible direction is to utilize these fine-grained data to build more informative digital 
profiles of learners. In this way, students as well as instructors can better reflect on 
their learning experience and therefore, take appropriate actions to improve learn-
ing as needed.

 Conclusion

In this chapter we propose that college science education needs to prioritize the goal 
of developing students’ lifelong learning skills. We reviewed a set of promising peda-
gogies and new forms of assessments that exploit innovative technologies in college 
science instruction that can facilitate this goal. We applaud that some of the technol-
ogy-infused approaches, rare in their kinds, make connections between science and 
arts instruction at the college level. We stress that it is not about technology per se, 
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but how it is integrated in instruction in different contexts that matters. To make this 
happen, we need to engineer creative ways to support faculty in using these innova-
tive methods and technologies. A good example of a University-level imitative is the 
Science Teaching and Learning Fellows through the Carl Wieman Science Education 
Initiative at University of British Columbia (http://www.cwsei.ubc.ca). We believe 
that a large-scale implementation of these new forms of technologies, either through 
a bottom-up or top-down approach, has potential to bring about transformative 
changes to reach the goal of college science education in the 21st century.
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Abstract For the last decade, there has been a push to integrate science, technol-
ogy, engineering and math (STEM) in education. Recently, the inclusion of the 
arts into STEM has made a push for STEAM in the classroom. This integration of 
these subjects does not mean offering the individual classes at school, but rather 
blending all five subjects together for a topic of study. The importance of STEAM 
integration is having an impact on the workforce which is looking for graduates 
that are prepared by knowing how to collaborate, communicate, create and problem 
solve. These “21st century skills” are not something that can be taught overnight; 
instead, and they must be developed throughout a student’s schooling. Because of 
the natural integration of the STEAM subjects and 21st century skills, they often 
go hand-in-hand when discussing best practices for teaching science. This chapter 
examines the history behind teaching science, such as its impact on the workforce 
today, the inclusion of STEAM and 21st century skills, and its influence on teaching 
and learning in the middle school classrooms.

Keywords STEM · 21st century skills · PBL · Creativity · Collaboration

 Introduction

Murray Gell-Mann, Nobel laureate in physics and avowed multidisciplinarian, made an 
intriguing claim about our time: In the 21st century, the most valued mind will be the syn-
thesizing mind—the mind that can survey a wide range of sources, decide what is important 
and worth paying attention to, and then put this information together in ways that make 
sense to oneself and ultimately, to other persons as well. (Gardner, 2006)

We no longer live in a world where memorizing facts is the key to a career path. 
The ability to process information, determine what is valuable, and then use that 
valuable information accordingly will be what sets each person apart from another. 
The synthesizing minds will be the ones that continue to advance our knowledge 
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base and technology growth. But how do we teach young students to effectively 
synthesize information? This chapter will examine the history behind teaching sci-
ence, why it has an impact on the workforce today, the inclusion of STEAM and 
21st century skills, and the role middle school plays in all of this.

 Science Education

Science and art, theory and practice are often taught in isolated instances. Schools 
focus on each subject independently, each teacher with their expert knowledge in 
a particular area. Ultimately, this is not how the real world works. Jobs today are 
no longer routine factory jobs, and they encompass a wide range of skills. New 
employees are expected to enter the workforce knowing how to communicate, col-
laborate and generate creative ideas. This is a far cry from the factual knowledge-
based curriculum that once proliferated the curriculum in the United States. Not 
only are educators responsible for the factual knowledge of all subject areas, but 
now they must also attempt to integrate subject areas, such as math and science, in a 
meaningful, applicable way, while encouraging collaborative skills among students.

 Learning- A Timeline of Events

How people learn has been a topic of interest dating back to ancient Greek phi-
losophers such as Socrates (470-399BC), Plato (427-347BC) and Aristotle (384-
322BC). Philosophers and educators continued to study the topic of learning every 
century thereafter. Nonetheless, this section will start with a newly formed nation, 
just after the American Revolution. Thomas Jefferson (1743–1826), proposed a 
radical idea that children should have the right to at least 3 years of a public school 
education (Mondale, 2001). Although Jefferson did not get very far in his quest for 
improving education during his time in office, it did allow for others such as Horace 
Mann (1796–1859), to begin leading a reform in education. Mann’s focus was on 
the physical conditions of the school buildings, citing things such as light, heat, 
and ventilation (Mondale, 2001), but he also noticed the lack of standardized text-
books. He encouraged a new system of “common schools” where children would 
receive an “equal chance in life” (Mondale, 2001). Public education continued to 
become more systemic and regulated as the years went by, and around the turn 
of the 20th century, learning theories became part of educational pedagogy. John 
Dewey (1859–1952) constructed a philosophy of education that compared to that of 
Plato’s ideas (Cahn, 1997). Dewey believed that the scientific method was the basis 
of how all education should be taught.

Following WWII, the United States became a leader in industry and technology. 
Veterans were attending college on the G.I. Bill and the interest in science and math 
careers increased. Russia launched Sputnik and the US responded by putting a man 
on the moon. The 1960’s saw another turning point in education, as many of the 
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nation’s youths were disenchanted with the Vietnam War, leading to high social tur-
moil and a move away from established educational importance (Lederman, 2008). 
The value of education steadily declined until the early 1980’s when “A Nation at 
Risk” was published. The message was harsh, citing declining SAT scores and in-
dicating that schools were doing a poor job of preparing students for the workforce. 
This prompted supporters (and non-supporters) of the report to recognize that major 
changes to the education system were desperately needed. New reform efforts were 
launched, such as No Child Left Behind and Race to the Top, in an attempt to im-
prove the quality of education. The beginning of the 21st century saw rapid changes 
and advancements in technology, bringing about new ideas for learning theories.

These new reform efforts needed to be analysed to ensure that the quality of 
education in America was actually improving from these educational changes. 
Thus, standard curriculum and standardized tests were implemented in every public 
school classroom. These standardized tests were criticized for narrowing the cur-
riculum to a very specific knowledge set (Silva, 2009). If it could not be answered 
with a multiple-choice test, then it would not be asked—this was an idea that of-
ten eliminated higher-level thinking and creative thought. With the emphasis on 
standardized tests today, teachers need to find a way to teach the necessary subject 
content while infusing skills that will be needed for the future workforce.

Educational reform is a very slow process. To some, this may be a good thing 
as it allows educators to rely on tried-and-true methods and discourages the lat-
est fads (Gardner, 2006). Others might enjoy the challenges that come with trying 
something new. Either way, we are doing our children a disservice by not mov-
ing quickly to facilitate acquisition of the skills they need to enter the workforce. 
Restructuring schools takes time and experimentation, allowing the culture of the 
schools to evolve and adapt, but it must be at a rate comparable to that of our society 
(Bassett, 2005). It is imperative that teachers design a curriculum that reinforces 
basic knowledge, while developing skills that encourages critical thinking among 
students (Bassett, 2005).

 A STEM/STEAM Push

Concerns over declining STEM fields (science, technology, engineering, and math) 
launched the creation of the Perkins Career and Technical Act of Education in 2006. 
The Perkins Act provided funding for schools to improve STEM classes. In 2008, 
there was a big push to include the arts into the STEM fields, moving the term to 
STEAM. The integration of STEAM into education attempted to “balance techni-
cal expertise with artistic vision” (Peppler, 2013). STEAM integration is important 
because it provides students with real-life challenges rather than learning each part 
separately and having to put them together at the end (Wang & Moore, 2011). For 
the purpose of this writing, the term STEAM will be used with the understanding 
that the creative aspects of art integration are just as important as science, technol-
ogy, engineering, and math.



84 O. Smith

Science and math are core subject areas that have customarily been taught in 
isolation since the early 1900’s. The typical elementary class has one teacher that 
teaches all of the subjects to the students throughout the day. Larger elementary 
schools, with multiple sections per grade level, will often divide the courses based 
on teacher ability and comfort level. In one grade there might be a math, science, 
social studies teacher, and then the students will switch classes and have a different 
reading, language, writing teacher. This design allows for better integration among 
subject areas, but it does not always happen.

As students get older and move on to the secondary level, the subject area di-
vision becomes more defined. The structure of the secondary (middle and high 
school) education system puts students in a specific class, at a specific time during 
the day. It is a common practice in the US to hire teachers based on their expertise 
in a particular subject area. The push for STEAM integration becomes more com-
plicated as teachers are used to being silos, teaching their content in their classroom, 
and now they are being asked to integrate multiple subjects including art.

Although content standards are set forth on the national or state level, educa-
tors continue to struggle with how to teach those standards (Bassett, 2005). This is 
one of the biggest challenges for STEAM, because there is no prescribed way of 
integrating STEAM subjects in the classroom (Wang & Moore, 2011). Currently, 
the STEAM subjects are taught independently, making curriculum integration chal-
lenging. It is not easy to integrate different subject areas together into one, espe-
cially at the secondary level.

When STEAM integration does happen, there is usually a primary subject area, 
and small tasks involving other subject areas are added to the activity. An example 
of this can be found in science, where students discuss simple machines, force, and 
motion using mousetrap cars. The primary subject is science, but students could 
easily design and engineer their own car. Alternatively, there might be a focus on 
two subjects, such as math and science, and the subject areas of engineering and 
technology can be added as the teacher finds appropriate (Roehrig, Moore, Wang 
& Park, 2012). In order to have the greatest impact with STEAM integration, major 
changes to the current curriculum need to be implemented. The Next Generation 
Science Standards (NGSS) is an attempt to address this issue by incorporating the 
engineering and cross-cutting concepts into the standards.

Teachers and Implementation

The educators in the classroom are the ones that are ultimately responsible for 
blending science, technology, engineering, art and mathematics to create a seam-
lessly integrated STEAM curriculum. With the engineering aspect built into the 
NGSS and technology being a part of our everyday lives, it would seem that inte-
gration should come easily in the classroom; but surprisingly that is not the case. 
Contributing factors to the lack of STEAM integration includes lack of training for 
teachers, little time to collaborate with other teachers, teachers sometimes having 
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a difficult time grasping processes in their own field of study, and difficult to make 
connections among core disciplines in general (Lederman, 2008).

Pre-service teachers spend a large amount of time learning the best practices for 
teaching students and the content knowledge comes second to this. During teacher 
education training, usually in college or an alternative teacher certification pro-
gram, teachers focus on lesson planning, classroom management, and professional 
development. The best practices are broad and the intention is that teachers will 
be trained on specific aspects once they are on the job. However, with standard-
ized testing, data analysis, and general campus procedure information, things like 
good pedagogy and STEAM integration get pushed to the side when it comes to in-
service teacher training. It takes a dedicated teacher to seek out the training needed 
to learn what it takes to master STEAM integration.

STEAM integration relies heavily on teacher collaboration. Teachers must work 
together to come up with sound activities that stretch across the subject areas. Lack 
of time is a major reason why teacher collaboration is not very common (Gorder, 
2008; Wang & Moore, 2011). Unless an administrator makes time for teachers to 
meet and plan together as a group, the collaboration does not happen as often as it 
should.

All educators have specific content in their area that they prefer to teach. It is a 
passion or love that extends outside of the classroom, making it easy to teach to the 
students. Content outside of a teacher’s preferred subject area becomes more of a 
challenge and the students may not receive information at the depth necessary to 
fully grasp the concept.

Authentically assessing STEAM integration is a difficult task. It requires teach-
ers to be more subjective, which is difficult since grades are typically derived ob-
jectively from worksheets and tests. Once again, teachers need time to collaborate 
and make tests that will accurately reflect STEAM integration and higher order 
thinking skills.

One thing to note is the theme that runs through this section. There is discus-
sion about communication, collaboration, creation of materials and problem solv-
ing among teachers. Teachers no longer open up a textbook, have the students take 
notes, do the section questions at the end, and then give the pre-made test. While 
there may be books available to help with STEAM subjects, there is not a set of 
resources that give prescribed instructions on STEAM integration. These are skills 
that are not taught on the job, but expected. This begs the question, how are these 
skills learned?

 21st Century Skills

Each part of STEAM is critical for the success of the other parts, as the subjects are 
intertwined. An emphasis should be placed on creativity, critical thinking, problem 
solving, communication and collaboration. These skills are important for students 
as they leave school and enter their careers. A growing trend of holding multiple 
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careers has emerged since the late twentieth century, and early twenty-first century. 
Considering the current trends in workforce training which indicates that people 
no longer hold life-long careers, but instead will change positions every 3–5 years, 
these career-readiness skills take on even more importance in preparing our youth 
for careers. “People can expect to have many jobs in multiple fields during their 
careers. Learning critical thinking leads students to develop other skills, such as 
higher level of concentration, deeper analytical abilities, and improved thought pro-
cessing” (National Education Association, 2010).

The Workforce Then and Now

In 1940, most jobs were blue-collar jobs and the skills needed were learned at the 
job site. Three-fourths of all workers had never finished high school (Potter, 2002). 
In contrast, jobs today require a range of skills, such as organization and interper-
sonal skills that were not as essential several decades ago.

Workforce skills and demands have changed dramatically in the last 20 years. The rapid 
decline in ‘routine’ work has been well documented by many researchers and organizations. 
There has been a rapid increase in jobs involving non-routine, analytic and interactive com-
munication skills. (National Education Association, 2010)

All workers today need to be able to analyze information from a variety of sources 
and use the information to make informed decisions and create new ideas (Silva, 
2009). These creative design skills are the most valuable within the job market to-
day. Let’s use a teacher’s job for example. Educators are given numerous resources 
to use in the classroom, but it is up to the teacher to pull these resources together 
to best fit the needs of the students. This idea of pulling of resources and creating 
something new is becoming more prevalent; there is even a website called Teacher-
PayTeachers.com where teachers can buy other teachers’ materials.

Critics argue that teaching 21st century skills is meaningless and that educators 
should focus on core content knowledge rather than watering down the curriculum 
(Kereluik, Fahnoe, & Karr, 2013; Silva, 2009). What these critics fail to recognize is 
that without encouraging students to develop the 21st century skills at an earlier age, 
they would not be well prepared as they enter the workforce with communication and 
creative skills. It is hard to find a job that does not expect the employee to have com-
munication and creative skills when they enter the job. Common interview questions 
are, “What project have you created from scratch and seen through to the finish? 
Who helped you with this project? How did you delegate the tasks for the project?” 
These skills can and should be taught in school so that the students are well prepared.

“In today’s world of global competition and task automation, innovative capac-
ity and creative spirit are fast becoming requirements for personal and professional 
success” (National Education Association, 2010). This creative spirit is embedded 
in the open-source community. Open-source is the availability of a programs code 
to be freely used, changed and/or shared. Small groups of programmers have devel-
oped a wide range of software that falls under the open-source category. Linux is 
an operating system that is open-source and free. If Microsoft Office is out of your 
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price range, LibreOffice is a production suit that includes a word processor, spread-
sheet application, presentation program and more.

Similar to open-source code, the creative commons licenses allow for sharing 
of other types of content. Wikipedia is an example of content that carries a creative 
commons license. Several collaborators work together to put out the most up-to-
date free encyclopedia out there. This all takes communication, collaboration and a 
creative spirit to develop these ideas.

 Outlining 21st Century Skills

In 2002, the NEA partnered with the Partnership for 21st Century Skills and created 
what has become known as the “Framework for 21st Century Learning” (National 
Education Association, 2010). The learning and innovation skills of the P21 Frame-
work focus on creativity, critical thinking, communication and collaboration, all of 
which are essential for preparing students for the future. People today live in a tech-
nology rich world and have access to an abundance of information, rapid changes 
in technology tools, and the ability to collaborate and make personal contributions 
on a global scale. Students will need to be able to navigate an increasingly complex 
life and work experience in this globally competitive information age. In order to 
better prepare students for these life experiences, schools need to examine how they 
structure learning environments.

The typical elementary classroom today is set up in groups. Students work to-
gether and play together, especially in the lower grades. Enter a secondary class-
room and you will see desks in rows. Students work quietly and individually. Gen-
erally speaking, this kind of structure with desks in a row and students working 
individually is typically not something done in the current workforce. Once stu-
dents leave school, they will once again be working in groups to come up with cre-
ative new ideas. As schools reform to meet the 21st century skills, middle and high 
schools will look more like thematic based elementary schools, posing real-world 
challenges to students (Bassett, 2005).

 Middle School is the Right Time

The objective of a middle school education should be focused on teaching students 
21st century skills as well as gaining deep content knowledge (Kay, 2009). Middle 
school aged children (between 11–14 years old) are in a unique position. It is a 
time during those years that students become engaged and motivated to achieve in 
school (Kay, 2009). However, it is also during these years that students can begin to 
fall academically behind and no longer feel like achievement is possible, becoming 
unmotivated and disinterested in school. It becomes imperative that the teachers 
recognize the students that might end up in this situation, and work with them to 
provide a successful academic path.
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One way to keep students interested and motivated in school is to find activities 
that engage them. There is a trend right now to incorporate a “genius hour” or “20 % 
time” where students are given the freedom to work on a project/problem that they 
come up with. Depending on the parameters the teacher sets, students are free to 
choose anything they are interested in. Projects can range from designing a new 
type of foosball table to investigating the best types of grass for producing biofuel. 
If the teacher is cognizant of these “passion projects,” they have the potential to suc-
cessfully model what STEAM integration is about. Take the example of a foosball 
table mentioned above, the student must design (art, technology and engineering) 
and build (science, math and engineering) the game table.

Middle school is a time when students need to begin taking responsibility for their 
own learning. Middle school students should be ready for deeper inquiry, abstract 
thinking and exploration of the world around them. They have the foundational knowl-
edge of learning, are enthusiastic, energetic and love working in groups (Kay, 2009). 
“As a result of students working collaboratively, the group can generate more knowl-
edge, making collaboration a key ingredient to student success in today’s global so-
ciety” (National Education Association, 2010). The social and academic connections 
that students experience make middle school an ideal time for STEAM integration.

 The Science Classroom Today

Science is the first part of STEAM, so let’s spend some time examining middle 
school science. There is an art to teaching science in today’s classroom. Story telling 
is an integral part of processing science, being able to tell who did what, why and 
how we know (Lederman, 2008). Education is no longer a sit-and-get environment 
as it was 50 years ago. The now, learner-focused classroom encourages students to 
problem solve and research through practical, real world applications. Challenges 
such as eCybermission, Siemens- We Can Change the World and Toshiba’s- Ex-
ploraVision invite students to pose solutions to problems their communities face.

In keeping with this shift of pedagogical thinking, science instruction has moved 
from the teacher demonstrating in front of the class, to the students doing the dem-
onstration themselves or in small groups. As part of this process, it is important 
that students understand that failure is part of the learning process, especially when 
learning something new. Focusing on real-world examples of problem solving en-
courages learners to have depth along with breadth. This gives them a genuine un-
derstanding of the problem solving process for similar problems and the skills they 
will need in order to face the career challenges ahead of them.

 Middle School Students are not Experts…Yet

In traditional classrooms, the teacher stands in the front of the room lecturing. Stu-
dents are given problems to complete outside of class for homework and then come 
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back and take tests that correspond to the work they did out of the textbook. If a 
person is only able to hold seven chunks of information at a time in short term 
memory, then the retention of the vast amount of information given during a lecture 
is questionable at best. “Traditional science instruction concentrates on teaching 
factual knowledge, with the implicit assumption that expert-like ways of thinking 
about the subject come along naturally or are already present” (Weiman, 2008).

The following lab scenario is common when thinking about a typical middle 
school science classroom. After the teacher has given lecture notes, a structured lab 
gives students hands-on experience. Students are asked to follow a set of instruc-
tions to complete the lab, and it is expected that the intended outcome of the lab 
would yield the same results for all the students if the lab is completed correctly 
according to the instructions. However, the fact is that science experimenting in 
everyday life is not a list of prescribed instructions, rarely are the students able to 
understand what they are testing. These “cookbook” labs increase student frustra-
tion when the results are not typical.

The more quality time is spent on practicing a skill, the more likely that skill 
will be mastered. This can be done through formal education, apprenticeship or 
self-directed learning. Once that mastery has been achieved, it is important to con-
tinue practicing that skill or it will be lost. Expert scientists have a vast amount of 
tacit knowledge to draw from. Middle school students do not have that vast knowl-
edge…yet. Educators must be aware that while building that knowledge that will be 
stored in long term-memory, “we need to transform how students think so that they 
can understand and use science like scientists do” (Weiman, 2008). Middle school 
students should therefore not be treated like expert scientists.

 Defining the Curriculum

The elementary curriculum is easy; students are learning how to learn. They are 
taught the foundations of reading, math, and writing. The high school curriculum 
is also defined, preparing students for college, digging deep into subject mate-
rial. Middle school has no “galvanizing vision or goal around which to organize 
standards, curriculum, instruction, assessments and learning environments” (Kay, 
2009). To complicate matters, the US education system is decentralized, so each 
state is responsible for the education of its students.

In April 2013, the NGSS was publically released and was developed by the states 
to provide science standards for K-12 that will include core content information, 
science and engineering practices, and crosscutting concept ideas. This is moving 
the curriculum in the direction of STEAM integration. However, since every state 
is responsible for its own standards, some states will choose not to adopt the NGSS. 
That means those states will be responsible for an alternative way to integrate 
STEAM into their educational curriculum.

One way to address STEAM integration and 21st century skills is through prob-
lem-based learning (PBL). Problem-based learning gives students the opportunity to 
work with a real problem and analyze it to come up with a solution for the problem. 
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Teachers are thought of as guides, leading the students down a path for a solution 
to the problem. Students typically work in groups and new knowledge is formed 
through self-directed learning as the problem is solved. Science is a particularly 
easy subject to incorporate PBL lessons since it is naturally conducive to solving 
problems. PBL is grounded in a constructivist philosophy where students learn by 
doing. “Every 21st Century skills implementation requires the development of core 
academic subject knowledge and understanding among all students. Those who can 
think critically and communicate effectively must build on a base of core academic 
knowledge” (“P21 Framework Definitions,” 2009).

Activities that Engage

The most important aspect of engaging students in STEAM integration and 21st 
century skills is creating a learning environment that encourages students to explore 
and take risks. Students must feel comfortable enough in their learning environ-
ments in order to try different approaches to a problem that they previously at-
tempted but failed to solve. Integrating a PBL environment can facilitate this type 
of learning. Although students may not correctly solve the problem on the first try, 
they will be practicing the process of problem solving and using different methods. 
The process is more important than the outcome.

Games From Word with Friends, to Angry Birds, games have become a standard 
app on electronic devices. The easy access to games provides an excellent way to 
incorporate STEAM activities into the class. Minecraft is an excellent free-play 
game that can be used in any subject area. The lego-type blocks in Minecraft can 
be used to create scenes and objects. Students may be asked in a physical science 
class to develop a car that prevents pollution and uses kinetic and potential energy 
in an innovative and efficient way. After using additional resources for research, the 
students, working in groups might come up with a car that uses magnets and wind 
for power. They can build the car in Minecraft while incorporating the concepts they 
have learned in class in order to explain their choice of design of the car. Math skills 
can be used to scale the car to size and an artist can render the final design.

Programming When surveyed, students unfamiliar with programming responded 
that programming was “hard and boring” (Repenning, 2013). By developing an 
avenue for students to be creative and take ownership in computer programming, 
teachers can get students excited about the process of learning programming. Pro-
grams such as Scratch and Alice have been developed to guide students through 
understanding the concepts of coding/programming. Scratch is a game coding pro-
gram that was developed by researchers at MIT Media Lab. Students use a simple 
drag-and-drop interface to organize instruction bubbles that fit together like puzzle 
pieces to create a game. The Scratch website (scratch.mit.edu) has pre-made games 
and games that other users have made, and anyone can use the existing games to 
create new ones with similar coding. Similar to Scratch, Alice is another program 
that allows users to drag instructions to create a 3D animation or game. Whereas 
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upper elementary students easily use Scratch, Alice is a bit more complicated and is 
better suited for middle school students. Once students are comfortable with basic 
programming, they can begin to integrate the subject content into a project. For 
example, students can use Scratch to teach the carbon cycle by developing a drag 
and drop game that completes a “cycle” with the appropriate vocabulary game.

eTextiles A fairly new approach to programming is the avenue of e-textiles or wearable 
computing technology. E-textiles often require the knowledge of programming using 
math and science skills, as well as an artistic mind to create new designs. Users are 
able to design elaborate costumes that have embedded micro-controller boards, such as 
the Lily Pad Arduino (http://lillypadarduino.org), which is sewn into place with special 
conductive thread that connects to mini LED lights. The board is then programmed to 
turn the LED lights on and off, ultimately producing a wearable light show.

 Conclusion

The education system in the United States has gone through many changes since 
its foundation in the 1700’s, but there are still some things that remain the same. 
Commonalities include a board at the front, chairs with backs and standardized 
textbooks. These are just some of the physical things that Horace Mann so desper-
ately wanted for his “common schools.” Yet over the 250 + years, the educational 
pedagogy has changed. The beginnings were rooted in just getting children to learn 
to read. Today we expect children to read, write, solve problems, think creatively, 
communicate effectively, collaborate with one another, and more.

The 21st century is an exciting time to be living and working in! A strong educa-
tional foundation is important for all students to be successful in life. By providing 
students with collaborative experiences in science, technology, engineering, art and 
math, they are better equipped with the skill sets they may need for their future ca-
reers. In-service teachers must have the training and allotted time to effectively inte-
grate STEAM collaborative experiences in their classrooms. Teacher and principal 
preparation programs must actively incorporate this STEAM integration training in 
their curriculum.

The goal of an education is to prepare students to be able to successfully navi-
gate whatever career choice they might make. The workforce today is expecting to 
see employees that have excellent skills in communication, collaboration, creative 
thinking, and problem solving. By embedding these skills into content areas in the 
K-12 classroom, teachers can better prepare their students with these skills when 
they leave school.

Teachers must step out of the rigors of the standardized curriculum and tests in 
order to give students the opportunity to explore projects and interests beyond what 
is required. Passion projects have the ability to integrate, not only STEAM con-
cepts, but also 21st century skills. Middle school is the ideal time to include “genius 
hour” and PBL activities because students are at the age where they are engaged, in-
volved and feel personally responsible for their education. Other avenues to explore 
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beyond the curriculum to successfully integrate STEAM activities include games, 
programming, and e-textiles. Through all of this, science becomes an art to teach in 
the 21st century.
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Abstract The ANCESTOR (AborigiNal Computer Education through Storytell-
ing) program was developed to explore computer science as a career option through 
digital storytelling and address cultural literacy with Aboriginal youth in British 
Columbia, Canada. A team of educators from Camosun College collaborated with 
post-secondary students, secondary school educators, and First Nation communi-
ties to build and deliver a culturally responsive program. Indigenous knowledge, 
pedagogy and holistic learning practice guided the delivery of the program in First 
Nation communities, middle and secondary schools and First Nation operated sec-
ondary schools on the West Coast. The program success can be attributed to the 
Indigenous values and principles of reciprocity, relationship, ritual, respect, rele-
vance, reverence, and repetition.

Keywords Storytelling · Literacy · Holistic lifelong learning · Indigenous · 
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 The Need for a New Approach

This chapter refers to a distinct group of peoples and knowledge. For many people, 
the term “Aboriginal” refers to indigenous “Aborigines” peoples of Australia. How-
ever, in Canada, the term “Aboriginal” includes people who are descendants of the 
Indigenous peoples of North America and are identified as either status or non-
status Indians, First Nations, Métis and Inuit. The term “Indigenous” is then used 
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to refer to traditional knowledge, cultural practices and laws and protocols of First 
Nation, Métis and Inuit peoples (IECC, 2013).

Within British Columbia, the Aboriginal population accounts for 5.4 % of the 
general population and it is a young, with over 45 % under the age of 25 years. 
Compared to the general population, youth under the age of 25 account for only 
28 % (BC Stats, 2013). However, graduation rates from high school and pursuit of 
higher education are lower (almost half) among Aboriginal peoples than the general 
population.

This disconnect of Aboriginal youth in mainstream education has a historical 
and political context in Canada. The multi-generational effects of colonization 
practices, assimilation legislation and marginalizing of Indigenous knowledge have 
significantly impacted educational success. The first unified voice for inclusive 
Aboriginal education began in the 1970’s in response to further assimilation leg-
islation. The Indian Control of Indian Education policy paper, produced by the 
Native Indian Brotherhood in 1972, provided the pathways for where, how, when, 
and who could provide Indigenous education and has shaped Aboriginal peoples 
participation in education for the past 40 years. Active resistance and resilience 
from Indigenous scholars and Aboriginal communities for inclusive education has 
led to “important pedagogical shifts in colleges and university, K-12 settings, and 
formal and non-formal learning contexts” (Friedel, Archibald, Big Head, Martin, & 
Muñoz, 2012, p. 2).

When asked what helped contribute to success at the secondary and post-second-
ary level, Aboriginal learners confirmed that culturally relevant curricula, inclusion 
activities in and out of the classroom, and support systems (cultural and academic) 
enabled an environment to succeed. For instance, in the Sooke School District in 
southern Vancouver Island, they raised their Aboriginal graduation rates from 38 % 
to over 73 % within the span of 4 years due to aggressive cultural engagement and 
literacy competency support within the district (Huber, 2011).

 Building Educational Participation

Camosun College serves southern Vancouver Island and Gulf Islands within the 
traditional territories of the Lk’wungen (Esquimalt and Songhees), W̱SÁNEĆ 
(Malahat, Pauquachin, Tsartlip, Tsawout, Tseycum), Scia’new and T’sou-ke peo-
ples of the Coast Salish First Nation, and Paachedaht peoples of the Nuu Chah 
Nulth First Nation. The college offers both Indigenous courses and programs on 
campus and in urban First Nation communities. Enrollment has steadily increased 
over the past decade with now over 1000 Aboriginal students taking part in vari-
ous certificate, diploma and degree programs. Since 2004, the College has actively 
supported the incorporation of “Indigenous ways of knowing, being, doing and 
relating…into educational, organization, cultural and social structures” (Camosun 
College, 2013, p. 6).
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While there has been steady representation of Aboriginal learners in academic 
and health science programs at the College, the technologies and engineering pro-
grams have had historically low Aboriginal participation and success. This can be 
partly attributed to the cultural disconnect between western and Indigenous knowl-
edge, values and principles, and limited opportunities to Indigenize practice and 
content in these disciplines. A report from Canadian Council on Learning (CCL) 
highlights the importance of providing culturally relevant curriculum that stands 
alongside western science; yet guards against incorporating a pan-cultural approach 
as curriculum needs to be relevant to place. The report also shares how introducing 
early college activities with secondary students helps build awareness of science 
education past graduation (CCL, 2007).

As shown in Fig. 1, which is a portion of a larger provincial map, there are over 
27 distinct First Nations in British Columbia that have unique languages, traditions, 
laws and protocols. Generalization of Indigenous knowledge is not possible when 
developing Indigenous curriculum in the province nor is it desired. Land-based 
education is a common approach to Indigenizing curriculum at the secondary and 
higher learning levels. For instance, the provincial Ministry of Education recently 
completed an Aboriginal Curriculum Integration Project with a local school district 
to incorporate Indigenous knowledge into Grade 7 and 9 curricula so as to “be au-
thentically reflective of the knowledge, culture, and history of Aboriginal people.” 
(http://abed.sd79.bc.ca/acip/indexfiles/acip_intropage.html). From whom and from 
where cultural knowledge comes is acknowledged at the beginning, and Aboriginal 
and non-aboriginal learners are encouraged to explore their cultural backgrounds 
when discussing concepts and current issues. As Battiste (2002) states “learning 
through authentic experiences and individualized instruction” (p. 18)  engages 
Aboriginal learners on multiple levels. First Nation and Métis communities are 

Fig. 1  Portion of the “Map of First Nation Peoples of British Columbia”. (Retrieved from http://
www.bced.gov.bc.ca/abed/map.htm)

 

http://abed.sd79.bc.ca/acip/indexfiles/acip_intropage.html
http://www.bced.gov.bc.ca/abed/map.htm
http://www.bced.gov.bc.ca/abed/map.htm
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recognized as key contributors to local curriculum and help foster welcoming and 
supportive learning spaces.

 The ANCESTOR Program

As a way to encourage educational participation and increase digital and cultural 
literacy, we developed the ANCESTOR (AborigiNal Computer Education through 
STORytelling) program. The program would use digital storytelling as a means of 
promoting an interest in computer science for Aboriginal youth and adult learners, 
and it would also foster an understanding of natural environments.

Carnegie Mellon University’s Alice 3D programming environment was the tool 
of choice for students to use in creating their animations. WebWire in 2007 reported 
that Alice was being used by approximately 10 % of U.S. colleges and universi-
ties, as well as in many high schools around the world. The percentage has grown 
significantly since that time (Wanda Dann, personal communication, December 13, 
2013). Alice has also been used successfully to incorporate cultural perspectives 
into the teaching of computer programming by the University of Hawai’i at Hilo 
(Edwards, Gersting, & Tangaro, 2007). Based on past experience, students seem to 
enjoy using Alice as a storytelling medium and it is freely available to download 
from the Alice website (http://www.alice.org).

For Aboriginal youth, Alice has an additional advantage in that the program-
ming environment is expressed in terms of a “world”, which provides an effective 
parallel to an interconnected Indigenous world view. Storytelling as an Indigenous 
pedagogy was incorporated into the ANCESTOR program as a way to bridge the 
mainstream curriculum (Burk, 2000). An important outcome of storytelling is per-
sonal empowerment as youth incorporate traditional knowledge and current realities 
into their learning environment rather than being passive recipients of knowledge. 
Telling or sharing a story gives value and significance to events in a student’s life 
(Brown, 1995). Traditional cultural expressions through storytelling and transfer-
ence of history (Young-In, 2008) are done in a protected and respected manner to 
ensure relevance of place to peoples.

It is this detail to creating an effective, interconnected world that matches the 
logic of the Alice environment. Courses and/or workshops with such a focus, along 
with lesson plans, encouraged Aboriginal learners to build computer games or ani-
mated stories that relate to their culture, connections to the land, and current re-
alities. Throughout the program we enlisted the aid of computer science capstone 
students, fine art graduates, and secondary educators to help refine the curriculum 
as a distance education resource and build character assets in Alice that would 
resonate with Aboriginal learners. It was through these numerous collaborations 
in various environments that enable the team to create Indigenized materials and 
practices to a primer for computer science education.

http://www.alice.org
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 Building a Culturally Responsive Approach

Our work on this program was initiated as needs-based and community driven 
rather than experimental and research-based. We worked with small numbers of 
students rather than large groups so we could be more flexible and responsive to im-
mediate needs. When we approached communities and educators with the program, 
we acknowledged the importance of communal knowledge and ensured that any-
thing the students created stayed with students in their communities. We also sought 
 appropriate permissions to build Indigenous scenarios and tales within the Alice 
platform. One of the strengths of Indigenous pedagogy, in relation to our program, is 
the ability to have curriculum that is adaptive and dynamic, based on skills, abilities 
and problem solving techniques (Battiste, 2002). It was with this in mind that our 
curriculum was developed in different formats and styles of delivery.

Some of the differences in our delivery were a result of the age ranges involved, 
but we also had to be mindful of literacy levels. As noted by the Canadian Council 
on Learning, literacy levels of Aboriginal youth in BC are statistically lower than 
the general population. One of the conclusions of the Canadian Council on Learning 
report (2008), regarding literacy levels among Aboriginal Canadians, is the need for 
schools to be more culturally inclusive of Aboriginal students and Aboriginal ap-
proaches to learning. They specifically state:

A number of studies have demonstrated that, in different cultures, different aspects of 
learning are emphasized and valued. For example, researchers have observed that many 
Aboriginal students prefer co-operative rather competitive learning, and that many learn 
through imitation, observation, and trial and error rather than direct instruction. Given that 
learning style factors can contribute to the alienation of Aboriginal students within class-
rooms, attending to these factors should contribute to more successful outcomes among 
Aboriginal students. (p. 6)

Hence, our delivery style changed from delivering a lecture to modelling sequences 
and providing hands-on guidance. As noted by Battiste (2002), “Indigenous peda-
gogy values a person’s ability to learn independently by observing, listening, and 
participating with a minimum of intervention or instruction. This pattern of direct 
learning by seeing and doing, without asking questions, makes Aboriginal children 
diverse learners” (p. 15).

 The First Nations Holistic Lifelong Learning Model

To develop culturally relevant curricula, it required us to incorporate an Indigenous 
life-long learning approach to build competencies and inclusion for the delivery team, 
teachers, communities and students. A model, which identifies many aspects of life-
long learning contributing to success for First Nations, is the “The First Nations Ho-
listic Lifelong Learning Model” (Fig. 2). This model is the outcome of a February 
2007 workshop that brought together First Nations learning professionals, community 
practitioners, researchers and governments and is seen as a living draft (AFN, 2009).
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The Holistic Lifelong Learning Model emphasizes the interconnectedness of 
life and learning. There is not a single, linear approach to learning but rather it 
encompasses learning experiences at all stages of life in both traditional and non-
traditional settings.

This model acknowledges the impact of informal and formal learning and lit-
eracy in a cultural context (family, language, the natural world and ceremony). It il-
lustrates the purpose of different sources and domains of knowledge; articulates the 
process of how learning and personal development (emotional, physical, spiritual 
and intellectual) occurs in a cyclical manner; and recognizes that the outcomes of 
life-long learning support community wellness. Learning is experiential as it occurs 
through observation and imitation. Learning is reinforced through storytelling and 
ceremony, and it is an adaptive process as First Nation learners integrate two realms 
of knowledge—traditional and western (Cappon, 2008). Building success based on 
local terms is the foundation for the lifelong learning model as the learner “dwells 
in a world of continual re-formation, where interactive cycles, rather than discon-
nected events, occur” (CCL, 2007, p. 2).

The model, as depicted in Fig. 2, has four main components:

1. The sources and domains of knowledge or the roots. “The roots emphasize the 
importance of relationships with the land, family, community, ancestors, nation 
and one’s language, traditions and ceremonies” (Cappon, 2008, p. 63).

2. The internal rings of the tree (not viewable in this figure) is the individual’s life-
long learning cycle in Western and Indigenous knowledge. Cappon (2008) states 
that the rings of the tree give “… equal importance to formal and informal and 
experiential learning” (p. 63). Individual learning grows just as a tree grows as 
learners develop new rings.

3. The individual’s personal development is shown in the branches of the living 
tree. “Personal harmony comes when an individual learns to balance the spiri-

Fig. 2  First Nations Holistic 
Lifelong Learning Model. 
(Canadian Council on Learn-
ing, 2007)
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tual, physical, mental (includes critical thinking and analytical skills, the prac-
tice of visioning or dreaming and First Nations language ability), and emotional 
(such as self-esteem, awareness of personal gifts) aspects of their being” (Cap-
pon, 2008, p. 64).

4. The leaves of the branches represent how a community supports life-long learn-
ing. “The fact that leaves, grow, decay and grow again reflects the cyclical, 
regenerative learning process that influences community well-being. A commu-
nity’s well-being nourishes its roots and, in turn, the individual’s learning cycle” 
(Cappon, 2008, p. 64).

The model resonated with the team as it is a strength-based approach rather than 
“focus[ing] on learning deficits relative to non-Aboriginal standards. [The model] 
underlines the critical connections between community generation and well-being 
and individual learning.” (Cappon, 2008, p. 64). The model provided a framework 
for us on who needed to be involved and how one could be involved in the pro-
gram. It provided a check on what could realistically be learnt in a short time 
frame—experiential rather than transformative and that success would vary from 
learner to learner.

 Theoretical Model of Storywork

Another model that influenced our work was developed by Jo-ann Archibald. She 
worked with Coast Salish and Stó:lō elders to develop methodological principles 
for conducting research in First Nation communities, based on the strengths of sto-
rytelling. By exploring the nuances of traditional stories, shared meaning or cultural 
literacies could emerge. The focus changes from finding the record of traditional 
knowledge to learning the ways of knowing. (Archibald, 2008) In an editorial, Ar-
chibald states:

…when I think about how these two Elders [late Dr. Vincent Stogan and late Chief Dr. 
Simon Baker] ‘lived’…In their elder years, they took on the responsibility of teaching 
others through example, through their interactions with individuals, leading ceremonies 
and cultural events, giving public talks, and guiding many community organizations…they 
both taught me about the importance of understanding and living the cultural values of 
respect, responsibility, reciprocity and reverence. Through example, they also taught me 
about the importance of developing and using ritual, repetition, and relationships in order to 
know and live these values and to appreciate Aboriginal knowledge. (2001, p. 1)

Archibald explains the storywork pedagogy as a process-oriented approach “where 
the learner engages in the story to find answers and meaning. The subjective mean-
ing is often not evident until the learner engages in and works through the story 
process”. (2001, p. 5)

Storytelling traditions in Aboriginal communities are intrinsic to the intergen-
erational transmission of Indigenous knowledge. Borrows (2005) notes “…oral 
history in numerous Aboriginal groups is conveyed through interwoven layers of 
culture that entwine to sustain national memories over the lifetime of many gen-
erations. The transmission of oral tradition in these societies is bound up with the 
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configuration of language, political structures, economic systems, social relations, 
intellectual methodologies, morality, ideology and their physical world” (p. 191). 
The British Columbia Ministry of Education’s guide on integrating Aboriginal con-
tent recognizes that “storytelling is an important cultural expression” and provides a 
framework on how schools can integrate this ‘shared learning’ into curricula (p. 94). 
For our program, Aboriginal learners would find their own meaning and expression 
by creating digital stories.

There are many definitions for the term “digital storytelling”. It can be as simple 
as “using digital media to tell stories”, to the more detailed. “At its core, a digital 
story is a narrative expressed in digital form for a variety of purposes, with applica-
tions ranging from education to personal expression, record keeping to movement 
promotion and everything in between” (Sussex, 2012). Barrett (2006) feels that 
digital storytelling facilitates the convergence of four, student-centered learning 
strategies: student engagement, reflection for deep learning, project based learning, 
and the effective integration of technology into instruction. Many of these strate-
gies fit in with the skills deemed by the “21st Century Literacy Summit” (2005) as 
key elements to developing essential digital literacy skills for the future. The Lit-
eracy Summit report states that “access to tools that empower expression in these 
new forms must be as ubiquitous as word processing software or spreadsheets. In 
schools, tools for creating new media should be available as early as possible, even 
in primary grades, and more advanced tools provided as students’ progress and gain 
facility using them” (p. 14).

 Applying the Holistic Model

Both the First Nations Holistic Lifelong Learning and Storywork models greatly 
affected how we built curriculum and engaged schools and communities in the 
ANCESTOR program. When working with Aboriginal learners with limited voice 
in the secondary school learning system, we had to be aware of emotional and spiri-
tual vulnerabilities youth would experience while finding their voice. As has been 
seen in other realms of Indigenous scholarship, “…stories as Indigenous knowledge 
work not only to regenerate Indigenous traditions and knowledge production, but 
also work against the colonial epistemic frame to subvert and recreate possibilities 
and spaces for resistance.” (Sium & Ritskes, 2013, p. III). In building interest in 
digital storytelling, we wanted to ensure Aboriginal learners could have the oppor-
tunity to begin building their voice through their own story or retelling their cultural 
stories in a modern context. Positive reinforcements and a fun environment (laugh-
ing at our mistakes and at the weird gravity defying postures of Alice characters) 
sustained a healthy learning environment. If a student was quiet or having a bad day, 
we provided emotional support and simply sat beside them. Confidence-building 
was present in all stages of our educational practice.

Shifting away from the typical STEM silo approach to a holistic life-long 
learning approach enabled both educators and Aboriginal students the ability to 
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transfer knowledge across different subjects, create an environment where one 
could construct their own meaning and build 21st century literacies. These are con-
firmed in the principles of STEAM (science, technology, engineering, mathematics, 
arts) education (Yakman, 2010). Yakman (2014) indicates that a STEAM approach 
“help[s] make good education better…[as] it delivers high quality team-based edu-
cation to all students.” (p. 3) Our holistic approach and STEAM principles parallel 
one another in that the program was culturally responsive, adaptable to learning 
situations, and engaged, in a positive way, with non-traditional learners.

We varied our teaching situations so as to gather the most amount of experience 
with the Indigenized computer science curriculum and practice. The lack of empir-
ical information on how to build culturally responsive technology education made 
it necessary to build and test throughout the project. A curriculum was developed 
and first tested with Aboriginal students at the ŁÁU,WELNEW Tribal School near 
Victoria, British Columbia, Canada. Based on feedback from both teachers and stu-
dents, we updated the curriculum, developed video tutorials (posted on YouTube) 
to support the curriculum and then tested it with non-Aboriginal ‘digital natives’ 
(21st Century Literacy Summit, 2005, p. 2) students. Based on the results with the 
non-aboriginal students, we further refined the curriculum and then delivered it to 
Aboriginal learners using several different approaches depending on local needs. 
One was a summer camp that took place within a First Nations community over 3 
weeks, and another a special elective for grade 6 Aboriginal students at Shoreline 
Middle School in Victoria. Our final test situation occurred in three remote com-
munities on British Columbia’s west coast. The first two included a community 
high school in Bella Bella located on Campbell Island and an elementary school 
in Shearwater located on Denny Island. The third was a band operated K-7 school 
on Cormorant Island. 2 and 3 day workshops with about 6 hours of instruction and 
collaboration were delivered at each site to different aged learners.

The core values and practices from the storywork pedagogy and the First Nations 
Holistic Lifelong Learning Model guided our practice—relevance, repetition, re-
sponsibility, respect, reciprocity, ritual, reverence and relationship. We used these 
values and practices to remain true to local Indigenous realms of knowing and doing.

 Relevance

We observed that two areas needed to be developed to make the programming and 
content relevant to Aboriginal learners. The assets within Alice needed to be con-
solidated and include Aboriginal specific characters, animals, and infrastructure. To 
that end, an ANCESTOR gallery was created within Alice 2.4 to house these assets. 
What couldn’t be easily adapted to reflect west coast structures and animals had 
to be created. We worked with fine art students from the University of Pittsburgh 
and fine art graduates from Emily Carr University of Art and Design over the years 
to begin building culturally appropriate assets such as martin, raccoon, bluejay, 
ocean going canoe, deer, fishing gaff hooks and otter. There is an exhaustive list of 
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assets to create to develop a fully rich library, but for the purposes of our program, 
we asked for assets for our sample sequences. Many of the secondary teachers we 
worked with in the program commented that as soon as the Aboriginal students saw 
the culturally relevant gallery elements, they were very excited and encouraged to 
try to create traditional stories. (Weston & Biin, 2011).

Secondly, we developed our curricula for each unique teaching situation and 
timeframe. A team consisting of Camosun College Computer Science, School of 
Business and Indigenous Education and Community Connections faculty, plus 
two Computer Science students initially worked together to build a test curricu-
lum. These curricula included a one-day workshop to encourage learners to want to 
know more by having them create a fun, simple animation. A 1week workshop plus 
a semester long course were also developed. The curriculum was largely derived 
from the extensive online resources available for teaching Alice.

Where possible, to further make the curricula relevant, local oral tales and 
age-appropriate published Aboriginal stories were used for the programming se-
quences. For instance, the ANCESTOR YouTube tutorials incorporated two local 
SENĆOŦEN legends—the great flood creation story and the origin of lightning. 
Both stories have been adapted into published works by the Saanich Heritage 
Society (a group of elders from the WSÁNEĆ communities) in Brentwood Bay and 
we secured permission to use the tales in the educational tutorials.

An age appropriate published work used in our curricula with middle school 
learners was the Haida story called “Dog Days” (Raven Tales, 2012). This story 
is available both as an animated video and graphic novel, and readily available in 
many secondary schools. Students were referred to the part of the story where the 
giant dog rescues the children of the story from a distant island. In the story the 
children ride the dog as he swims them back to safety. Having reviewed the story 
with the students, they were then provided with an Alice “world” (Fig. 3) to start 
their animation.

Fig. 3  The starting Alice 
world for the “Dog Days” 
animation
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 Repetition

Since the Alice environment is so rich, students would often get lost and thus frus-
trated. Many of the students in our first teaching situation at the ŁÁU,WELNEW 
Tribal School had limited exposure to computers, and thus the curriculum had to 
find the right balance to accommodate disparate skill sets. The backgrounds of the 
students (ranging from grades 7–10) varied enormously. Also, the 1 hour per week 
class time meant the students forgot what they had learned the week before and had 
to review before continuing. It was clear that more repetition was needed which led 
to the development of the online video tutorials.

Our second situation involved “technology savvy” access students who rep-
resented a distinct contrast to the tribal school students. For one, these students 
were generally older; most were grade 12 students. For another, all were very 
comfortable with technology as evidenced by the wealth of smart phones and 
tablets that arrived with the students. On the whole, learners were enthusiastic 
about the online video tutorials and teachers appreciated the straight forward les-
son material. Students liked that they could proceed at their own pace through 
a lesson, replaying tutorials as needed. After a brief, introductory lecture at the 
start of each lesson, the teacher was then free to provide one-on-one help and 
encouragement.

 Responsibility

As mentioned previously, our initial goal in the ANCESTOR program was to be 
community focused rather than research based, and we knew it was essential to 
respect and honour ownership of stories in building our curriculum. We acknowl-
edged and reaffirmed in all of our teaching situations that the stories and sequences 
would remain with community. The richness of the program comes from the re-
alities of the students as reflected in their created animated sequences and games, 
along with the stories and tales that shape cultural traditions. Proper permissions 
were secured for online tutorials and knowledge keepers were involved in the ani-
mation process for traditional stories.

In building our curriculum, we were mindful that just under half (46 %) of all 
Aboriginal Peoples in Canada live in non-urban areas (Statistics Canada, 2008). 
The Canadian Council on Learning report (2010), notes that Aboriginal adults liv-
ing in rural communities and smaller towns and cities were more likely to partici-
pate in distance learning than Aboriginal people living in cities, where the majority 
of post-secondary institutions are located. To meet this reality, the curriculum and 
tutorials were loaded into the open-source content management system ‘Moodle’ 
(https://moodle.org/). The Moodle server and curriculum (Fig. 4) were installed on 
a virtual machine that could then be ghosted onto any number of servers, local or 
remote.

https://moodle.org/
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 Respect

Respect, as used by our team, revolved around the learner and community. For 
instance, care was taken to not make the handouts too complex. Minimal text and 
the use of screen shots of the sequence and programming code ensured that we did 
not experience literacy barriers and thus we respected the student realities. Hence, 
the materials used different modalities of learning to ensure youth were engaged. 
One of the most important roles for the facilitator, beyond helping with the actual 
animation, was to laugh alongside students when their animated characters spiralled 
out of control. Students quickly realized that what they did was not ‘wrong’ but only 
a programming quirk that could be easily altered.

Involvement of elders and parents was welcomed in all teaching situations. Ac-
knowledging that Aboriginal students come from extensive families, we included 
community connections whenever we could in the delivery of curricula. For in-
stance, in the first week of the summer camp at Songhees First Nation, parents 
and relatives dropped in throughout the day to check in on their children or niece/
nephew and engage us as the teachers to learn more about our family and cultural 
backgrounds. After we developed a rapport with community members, the children 
came back for the second week and subsequently completed the summer camp. Our 
willingness and comfort to incorporate community in the classroom built a respect-
ful place of shared learning.

 Reciprocity

At some points in delivery, teachers became learners and learners became teachers. 
Two instances of reciprocity, or giving back occurred with students and the delivery 

Fig. 4  Sample screen from 
Moodle course site
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team. The technology Access students were quick to provide feedback on any part 
of the curriculum they felt did not meet their needs. As a result, topics and/or video 
tutorials that were too complex were quickly identified and corrected for the next 
offering. Where carefully prepared animated scenarios were presented to students 
so they could be walked through the solution we saw Aboriginal students immedi-
ately work with each other. This was true in all situations. When one student found 
a solution, he or she happily shared it with the others. This was second nature to the 
students in our remote delivery situations.

Shearwater Elementary is on Denny Island and has a multi-age classroom that 
works with students from kindergarten to grade seven. With one teacher and aide, 
higher grades are covered through distance education and out of class learning 
through field trips are common. We did not use the Alice platform with the learners 
in Shearwater due the young ages, instead we used MIT’s Scratch program (http://
scratch.mit.edu/) which is more accessible to younger audience. Collaborative 
learning came naturally to the Shearwater elementary students due to their class-
room environment. Once older students grasped the concept of program re-mixing, 
they would assist younger students.

For those who wanted to play online games, the facilitators asked that a series 
of games be critiqued. Students would play the series and provide feedback on 
what they liked and didn’t like about the games. They were then walked through a 
re-mixing of a game, experimenting with the drag and drop coding features. Many 
of the students spent the next few days re-mixing games or revising animated greet-
ing cards which made for very noisy classrooms. On the last day, the facilitators 
debriefed with the group. For many, this was the first time they had been exposed 
to programming, so it was a steep learning curve; yet, concepts were easily grasped 
and then manipulated and shared.

 Ritual

When we look at this practice, we are not attempting to address this in a secular 
manner but “rather as a cultural pattern of activity used to establish an environment 
conducive to listening and learning.” (Archibald, 2001, p. 5). To build a learning 
environment, we provided numerous prizes to acknowledge accomplishments and 
contributions. Camosun College swag and small gifts were always present when 
we worked with students. Students would earn prizes for either the first three who 
completed a sequence or the daily ‘hard luck prize’. If students showed their ani-
mations to others, they earned a prize. Usually by the end of the sessions everyone 
had a prize, so the competitive aspect was not apparent; it was now fun making up 
categories each time we were with students. We realized that students were engaged 
when we had fun with the content and they would complete the course or workshop. 
Students paid attention to the programming sequences we shared at the beginning 
of class, replicated and then augmented. As time progressed, the students were suf-
ficiently engaged so the prizes became secondary.

http://scratch.mit.edu/
http://scratch.mit.edu/
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Another ritual in the program was having a formal closing to our activities in 
schools and communities. There was always a space created in our teaching situa-
tions to showcase accomplishments. Inviting others into our learning space was en-
couraged, and when appropriate, students were invited to the College to showcase 
their animations.

Actively modelling the learning process was another ritual we practiced in the 
program. Our delivery team consisted of a programming expert (Weston) and a cul-
tural facilitator (Biin) who had minimal programming background. The program-
ming expert would first demonstrate the sequence, and then the cultural facilitator 
would attempt it, actively asking questions and seeking clarification on the pro-
gramming tasks. By watching our interactions with each other on how to do the 
animated sequences, the students in the classroom realized it was acceptable that 
they did not know how to accomplish the programming immediately. They then felt 
comfortable and safe to ask questions and seek assistance.

 Reverence

Reverence is knowing there are concepts and processes that are not in our realm 
of understanding but are recognized as important. For the youth it was building a 
storyboard and sharing traditional stories. In the beginning of the summer camp, 
a cultural storytelling exercise was done with the youth. A brief explanation of 
storyboarding was provided and with a series of sticky notes, youth were asked 
to create a scene they heard from the cultural story. Storyboarding was a difficult 
exercise, as the youth had no experience recording a sequence. When we agreed 
upon a common scene from one of the stories, it was re-read and youth attempted 
to create the scene. After this exercise, we debriefed and realized that listening to 
a story, building a character and creating a scene from the story required different 
skills.

When we created this segment, we sought guidance from the animation depart-
ment of Emily Carr University of Art and Design in Vancouver. In our discussions, 
we knew that participants would have problems adapting an oral tale to 3-D envi-
ronment so we needed to guide this segment carefully so as to not discourage par-
ticipants. Various animated movies were brought in and the bonus features on the 
DVD’s were explored so students could see how complex and detailed storyboards 
guide the creative process. In the camp, the traditional tale was developed by adults, 
while the younger students made their own story. Building worlds in Alice was 
easy, yet it was still hard to build the story in advance. Spontaneous creation and 
group discussions guided the summer camp animated sequences. Youth realized the 
importance of storyboarding, but it was beyond their comprehension and ability at 
that time to master the process.
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 Relationship

As demonstrated throughout our narrative, relationships at all levels were important 
to the program, not only relationships between individuals and communities, but 
also relationships in the delivery environment. As much as possible we tried to cre-
ate an inclusive atmosphere in our classes, camps and workshops. One way to build 
relationships is by coming together over a meal. Where appropriate, we would take 
breaks and have snacks where we could all sit together and get to know each other. 
The fear and shyness would always disappear after a plate of cookies or sandwich 
and juice were finished. It was usually over our snack period that debriefing and 
future planning occurred with students.

 Conclusion

The results of our curriculum trials fully support the conclusions of the Canadi-
an Council on Learning. Students in the tribal school, summer camp, the middle 
school elective and the remote community workshops worked well together and 
were keen to share new skills with each other. Walking through initial examples 
with the students allowed them to build the confidence to move forward on their 
own. It was important to distinguish learning the tool (in this case Alice), from 
learning how to create a story. We found that the students first needed to see what 
the tool could do before they could see how it applied to a story. Students were en-
thused to see the relevance in the curriculum before them, and were appreciative of 
reciprocal relationships fostered in the classroom. They supported each other and 
we learned from each other. These students were immersed in using Alice to create 
their own stories.

As we discovered in the summer camp, creating or listening to a story, building 
a character, and creating a scene from the story required different skills. This was 
borne out at the middle school. Although the students had seen many movies, and 
had heard and read stories, it was clear that starting with creating a storyboard and 
script was not going to work for this group of learners. They first needed to build a 
comfort level with the computer and the animation tool before they were ready to 
let their imaginations loose.

The students also gained new perspectives from their classmates, which led them 
to push their skills to new levels. Living in remote communities requires active 
problem-solving using limited resources and quick adaptation and understanding 
of one’s environment. It was readily apparent that these skills transferred to their 
academic learning in Bella Bella, Shearwater and Alert Bay.

Although this work has been focused on Aboriginal peoples within Canada, 
other Indigenous peoples around the world face similar challenges and have simi-
lar needs. This also applies to at risk, non-Indigenous student populations, and 
any students who do not feel connected to the school system. The core principles 
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and values of relevance, repetition, responsibility, respect, reciprocity, ritual, 
reverence and relationship enable all of us to become a community of lifelong 
learners.
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Abstract An embodied cognition perspective recognizes that the evolution of 
the human mind has been shaped by the evolution of the species’ whole body in 
its interaction with the environment. For example, hand actions—such as object 
manipulations and gestures—have been fundamental for human survival, and thus 
they continue to trigger different areas of the evolved mind. One of these areas is 
the mirror neuron system, a major processor of bodily movement, which allows 
humans to learn manipulations and gestures with relative ease. A clear implication 
for instruction, across many Science, Technology, Engineering, Arts and Mathemat-
ics (STEAM) topics, is to profit from the effortlessness of hand actions in order 
to enhance the learning of difficult concepts or challenging educational materials. 
One example of demanding instructional materials is dynamic visualizations (e.g., 
animation, video), which can be too transient to follow, understand and learn from. 
However, we argue that dynamic visualizations may overcome the transiency prob-
lem by including embodied activity. In this chapter, we will review a diverse number 
of studies that show the instructional benefits of embodied cognition, manipula-
tions, and gestures. Specifically, we will address how these evolved skills can be 
employed to effectively learn from STEAM dynamic visualizations. 
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Dynamic Visualizations and Instruction

A visualization can show static or moving elements. In the latter case, it is referred 
to as a dynamic picture or dynamic visualization, where animation and video are 
the most popular examples, intersecting with many facets of a modern student’s 
life. To mention one example of the popularity of these dynamic visualizations, 
Tang and Austin (2009) observed that, among five instructional methods (video, 
PowerPoint, projector, Internet, and lecture), the strongest association reported by 
students with the variable enjoyment was with video. Given this outcome, this en-
joyment of animation and video should be aligned with the educational potential of 
dynamic visualizations.

 Learning Opportunities Fostered by Dynamic Visualizations

Arguably, the fascination triggered by dynamic visualizations is due to the basic 
fact that they show elements in motion. As a consequence, instructional materi-
als that use animation or video can include rich temporal and spatial information 
that is generally absent in static images or textual resources. For example, the fol-
lowing learning opportunities can be provided with instruction aided by dynamic 
visualizations:

• To change the pace of real-time phenomena whose speed/duration is impractical 
to study live. For example, very slow processes can be speeded up, and very fast 
processes can be slowed down (Tosi, 1993).

• To analyze the same dynamic event repeatedly, or to preserve permanently a rare 
live phenomenon (Tosi, 1993).

• To study dynamic processes in unapproachable places, such as inside a living 
organism, in outer space, in extreme habitat conditions (Tosi, 1993), or in rather 
avoidable situations (Dowrick, 1991).

• To perceive movement or details that in real-life motion would be overlooked. 
For example, the video technique of reverse motion (e.g., Dowrick, 1991) can 
help to study bodily processes. In addition, different video editing methods can 
be employed to study movement in art disciplines (e.g., Nadaner, 2008).

• To watch otherwise invisible events, by using X-rays, infrared, gamma, ultravio-
let techniques, and many others (Tosi, 1993). Similarly, dynamic visualizations 
can assist in explaining not inherently visible phenomena, such as electrical cir-
culation or energy (Bétrancourt, 2005).

• To compare simultaneously two or more dynamic processes by splitting the 
screen accordingly. This can be a valuable tool in science learning, where a con-
crete video can be juxtaposed to an abstract molecular animation (e.g., Nugteren, 
Tabbers, Scheiter, & Paas, 2014), and also to study performing arts, such as 
dance (e.g., Harris & Fenner, 1995), where different parts of the dancer can be 
analyzed simultaneously.
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These instructional opportunities have been applied to teach various concepts of 
Science, Technology, Engineering, Arts and Mathematics (STEAM) disciplines. 
Significant research has been conducted into dynamic images and a wide variety 
of STEAM topics to provide evidence for the effectiveness of such instructional 
visualizations. Table 1 provides a sample of this research, where the studies are 
listed chronologically.

In addition to the learning opportunities and the interest that dynamic visual-
izations can trigger, these depictions are increasingly easier to produce, replicate 
and disseminate for instructional purposes. However, despite potential educational 
advantages, dynamic pictures can be very problematic learning materials if they are 
heavily reliant on transient information. The negative effect of transient informa-
tion has been observed in experiments that show poorer learning outcomes after re-
ceiving long verbal passages in auditory rather than in textual forms (e.g., Leahy & 
Sweller, 2011; Singh, Marcus, & Ayres, 2012). As discussed by Leahy and Sweller 

 
Study Discipline Content

S T E A M
Dorethy, 1973 x Visual analysis of space
Shipley, Butt, Horwitz, & Farbry, 1978 x Patient getting an endoscopy
Rieber, 1990 x Newton’s laws of motion
Mayer & Sims, 1994 x Human respiratory apparatus
Harris & Fenner, 1995 x Choreographic dancing
Williamson & Abraham, 1995 x Chemistry reactions
Lowe, 2003 x Weather map sequences
Yang, Andre, Greenbowe, & Tibell, 2003 x Electrochemistry in a flashlight
Stith, 2004 x Cell apoptosis
Mayer, Hegarty, Mayer, & Campbell, 2005 x Brakes and flushing systems
Cooley, 2007 x Audiovisual poetry
Boucheix, 2008 x Gear systems
Kalyuga, 2008 x Linear and quadratic functions
Fischer, Lowe, & Schwan, 2008 x Mechanism of pendulum clock
Marbach-Ad, Rotbain, & Stavy, 2008 x Protein synthesis
Nadaner, 2008 x Perception of movement
Boucheix & Lowe, 2010 x Piano elements kinematics
Huk, Steinke, & Floto, 2010 x Enzyme ATP-synthase
Linek, Gerjets, & Scheiter, 2010 x Probability calculations
Meyer, Rasch, & Schnotz, 2010 x Internal combustion engine
Scheiter, Gerjets, & Schuh, 2010 x Algebraic worked-out 

examples
Yarden & Yarden, 2010 x PCR method in biotechnology
Höffler & Schwartz, 2011 x Surfactants and washing
Lin & Atkinson, 2011 x The rock cycle
Ryoo & Linn, 2012 x Energy flow in photosynthesis
Brucker, Scheiter, & Gerjets, 2014 x Fish swimming patterns
Sánchez & Wiley, 2014 x Plate tectonics

Table 1  Examples of STEAM contents depicted in studies about dynamic visualizations
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(2011), students cannot easily review transient information (auditory passages), but 
permanent information (textual passages) can be re-read at convenience. An analo-
gous phenomenon has been described for dynamic versus static visualizations.

 Transiency of Dynamic Visualizations

A dynamic visualization is composed of a number of different static images (frames) 
that are played at a sufficient speed to give the illusion of dynamism (Roncarrelli, 
1989). The illusion of movement can generally be achieved with approximately 12 
frames per second. As a consequence, a dynamic visualization can generate transient 
effects as information can change rapidly from frame to frame. This problematic 
phenomenon has been termed as the transient information effect of animations (see 
Ayres & Paas, 2007a, b). As a result, dynamic pictures may impose extra processing 
burdens on students’ working memory; what Lowe (2003) described as an over-
whelming effect. Particularly, as discussed by Ayres and Paas (2007b) and van Gog, 
Paas, Marcus, Ayres, & Sweller (2009), students may have to perform three mental 
activities in order to learn from a dynamic visualization: (a) observing the current 
information depicted, (b) memorizing the important depictions no longer shown, and 
(c) combining these two streams of information. By contrast, a static visualization, 
which is permanent and thus can be reexamined repeatedly if necessary, is much less 
cognitive demanding, and consequently more working memory resources are avail-
able for learning (see cognitive load theory in Sweller, Ayres, & Kalyuga, 2011).

Consequently, static visualizations often show better learning outcomes than 
comparable dynamic pictures. This trend has been observed with many STEAM 
concepts. For example, when Koroghlanian and Klein (2004) studied learning out-
comes for the concepts of mitosis and meiosis in high-school biology students, they 
observed that the animation conditions required more time to learn than the statics 
groups, without an increase in performance. Similarly, Mayer et al., (2005) com-
pared static images plus text versus narrated animations as learning tools for the 
mechanisms of toilet tanks, lightning formation, cars brakes and ocean waves, and 
observed that the participants studying static pictures outperformed those given dy-
namic visualizations. Also, Scheiter, Gerjets, and Catrambone (2006) compared the 
effects of appending static versus dynamic visualizations to texts about probability 
theory, and found that, compared to the text-only materials, adding statics improved 
performance but adding dynamic pictures hindered learning outcomes. In contrast, 
there is research showing better outcomes from dynamic rather than static pictures, 
with STEAM disciplines such as physics (e.g., Rieber, 1990), cellular biology (e.g., 
Stith, 2004), chemistry (e.g., Ardac & Akaygun, 2005), and visual arts (e.g., Dor-
ethy, 1973).

Nevertheless, some questions have been raised about the validity of the controls 
in experiments comparing statics with animated materials. Tversky, Morrison, and 
Betrancourt (2002) argue that the animation advantage found in some studies could 
be due to additional information contained within the dynamic images, which is 
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not replicated in the static resources. In spite of the often conflicting results when 
dynamic visualizations are compared to static images, and the different theories pro-
posed in support of this research, evidence is accumulating that transient information 
is a major impediment to learning from dynamic pictures (see Ayres & Paas, 2007a; 
Sweller et al., 2011; see also Castro-Alonso, Ayres, & Paas, 2014b). Hence, much 
recent research has focused on finding strategies to deal with transient information 
contained within dynamic visualizations (see Castro-Alonso, Ayres, & Paas, 2014a).

 Overcoming the Transiency of Dynamic Visualizations

One straightforward strategy to manage the transient information of some dynamic 
images is to include in these resources a pause facility, which makes the animation/
video more permanent by stopping it, thus giving the learner extra time to memorize 
the important depictions if necessary. This strategy is often referred to as pace-con-
trol—also known as stepwise, self-pacing, or learner-controlled— where learners 
can manage the transitory nature of the dynamic depiction by simply pausing the 
presentation. Researchers have predicted that pace-controlled animations should 
be better instructional materials than continuous or system-controlled versions (see 
Ayres & Paas, 2007a; Mayer, 2008; Schnotz & Rasch, 2008). Supporting evidence 
comes from Höffler and Schwartz (2011), who found that pace-controlled groups 
outperformed and reported less working memory demands than system-controlled 
conditions in a study where university students had to learn about chemical dirt 
removal. Similarly, Mayer and Chandler (2001) observed that learners who studied 
the formation of lightning from a self-pacing animation presented higher transfer 
scores than those studying from the continuous version of the visualization. Also, 
Hasler, Kersten, and Sweller (2007) found a learner-controlled advantage in a study 
with primary school students learning about the causes of day and night. As these 
studies show, the pace-control strategy gives the learners opportunities to interact 
with the depictions. However, further discussion of the additional advantages of 
interactivity (e.g., in simulations and virtual models; see Moreno & Mayer, 2007) is 
beyond the main focus of this chapter.

Another strategy to deal with transitory visualizations is segmenting. This method 
consists of segmenting whole animations into shorter parts that are not as cognitive 
demanding as the total block (Moreno, 2007). A prediction that follows this strategy 
is that segmented dynamic visualizations should be better instructional resources 
than whole dynamic visualizations (Ayres & Paas, 2007a). A supporting example is 
the previously mentioned experiment by Hasler et al. (2007) that compared learner- 
versus system-controlled animations, which also included a segmented version in 
the comparison. The study found that learner-controlled and segmented animations 
were equally effective, and that both outperformed the system-controlled whole 
version. Similar findings supporting both pace-control and segmenting strategies 
were reported by Spanjers, van Gog, Wouters, and van Merriënboer (2012) with 
animations depicting probability calculation tasks.

The Potential of Embodied Cognition to Improve STEAM Instructional …
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Finally, a third strategy is signaling—also named attention-guiding (e.g., Bétran-
court, 2005) or attention cueing (e.g., de Koning, Tabbers, Rikers, & Paas, 2009). 
It is predicted that a student will learn better if cues are added to the dynamic vi-
sualizations, which signals the relevant information and thus avoids disorientation 
(for a review, see Mayer, 2008). Although this technique does not prevent a nega-
tive transitory effect directly, it prevents learners’ disorientation when depictions 
are showing multiple elements continuously changing. Examples of this technique 
include arrows and texts, which have been employed effectively as signals in sci-
entific animations that depict (a) the rock cycle (Lin & Atkinson, 2011), (b) gear 
systems (Boucheix, 2008), or (c) an enzyme’s structure and function (Huk et al., 
2010). Similarly, signals such as giving more luminance or color to the important 
elements have been added to animations that show the cardiovascular system (e.g., 
de Koning, Tabbers, Rikers, & Paas, 2010).

In contrast to these encouraging results that support strategies to overcome the 
transiency of dynamic pictures, there are also conflicting findings or inconclusive 
outcomes, which are mainly found in the pace-control strategy (e.g., Boucheix, 
2008; Kriz & Hegarty, 2007; Tabbers & de Koeijer, 2010). Boucheix (2008) pro-
vides an explanation, which especially applies for low spatial ability learners self-
controlling a dynamic image: When these students are constantly observing the 
controls to pause/play the dynamic visualizations, they are diverting their attention 
away from the important elements shown in the depictions.

Although identification of the transient information effect on dynamic visualiza-
tions has made—and continues to make—a contribution to the field, the complex 
nature of computer-based learning means that more than one category of strate-
gies is required to create optimum learning environments. Hence, researchers must 
explore new directions. One promising direction outlined in this chapter is embod-
ied cognition, which entails a relatively new approach to the study of cognitive 
processes.

 The Embodied Cognition Perspective

Even though the traditional views of cognition (e.g., Atkinson & Shiffrin, 1968; 
Simon & Gilmartin, 1973) tend to describe mental processes as centralized and in-
dependent of the peripheral body, a more current embodied, or grounded cognition 
perspective (see Barsalou, 2010) acknowledges the connection between the mind 
to the rest of the body and to their common natural habitat. As suggested by Wilson 
(2002), humans have evolved an embodied cognition because they originally had to 
persist in continuous interactions between their mind, bodies and environment, in 
order to avoid death. Wilson refers to this cognition as on-line, because it is a men-
tal activity connected always to its inputs and outputs. Then, after many millennia, 
civilization reduced the survival threats, so human mental processes were able to 
further employ off-line abstract cognition, which was more independent of the per-
ceptual and motoric (related to muscle movement) elements that allow interactions 
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between the mind, body, and the environment. However, even the most abstract 
process of contemporary human cognition can profit from embodied experiences, 
since cognition has evolved a foundation in sensorimotor processing that connects 
the mind’s perception and action streams (Wilson, 2002).

The embodied nature of cognition has been observed in studies that show how 
visual perception interacts with the motor system, particularly during object ma-
nipulation (e.g., Chao & Martin, 2000; Witt, Kemmerer, Linkenauger, & Culham, 
2010). Moreover, attention and memory for abstract depictions can be enhanced by 
showing hands reaching these elements (see Brockmole, Davoli, Abrams, & Witt, 
2013; see also Weidler & Abrams, 2014). Extending these findings, some of the ab-
stract STEAM concepts could be facilitated by showing hand movements, such as 
manipulations and gesturing. This endorsement of using on-line evolved skills (in 
this case, manipulations and gesturing) to teach off-line skills (in this case, STEAM 
concepts) is arguably the main goal of evolutionary educational psychology.

 Evolutionary Educational Psychology

Recognizing facial expressions, employing physical materials as tools, inferring 
the intention of other individuals, and understanding gestures can all be considered 
rather uncomplicated tasks for humans, as we have evolved those skills over count-
less generations (Geary, 2002). The Homo sapiens species has had several millen-
nia, and thus opportunities, to evolve or refine, for example, the skill of gesturing. 
This implies that we evolved an embodied cognition, appropriate to process the 
particular information that is involved in making and observing gestures (Geary, 
2007). Therefore, gesturing is an ability that evolved because it helped us to estab-
lish advantageous relationships to access essential supplies for our species (Geary, 
2002). Similarly, every other skill that was beneficial for the survival of our ances-
tors, such as object manipulation, should have evolved to be a relatively effortless 
ability today (Geary, 2007). Thus, these skills have been termed by evolutionary 
educational psychology researchers as biologically primary abilities (Geary, 1995).

In contrast to the skills shaped by evolution, there are biologically secondary 
abilities, which are shaped by a more current force: human culture (Geary, 1995). 
Examples of these abilities are reading, solving mathematical problems, learning to 
use novel instruments, and studying various science concepts (e.g., energy, force, 
and mitosis). Moreover, most of the school syllabi and STEAM instruction con-
cerns biologically secondary abilities. The acquisition of this secondary knowledge 
is slower and more effortful than the attainment of the evolved skills (Geary, 1995). 
However, both are equally required to “survive” in a civilized society where prima-
ry knowledge is no longer sufficient (Geary, 2002). In consequence, the schooling 
system emerged to teach these necessary but effortful abilities.

Considering the greater difficulty to learn secondary abilities, Geary (2002) 
claims that primary knowledge should be used as a vehicle for learning secondary 
knowledge. In support of this view, for example, Paas and Sweller (2012) argue 
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that the relatively easy acquisition of two primary abilities, object manipulation and 
gesturing, can assist the learning of the more difficult secondary skills of formal 
instruction. In addition, when dealing with secondary abilities that are even more 
challenging because they are presented with transient visualizations, the rationale 
to use primary skills in this case becomes more apparent (see the human movement 
effect in Paas & Sweller, 2012). As described in Section “Embodied Dynamic Vi-
sualizations for STEAM Instruction”, research around the human movement effect 
shows a relatively new embodied strategy to facilitate learning of STEAM topics 
via dynamic visualizations.

In conclusion, evolution shaped the human brain to learn certain biologically 
primary abilities more easily than the non-evolved secondary knowledge. In other 
words, there are cognitive systems evolved to deal with primary abilities. For ex-
ample, the mirror neuron system (for a review, see Rizzolatti & Craighero, 2004) is 
arguably the most important cognitive processor that has evolved to deal with the 
imitation of human manipulation and gesturing.

 The Mirror Neuron System

Mirror neurons were firstly described by di Pellegrino, Fadiga, Fogassi, Gallese, & 
Rizzolatti (1992), who observed these nerve cells in the brain’s premotor cortex of 
macaques ( Macaca nemestrina). The authors named these cells as mirror neurons 
because they were triggered (a) when the animals directly performed certain hand 
actions, such as grasping and manipulating objects; and also (b) when the macaques 
observed the same actions being performed by the human experimenters. Fadiga, 
Fogassi, Pavesi, and Rizzolatti (1995) extended the mirror neuron phenomenon to 
humans by recording responses from a number of forearm and hand muscles. The 
pattern of muscle contraction observed in the participants when they performed 
certain arm and hand actions was very similar to the pattern recorded when they 
observed the same movements executed by the experimenter.

In humans, the mirror neurons constitute a system that has an extensive brain 
distribution over the premotor, parietal, and subcortical areas (Cross, Hamilton, & 
Grafton, 2006). In other words, the mirror neuron system is connected to brain areas 
that participate in embodied activities of perception and action for hand tasks. These 
systems have evolved to help humans manage the information associated with ma-
nipulation and gesturing, and it is believed that these processors are mainly triggered 
during natural manipulation and gesturing conditions. In contrast, phenomena not 
associated with human evolution are less likely to activate the mirror neurons and 
related action–recognition systems. This rationale has been supported by findings 
where the observation of robotic hand or arm actions has led to smaller (e.g., Press, 
Bird, Flach, & Heyes, 2005) or non-significant effects (e.g., Kilner, Paulignan, & 
Blakemore, 2003) on the observer’s motoric system, as compared to the observation 
of human limbs performing the movements. Analogously, Järveläinen, Schürmann, 
Avikainen, & Hari (2001) reported that the motor cortex of their participants was 
more strongly triggered when they watched live human hand movements as com-
pared to the same video recorded actions. Finally, Shimada and Oki (2012) showed 
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that an area of the mirror neuron system was activated more when the participants 
watched an animated character’s arm doing natural continuous movements rather 
than jerky and paused motions. Thus, because biological, live, and continuous hand 
actions coevolved with embodied systems, these actions may activate the mirror 
neuron system more strongly than artificial, recorded, and jerky hand movements.

Nevertheless, the previous findings do not imply that any non-natural phenome-
non will be ineffective in triggering cognition. Such a radically embodied approach 
would lead to the erroneous rejection of all technological (non-natural) solutions 
in instruction. For example, animated or video recorded hand actions could be re-
garded as futile approaches to deal with problematic STEAM concepts. However, 
although artificially (video) observed hand actions may trigger brain processors to 
a smaller extent than live actions (e.g., Järveläinen et al., 2001), Rohbanfard and 
Proteau (2013) showed that such artificial methods were still productive for learn-
ing a sequential timing hand task. In addition, there is accumulating research show-
ing that object manipulations and gestures are important in learning from complex 
dynamic visualizations, as described next.

 Embodied Dynamic Visualizations for STEAM Instruction

Characterizing the human movement effect, Paas and Sweller (2012) predicted that 
evolved embodied systems could help to manage problematic learning materials, 
in particular instructional animations and videos conveying transient information. 
Moreover, because evolved mechanisms such as the mirror neuron system are trig-
gered more with fluent movement (e.g., Shimada & Oki, 2012), it could be expect-
ed that dynamic visualizations of manipulations and gesturing would show better 
learning outcomes than their static equivalents. Hence, the problem of transiency 
in these specific dynamic visualizations could be overcome by the greater activa-
tion of evolved cognitive systems. This has huge potential for STEAM instruction, 
where human manipulations and gestures could be used as part of the dynamic 
visualizations in these disciplines.

It is worth noting that both a dynamic visualization of an object manipulation 
and that of a gesture share the property of showing human hand actions. The main 
contrast between manipulations and gestures is their different dependency on ma-
nipulable objects (cf. Ping, Goldin-Meadow, & Beilock, 2014). Manipulations need 
to show the manipulatives, which is less mandatory with gesturing. For example, 
it has been reported that the effectiveness of showing gestures is not hampered 
when the corresponding objects are not depicted (Ping & Goldin-Meadow, 2010). 
Conversely, gestures need to show the hands, which is less compulsory with ma-
nipulations. For example, the effectiveness of showing a manipulation may not be 
hindered when the corresponding hands are not depicted, provided that the objects 
are manipulative enough to trigger by themselves the positive embodied effects 
(e.g., Wong et al., 2009). This difference among visualizations of human hand ac-
tions is shown in Fig. 1 (top).

The Potential of Embodied Cognition to Improve STEAM Instructional …
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The depiction of hand actions—manipulations and gestures—can be effectively 
employed in any kind of dynamic visualization of STEAM topics, such as movies, 
animations, simulations, and videos. One example of video and object manipulation 
concerns the biological concept that the cell membrane is a fluid mosaic, which can 
be illustrated with a video that shows the teacher manipulating different balls (rep-
resenting proteins and lipids) in a tray with water (Miller, 1998). One example of 
animation and gesture is about the meteorological concept of lightning formation, 
which can be instructed with an animation that includes a dynamic pointing hand 
that constantly signals the relevant elements (de Koning & Tabbers, 2013).

Manipulations and gestures will be described separately in this section, focus-
ing on their use in STEAM dynamic visualizations. Subsequently, spatial ability, 
important to understanding manipulations and gestures, is described at the end of 
this section. Note that the focus on this chapter is not in the beneficial effects of 
performing hand actions, but on observing them as manipulations and gestures. Ac-
cordingly, the execution of hand actions, whether directly or via interactive simula-
tions, will only be briefly addressed.

 Manipulations in Dynamic Visualizations

It was mentioned previously that, as compared to static pictures, dynamic visualiza-
tions show more promise as learning tools for human motor skills (for a review, see 
Castro-Alonso et al., 2014a). For example, the review by Park and Hopkins (1992) that 
searched for instructional purposes for animations concluded that dynamic visualiza-
tions were most effectively employed for human actions that followed a procedure. 
Similarly, Höffler and Leutner (2007) reported that the largest differences favoring dy-
namic over static images were observed when the depictions showed procedural skills.

Fig. 1  Interrelationship 
between human hand actions 
(manipulations and gestures), 
spatial ability, and STEAM 
instruction (STEAM topics 
and STEAM visualizations). 
The arrows show beneficial 
relationships
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Moreover, growing research suggests that manipulative–procedural tasks are 
better portrayed in animation or video rather than in static images. A classical 
study was conducted by Spangenberg (1973), in which the task of disassembling a 
machine gun was compared between a group that watched the steps though video 
versus the conditions that studied the steps though equivalent static images. The 
procedure was better executed by the video conditions. Note that, as it is funda-
mental for this dynamic versus statics comparisons, Spangenberg used the same 
medium (television) to deliver both video and still images. Similarly, Michas and 
Berry (2000) compared equivalent video versus video stills conditions in learning 
to apply a bandage to a wounded hand. Here, the video condition outperformed the 
still group in bandaging performance and test retention scores. Also in controlled 
between-subjects experimental conditions, Ayres, Marcus, Chan, and Qian (2009) 
observed that the animation groups presented higher cognitive and transfer results 
than the statics, where the manipulations involved solving hand-puzzle rings and 
replicating knots. In addition, for other knot tying tasks, research has shown bet-
ter performance associated to animated rather than to static learning presentations 
(Garland & Sánchez, 2013; Marcus, Cleary, Wong & Ayres, 2013). Interestingly, 
Garland and Sánchez (2013) also compared performance between two dynamic 
conditions that differed in viewing angles. The video with the perspective that sup-
posedly elicited more of the mirror neuron system (over-the-shoulder, first person 
view) was a better learning tool than the video with the angle that activated less of 
this embodied system (face-to-face, third person view). A further example of anima-
tion outscoring static images was reported in a study using paper-folding tasks by 
Wong et al. (2009). Also notable in this study was that when the manipulative fold-
ing task was replaced by a non-manipulative task, dynamic images were no longer 
superior to statics, indicating that the human movement effect may had disappeared 
and transiency could not be handled as efficiently. Altogether, these findings sup-
port the human movement effect due to embodied mechanisms (such as the mirron 
neuron system, see van Gog et al., 2009), and suggest that dynamic images should 
be favored over statics when learning procedural and manipulative tasks.

Although the previous studies about dynamic visualizations of manipulatives 
could be easily applied to the Technology or Arts disciplines, the literature is scarce 
for the other branches of STEAM. For example, in Science and Mathematics, ma-
nipulative learning rarely entails observation of the manipulations through visual-
izations, but rather the direct manipulation of real objects or virtual models. Thus, 
research of manipulations to instruct a wide range of STEAM concepts through vi-
sualizations is not abundant. However, we argue here that, due to the embodied mir-
ror mechanisms, some of the effects of direct manipulations could also apply when 
observing others (e.g., teachers) doing the manipulations in video or animation. 
Consequently, the gathered evidence about direct manipulations to learn STEAM 
concepts (e.g., Manches, O’Malley & Benford, 2010; Miller, 1998; Zacharia & 
Olympiou, 2011) could be applied to instructional dynamic visualizations depicting 
manipulations. Likewise, the remaining discussion of this subsection, which focus-
es on manipulations performed by the learners, could be applied in future research 
about visualizations that show manipulations.
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Because, as commented above, the main depiction of a manipulation is the ma-
nipulative object, research has focused on the type of object used, for example, 
whether the element is rather concrete or abstract. Since STEAM concepts are 
largely based on underlying mechanisms, as opposed to readily visual relations, 
objects that imply these mechanisms—abstract—instead of showing much visual 
information—concrete—tend to be preferred (e.g., Brown, McNeil & Glenberg, 
2009; Kaminski, Sloutsky & Heckler, 2009; but see Sowell, 1989), as the rich in-
formation of concrete elements may distract attention from the more relevant but 
underlying STEAM principles. Although this seems to suggest that concrete type of 
objects should be discarded, Fyfe, McNeil, Son, and Goldstone (2014) proposed a 
less radical mixed strategy of three connected steps, from concrete to abstract ma-
nipulatives, which benefits both from the concrete object (embodied perceptual and 
motoric experiences) and from the abstract model (without distracting features, bet-
ter to understand and transfer the concept). Altogether, it seems that mixed dynamic 
visualizations that include both concrete and abstract objects should be fostered to 
understand STEAM concepts.

In addition to the type of object, there is also another differentiation of manipu-
latives. This new dimension respects the type of environment for the manipulation, 
which distinguishes between physical (real objects moved by physical hands) ver-
sus virtual (virtual replicas of the objects being moved by the mouse, keyboard, 
etc.). In a review of controlled experiments, de Jong, Linn, and Zacharia (2013) 
concluded that both physical and virtual manipulatives were equally successful for 
acquiring different science concepts. However, a promising new approach instead 
of comparing both type of environments, is to mix these scenarios (see de Jong et 
al., 2013), similarly to the blended method with type of manipulative. Furthermore, 
recent technologies of mixed reality (see Lindgren & Johnson-Glenberg, 2013), 
which allow real hands to manipulate virtual objects, are blurring the boundaries 
between physical and virtual environments.

In short, when designing manipulative tasks for dynamic visualizations, mixed 
approaches of the type of manipulative (concrete and abstract) and the type of en-
vironment (physical and virtual) are advisable. Arguably, other instructional meth-
ods that use embodied visualizations could benefit from mixed approaches, such as 
showing both physical and virtual hands in depictions of gestures.

 Gestures in Dynamic Visualizations

Because gesturing is an evolved primary skill, diverse evidence illustrate how easily 
or pervasively it is acquired by humans: (a) children can gesture before speaking, 
and they gesture to convey information not already in a verbal state (e.g., Goldin-
Meadow & Wagner, 2005); (b) gestures get so integrated to the concurrent speech, 
that it is difficult to determine whether the information was given verbally or by 
gestures (e.g., Kelly & Church, 1998; McNeill, Cassell & McCullough, 1994); and 
(c) when doing motoric actions while observing gestures, the speed in responding 
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to the message is hampered, suggesting that the motor system of the observant is 
activated to understand gestures (Ping et al., 2014). Thus, gestures are embodied 
and evolved human communicative skills that, as human manipulations, can be ef-
fective educational means to learn new concepts.

Evidence is accumulating that gesturing may be very important in STEAM in-
struction. For example, it has been shown that when students are allowed to gesture 
while explaining their solutions to mathematical problems, this embodied activity 
frees cognitive capacity to deal with secondary memory tasks (Goldin-Meadow, 
Nusbaum, Kelly & Wagner, 2001). Also, in addition to performing gestures, direct 
observation of these hand signals has also proven effective in mathematics instruc-
tion. For instance, Richland, Zur, and Holyoak (2007) analyzed use of analogies by 
mathematics eighth-grade teachers in USA, Hong Kong and Japan. One of the find-
ings that the authors linked to better standardized-test performances in both Asian 
countries was that Hong Kong and Japan teachers used significantly more hand or 
arm gestures than USA instructors in connecting source analogs with their targets.

However, more pertinent to the focus of this chapter is the effect that the obser-
vation of gestures via dynamic visualizations has on instruction. A classic study 
on this topic was conducted by Riseborough (1981), who reported the benefits of 
including gestures when presenting verbal information via video. In the tasks of 
guessing an object that was described, recalling different verbs from an oral list, 
or remembering important words from a short story, Riseborough (1981) found 
better outcomes in the participants in the gesture conditions, as compared to no 
movements or vague movements conditions. Similarly, Church, Ayman-Nolley, and 
Mahootian (2004) reported that the concept of Piagetian conservation was better 
understood by elementary grade children who learnt from a video with speech plus 
gestures as compared to children that watched the speech only video. Interestingly, 
the main objective of this study was to find the effects that the observation of ges-
tures on video could have in students with a poor English knowledge. In other 
words, Church et al. investigated how gestures would affect learning a mathematical 
concept when the capacity to verbally understand the concept was diminished. The 
authors found that the number of non-English speakers who understood the concept 
of conservation via speech and gestures was more than double the number of those 
who learnt without gestures. Another study about the benefits of dynamic visualiza-
tions depicting gestures was conducted by Valenzeno, Alibali, and Klatzky (2003) 
on preschool children studying a video about the concept of bilateral symmetry. The 
authors observed that the participants in the speech with gestures video condition 
gave more advanced and frequent explanations about symmetry than the children 
in the speech only condition. Kang, Hallman, Son, and Black (2013) showed that, 
for adults learning the biological concept of mitosis, the participants who studied 
a video with the instructor providing spoken explanations and meaningful gestures 
gained a deeper understanding of mitosis than those who observed a video with the 
instructor giving spoken explanations without showing the hands (non-gesturing 
condition). Hence, several examples with diverse students and STEAM contents 
show more positive learning outcomes after studying from audiovisuals with ges-
tures than from equivalent depictions with only speech and not gestures.
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Regarding the underlying causes for these favorable effects of dynamic images 
with gestures, there are three non-mutually exclusive mechanisms to consider (cf. 
Valenzeno et al., 2003). Firstly, as discussed above, videos and animations with 
gestures activate embodied mechanisms, and also relate abstract concepts to the 
real physical environment. Secondly, dynamic depictions showing gestures cap-
ture students’ attention better than those without these motions, as Valenzeno et al. 
(2003) found with preschool students. And thirdly, gestures provide an additional 
informational channel, simultaneous to the verbal channel being used in speech, 
thus conveying supplementary data to the learner.

However, this same advantage of providing more information could result in 
the unfavorable effect of providing unnecessary redundant information (see the re-
dundancy principle in Sweller, 2005). In other words, showing hands performing 
gestures adds more depictions than are needed to learn a task, which might distract 
instead of foster learning (e.g., Castro-Alonso et al., 2014b). This is particularly 
evident when gestures are not representational, thus, they do not convey mean-
ing. For example, Riseborough (1981) measured word recall from a verb list or a 
short story delivered through videos. In contrast to the significant positive effects 
of showing meaningful gestures when narrating the words, only a slight benefit was 
found for vague movements compared to no movement at all. Similarly, Kang et al. 
(2013) reported no advantages of beat gestures—which only stress speech elements 
but do not convey meaning—when learning the concept of mitosis, in contrast to 
representational gestures. Thus, as Kang et al. suggested, gestures in dynamic visu-
alizations should mean something, rather than being just hand movements with no 
clear representation, as this latter scenario may even hamper learning.

 Embodied Spatial Ability

We have described above the potential for using manipulations and gestures in dy-
namic visualizations. However, the capability to understand both is aided by spatial 
ability. In a meta-analysis, Linn and Petersen (1985) defined spatial ability as a skill 
to represent, transform and generate non-verbal information. In addition to helping 
learn human hand actions, spatial ability is very important for learning STEAM 
topics (see this central role of spatial ability in Fig. 1). For example, after analyzing 
a dataset of approximately 400,000 high-school students in their progress through 
Bachelors, Masters and Doctorates degrees, Wai, Lubinski, and Benbow (2009) re-
ported that spatial ability was always higher than verbal ability (but lower than 
mathematical ability) for those in the disciplines of Math/Computer Science, Physi-
cal Science, and Engineering.

Moreover, spatial ability is fundamental to studying from video and animation. 
For example, Höffler (2010) showed in his meta-analysis that spatial ability was 
an essential capacity in learning from dynamic and static visualizations. In other 
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words, spatial ability not only can aid the learning of STEAM topics, but also of 
STEAM visualizations, what implies that it is very beneficial for understanding 
STEAM instruction. Also, as shown in Fig. 1, the opposite applies and STEM in-
struction is very advantageous to boost spatial ability (e.g., Lord, 1990; Pallrand & 
Seeber, 1984; Stransky, Wilcox, & Dubrowski, 2010). In consequence, increasing 
spatial abilities in students (e.g., Baenninger & Newcombe, 1989; Yang & Chen, 
2010) could be an effective instructional approach.

Spatial ability is a construct that can be divided into subfactors, one of which 
is mental rotation (e.g., Linn & Petersen, 1985)—sometimes referred to as spatial 
relations (e.g., Höffler, 2010). In arguably the seminal study of mental rotation, 
Shepard and Metzler (1971) asked participants to compare pairs of three-dimen-
sional figures made with cubes, in order to determine if each pair showed either (a) 
the same figures, but rotated differently; or (b) different figures, meaning that they 
were not only rotated but also reflected. Shepard and Metzler observed that the re-
action times to determine the correct answer ( same or different configuration) were 
linearly correlated with the angular differences between the pair of figures.

The fact that smaller angles implied faster mental rotations has been proposed 
as a connection between mental and actual physical rotation (see Cooper, 1976; 
Janczyk, Pfister, Crognale & Kunde, 2012). In other words, spatial ability, and 
particularly mental rotation, can also be regarded as an embodied cognitive process. 
For example, a number of findings have shown a link between mental rotation and 
embodied mechanisms (see Krüger, Amorim & Ebersbach, 2014). Furthermore, the 
extent of the embodiment of mental rotation has been observed with both manipula-
tion and gesturing tasks. For instance, Wexler, Kosslyn, and Berthoz (1998) reported 
a strong link between mental and simultaneous manual rotation of two-dimensional 
figures. Interestingly, the interaction between the mental and motoric turning of the 
figures was affected by the direction, speed and final position of both the mental 
and the manipulative rotation. Similarly, Janczyk et al. (2012) showed that a mental 
rotation task positively influenced a following manual rotation task in the same 
gyratory direction. Regarding gestures, Chu and Kita (2011) observed that students 
who were encouraged to gesture in order to solve difficult three-dimensional rota-
tion tasks outperformed the participants restrained from gesturing. Moreover, this 
gesturing effect was transferred to subsequent spatial ability tasks where gesturing 
was no longer allowed, showing that the positive effects of these hand movements 
extended over time. A last noteworthy finding in this study was that, as expertise 
to solve the mental rotations increased, gesturing frequency decreased, arguably 
because the spatial processes supported by embodiment had become internalized. 
These embodied effects of spatial ability suggest that this ability is not only im-
portant to learn human hand actions, but that the reverse is also true: Human hand 
actions, such as manipulations and gestures, are helpful in tasks that demand spatial 
ability (see Fig. 1). In addition—as the research reported in this chapter suggests—
these human hand actions are very relevant for STEAM instruction.

The Potential of Embodied Cognition to Improve STEAM Instructional …
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 Implications for Instruction

From the wide variety of STEAM topics that could benefit from instructional dy-
namic visualization showing manipulations, we provide two specific examples. For 
the concept of photosynthesis in biology, all the agents involved (sun, energy, water, 
etc.) and their relationships could be written or drawn on different pieces of paper, 
and these paper notes could be manipulated in a video with auditory explanations. 
So, for example, the teacher could be video-recorded manipulating a piece of paper 
with the word energy written on it, and moving it toward another piece representing 
leaf, while explaining that the energy of the sun is received by the leaf. For arithme-
tic concepts in mathematics, animations of virtual fingers moving squares from one 
group to another could help understand the computations involved. For example, 
a simple addition such as 1 + 1 = 2, could be represented by two animated fingers 
moving a square each with the number 1 written on it, and placing them together 
to form a combination labeled as 2. In general, when designing manipulations for 
a dynamic visualization, consider also that blended methods, which mix type of 
objects (concrete vs. abstract) and/or type of environments (physical vs. virtual), 
may be more effective.

For dynamic visualizations of gestures, we also provide two examples. To solve 
linear equations, a video of a moving hand can be very effective in showing that cer-
tain operations can be represented by moving the various variables from one side of 
the equation to the other. In music education, animations of static hands in different 
states (open, fist, etc.) can represent the different duration of musical notes. When 
designing gestures for a dynamic visualization, it is important to note that gestures 
should convey meaning and not include meaningless hand movements.

A number of additional implications for the design of STEAM animated or static 
visualizations follow:

• Due to transiency conveyed in dynamic visualizations, static images may some-
times be better resources for learning. Similarly, due to the transient information 
effect, dynamic visualizations that include methods to overcome the transiency  
(e.g., pace-control, segmenting, or signaling) may be more effective than anima-
tions and videos that do not use these strategies.

• Because spatial ability plays such a critical role, it is also highly recommended 
that learners’ spatial ability should be developed independently or as part of 
STEAM instruction.

 Future Directions for Research

We consider four interesting directions for further research about embodied dy-
namic visualizations for STEAM instruction. Firstly, provided that both manipula-
tion and gestures are similar mechanisms that depict hand actions, their differential 
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dependency to either manipulative objects or hands could be further investigated. 
That is, one direction for future research is to continue investigating the impact of 
object manipulations when the hands are depicted or not shown in the visualiza-
tions. Similarly, another future direction is to compare the effectiveness of gesturing 
when the corresponding objects are shown or not shown.

Secondly, the majority of research on manipulative tasks involves direct manipu-
lations by the learners, either physically or virtually. Future studies could investi-
gate the more indirect effect of observing STEAM dynamic visualizations depict-
ing real or virtual manipulations. These studies could benefit from the effective 
instructional applications that have been reported for direct manipulations. Also, 
this direction could widen the research on the mirror neuron system by comparing 
performing hand actions versus only observing these actions.

Thirdly, the studies on visualizations of manipulative tasks and gestures need 
to broaden their scope to include concepts from more diverse disciplines. Indeed, 
much of the reported manipulative dynamic visualizations could be connected to 
Technology or Arts; similarly, gesturing visualizations tend to focus on Mathemat-
ics. Thus, the Science and Engineering branches of STEAM seem to be underrepre-
sented in these investigations. Similarly, other educational areas, such as Language, 
could be equally benefited by the visualization of human hand actions.

Finally, the human movement effect and its impact on dynamic versus static im-
ages have been shown for many manipulative tasks, but not many for gesturing. In 
that sense, a step forward would be to compare the learning effectiveness of static 
or dynamic STEAM visualizations that include gestures.

 Conclusion

Although dynamic visualizations are increasingly more appealing and easier to 
produce, and can be linked to gaming applications and high motivation, their ben-
efits may be counterbalanced by the problematic transient information that they can 
convey. Beyond three popular methods to manage this transient information, we 
recommend a relatively newer approach from the embodied cognition research: the 
use of the embodied evolved skills of manipulation and gesturing. The new research 
reported in this chapter provides more evidence that the embodied cognition per-
spective, in the form of manipulations and gestures, has a great potential to enhance 
the use of both dynamic and static visualizations for STEAM topics. However, it 
is important to note that spatial ability is a factor that must be considered. Not only 
does it moderate the effectiveness of learning from dynamic and static representa-
tions, but it is also a crucial factor in the capacity to learn many STEAM concepts.
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ently, they include developing an appreciation of the beauty and wonder of science; 
possessing sufficient knowledge to engage in public discussions; becoming care-
ful consumers of information; learning about STEAM inside and outside school; 
and having the skills to enter careers of their choice, including, but not limited to 
STEAM. Unlike their 20th century predecessors who were exploring if and how 
technology might enter the public education realm, modern educators focus on how 
technology can address these goals. At the same time, the preparation of future 
STEAM teachers hasn’t always kept pace with the changing technology-rich edu-
cational landscape. Teachers can barely keep up with technological innovations and 
often end up placing the pedagogical aspects of technology engagement on the back 
burner. New educational goals coupled with new educational technologies should 
be reflected in how we prepare STEAM teachers. This chapter attempts to re-con-
ceptualize the engagement of STEAM teachercandidates with technology during 
their formative years in order to help them meet these rapidly changing goals. To 
make the argument more meaningful, we use an example of a physics methods 
course in which an instructor modeled technology-enhanced active engagement 
pedagogy and teacher-candidates were able to experience this learning environment 
both as students and as future teachers. The chapter also discusses the impact of 
this course on teacher-candidates’ Technological Pedagogical Content Knowledge 
(TPCK), their attitudes about science teaching and learning, and their pedagogical 
decision-making during the practicum.
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Introduction

In his introduction to the edited book “The Emperor’s New Computer: ICT, Teach-
ers and Teaching”, Di Petta (2008) challenged us to look beyond the “hype and 
fashion” of information and communications technology (ICT) through a thorough 
examination of what ICT can do for improving student learning (p. 2). In particular, 
he called on “pragmatic re-visioning of the fable of the Emperor’s New Clothes, 
looking behind the fashionable masks and costumes of ICT and examining how 
information and communication technologies affect the complex process of human 
interconnection known as teaching and learning” (p. 2). The ideas suggested in the 
book have significant ramifications for examining the current state of educational 
technologies’ implementation in Science, Technology, Engineering, and Mathemat-
ics (STEM) education.

Almost half a century has passed since computers first began entering North 
American public schools and educational technology visionaries and thinkers like 
Alan Kay (1987) and Seymour Papert (1980) began exploring computer-assisted 
STEM learning. Their focus was on how people learn with technology and what 
technology can do that cannot be achieved otherwise. Nevertheless, powerful politi-
cal, corporate, and educational forces, coupled with the endless barrage of new edu-
cational gadgets, devices, and software, propel many educators to continue looking 
for the perfect technological solution to the old educational problems, while ig-
noring the importance of pedagogically-driven implementation of these technolo-
gies. The focus on purely technological solutions divorced from solid educational 
research that will identify the pedagogical problems to be solved and then drive 
the development of technologies to solve these problems significantly diminish-
es the pedagogical effects of these innovations. Kay (1987) referred to this issue 
as “a technological tail wagging a pedagogical dog”. In this chapter we raise and 
examine the what, why, and how questions in the context of technology-enhanced 
STEM teacher education. These are key pedagogical questions that we need to ask 
and answer again and again in order to understand how technology can be used to 
improve how students learn STEM disciplines (Hofer & Swan, 2008; Konold & 
Lehrer, 2008; Sfard, 2012). Focusing on the implementation of educational tech-
nologies, without questioning the reasons for why these technologies are being used 
and what pedagogical problems they are attempting to address, is doing a disservice 
to our teachers and students. This chapter, thus, emphasizes the importance of what 
we call a deliberate technology-enhanced pedagogical practice in STEM teacher 
education.

Now is the perfect time to re-examine STEM teachers’ engagement with tech-
nology, while considering how technology can help teachers to reunite the arts and 
the sciences, thus turning STEM into STEAM (Science, Technology, Engineering, 
Arts, and Mathematics) education. This examination is a 1000-mile journey and 
we begin it with a single step: an investigation of STEM teacher-candidates’ en-
gagement with technology during their teacher education program. This engage-
ment has a profound effect on forming their teaching philosophy, which will have 
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a significant impact on their teaching careers. It is also very timely, as unlike their 
predecessors, most contemporary teacher-candidates are digital natives (Prensky, 
2001a, 2001b): they were born into the “age of computers”. However, as we shall 
see below, being digital natives does not guarantee that teacher-candidates know 
how to use educational technologies to promote meaningful STEM learning (Mil-
ner-Bolotin, 2014a). We focus our discussion on exploring the following question:

Why and how should educational technologies be incorporated into STEM teacher educa-
tion in order to nurture the next generation of teachers capable of designing and implement-
ing deliberate technology-enhanced pedagogies in their classrooms?

This is a big question that might have many answers. It is also complicated by the 
fact that digital technologies are “protean (usable in many different ways) (Papert, 
1980), unstable (rapidly changing), and opaque (their inner-workings are hidden 
from users) (Turkle, 1995)” (Mishra & Koehler, 2007, p. 2215).

Therefore, we will unpack this big question through answering more specific 
sub-questions, such as:

1. What are the key goals of 21st century STEM education?
2. Why is educational technology a valuable tool to help address these goals?
3. How might STEM teacher-educators implement deliberate technology-enhanced 

pedagogies in order to engage teacher-candidates in meaningful learning?

To answer these questions we need to adopt a theoretical framework that will help 
us critically examine available research evidence. The Technological Pedagogical 
Content Knowledge (TPCK) framework will serve the theoretical lens for this chap-
ter (Koehler & Mishra, 2009; Mishra & Koehler, 2007). It is discussed in detail in 
the following section.

 Theoretical Framework: TPCK

STEM teacher education in the 21st century is even more important and challeng-
ing than it was a century ago. Computers and new technologies haven’t replaced 
teachers, but they have profoundly affected the roles teachers play in our schools. 
Unlike the STEM teachers of the 20th century, modern teachers cannot continue 
assuming the role of authoritative dispensers of information, as their students have 
an unprecedented access to it. Moreover, as these digital savvy students are very dif-
ferent from the students we taught in the past (Levin & Arafeh, 2002) and as STEM 
standards are continuously evolving (National Research Council, 2013), 21st cen-
tury teachers have to learn how to use rapidly evolving technologies to address the 
educational challenges of the new millennium (Crippen, Biesenger, & Ebert, 2010; 
Gerard, Varma, Corliss, & Lin, 2011; Harris & Hofer, 2011; Krajcik & Mun, 2014).

Therefore, it is the right time to break away from the educational technology 
pendulum mentality that swings educators back and forth between two pedagogi-
cal extremes: from the incurable technophilia (the “unconditional love” for all 
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technological innovations without paying attention to their potential pedagogical 
impact) to the unyielding educational technophobia expressed through the unabat-
ing fear and skepticism towards novel educational technologies and their potential 
pedagogical impact (Cuban, 2001; Cuban, Kirkpatrick, & Peck, 2001; Kirkpatrick 
& Cuban, 1998; Krajcik & Mun, 2014). As Cuban warned educators more than 
two decades ago, if we do not carefully examine the pedagogical implications of 
computer-based instruction and how educational technologies can help address the 
issues of teaching and learning, we are bound to keep reforming our educational 
system again, again, and again with little significant results (Cuban, 1990).

Cuban’s admonition resonates with the concerns expressed by Shulman in his 
seminal 1986 American Educational Research Association Presidential Address 
(Shulman, 1986). In his paper, he traced the knowledge growth in the teaching pro-
fession in the United States over the last century and emphasized that teacher-educa-
tors should focus on helping teacher-candidates develop their Pedagogical Content 
Knowledge (PCK) that comprises both the content knowledge (i.e. mathematics, sci-
ence, art, history) and the knowledge of pedagogical approaches relevant to teaching 
the content and the practices of the subject to a particular group of students. Shulman 
called the lack of focus on PCK in teacher education programs the “missing para-
digm” problem. He emphasized that teacher-educators should not limit themselves 
to discussing general context-free pedagogical practices (today we can compare it 
with discussing general context-free educational technologies), but should embed 
these pedagogical practices in a subject-specific context. In Shulman’s own words:

My colleagues and I refer to the absence of focus on subject matter among the various 
research paradigms for the study of teaching as the “missing paradigm” problem. The con-
sequences of this missing paradigm are serious, both for policy and for research… Research 
programs that arose in response to the dominance of process-product work accepted its 
definition of the problem and continued to treat teaching more or less generically or at 
least as if the content of instruction were relatively unimportant. (Shulman, 1986, p. 6) 
(italics added)

Thus, PCK for teaching physics, mathematics, art or history will undoubtedly have 
common elements, yet there will also be many essential subject-specific aspects. 
Moreover, Shulman’s address clearly highlighted the difference between the knowl-
edge of the subject matter, Content Knowledge, (the fundamental content knowl-
edge needed for future educators, researchers, engineers, etc.) and the knowledge 
of the content-driven pedagogies required to be able to teach this subject (PCK).

With the development of educational technologies, Shulman’s PCK framework 
was expanded to include the technological component. The Technological Pedagog-
ical Content Knowledge (TPCK) framework was proposed by Koehler and Mishra 
(2009) to emphasize the role of educational technologies in this process. Teachers 
should learn how specific educational technologies can be utilized in order to pro-
mote student understanding of both the subject content and its practices. Thus, the 
“T” (Technological) in TPCK refers to both the mastery of the technological tools 
and their pedagogical implications. According to this framework, in order to help 
teachers acquire TPCK, they have to actively engage in designing authentic peda-
gogical tasks that use educational technologies to serve specific pedagogical pur-
poses. This active and deliberate engagement with technology should begin early 
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in teachers’ careers. In this chapter, we argue that this process should start during 
the teacher education program in order to allow teacher-candidates to experience 
educational technologies both as learners and as future teachers (Milner-Bolotin, 
2014a; Milner-Bolotin, Fisher, & MacDonald, 2013). In addition, educational tech-
nologies are tools that shape teacher-candidates’ views and attitudes about teaching 
and learning (Milner-Bolotin, 2014a). This active pedagogically-driven engage-
ment with educational technologies will support teacher-candidates in becoming 
active designers of pedagogically-driven technology-enhanced educational materi-
als (Milner-Bolotin, 2014b).

In examining the process of engagement of STEM teacher-candidates with edu-
cational technologies, we will be guided by the techno-pragmatic approach sug-
gested by Di Petta (2008) that focuses on technology serving specific pedagogical 
goals and by the TPCK framework discussed above.

 Exploring STEM Teacher-Candidates’ Engagement  
with Technology

This section explores STEM teacher-candidates’ engagement with technology. We 
begin by identifying the key questions faced by modern STEM educators. Then we 
discuss how they can be addressed through pedagogically-driven use of educational 
technologies. We finish with the discussion of a possible model for technology-
enhanced STEM teacher education and its pedagogical implications.

 What are the Key Goals of 21st Century STEM Education?

STEM education has been profoundly affected by the rapid technological advances 
occurring in our society (Krajcik & Mun, 2014). For example, ubiquitous access 
to information and the availability of real life data collection tools deemphasize 
the importance of factual memorization, while placing a renewed emphasis on au-
thentic problem solving and critical thinking (Eijck & Roth, 2009; Milner-Bolotin, 
2012; Milner-Bolotin & Moll, 2008; Schwartz, Lederman, & Crawford, 2004). 
Ever increasing computing and visualization power of modern computers requires 
students to be able to model real life physical phenomena rather than solve highly 
simplified “plug-and-chug” problems (Finkelstein et al., 2005; Milner-Bolotin & 
Nashon, 2012). The availability of computer simulations has opened unprecedented 
opportunities for student-driven scientific investigations that were unimaginable 
before, thus requiring very different skills from the students (Perkins et al., 2006; 
Wieman, Adams, Loeblein, & Perkins, 2010). Lastly, the low level of scientific 
literacy and interest in STEM in the general population stresses the importance of 
improving student interest in and attitudes about STEM (Let’s Talk Science, 2012, 
2013; Wieman & Perkins, 2005).
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These changes prompted many countries to reconsider their STEM education 
goals. For example, the Next Generation Science Framework (recently released 
U.S. Science Standards) expressed the desired science outcomes for the 21st cen-
tury through five distinct STEM learning goals:

The overarching goal of our framework for K-12 science education is to ensure that by 
the end of 12th grade, all students (1) have some appreciation of the beauty and wonder 
of science; (2) possess sufficient knowledge of science and engineering to engage in pub-
lic discussions on related issues; (3) are careful consumers of scientific and technological 
information related to their everyday lives; (4) are able to continue to learn about science 
outside school; and (5) have the skills to enter careers of their choice, including (but not 
limited to) careers in science, engineering, and technology. (Committee on a Conceptual 
Framework for New K-12 Science Education Standards, 2013, p. 14) (numbering added)

The five STEM education goals outlined above emphasize the importance of en-
gaging students in inquiry-based authentic problem-solving which extends beyond 
the traditional classroom science. For example, modern art, architecture and design 
require deep STEM knowledge, while “the appreciation of the beauty of science” 
highlights the reciprocity of arts and sciences. Technology is viewed as a vehicle 
for exploration of science and mathematics ideas permeating the world we live in, 
a tool for engineering design, artistic expression, as well as a field of inquiry within 
itself.

Engineering and technology are featured alongside the physical sciences, life sciences, and 
earth and space sciences for two critical reasons: to reflect the importance of understand-
ing the human-built world and to recognize the value of better integrating the teaching and 
learning of science, engineering, and technology. (Committee on a Conceptual Framework 
for New K-12 Science Education Standards, 2013, p. 18)

The successful implementation of these Standards will require STEM teachers to 
reconsider the role of technology in their classrooms. This, in turn, will necessiatate 
teachers to acquire a STEM-specific TPCK. The following section uses three sub-
ject-specific examples to illustrate how educational technology can help address 
these 21st century STEM education goals.

 How Can Technology Help Address 21st Century STEM Goals?

This section briefly outlines three examples of technology-enhanced pedagogies 
that help address the STEM education goals mentioned above. The first example 
illustrates the use of live acquisition systems to conduct authentic investigations. 
The second one focuses on the use of computer simulations and visualizations. The 
last example illustrates how electronic response systems (clickers) can be used to 
engage students in conceptual science learning in order to promote their critical 
thinking skills.

 Using Data Acquisition Systems to Promote Authentic STEM Learning

In order to help students develop appreciation of STEM, it is important to engage 
them in authentic investigations that are rooted in everyday life phenomena (Eijck 
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& Roth, 2009; Milner-Bolotin, 2012). This also helps students become critical con-
sumers of STEM-related information. These inquiry activities rely on students’ abil-
ity to collect and analyze real-life data using data acquisition systems, such as Log-
ger Pro (Vernier-Technology, 2015). These data acquisition systems include various 
sensors (hardware) and software available for data analysis that allow synchronous 
or asynchronous data acquisition and analysis. In addition, sensor-driven data ac-
quisition can be combined with video recording of the experiment to help students 
connect multiple representations of the same phenomenon, such as graphs, video 
recording, equations, etc. For example, data of a student jumping off a force plate 
can be collected in class, such as shown in Fig. 1. The students can then perform 
an analysis of this data, connecting theoretical knowledge (learning about New-
ton’s laws) with practical applications and kinesthetic experiences (Milner-Bolotin, 
Kotlicki, & Rieger, 2007). Moreover, the students can video record experiments or 
everyday life phenomena outside of class, such as water coming out of a water hose, 
various moving objects, collisions, launch of a water rocket, etc. Then these files 
can be imported into video analysis software to conduct a frame-by-frame investi-
gation (Antimirova & Milner-Bolotin, 2009). This is especially valuable as many 
scientific phenomena happen at very short time scales and slowing them down can 
reveal a lot of interesting and often hidden information. In addition, students can 
analyze video files posted by others on the internet, for example, short-lived phe-
nomena, such as collisions and objects’ deformations recorded with very expensive 
equipment (for example, a fast speed camera) that might not be available to the 
students (Brown, 2010).

Data acquisition systems can also be used to engage students in authentic in-
quiry-based learning that is akin to a scientific process through asking students 
to make predictions based on scientific concepts they studied earlier and then test 
these predictions in real time (Milner-Bolotin, 2012; Sokoloff & Thornton, 2004). 
This helps students to transform scientific facts into scientific ideas and explore 
their implications in classroom science and everyday life. This is crucial for helping 

Fig. 1  An analysis of a student’s jump off a scale performed using a Logger Pro data acquisition 
system. The student is standing on a digital scale that records the force exerted by the student 
(which is often incorrectly interpreted as student’s weight) and sends it to a computer
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students develop critical thinking capacities and become critical consumers of sci-
ence-related information. Henri Poincare once said “Science is built up with facts, 
as a house is with stones. But a collection of facts is no more a science than a heap of 
stones is a house”. To help students realize that the power of scientific ideas is their 
ability to predict the results of new experiments and new phenomena, the students 
have to have an opportunity to experience this first hand and not just to read about 
it in textbooks (Etkina et al., 2010).

 Use of Computer Simulations and Modeling Software to Promote  
Scientific Mind Set and Critical Thinking Skills

While data collection and analysis are crucial components of authentic scientific 
inquiry, not every experiment can be performed under “real-life” conditions. And 
even if an experiment can be performed, the scientific mechanism behind it might 
be invisible “to the naked eye”. For example, in recent years due to the Fukushima 
disaster there have been a lot of discussions about the effects of nuclear power 
plants and radiation in general on our lives. While the topic of radiation prominently 
featured in public debate, few laypeople possess scientific knowledge to be able 
to critically participate in such a discussion. Computer simulations, such as the 
PhET project (Wieman et al., 2010) is an example of a suite of STEM computer 
simulations built on solid educational research evidence (Figs. 2 and 3). These sim-
ulations help students not only to understand scientific concepts, such as radioactive 
decay shown in Fig. 2, but also conduct scientific investigations in these virtual 
environments. Since many of these simulations are free, they can be used by the 

Fig. 2  PhET computer simulation “Alpha Decay”

 



145Technology-Enhanced Teacher Education for 21st Century 

students both in school and at home. Simulations can also help students understand 
the relationships between the sciences and the arts. For example, through explor-
ing computer simulations of the natural phenomena such as radioactivity, light and 
sound, the students can understand the workings of musical instruments, and ap-
preciate scientific contributions to the realms of arts, architecture, music, medicine, 
environment and everyday life (Figs. 2 and 3).

The investigations of the physical properties of waves (Fig. 3) and their appli-
cations to the design of musical instruments and the production of sound become 
especially meaningful when students, many of whom are interested in music, real-
ize these connections (Jeans, 1968). Moreover, many famous scientists, such as Sir 
James H. Jeans mentioned above were also musicians and artists, making the mod-
ern distinction between the arts and the sciences a relatively recent phenomenon. 
Lastly, the recent symbiosis of the arts and the sciences in the realm of the digital 
arts, such as visual effects in film, television, and video game production, helps 
build bridges between the fields, producing very powerful STEAM education op-
portunities. It enriches students from both the arts and the sciences and opens new 
creative opportunities in both fields.

As a result of the proliferation of computer simulations, there has been a lot 
of interest in comparing student learning in virtual and real-life learning environ-
ments. Ample research indicates that learning in virtual environments has significant 
benefits for promoting student conceptual understanding (Finkelstein et al., 2005). 
Moreover, as indicated earlier, virtual learning environments have an additional 
benefit: students can test their ideas and receive immediate feedback to guide their in-
vestigation. This is not as easy to implement with real-life equipment. Lastly, it has to 
be noted that as with any technology, the pedagogical effect of computer simulations 
in STEM classrooms depends on teachers’ abilities to implement them effectively in 
day-to-day instruction and align these activities with the final assessment. 

Fig. 3  PhET computer simulation “Waves on a string”
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Another prominent example of technology that empowers students to apply 
STEM to their lives through bridging the arts and the sciences, thus turning STEM 
into STEAM, is dynamic modeling software, such as GeoGebra (Hohenwarter, 2014) 
or Geometer’s Sketchpad (Sinclair & Yurita, 2008). These dynamic mathematical 
software tools allow students to experience mathematical construction, the interde-
pendencies between mathematical variables and visual (often very artistically beau-
tiful) objects. Unlike traditional paper and pencil geometrical constructions, where 
a construction or a graphical representation cannot be changed or manipulated eas-
ily, GeoGebra allows students to develop a mathematical language, dynamically test 
their understanding, as well as visualize abstract mathematical relationships. GeoGe-
bra is freely available to teachers and students, and the GeoGebra educational com-
munity is a powerful community-created pedagogical resource (Fenyvesi, Budinski, 
& Lavicza, 2014; Hohenwarter, Hohenwarter, & Lavicza, 2008). Dynamic math-
ematical software opens doors to using mathematical modeling in order to explore 
the relationships between art (e.g. paintings, patterns, architecture, textile, and mosa-
ics) and mathematics. The dynamic features of GeoGebra or Geometer’s Sketchpad 
allow students to manipulate geometrical shapes, visualize abstract mathematical 
concepts and search for mathematical patterns and relationships behind everyday life 
phenomena, artistic artifacts, or natural phenomena. For example, students can use 
GeoGebra to explore regular and semi-regular tessellations, mosaics and geometrical 
patterns, and their use in art and architecture (many of these activities can be found 
on GeoGebraTube—www.geogebratube.org) (Fig. 4).

Fig. 4  An example of a 
construction of a cycloid 
bounded by tangent lines 
using GeoGebra software 
(http://www.talljerome.com/
mathnerd.html)
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One of the most striking modern examples of the deep interconnections of all 
elements of STEAM fields is the use of art “powered” by mathematics and sci-
ence in modern movies and animation films. Recently Tony DeRose—a computer 
scientist working with artists and animators at Pixar Animation Studios—presented 
an invited talk “Math in Movies” at the Mathematics Association of America Dis-
tinguished Lecture Series. In this talk he noted:

There is indeed a lot of mathematics behind the scenes… In each of these animated films, 
constructed entirely on computers, trigonometry helps rotate and move characters, algebra 
creates the special effects that make images shine and sparkle, and integral calculus helps 
light the scenes. (http://www.maa.org/news/interview-tony-derose, October 15, 2009)

These are only few examples of powerful interconnections of STEAM disciplines 
and the growing opportunities for productive and creative collaborations of artists, 
scientists and mathematicians. In order to help students to see these opportunities 
we have to educate a new generation of STEAM teachers who are ready to use tech-
nology in order to engage their students in meaningful learning.

Use of Electronic Response Systems to Promote Active Student  
Engagement and Meaningful Learning

In order to help students relate STEM disciplines to their lives and build the knowl-
edge that they can use outside of school, students have to be actively engaged 
not only during labs and hands-on activities, but also during “traditional” lessons 
(Hake, 1998).

One of the most common active engagement pedagogies in postsecondary STEM 
classrooms is Peer Instruction (PI) (Lasry, Mazur, & Watkins, 2008; Mazur, 1997). It 
utilizes Classroom Response Systems (clickers) to engage students in interactive activ-
ities and discussions through conceptual multiple-choice questions that target student 
difficulties, often referred to as misconceptions (Milner-Bolotin et al., 2013) (Fig. 5).

Fig. 5  An example of a conceptual multiple-choice question and the distribution of students’ 
responses. The correct answer B was chosen by 3 out of 11 students
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PI has been found to be very effective in college STEM classrooms when stu-
dents used either clickers (Hake, 1998; Milner-Bolotin, Antimirova, & Petrov, 
2010) or flashcards (Lasry, 2008). However, due to its cost (each student has to have 
a clicker to take part in the voting), PI has not been widely used in K-12 classrooms. 
With the advent of new cost-effective models for its implementations (such as using 
smartphones or tablets instead of clickers), it is becoming more popular in second-
ary schools. We have written about the implementation of this pedagogy (Kalman, 
Milner-Bolotin, & Antimirova, 2010; Milner-Bolotin, 2004; Milner-Bolotin et al., 
2013). There is extensive research evidence that the success of PI or any other click-
er-enhanced pedagogy is not in the technology itself, but in the pedagogical skills 
of the teachers and in the quality of the available resources (Milner-Bolotin et al., 
2013). These findings highlight the importance of developing teacher-candidates’ 
TPCK during teacher education programs, so teachers will be ready to utilize this 
technology when it becomes available in their classrooms (Milner-Bolotin, 2014b).

 How Should STEM Teacher-Educators Implement Technology-
Enhanced Learning Environments: Exploring Possible Models  
for Technology-Enhanced STEM Teacher Education

While it is impossible to prepare teacher-candidates for all the technological in-
novations that are to emerge during their careers, they should begin the acquisition 
of their TPCK as soon as they enter the teacher education program (Milner-Bolotin 
et al., 2013). Teacher-candidates should be engaged in thinking about technology as 
a vehicle to help promote STEM educational goals. Therefore, the main argument 
of this chapter is that in order to prepare STEM teacher-candidates for a success-
ful teaching career in the 21st century, they have to experience multiple support 
mechanisms during their teacher education program. In particular, science methods 
courses have to support teacher-candidates in:

a. Learning how to utilize educational technologies as enablers of big pedagogical 
ideas;

b. Experiencing active technology-enhanced engagement as learners and as 
teachers;

c. Adopting pedagogical values congruent with this technology-enhanced active 
engagement;

d. Designing and implementing technology-enhanced educational materials that 
serve clear pedagogical purposes.

The following section will expand on what we mean by the four-way support struc-
ture through a study situated in the context of physics teacher education at a large 
research university in Western Canada. The study took place during a semester-long 
physics methods course and a 13-week school practicum that followed. The goal of 
the study was to explore how educational technologies can be used to help STEM 
teacher-candidates acquire subject-specific TPCK and to translate this knowledge 
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into active engagement pedagogical practices during the consequent school practi-
cum and hopefully during their future STEM teaching.

 Developing Teacher-Candidates’ TPCK Through Modeling Peer  
Instruction in a Physics Methods Course

As discussed earlier, while Peer Instruction (PI) is very common in large under-
graduate courses, it is still rare in K-12 classrooms. It is also seldom found in STEM 
methods courses. One of the commonly cited reasons for not using this technology 
in teacher education is the cost of the system and the reluctance of schools to spend 
money on it. Yet, with the developments of smartphone technologies and the Bring-
Your-Own-Device “revolution” in K-12 schools, it is becoming apparent that this 
technology will soon penetrate the school walls. Two questions remain: (1) Will the 
teachers with the access to this technology have the TPCK necessary to draw peda-
gogical benefits from PI and question-driven pedagogy? and (2) What can teacher 
educators do in order to assure that PI will not become another example of a techno-
logical fad that will fade away as soon as it came? Our response to these questions 
is preparing teacher-candidates through incorporating PI into the physics methods 
course. We described how we have done it in detail elsewhere (Milner-Bolotin et 
al., 2013). We briefly outline the study below.

The study was conducted in a Physics Methods course in the Teacher Education 
Program at a large research university in Western Canada during the 2012–2013 
academic year. The course lasted for one term (39 h in total) and included 13 phys-
ics teacher-candidates. It took place in a flexible laboratory environment so that 
different modes of student engagement were able to be implemented during the 
same class period. PI pedagogy was modeled during every class meeting.

In order to help teacher-candidates see the big pedagogical ideas behind PI and 
learn how clicker-enhanced pedagogy should be implemented, the course began 
with a discussion of the importance of active student engagement and how PI helps 
promote it in a physics teaching context. Research evidence was brought and dis-
cussed during the class (Hake, 1998). Then the instructor focused on student con-
ceptual learning and the development of pedagogically effective conceptual ques-
tions (Beatty, Gerace, Leonard, & Dufresne, 2006). At the same time, different 
conceptual multiple-choice questions were modeled and teacher-candidates were 
invited to participate in PI pedagogy first as students and consequently as teach-
ers. This dual experience of technology-enhanced pedagogy by teacher-candidates 
(both as students and as future teachers) was central to the course philosophy. 
Teacher-candidates were also encouraged to use a special resource of STEM con-
ceptual questions designed by our research team that modeled effective conceptual 
questions (Milner-Bolotin, 2015). This provided pedagogical support and scaffold-
ing required for mastering the necessary TPCK. This brought up many discussions 
about the value of powerful distractors (incorrect choices in a multiple-choice 
question) and the ability to test different scientific hypotheses with the students. It 
also opened doors to the discussion about how various technologies were utilized 
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in order to support active student engagement, conceptual learning, and building 
bridges between science as experienced in class and as experienced in everyday life. 
This helped teacher-candidates not only to experience this technology-enhanced 
pedagogy, but also to slowly uncover and adopt the pedagogical values associated 
with its pedagogically effective use.

As teacher-candidates’ TPCK strengthened, they were asked to start working on 
designing their own conceptual questions (every teacher-candidate was required 
to submit five conceptual multiple-choice questions). These questions had to in-
clude clear pedagogical purposes and detailed explanations of the distractors. The 
course instructor and a Teaching Assistant provided detailed formative feedback 
on these questions. In addition, the questions were shared between the group mem-
bers so that teacher-candidates had an opportunity to comment on them and ex-
change ideas. During the following year, the PeerWise system (Denny, 2014) was 
used to promote effective sharing and collaboration of conceptual multiple-choice 
questions designed by teacher-candidates (Milner-Bolotin, 2014b). PeerWise is an 
online collaborative database that allows students to upload their multiple-choice 
questions (including solutions), respond to the questions designed by their peers, 
rate these questions, provide comments, and respond to the comments provided by 
their peers and the course instructor.

This methods course was followed by a 10-week school practicum where teach-
er-candidates were able to teach physics lessons and implement the pedagogy of 
their choice, including PI, in practice. During their school practicum teacher-can-
didates were observed by their school and university advisors, as well as by the 
physics methods course instructor.

In the following section, we will briefly outline the results of the research study 
that investigated the effects of this pedagogy on teacher-candidates’ TPCK, their 
attitudes about active engagement, and their views on the nature of science and of 
science education.

 The Effects of PI Modeling on Teacher-Candidates’ TPCK and Their 
Attitudes About Science Teaching and Learning

In order to investigate the effects of modeling PI pedagogy on teacher-candidates’ 
TPCK and their attitudes about science teaching and learning we collected and ana-
lyzed conceptual questions contributed by the teacher-candidates. We also conduct-
ed multiple individual interviews with teacher-candidates and a focus group during 
the year and observed their teaching during the practicum that followed the course. 
In addition, we collected teacher-candidates’ reflections and observed their behav-
ior during class. We described this analysis in detail elsewhere (Milner-Bolotin et 
al., 2013). Here we would like to outline a few of the most important findings.

1. Teacher-candidates acquired PCK necessary for designing pedagogically effec-
tive conceptual multiple-choice questions. The questions submitted at the end 
of the course were rated using Bloom’s Taxonomy of Educational objectives 
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(1956). Their average cognitive level corresponded to the application level on 
Bloom’s taxonomy. Most of the questions targeted specific conceptual difficul-
ties, were scientifically accurate, and had meaningful distractors that were justi-
fied by the teacher-candidates.

2. Teacher-candidates used technology, such as computer simulations and data 
acquisition systems to design inquiry-driven questions that integrated experi-
mental and theoretical knowledge and skills in order to achieve specific peda-
gogical goals. This required them to possess significant TPCK.

3. Teacher-candidates modeled different ways of PI implementation during the 
methods course. A number of them also implemented PI during the practicum 
using clickers, smartphones, or flashcards. This illustrates that they were able to 
transfer the TPCK they acquired in the methods course to their practicum.

4. The interviews and focus group discussion indicated that teacher-candidates’ 
active engagement during their physics methods course had a significant posi-
tive effect on their teaching philosophy and their views on the importance of 
student engagement in science. Teacher-candidates not only learned about new 
educational technologies, but also began seeing technology as a powerful tool to 
promote deeper conceptual understanding and meaningful science learning.

We will finish this section with a few quotes from the teacher-candidates. These 
teacher-candidates discussed how clicker-enhanced pedagogy can become a mecha-
nism for promoting active student engagement and conceptual science learning. 
These quotes shed light on the emergence of teacher-candidates’ TPCK and their 
views about the role of technology in STEM education:

It wasn’t just the clickers alone. It was also in…. the presentation of the question. It wasn’t 
a simple plug in the answer-type question. It had to be conceptual, in which you could 
promote …, the Bloom’s taxonomy, the higher learning of students. So, in itself, clickers… 
is only a tool. But it needs to be complemented with good conceptual questions in order to 
make it work (Teacher-candidate E).

… Some of the physics 11 s who are just doing it to do a science, and are just, ‘Alright, 
Physics, I’ll try it out.’ Some of them were not as engaged, and I think doing the… voting-
style questions helped get them more into it and more involved. So I’d say… it’s helpful to 
get those students who hide at the back in these 30 person classes (Teacher-candidate C).

The third quote sheds light on the teacher-candidates’ views on the nature of science 
and their science teaching philosophy:

… physics is…not about applying formulas, and doing math. It is…about gaining an appre-
ciation of the world around us. And, being able to use your understanding and extrapolate 
… explain what’s happening around you… (Teacher-candidate A).

These quotes highlight the importance of active pedagogical engagement of STEM 
teacher-candidates in their methods courses and the role of technology in this pro-
cess. As we described in the beginning of this section, in order to promote mean-
ingful teacher-candidates’ engagement with technology, teacher educators should 
model it in the classroom, allow teacher-candidates to experience the effects of 
technology-enhanced pedagogies on their own learning, support them in adopting 
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the philosophical values congruent with the use of this technology, and provide 
teacher-candidates with safe opportunities to practice the implementation of these 
technology-enhanced pedagogies into practice.

While this physics methods course used technology extensively, teacher-can-
didates realized that technology was a vehicle for promoting active engagement 
and not the purpose within itself. This pedagogically-driven technology-enhanced 
engagement had a positive impact on their teaching philosophy and views on the na-
ture of science teaching. This brings us back to the techno-pragmatic approach sug-
gested by Di Petta (2008), as the success of technology-enhanced pedagogy should 
be judged not by the extent of the technology use, but by the impact of technology 
that was used in achieving clear pedagogical goals.

 Conclusions and Future Directions

This chapter examined the 21st century pedagogical goals that can be addressed 
through STEM teacher-candidates’ engagement with technology. It also discussed 
the possibilities of using modern technologies in order to bring the “A” into STEAM 
education, such as computer simulations, dynamic mathematical software, and vir-
tual learning environments. We outlined why active technology engagement should 
become an important part of teacher education programs and how technology can 
be incorporated into STEM methods courses. We also discussed how modern edu-
cational technologies can help build bridges between the arts and the sciences, thus 
engaging teacher-candidates and consequently students involved in STEAM educa-
tion at a more meaningful level. This active engagement should become the first 
step in helping teacher-candidates build solid TPCK and positive attitudes about 
educational technologies. More importantly, technology can provide opportunities 
for interdisciplinary projects, where students and teachers with different interests, 
skills and backgrounds can collaborate to create meaningful artefacts, exploring 
architectural designs, tessellations, the occurrence of special mathematical curves 
and shapes in art and nature, fractals, animation, visual effects, etc. We focused on 
three types of educational technologies pertinent to STEM (and possibly STEAM): 
data acquisition systems, computer simulations and dynamic visualization software, 
and electronic response systems. We provided examples of how they were used in 
a physics methods course for secondary physics teachers. We also discussed the 
effects of these technologies on teacher-candidates’ TPCK, their teaching philoso-
phies, and their views on the nature of STEAM teaching.

The main conclusion of this chapter is that in order to help STEAM teachers 
develop positive attitudes about educational technologies, they have to have an 
opportunity to start building their TPCK during their formative teacher education 
years. Teacher-candidates should also have ample opportunities to experience these 
technologies both as students and as future teachers. STEAM methods courses in 
teacher education programs are perfect opportunities for teacher-candidates to ac-
quire these experiences in a safe and supportive environment. Moreover, STEAM 
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education research on the effective use of educational technologies should become 
a theoretical base for these methods courses. Teacher-candidates should also be 
encouraged to read these papers and incorporate their results in their lesson plan-
ning. This will build much needed and often missing bridges between the results of 
STEAM education research and STEAM education practice.

Technology has the potential to become a very powerful educational tool, yet in 
order to benefit from it teachers have to be continuously supported in the develop-
ment of their TPCK. It is not surprising that technology will be as effective as the 
TPCK of the teachers who are implementing it. We strongly believe that figuring 
out effective ways of providing this support to teacher-candidates, as well as to 
practicing teachers will become the focus of extensive STEAM education research 
in the coming decades.
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Abstract Mobile devices are ubiquitous. They are often invisible to accomplish 
our everyday tasks and learning goals. This chapter explains how individuals learn 
using mobile devices during their daily lives—within K-12 schools, higher educa-
tion, and outside of educational institutions altogether—with specific attention to 
STEAM disciplines. First, brief definitions of mobile devices and mobile learn-
ing are presented, then types of learning, i.e. formal, informal, and semiformal, 
are discussed. Next, seven categories describe how mobile devices have been used 
for teaching and learning with examples as appropriate from STEAM disciplines: 
(a) increasing access to student information and campus resources, (b) increasing 
interaction with learning contents, (c) creating representations of knowledge, (d) 
augmenting face-to-face instruction, (e) supporting performance and decision-mak-
ing, (f) enabling personalized learning, and (g) deploying instruction. Finally, five 
implications for employing mobile devices for teaching and learning are discussed.

Keywords Mobile learning · Formal learning · Informal learning · Semi-formal 
learning · Social media

 Introduction

Mobile devices continue to grow in their numbers, as well as permeate our everyday 
lives. It is no surprise that these devices are also considered part of our educational 
landscape. In 2013, the Horizon Report for K-12 (Johnson et al., 2013b) and the 
Horizon Report for Higher Education (Johnson et al., 2013a) listed mobile learning 
with smartphones and tablets and tablet computing, respectively, as significant im-
pacts within 1 year or less. Similarly, the annual EDUCAUSE Center for Analysis 
and Research (ECAR) Study of Undergraduate Students and Information Technol-
ogy (Dahlstrom, Walker, & Dziuban, 2013) reported that it was equally common for 
undergraduate students in the U.S. to own two, three, four, or more Internet-capable 
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devices, including laptop computers, smartphones, tablets, and e-readers. Most re-
cently, the 2014 Horizon Report for Higher Education (Johnson, Adams Becker, 
Estrada, & Freeman, 2014) identified social media for learning as an accelerating 
trend along with mobile apps, tablet computing, mobile learning, personal learning 
environments, and location-based services as key emerging technologies.

In parallel, the integration of mobile devices in education also dovetails with the 
broad goals of STEM (science, technology, engineering, mathematics) education 
and the more recent STEAM education, which includes the visual and perform-
ing arts (Ostler, 2012). The novelty of mobile devices (Ciampa, 2014) and their 
ubiquitous uses for “communication, collaboration, gathering, and sharing” (Lai, 
Khaddage, & Knezek, 2013b, p. 2) in and outside of schooling may increase interest 
in STEM careers and postsecondary study. Plus, there is some evidence to suggest 
that the use of mobile technologies with appropriate pedagogies can aid retention 
in postsecondary STEM majors (e.g., Romney, 2011). To the second goal, mobile 
devices may “improve the proficiency of all students in STEM” (Thomasian, 2011, 
p. 12) when used meaningfully with teaching and learning. However, there is little 
empirical evidence of the STEAM interdisciplinarity advocated by Ostler (2012).

The purpose of this practical chapter is to describe how individuals learn during 
their daily lives—both within school and outside of educational institutions—and 
how mobile devices are being used to engender this learning, particularly within 
STEAM disciplines. First, I briefly define mobile computing devices and mobile 
learning, then types of learning and the purposes for which they occur. Next, I pres-
ent how mobile devices have been used for teaching and learning, and I offer se-
lected examples of how mobile devices are or could be used, highlighting STEAM 
disciplines where most appropriate. Finally, implications for employing mobile de-
vices for teaching and learning are discussed.

Mobile Devices and Mobile Learning

Learning with mobile devices has been described and defined in myriad ways. 
Mobile devices themselves have included technologies that broadly operationalize 
mobility and transportability, such as cellphones, smartphones, tablet computers, 
laptop computers, and netbooks (Valk, Rashid, & Elder, 2010). Keegan (2005), 
however, recognized that mobile learning should focus on the actual mobility of the 
device, recognizing that some devices in fact are more mobile than others, primar-
ily predicated on their sizes. Therefore, mobile learning should be “restricted to 
learning on devices which a lady can carry in her handbag or a gentleman can carry 
in his pocket” (Keegan, 2005, p. 33). Moreover, Traxler (2007) described devices 
that learners are accustomed to “carrying everywhere with them” and that they “re-
gard as friendly and personal” (p. 129). Some of the definitions for mobile learning 
found in the literature focus specifically on the technology; others focus on the 
learner; still others attempt some combination. Most recently, Crompton (2013) as 
an extension of Sharples’ (Sharples, Taylor, & Vavoula, 2007) definition stated that 
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mobile learning is “learning across multiple contexts, through social and content 
interactions, using personal electronic devices” (p. 4).

Because the field of mobile learning and the technologies of mobile devices are 
both still rapidly evolving, it seems prudent to offer some compromise to defining 
mobile learning that respects and reflects the litany of previous work with an eye 
to future advances and changes. Therefore, in this chapter, mobile teaching and 
learning is operationalized as (a) learning that is more than delivered and supported 
by handheld, mobile computing devices (Keegan, 2005; Mobile Learning Network 
(MoLeNET), 2009) but (b) learning that can be both formal and informal (Quinn, 
2000; Sharples et al., 2007; Traxler, 2007, 2010) or learning that incorporates ele-
ments of both formal and informal learning, and (c) learning that is context depen-
dent across different settings and authentic for the learner (Sharples et al., 2007; 
Traxler, 2005, 2007, 2010).

 Types of Learning

Barron (2006) describes a learning ecology in terms of contexts for physical and 
virtual spaces. Lai et al. (2013b) interpreted this to mean that “learning in a physi-
cal environment in a classroom setting and can be classified as formal” and virtual 
learning “occurs outside a formal classroom setting … and can be classified as 
informal” (p. 2). Hull and Schultz (2001) and Eshach (2006) emphasizes, however, 
that using physical environment characteristics may be insufficient to distinguish 
between formal and informal learning environments. Moreover, with the increased 
uses of online learning and mobile learning, classifying formal learning within a 
physical space is inadequate. Instead, it is more advantageous and forward thinking 
to consider types of learning along a continuum (c.f., Lai, Khaddage, & Knezek, 
2013a) with respect to their origins and learner motivations. More details are ex-
plained below for formal, informal, and semi-formal learning.

 Formal Learning

In this chapter, formal learning is considered where learners are engaged with mate-
rials developed by a teacher, trainer, or faculty member to be used during a program 
of instruction in an educational environment (Colley, Hodkinson, & Malcom, 2003; 
Halliday-Wynes & Beddie, 2009). These are often initiated, led, and evaluated 
by an instructor and associated with credentials (Jubas, 2010). Certainly courses, 
coursework, and required activities in K-12 schools and higher education are con-
sidered formal learning. Eshach (2006) also depicts formal learning as structured 
and prearranged in which learners are extrinsically motivated. Within this defini-
tion, if a teacher were to require learners to collect or create examples outside of 
class to be analyzed, reviewed, reflected upon, or evaluated, then this would still be 
deemed formal learning.
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With regard to mobile devices, Zhang et al. (2010) describe elementary-aged stu-
dents building KWL (i.e., What you know, What you want to know, What you want 
to learn) charts on mobile devices to document their prior knowledge and learning 
progress with science content as part of a required science curriculum on fungi. In 
higher education, Isabwe, Reichert, Carlsen, and Lian (2014) created a computer 
tablet-based mathematical assessment application. In the application, peers provid-
ed formative feedback on mathematical tasks.

 Informal Learning

At the other end of the spectrum, Hrimech (2005) describes informal learning as 
learning “which people do on their own” (p. 310). Informal learning is motivated 
and initiated by an individual. Activities, such as reading and Internet searches; 
visiting community resources, such as libraries, museums, nature centers, and zoos; 
attending local events; gaining expertise in avocational hobbies; and learning on-
the-job (e.g., Hull & Schultz, 2001) are considered informal learning activities. This 
type of learning is sometimes “unanticipated, unorganized, and often unacknowl-
edged, even by the learner” (Jubas, 2010, p. 229). This type of learning can also be 
referred to as free-choice learning or incidental learning. Barron (2006) acknowl-
edges compulsory formal learning can sometimes lead to informal learning, where 
an individual’s interests are piqued for further investigations.

Much educational research with informal learning has been focused around (a) 
science education and science centers, such as museums and nature centers (e.g., 
Yoon & Wang, 2014); (b) out-of-school mathematical experiences (e.g., White, 
Booker, Ching, & Martin, 2012; White & Martin, 2014); and (c) literacies (e.g., 
Hull & Schultz, 2001). However, there is considerable interest in leveraging much 
more informal contexts with learning. Informal learning opportunities can also in-
clude what Caron and Caronia (2007) refer to as “non-places” and “non-times” 
(p. 38), such as waiting in line at a grocery, crossing a street, or waiting at a bus stop. 
Grant and Hsu (2014) identify mobile devices being used informally for “communi-
cations, searching, creation, sharing, curation, and aggregation” (p. 33).

With mobile learning, Cui and Roto (2008) describe how individuals used mo-
bile devices for fact-finding to seek out a specific piece of information and for 
information gathering, where they collected information from multiple sources to 
compare or aggregate the information in order to make a decision. These tasks are 
completed as part of the individuals’ daily routines and are not required as part of 
a curriculum. In addition, Balasubramanian, Thamizoli, Umar, and Kanwar (2010) 
describe the use of mobile phones by women in rural India to become business 
women for goat rearing. The women were encouraged to use the phones as tools 
for discussion among the 320 participants to converse on topics such as business, 
technologies, and goat rearing, as well as emergent cultural and legal issues.
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 Semi-Formal Learning

As mentioned previously, many authors (e.g., Impedovo, 2011; Koole, 2009; Ros-
chelle, Patton, & Tatar, 2007) contend that mobile learning blurs the lines of formal 
and informal learning, or at the very least, links informal learning to formal learn-
ing. Along a continuum, this type of learning is referred to here as semi-formal 
learning to indicate that this type of learning shares characteristics with both for-
mal and informal learning. These contexts and opportunities for learning are also 
sometimes referred to as non-formal learning (e.g., Colley, Hodkinson, & Malcolm, 
2002; Thompson, 2012). White et al. (2012) lament that “few examples exist of 
school-based attempts to fully integrate formal and informal learning” (p. 8).

Two examples of semi-formal learning in science and medicine are provided 
below. GeoJourney (see BGSU Monitor, 2007; http://www.geojourney.org) is an 
undergraduate field-based geography course at Bowling Green State University. In 
this course, students travel across the United States to geophysically and historically 
significant geographical sites. Students prepare between stops with iPods packed 
with slides, videos, and documentaries designed and organized by the faculty mem-
ber. In addition, Pimmer et al. (2014) describe how nurses and nurse educators in 
South Africa connect workplace learning with their formal educational experiences. 
In these rural settings, they mention the use of mobile phones and a Facebook group 
to share and reflect on on-the-job practice within their formal education course-
work. These types of instruction and learning reflect both formal learning and in-
formal learning elements. So, the distinctions between the two types of learning are 
blurred, and in some instances, the lines among semi-formal, informal, and formal 
learning may be blurred. Admittedly, it is quite possible for an individual to move 
among these fluidly, such as through multitasking or personal interests.

 Uses of Mobile Devices for Teaching and Learning

Having examined the types of learning that can occur with mobile devices, this sec-
tion will offer a broad taxonomy for understanding how mobile devices have been 
used with these types of learning. Specifically, there are seven primary ways in 
which mobile devices have been used to support teaching and learning. These are to 
(a) increase access to student information and campus resources, (b) increase inter-
action with learning contents, (c) create representations of knowledge, (d) augment 
face-to-face instruction, (e) support performance & decision-making, (f) enable 
personalized learning, and (g) deploy instruction. These groups are not mutually 
exclusive, and they are summarized in Table 1. Select examples of these uses are 
also provided, focusing on STEAM disciplines where most relevant.
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 Increase Access to Student Information and Campus Resources

As an initial entry, many universities are accommodating mobile devices with dis-
semination of university information. Universities such as Stanford (http://mobile.
stanford.edu), Duke (http://m.duke.edu/), Vanderbilt (http://vanderbilt.edu/apps/), 
Missouri State (http://missouristate.edu/mobile/), and Texas A&M (http://tamu.edu/
mobile/apps/) have developed specific applications for students to access informa-
tion about campus transportation, athletic events, course directories for registration, 
university related events and even university resources such as the library database 
(e.g., Keller, 2011; O’Neill, 2013). For example, at the University of Florida, the 
Health Science Center Libraries (Bushhousen et al., 2013) used survey data to form 
a mobile technology committee in order to support and propagate information and 
resources specific to their patrons with mobile devices. Likewise, there have been 
a number of these needs analyses and subsequent implementations in higher educa-
tion, such as the University of Nebraska at Omaha (Wright, 2011), GB Pant Univer-
sity of Agriculture and Technology in India (Goria, 2012), and the Himmelfarb Li-
brary at George Washington University’s School of Medicine and Health Sciences 
(Gomes & Abate, 2012). These approaches do not typically have direct impact to 
learning as it relates to accessing and interacting with course content, fellow stu-
dents, and instructors. However, the access to resources and information is valuable 
to students in and outside of class. So, this is a common initial method to implement 
and integrate the mobile devices that learners are already bringing to campus.

 Increase Interaction with Learning Contents

Another way in which mobile devices have been used to support learning is to in-
crease the interactions individuals have with instructional content. From a cognitivist 

Table 1  Uses of mobile devices for teaching and learning
Use Example
Increase access to student informa-
tion and campus resources

Students use university app to access library databases 
(Bushhousen et al., 2013)

Increase interaction with learning 
contents

Students use commercial or school-specific app to prac-
tice engineering vocabulary (Redd, 2011)

Create representations of knowledge Students create short videos of mathematical concepts 
(White & Martin, 2014).

Augment face-to-face instruction Teachers/faculty members encourage students to pose 
questions using social media during large class lectures 
(Rankin, 2009)

Support performance & 
decision-making

Medical practitioners use app to help compare, analyze, 
and prepare report of diagnosis (Lower, 2010)

Enable personalized learning Medical students use social media, social networks, and 
mobile devices to participate in a medical education 
community Facebook page (Pimmer et al., 2014)

Deploy instruction Students access interactive content on nuclear science 
(Chang, Wu, & Hsu, 2013)
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perspective, repetition and practice with new knowledge and skills are successful 
in improving learning (Cavus & Ibrahim, 2009; Driscoll, 2005). For example in 
formal learning, an app was developed for a Statistics I course at Abilene Christian 
University that featured touch screen simulations for experiential and interactive 
learning, calculators that graphed bell curves for student experimentation, and deci-
sion making flowcharts for conceptual understanding (Nihalani & Mayrath, 2010). 
The students felt they learned more being able to access the software more often on 
both tablet and smartphone devices. Similarly, the University of North Carolina’s 
Project Numina offered students the opportunity to actively engage in mathematical 
and science concepts using mobile devices (Heath et al., 2005). Students engaged 
with charts and graphs, and the results were displayed publicly.

Abrams (2013) presents a number of mobile app games that support engineer-
ing concepts. These games are most likely used by individuals to support informal 
learning, such as Tinkerbox by Autodesk. However, the engineering concepts and 
content built into Schnittkraftmeister and Fourbar are sophisticated enough to inte-
grate with curricula in higher education for formal and semi-formal learning. The 
use of games and digital game-based learning can support increased interactions 
with content, such as through practice and review (Redd, 2011).

 Create Representations of Knowledge

Many of the built-in features to mobile devices, such as photo capture, video record-
ing, audio recording, and SMS text messaging, in addition to installed apps, allow 
the creation of representations of learners’ knowledge. These artifacts represent the 
learner, the learning, and the context in which the learning has occurred (Grant, 
2011; Krajcik, Blumenfeld, Marx, & Soloway, 1994; Marx, Blumenfeld, Krajcik, & 
Soloway, 1997). Impedovo (2011) suggests that mobility in learning and the use of 
personal mobile devices allows autonomy for learners to produce multimedia arti-
facts as needed. So, learners can use devices they have on hand, during the stream 
of their daily lives and across different contexts.

For example, at the University of Reading (UK) (France, Whalley, & Mauchline, 
2013), microbiology students conducted fieldwork with tablet computers in Iceland 
that meshes formal learning and semi-formal learning charateristics. They collected 
GPS data, photos, videos, and field notes to be aggregated into research presenta-
tions and video reflections. In K-12, Soloway and Norris (e.g., Project Tomorrow, 
2010; Zhang et al., 2010) have been working with schools with the GoKnow Mobile 
Learning Environment. Small applications, such as PicoMap for concept mapping 
and Sketchy for drawing or animations, allow students to create artifacts that reflect 
their learning. Similarly, students in Scotland made videos to showcase their coun-
try, and other students used an “iPad at home to capture and edit their own mul-
timedia compositions, such as short movie trailers, biographical videos of family 
members” (Burden, Hopkins, Male, Martin, & Trala, 2012, p. 70). So, many built-in 
functions and downloadable applications make mobile devices powerful tools for 
learners to generate evidence of their knowledge.
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 Augment Face-to-Face Instruction

Teachers and university faculty members can also use mobile devices to enhance 
their face-to-face formal instruction. Rankin (2009) provides a well-known and pub-
licized example of using Twitter in her large class for discussions and backchannel-
ing, which is posting questions and comments during a lecture or event. Havelka 
(2013), however, has implemented face-to-face courses on information literacy with 
students using smartphones and tablet computers exclusively. In my own teacher 
professional development, I have used the web service PollEverywhere.com with 
mobile devices to demonstrate in-class polling options. With PollEverywhere.com 
for example, teachers and faculty members can use SMS text messaging or a web 
page to submit responses for quick knowledge checks with mathematics (see Fig. 1) 
and to spark discussions with open-ended reactions (see Fig. 2). In these instances, 
the formal learning may look less like mobile learning. Instead, the learning with 
mobile computing devices may be a replacement technology, replicating existing or 
previous practice (White & Martin, 2014). Mobile devices in these cases are smaller 
and more convenient as compared to larger laptop or desktop computers and class-
room response systems (i.e., clickers).

 Support Performance & Decision-Making

Instead of relying completely on memory, digital performance supports and de-
cision supports can help individuals at the times of need, particularly indicative 
of informal learning. These technologies can be used to improve productivity and 
efficiency delivering information and support just-in-time (Nyugen, 2012). Ros-
sett (2010) describes performance and decision supports as “external resources that 
can be referred to as they are needed, when they are needed” (“Table 1: Mobile 

Fig. 1  Using PollEverywhere.com for a quick knowledge check in math class
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Learning and Mobile Performance Support Compared”). Because mobile devices 
are often easily accessible, individuals may not need to “break from the work con-
text entirely” in order to use a performance support (Nyugen, 2012, p. 153). Instead, 
digital performance supports on mobile devices may resemble what Nyugen (2012) 
identifies as extrinsic and even intrinsic supports, which are more integrated into 
work systems and user interfaces. One example of a common mobile performance 
support is QuickCite. QuickCite is a mobile app that allows an individual to scan 
the bar code from a book, and then the application will email the reference citation 
in APA or MLA form (see Fig. 3). The individual does not have to remember the 
formatting rules for a book citation, and an individual does not have to write down 
the reference information for a book while searching. In both instances, QuickCites 
helps at the time of need.

Fig. 3  Screen shots of Quick 
Cite app for reference citation 
capture. Used with permis-
sion QuickCite

 

Fig. 2  Using PollEverywhere.com for an open-ended response to an audio reading of a poem
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In terms of decision support, much has been done in the health and medicine 
fields. Martínez-Pérez et al. (2014) describe clinical decision support systems as a 
connection between “health observations with health knowledge to influence health 
choices by clinicians for improved health care” (Martínez-Pérez et al., 2014, p. 2). 
For example, RadsBest (see Fig. 4) is a decision support tool, deployed as a mobile 
app, to aid radiologists. While radiologists have been extensively trained and con-
tinue professional education, it can be challenging to be aware and use the most re-
cent medical research and standards. The app integrates “algorithms from published 
standards into a user-friendly series of questions” (Lower, 2010, para. 3) in order 
to help radiologists analyze patient data. The app also helps radiologists interpret 
their findings and make appropriate recommendations to referring physicians for 
patient care.

 Enable Personalized Learning

Informal mobile learning also affords continuous learning and personalized learn-
ing. Attwell (2007) depicted the needs of personal learning and, subsequently, per-
sonal learning environments. He recognized that (a) an individual identifies his or 
her learning needs, which extend across informal learning, workplace learning, and 
formal learning; (b) learning takes place in various circumstances and conditions; 
and (c) all learning needs cannot be addressed through one program of study or 
environment. Networked personal learning leverages a collection of devices (e.g., 
computers, smartphones, tablet computers), software/applications (e.g., mobile 

Fig. 4  Screen shots from RadsBest, a clinical decision support app for radiologists. Used with 
permission RadsBest
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applications), and web services/learning resources/objects (e.g., SMS text mes-
saging, video tutorials) that together serve an individual’s learning needs (Attwell, 
2007; Dabbagh & Kitsantas, 2012; France et al., 2013; Martindale & Dowdy, 2010). 
For example, personal digital magazines, such as Flipboard, present relevant infor-
mation or resources based on a learner’s previous preferences.

Personalized learning is initiated by an individual. Learning opportunities, such 
as “unintentional discoveries, events, and various experiences” (Lai et al., 2013b, 
p. 2), may be opportunistic or spontaneous. In the visual arts, Philadelphia’s Mu-
seum Without Walls is a city-wide collection of outdoor art, sculptures, and statues 
(Brady, 2014). Through a cellphone call or smartphone app, individuals can listen 
to various voices describing the cultural or historical significance of the works. Be-
cause the works are public and outside, an individual must be motivated to pursue 
the learning. But, there continues to be little research on the motivations for indi-
viduals to use mobile devices (c.f., Ciampa, 2014).

Personalized learning can also take the form of continuous professional devel-
opment with personal learning networks and professional learning networks. For 
example, Pimmer et al. (Pimmer, Linxen, & Gröhbiel, 2012; Pimmer et al., 2014) 
describe the uses of social networking sites, like Facebook, for individuals to solve 
problems with their peers while on-the-job. This personalized learning is especially 
beneficial when individuals are “working in professional isolation,” such as in rural 
settings (Pimmer et al., 2014, p. 1402). Medical professionals use searches on their 
mobile devices in situ to look up unfamiliar terms and cases, as well as provide ex-
amples to peers on social networks of unusual or rare cases. Experts within personal 
learning networks and professional learning networks can tweet or retweet relevant 
information, resources, and links to their followers. Even for an individual mobile 
learner, all of these data can be selectively saved into social bookmarking systems 
(e.g., Diigo, Pinterest) or personal note-taking applications (e.g., Evernote) with 
relevant metadata (i.e., tags with bookmarking sites, specific boards for Pinterest or 
Learn.ist) for later retrieval.

 Deploy Instruction

Some authors (e.g., Georgiev, Georgieva, & Smrikarov, 2004; Motiwalla, 2007; 
Quinn, 2000) have related mobile learning to extensions of distance education and 
elearning. As such, it is possible to use mobile devices to deploy complete formal 
units of instruction and learning activities. For example, Grant and Barbour (2013) 
describe a small study with an online advanced placement (AP) European History 
course. Two of the 26 units in the course were completed through a mobile applica-
tion Mobl21. In my own graduate courses, I have also piloted the deployment of 
complete units with this mobile application. One online course in graduate teacher 
education (see Fig. 5) integrated texts, graphics, and videos into the Mobl21 ap-
plication delivered by iOS devices or a computer desktop application using Adobe 
AIR. Another course was a senior-level graduate course in developing interactive 
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instruction for instructional design majors. Again, texts, graphics, and videos on 
rapid prototyping and rapid elearning were chunked into small modules.

In science education, Chang et al. (2013) describe the use of augmented reality 
that superimposed virtual environmental elements, such as radiation levels, indoor 
conditions, and indoor construction materials, onto geographical locations. Ninth 
grade students in Taiwan considered nuclear energy and radiation in a simulation of 
the Fukushima Daiichi Nuclear Power Plant accident in Japan. The students were 
positive toward the mobile implementation, and there was initial evidence that 
the instructional strategy was effective. Similarly, Zimmerman and Land (2014) 
describe the creation of augmented reality elements to accompany an arboretum, 
where fourth graders and the public “could observe trees like a botanist— under-
standing the important ecological and biological concepts relevant in their own 
community” (p. 80). A mobile website and QR codes allowed access to tree-specific 
scientific information.

 Implications for Employing Mobile Devices with Teaching 
and Learning

Using mobile devices to support teaching and learning within STEAM disciplines 
is not simple. In the previous section, I presented seven uses for mobile devic-
es to support teaching and learning. Planning formal, informal, and semi-formal 
learning environments that leverage mobile devices, however, requires attention 
to pedagogical, technological, content, and contextual characteristics. This section 
discusses implications for employing mobile devices with teaching and learning. 
Five broad themes are presented: (a) situatedness and learning mobilely, (b) distinc-
tions between mobile devices and mobile services, (c) mediating interactions in 

Fig. 5  Screen shots of course unit on mobile learning for a graduate teacher education course 
built with Mobl21
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physical and networked environments, (d) mobile learner characteristics to evaluate 
resources and information, and (e) teaching and learning with mobile devices versus 
mobile learning.

 Situatedness and Learning Mobile-ly

An implication of using mobile devices with teaching and learning is the com-
plexities of ubiquity and situated learning. Because of mobile devices, social me-
dia, social networks, and pervasive access to the Internet, individuals are “always 
on” (Northcliffe, & Middleton, 2013, p. 200). Learning is a social endeavor situ-
ated in particular contexts and embedded within a certain environment (Bereiter 
& Scardamalia, 1985; Lave & Wenger, 1991). Applications on mobile computing 
devices allow learners to create video/audio, take photographs, geotag, microb-
log, receive or send SMS text messages, and access social networking sites for 
communication with classmates, their instructor, and even experts. By using the 
applications available on mobile devices, a personalized, authentic learning ex-
perience can be created by learners and for learners during the course of their 
everyday lives. Within the STEAM discipline of mathematics, White and Martin 
(White & Martin, 2014; White et al., 2012) have researched and discussed this 
in terms of “making the personal mathematical and … making mathematics per-
sonal” (p. 9). This meaning making is an important component of semi-formal 
and informal learning.

Mobile semi-formal and informal learning may, however, be difficult to achieve. 
Caron and Caronia (2007) explain that mobile devices can afford active learning 
during “non-times” and “non-places” (p. 38). Learning in places and times with 
little meaning may produce fragmented knowledge (Traxler, 2010). While learning 
in situ and across multiple networked communities, there is justifiable concern that 
this isolated and disconnected knowledge will become inert (Bereiter & Scardama-
lia, 1985), unable to be generalized or integrated into existing schemata. Knowl-
edge and context-dependent skills must be encouraged to transfer across disciplines 
or domains. Unfortunately, not all contexts or times are significant, so we must 
be explicit in emphasizing, or encouraging individual learners to emphasize, when 
context matters.

Moreover, learning in small episodes of time may make retention problematic. 
Designing learning contents or encouraging learning that can tolerate disruptions 
and episodes of discontinuity may be very difficult to achieve. Disconnected pieces 
of information must be integrated and internalized before they can be considered 
knowledge (Tella, 2003).

 Distinctions Between Mobile Devices and Mobile Services

Little attention has been given to the distinctions between using mobile devices and 
using mobile services with mobile devices. For example, many mobile devices have 
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cameras that allow photo and video capture. However, to use the text messaging 
features on mobile devices, subscription to a data plan is required. Admittedly, for 
many individuals these differences may go unnoticed. Many examples of mobile 
teaching and learning depict the integration of mobile devices and mobile services 
(e.g., Ducate & Lomicka, 2013; Herrington, 2009; Northcliffe & Middleton, 2013; 
Pimmer et al., 2012). However, how the devices and the services are used for mo-
bile learning is significant because many mobile services, such as data plans that 
afford persistent network access, allow learners to enact characteristics of mobile 
learning. This includes many of the examples of informal learning with networked 
communities and access to information and resources.

In addition, the costs associated with mobile devices and data plans should not 
be dismissed. In some recent research with K-12 online learners (Grant & Barbour, 
2013), there were a number of secondary students who did not have access to de-
vices or who chose not to use their devices to the fullest extent because of barriers 
such as cellular coverage or data plan rates. This differentiation in functionality 
highlights a concern for the costs associated with data plans and the lack of wide-
spread coverage of cellular networks.

 Mediating Interactions in Physical and Networked Environments

Another implication for using mobile devices is recognizing mediated interactions. 
Based in Activity Theory, human activity is mediated through the use of an arti-
fact, such as mobile computing devices (Impedovo, 2011). Moreover, learners act 
as agents in their learning environments, transforming them as needed to achieve 
their individual goals. Human agency is directly linked to the relationship between 
the learner and the artifacts, or tools he uses. So mobile computing devices and 
mobile services both mediate the interactions for learning and the interactions with 
others, bridging the transactional distance between individuals and translating the 
interactions with the learning environment (Looi & Toh, 2014; Park, 2011). So, the 
mediation by the mobile devices helps to overcome the distance between networked 
learners and the course content.

In K-12 mathematics, White and Martin (2014) researched how seventh, eighth, 
and ninth grade students captured photographs and video of algebraic concepts, 
and these examples were then anayzed in class. Ryu and Parsons (2012) describe 
how dyads collaboratively explored a simulated training program with mobile text 
messaging communications to share observations, photos, and questions. Similarly, 
France et al. (2013) recount uses of social media by higher education students for 
reflection of scientific fieldwork. So, the mobile devices mediate, or help interpret, 
the human activity.

In another example, Pimmer et al. (2012) describe the use of a social network-
ing site with mobile phones to support professional medical education in emerging 
countries. The “Medical Profession, wow I Love it” Facebook page is an informal 
learning environment, where participants can choose when and to what extent they 
will engage. Pimmer et al. suggest that through the discussions and responses to 
the moderator’s questions and posts, practicing professionals and students were 
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grounded in a specialized context. So, in this case, the learner may be mobile but 
still rooted in a meaningful professional learning network.

 Mobile Learner Characteristics to Evaluate Resources 
& Information

Learning in a variety of places and times requires critical thinking for reflection, 
monitoring, and metacognition as part of learning autonomously. Tella (2003) and 
Traxler (2010) warn that learning across various places and in small chunks of time 
require that a learner combine and internalize small pieces of knowledge together 
into existing cognitive structures (e.g., assimilation, accommodation, accretion, 
tuning). For learners to succeed in personalized learning, Dabbagh and Kitsanstas 
(2012) argue that learners must engage first with personal information manage-
ment, then social interaction and collaboration, and finally, information aggregation 
and management. As Sha, Looi, Chen, and Zhang (2012) explain, learners must be 
willing and capable to determine the “right things … right time … right place …and 
…right strategies” (p. 367).

However, mobile learners may be ill prepared for this evaluation of resources 
and information. Mobile learners may need to distinguish between information and 
knowledge. While there are not universal definitions discriminating information 
from knowledge, Wiig (1999) characterizes the generally accepted proposition that 
information represents facts or data that is situated to a particular context while 
knowledge embodies an individual’s beliefs and has been incorporated into his 
schemata. So, mobile learners may have autonomy and self-direction for specific 
learning goals, but they may need increased levels of scaffolding for self-regulation 
to solve information problems and integrate knowledge (Shih, Chen, Chang, & 
Kao, 2010).

Distinctions between experts and novice mobile learners may also impact prob-
lem solving. Naïve information problem solvers, like mobile learners attempting to 
search for a solution to a domain-specific problem, are often reactive in information 
seeking, having difficulties in identifying both what they know and do not know 
(Hill, 1999; Yang, 1997). They may use random actions with little evaluation and 
information problem-solving strategies are limited to browsing and exploration. 
Knowledgeable learners are most self-directed with a higher level of understanding 
for the problem domain and they tend to use more advanced strategies for problem-
solving. The more knowledgeable learners have a well-developed schema in order 
to integrate new or missing knowledge.

 Teaching & Learning with Mobile Devices v. Mobile Learning

As described above, mobile devices have been used to augment formal face-to-face 
instruction in classroom settings and increase interactions with curricular content. 
However, it is significant to note that these examples of using mobile devices with 
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teaching and learning may not depict wholly mobile learning. In an earlier section 
of this chapter, I indicated that mobile learning was more than instruction and learn-
ing delivered and supported by handheld, mobile computing devices (e.g., Keegan, 
2005; Mobile Learning Network (MoLeNET), 2009). Mobile learning should also 
be authentic and context dependent (Sharples et al., 2007; Traxler, 2005, 2007, 
2010). In some instances of teaching and learning with mobile devices, the learner 
and the device may neither be mobile. For example, some schools are experiment-
ing with classroom sets of mobile devices, where the teacher determines when the 
devices will be used and the students are unable to take the devices home or use 
them with autonomy (e.g., Grant et al., in press; Greenberg, 2010). Kiger (2012) 
describes the use of iPod Touch devices and math software applications for third 
grade multiplication practice. The students practiced on the devices with specific 
applications during class and did not take the devices home. In addition, Rankin’s 
(2009) use of Twitter in class for backchanneling may be limited as mobile learning. 
In these instances, the formal learning may look less like mobile learning. Instead, 
learning with mobile devices may be using a technology that is simply smaller, 
more convenient, or supplied by the student.

 Conclusion

In this chapter, I have provided categories for understanding how mobile devices 
have been used with teaching and learning in K-12 schools, higher education insti-
tutions, and even everyday circumstances as they relate to STEAM disciplines. Of 
particular interest is the lack of empirical research to document and describe the use 
of mobile devices in technology supported informal learning (Jones, Scanlon, & 
Clough, 2013). Connecting formal learning and informal learning continues to be 
a challenge (White et al., 2012) while leveraging the ubiquity of mobile devices so 
individuals can learn at differing times and spaces (Sha et al., 2012). This, of course, 
is related to the challenges in capturing meaningful data and measuring learning 
at potentially non-times and non-places (c.f., Boticki & So, 2010), as well as in 
instances when learners may be unaware they are even learning (Jubas, 2010). The 
type of research by Cui and Roto (2008) with extensive data collection into how, 
where, and under what conditions learners are conducting searches is a beginning 
to understand informal learning with mobile devices. Additional research with large 
data sets may help us to understand more about how mobile devices are integrated 
with everyday lives and how learning is segmented, or chunked, in between events 
in our everyday lives.

In addition, I presented five broad implications for integrating mobile devices 
within teaching and learning. These implications highlight the complexities in de-
signing formal, informal, and semi-formal learning environments that exploit mobile 
devices and mobile learners. Pedagogically, teachers and higher education faculty 
should consider when mobile devices will be used for practice with specific learn-
ing contents and when mobile devices may be used in authentic contexts to interact 
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with peers, experts, or environments. These decisions directly reflect whether learn-
ing with mobile devices authentically depicts mobile learning or whether mobile 
devices are replacement technologies (Traxler, 2007). The examples presented in 
this chapter that are most authentic, meaning those instances that are most reflec-
tive of real world practices (e.g., Balasubramanian et al., 2010; Cui & Roto, 2008; 
France et al., 2013; Pimmer et al., 2014, 2012; White & Martin, 2014), are also the 
most representative of mobile learning as defined at the beginning of this chapter.

The potential of teaching and learning with mobile devices in STEAM disci-
plines is promising. In order to employ this potential, we must recognize the inher-
ent characteristics of formal, informal, and semi-formal learning environments, as 
well as the affordances and opportunity costs to mobile devices. These include the 
on-board features of mobile devices in addition to data and network services, social 
media, social networks, and installed applications.
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Abstract This chapter discusses factors to drive the explosive growth of mobile 
devices in Science, Technology, Engineering, Arts, and Mathematics (STEAM). 
Drawing upon these factors, the chapter examines the innovations of mobile devices 
adopted in the STEAM classroom and barriers experienced by educators in the 
process of mobile technology integration. Built on the innovations and barriers of 
the use of mobile devices, the chapter continues to discuss what essential conditions 
are needed to ensure successful implementation of large-scale mobile device initia-
tives in STEAM. These factors, innovations, barriers, and conditions also position 
academic leaders and educators to rethink domain-related curriculum in STEAM 
and harness increasingly ubiquitous mobile technology in order to meet the needs 
of the 21st century.

Keywords Mobile devices · Mobile learning · Large-scale initiatives · Bring Your 
Own Device (BYOD) · Technology trends

Introduction—Mobile Device Trends in Schools  
and Institutions

The recent evolution of handheld mobile devices and wireless technology has led to 
large-scale implementation of mobile devices, such as tablets and smartphones, in 
educational settings. Anderson University in South Carolina launched The Mobile 
Learning Initiative, providing iPads to all biology students with apps for in-class 
and collaborative research projects (Anderson University, 2014). Jackson State 
University (JSU) provided iPads to all full-time freshmen, enabling them to access 
eBooks and dozens of apps that allow them to take notes, collaborate on content, 
communicate with instructors and peers, tap into math references, learn a foreign 
language, listen to thousands of audiobooks, and much more (Jackson State Uni-
versity News Room, 2013). Similarly, the Jeannine Rainbolt College of Education 
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(JRCoE) at the University of Oklahoma provided iPads to all its full-time under-
graduate students. The goal is not just to transform students’ learning experiences, 
but also to prepare pre-service teachers to incorporate technology in their future 
classrooms, and to cultivate their long-term use of tablets as professional educators 
(JRCoE, 2013). K-12 schools are not left behind. After a brief pause and reflection, 
the Miami-Dade County Public School District (M-DCPS) resumed their plan to 
give digital devices to all 354,000 students. This initiative is one of the largest one-
to-one digital computing initiatives in the country (Blazer, 2014).

There are three distinct trends that have been driving the exponential adoption 
of mobile devices in educational settings during the 2000s. First, unlike the late 
1980s and 1990s when portable devices were primarily laptops and notebooks, the 
implementation of portable devices in the millennium is focusing more on small-
er, handheld devices such as tablets and smartphones (Zaranis, Kalogiannakis, & 
Papadakis, 2013). For this reason, another trend in the 2000s is the increasing adop-
tion of mobile learning to enhance students’ experience. Researchers have indicated 
that mobile learning, through the use of tablets and smartphones, presents new op-
portunities for learning and strengthens the learning experience in ways other devic-
es simply cannot achieve (Lam & Duan, 2012; Zaranis et al., 2013). In other words, 
mobile learning takes into account the mobility of technology, students, and learn-
ing (Sharples, Taylor, & Vavoula, 2007). The third trend, it follows, is that more and 
more schools and institutions are launching large-scale mobile device initiatives 
and taking a systematic approach to embrace the advantages of mobile learning 
(The Technology Outlook for STEM + Education 2013–2018 Report, 2013; UNES-
CO, 2012). The systematic approach is crucial to ensure that stakeholders such as 
leaders, educators, students, technicians, vendors communicate and collaborate ef-
fectively (Blazer, 2014; Herold, 2014; The Technology Outlook for STEM + Educa-
tion 2013–2018 Report, 2013).

As a result of these trends, some unaddressed questions naturally come to our 
attention. What drives the explosive growth of mobile devices in educational set-
tings? What happens when mobile devices are introduced and integrated in the 
STEAM classroom? What infrastructure should be in place to ensure a large-scale 
mobile device initiative succeeds and scales up? The following sections address 
these questions in the context of how mobile devices are implemented and adminis-
tered in Science, Technology, Engineering, Art, and Math (STEAM). It will review 
emerging empirical studies on various aspects of research on mobile learning in 
STEAM education and discuss essential conditions for successful mobile device 
initiatives in STEAM.

Factors Influencing the Growth of Mobile Device Usage  
in Educational Settings

What drives the explosive growth of mobile devices in STEAM? This section will 
summarize three organizing factors identified in the literature regarding the mobil-
ity of technology, students, and learning.
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The Mobility of Technology

The mobile market consisted of more than 6.8 billion users by 2013, and the mar-
ket continues to grow (MobiThinking, 2014). A 2014 survey showed that nearly 
160 million people in the U.S. owned smartphones, which is 66.8 % of the total 
phone market penetration in the U.S. (ComScore Report, 2014). In addition to 
smartphones, over 70 million of 285 million tablet owners worldwide at the end of 
2013 were in the U.S. (TabTimes, 2013). The widespread use of smartphones and 
tablets has pushed developers to further explore ways to optimize the hardware and 
software inside cell phones and tablets. The goal is to make mobile devices more 
capable, user interfaces more natural and apps more educationally friendly (Mat-
thews, 2011; The Technology Outlook for STEM + Education 2013–2018 Report, 
2013). With this understanding, a factor to drive the explosive growth of mobile de-
vices in STEAM is the rapid development in mobile technologies that provide new 
possibilities for STEAM educators and students to accomplish what they otherwise 
could not (O’Shea, Gabriel, & Prabhu, 2010; Vogel, Spikol, Jurti, & Milrad, 2010).

A review of literature identified three major mobile advancements that enable 
augmented teaching and learning experience in STEAM. The first mobile advance-
ment involves the concept of cloud computing. Cloud computing has five essential 
characteristics: (1) On-demand self-service, which means users can obtain comput-
ing capabilities automatically without requiring human interaction and assistance; 
(2) Broad network access, which enables the provision of processing, storage, re-
mote networks, and other computing resources in mobile phones, tablets, laptops, 
and workstations; (3) Resource pooling, where computing resources are dynami-
cally assigned and reassigned according to user demand; (4) Rapid elasticity, which 
allows hardware and software capabilities to be elastically provided and released in 
response to user demands; (5). Measured service, which means users and providers 
of the services can both monitor and control resource usage to ensure transparency 
of resource usage (Koutsopoulos & Kotsanis, 2014). Empowered by cloud com-
puting capabilities, the hardware and software capabilities in mobile devices have 
unveiled a new era in STEAM.

In conjunction, the second advancement is the hardware capabilities in a vari-
ety of mobile platforms, which include, but are not limited to, smart phones, tab-
lets, pocket PCs, personal audio players, personal digital assistants, e-readers, and 
Global Positioning Systems (GPS). The hardware in these mobile platforms usually 
support WiFi networking which allows the mobile device to connect to the Internet. 
They also support Bluetooth networking to support and increase the use of head-
phones, microphones, keyboards, and other peripheral devices (Koutsopoulous & 
Kotsanis, 2014; Minaie, Sanati-Mehrizy, Sanati-Mehrizy, & Sanati-Mehrizy, 2011; 
Murray & Olcese, 2011). Additionally, these platforms have hardware systems that 
integrate the capabilities of GPS such as depicting a map of stars and planet that are 
either above the horizon or below, day or night (Murray & Olcese, 2011). Moreover, 
a majority of tablets have a touch screen interface that not only allows various ges-
tures such as pinch, flick, stretch, and rotate, but also allows multi-touch display. 
As such, a piano student, for instance, can pinch the screen to the size of his or her 
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wish, handle more than one touch simultaneously, play multiple keys, and hear 
multiple notes (Murray & Olcese, 2011).

Arguably, researchers indicated that the hardware capabilities in various mobile 
platforms have reshaped the ways in which information is created, accessed, and 
disseminated in STEAM (Avraamidou, 2008; Cantrell & Knudson, 2006; STEM 
Education Coalition, 2014; UNESCO, 2012). For example, students can work on 
real-world scientific questions and solutions individually and collaboratively by us-
ing various digitally-mediated tools, such as podcasting, remote monitoring, digital 
recording, digital storytelling board, desktop sharing, and videoconferencing. Re-
searchers pointed out that while students can assess these cloud-based computing 
tools via their desktop computers as well, mobile devices allow students to leverage 
the ease of access to information related to scientific questions and observations at 
their fingertips (Chew-Hung et al., 2012; Evagorou, 2008; Peffer, Bodzin, & Smith, 
2013).

To couple with the hardware specifications in various mobile platforms, the third 
mobile advancement is the software applications used by mobile devices. After all, 
what makes a difference in how mobile devices are adopted is what applications are 
developed to take the advantages of the hardware. The mobile apps in Apple and 
Android, two of the most popular mobile operating systems, have skyrocketed dur-
ing the past few years. By July 2014, more than 1.3 million apps including 10,000 
education apps were created for the Android hardware, and more than 1.2 million 
apps including 8000 education apps were on the Apple hardware (AppBrain, 2014; 
iPad in Education, 2014a; The Statistics Portal, 2014). Researchers pointed out that 
“we are in the era of the mobile platform now, and apps is reigning as king” (Norris 
& Soloway, 2011, p. 5).

These educational apps cover a wide range of subjects, accommodate differ-
ent learning styles, and are ambitious to change the landscape of education. For 
instance, the iTunes U app on the Apple platform can allow educators of all levels 
to create their courses featuring audio, video, books, and other content. Students 
can access their assignments, materials, study notes, and discussions all together 
in iTunes U. This app touts the ability to keep students prepared for class and en-
gaged in learning for free and at their fingertips (iPad in Education, 2014b). Some 
apps such as Dropbox and Box connect to web-based services and enable efficient 
file sharing and archiving (Murray & Olcese, 2011). Some apps support students 
organizing their calendar, worksheets, homework, learning notes, tests, and proj-
ects (Novello, 2012). In the context of STEAM, a variety of apps can be leveraged 
to enhance teaching and learning. Some apps help STEM teachers deliver digi-
tal content such as lectures, online multimedia materials, and reference materials 
to students (White & Martin, 2012). Some apps allow both STEAM teachers and 
students to create content such as voice recordings, video and images, photo slide-
shows, and concept map (White & Martin, 2012). Additionally, some other apps 
introduce STEAM concepts, enable students to use interactive rubrics to receive 
immediate feedback on quizzes in preschool classrooms (Aronin & Floyd, 2013; 
Novello, 2012).
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The Mobility of Students

Along with the mobility of technology discussed above is the second factor to drive 
the explosive growth of mobile devices —the mobility of students. Students today 
desire to move freely and easily and still be productive anywhere and anytime (Aro-
nin & Floyd, 2013; Avraamindou, 2008; El-Hussein & Cronje, 2010; O’Shea et al., 
2010). In other words, students do not want to “sit in a small space for 5 h a day 
while a teacher talks about the past and present” (Wiles, 2007, p. 2). Instead, they 
increasingly desire to access, create, and share information wherever and whenever 
they want (Sharples et al., 2007; The Technology Outlook for STEM + Education 
2013-2018 Report (2013). For this reason, mobile devices with powerful hardware 
and software capabilities in cloud computing, as discussed in the previous section, 
meet students’ desire of mobility.

Although the desktop computer still plays an important role in the classroom 
and student learning, its use drops every year compared with that of mobile de-
vices (Norris & Soloway, 2011). The first reason is that desktop computing is place-
bound for students while mobile devices are wireless and portable (Chew-Hung 
et al., 2012; El-Hussein & Cronje, 2010; Evagorou, 2008). The wireless and por-
table functionalities allow users to interact and collaborate more freely and easily 
while on the move (Chew-Hung et al., 2012; El-Hussein & Cronje, 2010; Evagorou, 
2008). The second reason is that the use of mobile devices represents a shift from a 
teacher-driven approach to a student-centered learning environment where students 
are encouraged to interact and collaborate when they are on move (Koutsopoulos & 
Kotsanis, 2014; Serio, Ibáňez, & Kloos, 2013). Specifically, in a student-centered 
learning environment, the availability of mobile devices to students is inevitable 
because students nowadays “do more than reproduce knowledge; they question and 
challenge the ideas of others and forward their own opinions and ideas” (Koutso-
poulos & Kotsanis, 2014, p. 50). Such an observation aligned with the results of a 
recent study of 2350 K-12 students who valued a student-centered learning environ-
ment with mobile devices. According to the survey, 92 % of the surveyed students 
in elementary, middle, and high school in the U.S. believed that mobile devices 
will change the way they learn in the future and make learning more fun. More-
over, 69 % of them would like to see more mobile device integration in their class-
rooms (Booker, 2013). “It is inevitable that all computing will be mobile” (Norris 
&  Soloway, 2011, p. 5).

To scale up the use of mobile devices in the classroom, some K-12 schools which 
usually prefer to provide mobile devices to students now allow their students to bring 
their own devices to the classrooms including tablets, phones, and laptops (CISCO, 
2012; George, 2014). Bring Your Own Device (BYOD) allows students access to 
the same mobile devices at school and at home without switching among devices, 
thus making students work with technology with which they are already comfort-
able and familiar (CISCO, 2012; Horizon Project, 2013). Researchers and educators 
stated that Bring Your Own Device (BYOD) is a great approach to engage students 
in that the devices are integral to the world in which students live, therefore, BYOD 
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will make learning part of their lives and enable a personalized learning experience 
(El-Hussein & Cronje, 2010; George, 2014; Horizon Project, 2013; Walling, 2012). 
Instead of banning BYOD, researchers argued that schools should teach students 
how to use their own devices properly (CISCO, 2012; DeWitt, 2012).

In the context of STEAM, the mobility of students ensures that learning activi-
ties turn quickly from concept to reality. For example, STEAM freshmen at Jack-
son State University enjoyed carrying their iPads provided by the university to do 
graphing calculation and access math reference formulas in class and outside of the 
classroom (Jackson State University, 2013). Students at Instituto Technologicoy de 
Estudios Superiores de Monterrey were engaged in a Mobile Intelligent Laboratory, 
in which students collaborated on the move in a physics experiment. In the same 
fashion, art students adopted a BYOD approach to create and leverage a mobile 
blogging site to bridge meaning making across school and various art museum set-
tings (Pierroux, Krange, & Sem, 2011).

The Mobility of Learning

The third factor to drive the explosive growth of mobile devices in STEAM is that 
online learning has become mainstream and is optimized for mobile learning. A 
survey supported by the Sloan Foundation found that senior executives in higher 
education—presidents, provosts, deans, campus leaders—increasingly considered 
online learning as a strategic element in policy making. The survey also reported 
that 66 % of the senior academic officers from 2500 colleges and universities agreed 
that online learning was a critical element in their institutional strategic goals (Al-
len & Seaman, 2013). As a result, schools and institutions are adding new online 
courses and programs, adopting apps into their curriculum, and modifying websites, 
educational materials, resources, and tools to optimize learning for mobile devices 
(The Technology Outlook for STEM + Education 2013–2018 Report, 2012). For 
instance, Brown University launched a free online engineering course to teach high 
school students about the merits and challenges of the field (The New York Times, 
2013). Florence-Darlington Technical College created the online physics course 
“Power Up: High Tech Online” to train the next generation of nuclear engineers 
by virtually connecting students with nuclear professionals (The Huffington Post, 
2013).

Mobile learning is at the intersection of online learning and mobile computing 
(El-Hussein & Cronje, 2010). Schools and universities are involved in pioneering 
experiments for transmitting all instructional online materials to students by means 
of mobile devices (El-Hussein & Cronje, 2010; Walker, 2007). One noticeable trend 
is that schools and universities are employing mobile apps in their learning man-
agement systems (LMS). Schoology, a LMS adopted by K-12 teachers, recently 
released a mobile app that helps teachers streamline student submissions and the 
grading workflow with a simple gesture: swiping left or right in a mobile device 
(STEMblog, 2014). Blackboard, the most widely adopted LMS in higher educa-
tion in the U.S., offers a mobile platform to allow students access to all content 
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and assignments virtually anywhere with any types of mobile devices including 
smartphones (Blackboard Mobile Learn, 2014). Desire2Learn, another big player of 
LMS in higher education, touts to let students take charge of their learning experi-
ence when they can easily work with course materials, cloud drives, and mobiles 
apps all in one place—at the students’ fingertips (Desire@Learn Binder, 2014). 
Together with the mobility of technology and students, mobile LMS save students’ 
and faculty’s valuable time spent in going through the regular LMS processes in the 
desktop computing, which can now be done while they are on the move (University 
of Central Oklahoma, 2014).

All things considered, the three key factors—the mobility of technology, stu-
dents, and learning—drive the widespread growth of mobile devices in schools, 
universities and the STEAM sector. The following section discusses what happens 
when mobile applications are integrated into the curriculum.

 Mobile Applications and Technology Integration Barriers 
in STEAM

As discussed in the previous section, advanced mobile communication, hardware, 
and software capabilities have enabled augmented teaching and learning experi-
ences in STEAM that otherwise could not be accomplished. Educators now are 
challenged to develop innovative ways to integrate mobile devices into their cur-
ricula. What happens when mobile devices are introduced and integrated in the 
STEAM classroom?

 Mobile Applications in the STEAM Classroom

The use of mobile devices is playing an increasingly pivotal role in transforming 
the landscape of teaching and learning in STEAM (Ahmed & Parsons, 2012; Lutz, 
Schäfer, & Diehl, 2012; STEM Education Coalition, 2014; UNESCO, 2012). Re-
search in STEAM has explored many aspects of integrating mobile devices into 
curricula to support and augment a variety of learning activities.

In science settings, mobile devices were used in a variety of contexts and for 
different purposes. Some educators used mobile devices to promote inquiry-based 
science learning (Ahmed & Parsons, 2012; Vogel et al., 2010). In an ecology course, 
mobile devices were used to support flexible ecology learning contexts in various 
locations across school and home contexts (Luckin et al., 2005). Additionally, edu-
cators used mobile devices to support student learning in informal science settings 
as a continuum from formal science settings (Scanlon, Jones, & Waycott, 2005). 
Mobile devices were also used to connect to a local wireless network so as to doc-
ument and share information quickly during professional field trips (Cantrell & 
Knudson, 2006).
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Mobile computing is becoming widely integrated in the undergraduate and grad-
uate curricula within computer science and computer engineering settings. A survey 
of 33 universities, from Carnegie Melon University to Utah State University, indi-
cated that the majority of these surveyed universities were offering graduate courses 
on mobile computing (Minaie et al., 2011). Meanwhile, many programs in these 
surveyed universities had lined up to change their curricula to offer mobile comput-
ing courses for their undergraduate students, too. As such, computer science educa-
tors are implementing mobile devices to serve a variety of purposes. One educator 
integrated handheld devices into a programming course and had students deploy 
mobile applications to support lab-intensive courses (Mahmoud, 2008). Similarly, 
some educators used mobile devices to create collaborative learning activities dur-
ing lecture to scale up lecture-based courses. A majority of the students in the study 
found the redesigned courses with mobile devices more motivating and engaging 
(Simon, Anderson, Hoyer, & Hu 2004).

In engineering classrooms, team-based learning is a key aspect of any student’s 
academic success (Lutz et al., 2012). For this reason, the use of mobile devices 
focused on creating collaborative learning environments for students. In higher 
education, students used mobile apps to create remote labs so that they could col-
laborate and help each other in those rote labs (Barcia-Zubia, López-de-Ipiña, & 
Orduña, 2010). Another study reported that engineering students used mobile de-
vices consistently to build a collaborative environment in the classroom, in which 
teamwork is a required component in engineering education (Lutz et al., 2012). 
In K-12 environments, elementary school girls used mobile devices in a Simple 
Machine in Your Life project to collaboratively learn about the simple machines in 
their surroundings. Moreover, elementary students in the GreenHat project used a 
GPS-enabled Smartphone to explore the natural environment through expert’s per-
spectives in their group assignments (Ryokai, Agogino, & Oehlberg, 2012).

In mathematics settings, the use of mobile devices usually focuses on helping 
students solve authentic math questions. A study showed that middle school stu-
dents worked as mathematicians by carrying out authentic math activities using 
mobile phones collaboratively. The study filled a literature gap that few research 
studies had examined middle school students’ building of mathematical knowledge 
using mobile phones (Daher, 2010). Educators also used mobile devices to teach 
realistic mathematics to kindergarten students (Zaranis et al., 2013). Moreover, 
educators developed an application to support families in real-life situations where 
problem solving involved mathematics (Alexander et al., 2010).

In art settings, mobile devices are also widely used in order to design authentic 
opportunities for learning where students “do” arts, therefore, motivating heretofore 
unmotivated students. First, augmented reality (AR), which integrated 3-D virtual 
objects into a 3-D real environment in real time, is a great way to motivate students 
by connecting to real or simulated 3-D environments (O’Shea et al., 2010; Serio et 
al., 2013). In an art course, students used an AR system and incorporated location-
aware mobile technologies to trigger digital characters, objects, and events on Asian 
arts. Eventually, the mobile technologies helped these art students create, imple-
ment, and evaluate their augmented reality experience for the San Diego Museum 
of Arts (O’Shea et al., 2010). Similarly, an augmented reality system was deployed 
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in mobile devices to motivate middle school students learning in a visual art course. 
Results found that students’ attention and motivation in a learning environment 
based on augmented-reality were much better than those obtained in a PowerPoint-
slides-based learning environment (Serio et al., 2013). Moreover, AR was also in-
tegrated into a mobile guide system in a painting course to teach students painting 
appreciation (Change et al., 2014). Second, in addition to AR, mobile devices were 
also used creatively to enhance traditional ways of learning arts. One study showed 
that educators used digital media and tools on tablets to prepare all arts majors to 
enhance traditional drawing and design media (Moore College, 2014). In the same 
fashion, art students created and leveraged a mobile blogging site with their mobile 
devices to bridge meaning making across school and various art museum settings 
(Pierroux et al., 2011).

The examination of the above-mentioned studies indicated various ways of us-
ing mobile devices to support innovative learning environments in domain-related 
curriculum in STEAM. Now powered by mobile devices, do STEAM educators 
transition well from traditional instruction to mobile-device-enhanced instruction? 
What barriers have they experienced in the process of mobile technology integra-
tion in their curricula?

 Barriers to Effective Mobile Technology Integration  
in STEAM Curricula

Compared with the exciting capabilities of mobile technologies, less exciting news 
is that many STEAM educators also reported barriers to effectively integrating 
mobile devices into their curricula. Some barriers of mobile technologies were 
related to what Ertmer (1999, 2005) called first-order or external barriers, such 
as access to technology, time, training of technology use, and support (Bannon, 
Martin, & Nunes-Bufford, 2012; Hechter & Vermette, 2013). National data con-
sistently showed increasing improvement in the access of mobile devices, band-
width, technical support, and training on the mechanical use of mobile devices in 
the K-12 and university classrooms (O’Shea et al., 2010; The Technology Outlook 
for STEM + Education 2013–2018 Report, 2013; Vogel et al., 2010). In particular, 
the Federal Communications Commission made available more than $ 2 billion in 
2014 and $ 1 billion annually afterwards to significantly expand Wi-Fi networks to 
all schools and libraries (Federal Communications Commission, 2014).

Another barrier to the use of mobile devices is related to the digital divide. The 
notion of digital divide is that not everyone has access to technology and Internet. 
The unbalanced access to technology and Internet could further divide a growing 
gap between the underprivileged members of society and the wealthy, middle-class 
people in terms of their access to, use of, or knowledge of information and com-
munication technologies (Dewan & Riggins, 2005; Warschauer, 2004). The digital 
divide could pose new concerns in the age of social networking and mobile devices 
as well (Bauerlein, 2011). A few schools experienced the concern of digital divide 
in their mobile device initiatives when some economically disadvantaged K-12 
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students and parents complained not having Wi-Fi at home when mobile devices 
were allowed to bring home (Herold, 2014; Iasevoli, 2013). Although literature is 
lacking to examine how digital divide could affect mobile teaching and learning in 
the STEAM settings, it could shed lights to STEAM leaders and educators during 
planning.

Beyond access, bandwidth, technical support, and the digital device—the first 
order of effective mobile technology integration, the literature documented a preva-
lent barrier to hinder mobile technology integration in STEAM—the second-order 
or internal barriers of effective pedagogy of technology integration (Ertmer, 1999, 
2005). Studies reported that STEAM teachers experienced great barriers in using 
effective pedagogy to integrate mobile technology into their classrooms. In a recent 
survey of 430 in-service science educators, 80 % of them indicated that various 
technologies, including mobile devices are available to them. However, about one 
quarter of respondents stated that they did not receive effective pedagogical training 
of technology integration (Hechter & Vermette, 2013). In a survey of urban school 
mathematics teachers, researchers also found that while mobile technologies were 
widely accessible to students and teachers, a decline of the use and integration of 
computer technology, including mobile devices, was apparent among the surveyed 
mathematics teachers (Wachira & Keengwe, 2011).

Clearly, when STEAM educators passed the initial phase of the mechanical use of 
mobile devices, they experienced more barriers in pedagogically integrating mobile 
technologies. In other words, it is critical for STEAM educators to understand that 
mobile devices are not just about the availability of tools and apps, but more about a 
new way of thinking and teaching (The Technology Outlook for STEM + Education 
2013–2018 Report, 2013; Windschitl, 2009). In particular, the effective pedagogy 
of technology integration means “incorporating technology and technology practic-
es into all aspects of teaching and learning, specifically, incorporating appropriate 
technology in objectives, lessons, and assessment of learning outcomes” (Wachira 
& Keengwe, 2011, p. 17). Researchers identified that teachers’ fundamental be-
liefs about teacher-student roles, curricular emphases, and assessment practices had 
significant impact on their effective technology integration (Ertmer, 1999, 2005; 
Hew & Brush, 2007). In relation to technology integration in science, it is sug-
gested to use constructivist pedagogies that encourage hands-on applications with 
science-based technologies and that allow students to interact with their peers (Har-
ris, 2005). As for mobile technology integration in mathematics, it is recommended 
focusing on student-centered active learning strategies and also aligning appropri-
ate mobile applications with learning activities (Bannon et al., 2012).

A question naturally arises whether STEAM educators receive necessary pro-
fessional training on mobile technology integration into their curricula. Unfortu-
nately, despite the widespread recognition of the importance of mobile learning in 
STEAM, many STEAM educators have not had training or professional develop-
ment opportunities equipping them to effectively adopt best pedagogies of mobile 
technology (Meyer, 2013). Researchers called for systematic teacher preparation 
and professional development for STEAM educators (Bannon et al., 2012; Hechter 
& Vermette, 2013; Meyer, 2013; The Technology Outlook for STEM + Education 
2013–2018 Report, 2013; Windschitl, 2009). Arguably, it is critical for schools and 
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institutions to provide initial technical support along with ongoing professional de-
velopment opportunities to address STEAM educators’ external and internal barri-
ers. Such support and opportunities are part of the essential conditions for success-
ful mobile device initiatives that will be discussed in the following section.

Essential Conditions for Successful Mobile Device 
Initiatives in STEAM

What infrastructure should be in place to ensure a large-scale mobile device initia-
tive to succeed and scale up? The following section answers this question in the 
context of STEAM.

Visionary Leadership and Commitment

As in any large-scale initiative, visionary leadership and commitment are central 
to spearheading innovation and change in STEAM (Abdul-Alim, 2012). Visionary 
leaders should position mobile device initiatives as part of the overall institutional 
goals and efforts to get broader support from educators, students, and departments 
(MindShift, 2012). Anderson University (AU) launched their Mobile Learning Ini-
tiative in 2011. The initiative particularly enabled biology and art students to benefit 
huge gains in student understanding of materials. The leadership of the University 
touts their commitment to be a pioneer of mobile technology in STEAM and overall 
undergraduate education (Anderson University, 2014). Similarly, the Moore iPad 
Initiative at the Moore College of Art was strongly supported by its top administra-
tion. Their Academic Dean, Dona Lantz stated that: “Faculty at Moore are commit-
ted to educating students for contemporary careers in art and design. The iPad is 
a pivotal learning tool in the new Foundation curriculum where the integration of 
digital media and tools are taught and used in tandem with traditional drawing and 
design media” (The Moore iPad Initiative, 2014, p. 1).

In the same fashion, some institutions have established a center, office, or com-
mittee at the state, or institutional level to support the use of mobile devices in 
STEAM education. The Carnegie Science Center, which is one of the four Carnegie 
Museums of Pittsburgh, partnered with the Army National Guard’s Mobile Learn-
ing Center Programs to promote a cutting-edge mobile teaching and learning lab 
(Hohenbrink, 2011). The State of North Carolina has a STEM Center that serves 
as a catalyst for innovation and change. They collaborated with institutions and 
schools to provide educational services, grants for mobile device initiatives, and 
professional development opportunities on mobile technology (SMT, 2014).

In contrast, weak leadership can sink a well-intentioned large-scale mobile 
initiative. In particular, weak leaders would see mobile device initiatives as a 
 technology project, rush to roll out the mobile devices, and not communicate or col-
laborate effectively across different departments (Roscorla, 2014). A case in point 
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is Los Angeles Unified School District’s (LAUSD) iPad initiative in 2013. As the 
nation’s second-largest school district, LAUSD planned to distribute iPads to all of 
its 651,000 students by the end of 2014. Soon after, the LAUSD had to dramatically 
scale back its initiative. One of the biggest complaints was that district leaders had 
rushed the deployment of the mobile devices without planning strategically, setting 
realistic timelines, and getting buy-in from educators (Herold, 2014).

Clearly, strategic leadership is critical to communicate and harmonize the coordi-
nation of access of mobile devices, bandwidth, technical support, the digital divide, 
and professional development, among other issues (Herold, 2014; O’Shea et al., 
2010; Roscorla, 2014; The Technology Outlook for STEM + Education 2013–2018 
Report, 2013; Vogel et al., 2010). Putting strong leadership in the context of mobile 
device initiatives in STEAM, it is clear that strong leaders draw capable people to 
cultivate a unified vision across the board so that the vision of large-scale mobile 
device initiatives can be implemented as a cautionary tale (MindShift, 2012).

 Strategic Education Goals

Mobile device initiatives should work in harmony with strategic educational goals 
such as making learning mobile, supporting different learning needs, leveraging 
advanced technologies and online resources, and reaching students who would not 
otherwise have the opportunity to participate (Kukulska-Hulme & Sharpe, 2007). 
These educational goals should be aligned with curriculum redesign, technology in-
tegration, and assessment when mobile device initiatives are mapped out. It is criti-
cal that people involved in implementing the initiatives have a clear understanding 
of the goals, intended outcomes, and risks (UNESCO, 2012). A case in point: the 
Miami-Dade County Public Schools (M-DCPS) in Florida paused their one-to-one 
computing initiative to give digital devices to all of its 354,000 students. Learning 
from Los Angeles Unified School District’s (LAUSD) mistakes, M-DCPS reviewed 
their educational goals and assessment plans before they resumed the initiative in 
2015 (Blazer, 2014)

One mistake from LAUSD and M-DCPS’s large-scale rollout of mobile devices 
that these initiatives were promoted as a technology initiative (Herold, 2014; Ia-
sevoli, 2013). In fact, if that happens, educators and students may perceive the tool 
as a fad or passing trend. Instead, a mobile device initiative should be purposed 
and positioned as an educational initiative to support or transform pedagogy and 
curriculum (MindShift, 2012). As discussed in Section “Mobile Applications in the 
STEAM classroom”, a large body of studies in mobile applications across STEAM-
related curricula focused on leveraging mobile devices to support and augment 
learning activities that could not be done traditionally (Ahmed & Parsons, 2012; 
Lutz et al., 2012; STEM Education Coalition, 2014; UNESCO, 2012). The ultimate 
educational goals in these learning activities with mobile devices are to promote 
critical thinking, problem solving, and collaboration (Ahmed & Parsons, 2012; 
Barcia-Zubia et al., 2010; O’Shea et al., 2010; Zaranis et al., 2013).



Implementing Large-Scale Mobile Device Initiatives in Schools and Institutions 191

Overall, any mobile device initiative should not be a stand-alone component just 
about the availability of tools; rather, it should be aligned with strategic educational 
goals and objectives. In doing so, the mobile device initiative is more likely to get 
broader support from educators, students, and departments (MindShift, 2012).

Educational Scalability

When mobile devices are introduced in schools and institutions on a large scale, 
start small, think big is the guiding principle many schools and institutions employ 
when implementing and managing their initiatives (MindShift, 2012; UNESCO, 
2012). The reason is two-fold. First, the initial small-scale implementation can de-
crease risk tremendously, help diagnose problems quickly, and revise strategic plan-
ning accordingly (Blazer, 2014; Herold, 2014). Second, the experience gained from 
a small-scale mobile device project can help lay out the foundation for expansion, 
so that large-scale implementation across the campus can have a better chance to 
succeed.

A few schools and institutions have started their mobile device initiative small 
and scaled it up. Canby School District in Oregon began with iPod touches and 
iPads in just a few classrooms. On the basis of those experiences, they expanded 
to more classrooms in the next year (Dungca, 2011). Saddleback Valley Unified 
School District, Rockdale Independent School District, and Kathy Independent 
School District all started their “Bring Your Own Device” (BYOD) pilot programs 
first. They reflected on implementation and lessons learned and continued to expand 
their success to more classrooms (MindShift, 2012). Similarly, Anderson University 
started their Mobile Learning Initiatives with a few biology courses. Building on 
their experiences, their officials expected that nearly one third of all courses would 
be redesigned for mobile learning in the coming years (Anderson University, 2014).

Sufficient Professional Development

To help STEAM educators better understand the process of integrating technol-
ogy into their curricula in a way that adds the most value to learning from mobile 
devices, it is critical to develop a comprehensive approach to engage educators in 
professional development opportunities. These opportunities should include not just 
how to use the devices, which is a common pitfall in incorporating new technology 
(MindShift, 2012), but also how to integrate mobile devices into STEAM teachers’ 
pedagogical repertoire and promote critical thinking, problem solving, and collabo-
ration, as discussed in Section “Mobile Applications in the STEAM Classroom” 
(Ahmed & Parsons, 2012; Barcia-Zubia et al., 2010; O’Shea et al., 2010; Zaranis 
et al., 2013). In other words, transforming the role of educators by using effective 
mobile technology pedagogy will tailor students’ needs in their learning experience 
and improve student engagement and interest in STEAM subjects (Koutsopoulos 
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& Kotsanis, 2014; Meyer, 2013; The Technology Outlook for STEM + Education 
2013–2018 Report, 2013; Windschitl, 2009).

To address the mobile technology integration issue effectively, some institutions 
have implemented collective and collaborative training programs. One effective 
strategy is to put STEAM teachers in professional learning communities (PLCs) so 
that they can learn, share, and support each other (Fulton & Britton, 2011; Mind-
shift, 2012). For instance, the UTeach Institute, launched by the University of Texas 
at Austin, aims to model a variety of pedagogical methods to aspiring teachers in 
PLCs to use mobile devices in STEM (Bolkan, 2013). With 35 participating univer-
sities across the country, the UTeach Institute trains pre-service teachers to incor-
porate mobile technologies into inquiry-based lessons. Additionally, a math teacher 
education program had pre-service teachers use iPads to facilitate collaborative and 
authentic professional learning experiences (Kearney & Maher, 2013).

 Robust Technology Capacity

Wireless networks must now routinely host a wide range of mobile devices running 
bandwidth-intensive applications such as videos and music. As such, a success-
ful mobile device initiative requires a thorough analysis of existing technological 
infrastructure such as wireless connectivity throughout the campus, broadband re-
quirements, hardware and software, data storage, off-campus access, security and 
privacy, technical support, accepted use policies, among other infrastructural fea-
tures (MindShift, 2012; Scott, 2012; UNESCO, 2012). In fact, a careful analysis 
of existing technological infrastructure should be the first step in ensuring that a 
mobile device initiative can and will support educational goals (Scott, 2012). With-
out robust technology capacity, it is likely that a mobile device initiative would not 
reach its potential technically, pedagogically, or logistically (MindShift, 2012).

Additionally, it is suggested that more wireless access points be installed across 
campuses, especially in high density environments, where users can carry two or 
three mobile devices generating significant increases in the amount of traffic (Net-
gear, 2014). Meanwhile, maintenance issues, such as Wi-Fi connectivity, access 
points, upgrades, and various application support for different operating systems 
and hardware, must be taken into consideration (JISC Digital Media, 2014; Netgear, 
2014). It is suggested that schools and institutions start by accommodating which-
ever the most commonly used mobile platform and trying to reach as many devices 
as possible (JISC Digital Media, 2014).

Supporting Policies

To support their mobile device initiatives, many schools and institutions may need to 
revise their existing policies or create new policies. On the one hand, some  existing 
policies may need to be reviewed to determine whether mobile learning disrupts or 
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fits into traditional education approaches. Any policy that prohibits students from 
using portable devices in learning should be eliminated (UNESCO, 2012). For in-
stance, some schools and institutions have changed wording from acceptable use 
to responsible use in their rules and guidance documents (Scott, 2012; UNESCO, 
2012). The shift indicated a change in mindset. Instead of simply policing whether 
students’ use of mobile devices, especially the use of their own devices (BYOD), is 
acceptable or not, the goal is to move toward making students responsible for their 
behavior when using their devices (CISCO, 2012; DeWitt, 2012).

On the other hand, schools and institutions may need to create new policies to 
guide a collection of users for various purposes. For example, new policy for mo-
bile devices can be created to ensure that all e-mail communication about patient 
care and non-public matters in a smartphone or tablet is secure and confidential 
(Research Information Services & Computing, 2014). Another example is that more 
than 300 high school students at LAUSD skirted the tablets’ security to surf social-
networking sites during learning (Iasevoli, 2013). For this reason, a new security 
policy will ensure that mobile devices will not be left out of a common set of secu-
rity settings as well (Microsoft, 2014; Research Information Services & Computing, 
2014). Meanwhile, the process of creating new policies must be triangulated with 
evidence of students’ learning experience and performance with mobile devices 
(UNESCO, 2012). In doing so, the new policies can better support initiatives in 
terms of scaling up or being broad enough to allow for different contexts (Scott, 
2012; UNESCO, 2012).

 Conclusion

In summary, this chapter discusses factors to drive explosive growth of mobile de-
vices in STEAM. Drawing upon these factors, the chapter provides ample evidence 
that mobile devices have transformed how STEAM is learned and taught within 
and outside of the classrooms. In the meanwhile, educators also have experienced 
barriers in the process of mobile device integration into their curricula. Built on 
the innovations of the use of mobile devices in the STEAM classroom, the chapter 
proceeds to discuss essential conditions that ensure the successful implementation 
of large-scale mobile device initiatives in schools and institutions.

Building on this chapter and looking forward, more empirical studies are needed 
to provide evidence on the following major areas to help scale up the initial usage 
of mobile devices in the STEAM classroom (Ahmed & Parsons, 2012; Avraamidou, 
2008; Bauerlein, 2011; Luckin et al., 2005; Lutz et al., 2012; O’Shea et al., 2010; 
Serio et al., 2013; STEM Education Coalition, 2014).

• Innovations and details of the processes by which students come to understand 
STEAM subjects through mobile devices

• Best pedagogical practices and barriers of technology integration in domain-
related curriculum for STEAM educators

• Evidence of student learning gains through mobile devices
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• Best practices of professional development model to support STEAM educators
• Interactions and collaborations of stakeholders and support system
• Impact of mobile devices on digital divide
• Support system and new policies necessary for large-scale mobile device initia-

tives

The evidence of empirical studies will help educators pedagogically, technically, 
and administratively respond to the increasingly ubiquitous mobile learning in order 
to meet the needs of the 21st century (Bolkan, 2013; Fulton & Britton, 2011; Meyer, 
2013; Windschitl, 2009). Equally important is that the evidence of empirical studies 
will help academic leaders rethink school and institutional goals and resources in 
order to support STEAM-curriculum innovations on a large-scale level (Horizon 
Project, 2013; Lam & Duan, 2012; UNESCO, 2012; Zaranis et al., 2013).
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Abstract Within Science, Technology, Engineering, Arts, and Mathematics 
(STEAM) education initiatives, a learner-centric paradigm that instills in individuals 
the habit of becoming self-directed and life-long learners is a major objective. The 
implemented instructional framework presented recognizes that students develop 
mental models that represent their competencies in Engineering. Findings of a 
case study report the students’ change of attitudes, self-concept, and team dynam-
ics while taking the re-designed graduate course. The findings guide the further 
instructional design of the course and the development of future research projects.

Keywords Engineering · Self-concept · Attitudes · Team · Scaffolding 

Introduction

For the past several years, Science, Technology, Engineering, Arts, and Mathematics 
(STEAM)  education initiatives have addressed the concern that the United States is 
globally losing its competitive edge. It is further argued that individuals are required 
to continuously refresh and adapt their competencies. It is also well documented 
that the changing environment of the 21st century and the diverse learning needs 
of individuals demand a change in the existing paradigm of engineering education 
(Mistree et al., 2014). What is needed is a flexible, learner-centric paradigm that, 
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among other things, instills in individuals the habit of becoming self-directed and 
life-long learners (Mistree, Panchal, & Schaefer, 2012; Williams & Mistree, 2006).

Over the past few years, at the University of Oklahoma, a graduate course titled 
AME5303 Designing for Open Innovation1 has been designed, course content and 
assignments developed, and a learner centric paradigm instantiated. Different facets 
of this course have been described in several publications—most recently in (Ifen-
thaler, Mistree, & Siddique, 2014; Mistree, Ifenthaler, & Siddique, 2013; Mistree et 
al., 2014). In these papers, the authors explore the key question: How can we foster 
learning how to learn and develop competencies?

In this chapter, we document our findings focusing on the students’ change of 
attitudes, self-concept, and team dynamics while taking the re-designed graduate 
course. Next, we cover the salient features of AME5303 Designing for Open In-
novation. In the following, we outline the organization of our case study and report 
and discuss our findings. We end this paper with closing remarks on future develop-
ments.

 Salient Features—AME5303 Designing  
for Open Innovation

The orchestration of this course is different to typical graduate courses in engineer-
ing. Firstly, the concept of Senge’s (1990) Learning Organization was emphasized 
throughout the lectures and the assignments. This allowed a fluent development of 
both competencies and learning objectives. Secondly, each lecture was focused on 
one or more questions for the day. These questions provided the rationale for cover-
ing the material on a particular day. When viewed at the end of the semester, the 
questions represented a framework within which the course was orchestrated and a 
means for the students to frame their semester learning essay.

 Course Organization

The relationship between the team organization and the course content is displayed 
in Fig. 1. The course content is centered on deliverables and lectures that are associ-
ated with dilemmas involving economy, society, and environment. Each assignment 
and deliverable which was addressed in the class content was designed to support 
the team organization. Early in the semester students were given the question for the 
semester in the context of their semester competencies they wished to develop along 
with their supporting learning objectives. There were lectures focused on higher-
level topics related to “learning how to learn” along with content-based lectures 

1 From 2009 through 2012 the course was offered using a generic (temporary) temporary course 
number AME5740.



203Designing for Open Innovation

focusing on bridging fuels and the wired and connected world of 2030. Lectures on 
tools to help frame and answer the question for the semester through dilemma iden-
tification and management were also included. Finally, students reflected upon their 
semester learning through a semester learning essay. All of the class content was 
focused on dilemmas resulting from economical, sociological, and environmental 
aspects that arise in energy policy and bridging fuels.

The team organization was supported through the class content and the assign-
ments developed around this content. There were several levels of the team or-
ganization. Firstly, there were assignments early on in the semester designed for 
students to identify the competencies that they wished to develop throughout the 
semester. This allowed for individual learning. Next, there were assignments that 
allowed students to get experience working in teams. Teams of three formed at 
the university level. This level of team organization allowed team-based learning. 
The assignments were designed to support collective learning through the use of 
technologies to address the possible geographical differences. The question for the 
semester was finally a compilation of two assignments and the answer was com-
piled and submitted by each team. One of the unique aspects of this course was the 
collaborative structure in which students worked in team settings in order to answer 
the question for the semester. Students were asked to identify competencies needed 
to be successful at creating value in a culturally diverse, distributed engineering 
world. The students developed these competencies by completing various assign-
ments designed to collaboratively answer the question for the semester. Students 
completed these assignments individually and collaboratively in teams.

Fig. 1  Overview on the course organization
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Learning Organization

According to Senge (1990), a Learning Organization is “an organization that facili-
tates the learning of all its members and consciously transforms itself and its con-
text”. A learning organization exhibits five main characteristics: (1) systems think-
ing, (2) personal mastery, (3) mental models, (4) a shared vision, and (5) team learn-
ing. Throughout this course, assignments were framed with these five disciplines.

We used Senge’s (1990) framework to create a learning community made up 
of individuals, teams and, cross-teams within the class. In our approach, systems-
thinking is achieved by posing a high-level question ( question for the semester) for 
the students to be addressed by scaffolded activities and assignments throughout the 
semester. Personal mastery is achieved by students defining and striving to achieve 
personal learning objectives that are tied to the development of competencies. At 
the start of the course, the students are asked to identify the competencies that they 
wish to achieve as a result of taking this course. The competencies are classified 
as white space competencies, meta-competencies, and competencies. The compe-
tencies are supported by learning objectives. The learning objectives are anchored 
in Bloom’s Taxonomy (Anderson et al., 2001; Bloom, Engelhardt, Furst, Hill, & 
Krathwohl, 1956; Krathwohl, 2002). The mental model of one students' perception 
of the relationship of the competencies that he wishes to achieve and the associated 
learning objectives is illustrated in Fig. 2.

Competencies are the result of integrative learning experiences in which skills, 
abilities, and knowledge interact to form bundles that have currency in relation 
to the task for which they are assembled. On the other hand, learning objectives 

Amirhossein Khosrojerdi Learning Objectives and Competencies (2011)

White space  
meta-competencies 

 
Meta-competencies 

words from Bloom’s 

Fig. 2  Examples of student mental models of competencies and learning objectives at the end of 
the semester
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embody cognitive skills that students wish to attain so that they become competent 
in performing the task. Learning objectives are defined in terms of the six learn-
ing domains in Bloom’s taxonomy (knowledge, comprehension, application, anal-
ysis, synthesis, and evaluation) (Bloom et al., 1956). In the example of learning 
objectives (see Fig. 2), the keywords from Bloom’s taxonomy are underlined.

The authors are aware of the revision of Bloom’s taxonomy and changes (re-
member, understand, apply, analyze, evaluate, create) (Anderson et al., 2001). After 
reflection, they have consciously chosen to use the older version for this course in 
engineering.

The questions that students were asked during the first lecture were: “What com-
petencies do you need to develop to be successful at addressing dilemmas asso-
ciated with the realization of complex, sustainable, socio-techno-eco system in a 
distributed engineering world?” and “What competencies do you wish to develop in 
this course so that you are competitive in the world of 2030?”

This required reflection: What competencies do I have? In the context of the 
world of 2030 what competencies do I need to develop? Based on the competencies 
that a student wished to develop, he/she defined the learning objectives and related 
these objectives to the competencies with appropriate justification.

In keeping with Senge’s five main characteristics (disciplines) the team assign-
ments are structured as follows:

1. System: Given an assignment.
2. Personal Mastery: Internalize the assignment. Develop an approach for tack-

ling it. Post this approach for your colleagues to see.
3. Mental Model: Reflect on the progress you have made on your attaining your 

competencies so far then in the context of your approach for tackling the assign-
ment identify two competencies that you would like to develop by doing this 
assignment. Post your mental model for review by your teammates.

4. Team Vision: Collectively develop a Team Vision that accommodates the pro-
posed Mental Models and includes a plan of action: What needs to be done, by 
when and who is responsible, etc. Agree on a Team Contract.

5. Implement Plan of Action: Be conscious of what you are doing, reflect and 
identify via learning statements what you are taking away and thence achieving 
your learning objectives and attaining competencies.

Learning statements are anchored in Kolb’s Experiential Learning Model, namely 
that learning is attained through active experimentation-reflective observation and 
abstract conceptualization-concrete experience. Accordingly, students are required 
to include in their learning statements justifications/introductions as shown in Fig. 3.

Fig. 3  Structure of learning statements in keeping with Kolb’s model of experiential learning
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 Lecturing with a Purpose

Each lecture started with a question for the day. The question for the day was designed 
to give meaning to each lecture and to frame each lecture with a purpose. In addition, 
the question for the day made students think about one aspect which was designed to 
help answer the question for the semester. These questions were labeled in sequence 
in order to identify with the flow of information through the lectures. The following 
list shows examples of the question for the day for the foundational lectures.

• What are the key foundational white space competencies that “tool maker” engi-
neers must have to be able to create value in a wired and interconnected, cultur-
ally diverse world?

• What competencies do you wish to develop to be successful at addressing dilem-
mas associated with the realization of complex, sustainable, socio-techno-eco 
system in the wired, interconnected and culturally diverse world of 2030?

• What are some of the changing business paradigms for the world of 2030?
• How will workforce-employer relationships have to change to be more success-

ful in a G3/Open Innovation/Mass Collaborative environment of the year 2030?
• What exactly does “success” mean and how can it be measured?

Assignments to Scaffold Learning and Team Formation

One of the main differences between this course and that of a traditional nature 
in engineering is how the assignments were used to scaffold student learning and 
team formation. In this course, learning was achieved at three levels: individual 
learning, team learning, and learning from each other in the AME5303 community. 
This structure was systematically developed using the assignments (see Appendix 
A for examples). Initially, the assignments were focused on the individual to help 
each student identify his/her own mental model (Ifenthaler & Seel, 2011, 2013). 
The teams were core to developing an answer to the question for the semester and 
an important component of the end of semester deliverables. In addition to the team 
answer to the question for the semester at the end of the semester, each student 
submitted two reports, namely, an answer to the question for the semester and a 
semester learning essay. In keeping with the notion of empowering the students to 
take charge of their learning all students were required to evaluate their own perfor-
mance in the class and suggest a grade.

Case Study

Research Context

Foundational to our learning-centric paradigm is the notion of mental models. We 
recognize that students develop mental models that represent their competencies. 
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These mental models differ from person to person, especially among people from 
different engineering disciplines and from different universities.

In Fall 2012, we received IRB approval to investigate the impact of individual 
mental models on the shared (team) mental model (and vice versa), how individual 
mental models change over the course of a semester and how students with different 
mental models prepare themselves to learn how to learn in an increasingly wired, 
interconnected and culturally diverse world. In Fall 2013, based on the initial find-
ings (Ifenthaler et al., 2014), we have modified the course delivery and increased 
the amount of scaffolding, for example, introduced four exercises that lead into the 
major assignments, shared past examples of work, provided time for classroom dis-
cussion, paused and asked questions, encouraged all students to meet socially and 
share their work with the entire class.

In this case study we investigate (1) the change of attitudes towards engineering, 
(2) the student’s self-concept, and (3) team dynamics in the course of a semester. 
Specifically, the following research questions were addressed:

1. How do attitudes towards engineering change over the course of a semester?
2. How does confidence for performing in the course (a) and performing on the first 

engineering job (b) change over the course of a semester?
3. How do team dynamics change over the course of a semester?

 Method

 Participants

Nine students who enrolled in Fall 2012 and ten students who enrolled in Fall 2013 
in AME5303 Designing for Open Innovation were invited to participate voluntarily 
in this study. Based on the response to Assignment 0 and Assignment 1, the course 
instructor assigned students to teams to work on Assignment 2. Each team had three 
students.

The final sample for this study consisted of participants from four teams (nine 
males and three females). The average age of the participants was 24.8 years 
( SD = 2.98). All participants described themselves as non-Hispanic white and six 
participants declared themselves as international students. Their reported average 
GPA was 3.44 ( SD = 0.36).

 Instruments

 Attitudes Towards Engineering

The 44 questions focusing on attitudes towards engineering were answered on a 
five-point Likert scale (1 = strongly disagree; 2 = disagree; 3 = neutral; 4 = agree; 
5 = strongly agree).
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 Self-Concept

The participant’s self-concept was measured with the confidence scale (Bandura, 
2006) consisting of eight items which were answered on a five-point Likert sale 
(1 = strongly disagree; 2 = disagree; 3 = neutral; 4 = agree; 5 = strongly agree; Cron-
bach’s alpha = 0.87). Four items focused on the participant’s confidence for per-
forming in the course (CPC) and four items focused on their confidence for per-
forming on their first engineering job after graduation (CPJ).

Team Assessment and Diagnostic Measure

The TADM (team assessment and diagnostic measure) instrument measures team-
related knowledge (Johnson, Lee, Lee, & O’Connor, 2007). TADM consists of 17 
items forming six factors (team knowledge, communication, attitudes, dynamics 
and interactions, resources and environment, satisfaction/frustration). The ques-
tions were answered on a five-point Likert scale (1 = strongly disagree; 2 = disagree; 
3 = not sure; 4 = agree; 5 = strongly agree).

Procedure

At the start of the semester, demographic data (5 min), learner characteristics 
(beliefs, self-concept; 10 min), and a pre-assessment of attitudes towards engineer-
ing (15 min) were collected. During the semester, three waves of data collection were 
administered as follows: Individual mental model (three paragraphs—350 words—
focusing on declarative, procedural, and metacognitive knowledge; 30 min), shared 
mental model (two paragraphs—350 words—focusing on self and other participant’s 
contribution to the team; 20 min), TADM (team assessment and diagnostic measure; 
5 min), self-concept (5 min). The last wave of data collection additionally included 
a post-assessment of attitudes towards engineering (15 min). The individual and 
shared mental models are not part of this case study, however, more information can 
be found related work (Ifenthaler, 2014b; Ifenthaler et al., 2014).

Results

Change of Attitudes Towards Engineering

A Wilcoxon Signed-ranks test indicated that the attitudes towards engineering were 
significantly higher at the end of the semester ( Mdn = 4.01) than at the beginning of 
the semester ( Mdn = 3.84), Z = 2.64, p = 0.008, r = 0.86.
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Overall, participants reported high attitudes towards engineering; however, the 
integrative learning experiences in which they achieved higher competencies dur-
ing the semester increased their positive attitudes towards engineering.

Change of Confidence

The change of confidence for performing in the course and on the first engineering 
job was analyzed using Friedman’s test. The change of confidence for performing 
in the course changed significantly over the course of the semester, χ2(4) = 9.57, 
p = 0.048. Overall, the confidence for performing in the course significantly in-
creased from the first measurement point ( M = 4.08, SD = 0.64) to the last measure-
ment point ( M = 4.36, SD = 0.73).

Additionally, the change of confidence for performing on the first engineering 
job changed significantly over the course of the semester, χ2(4) = 13.12, p = 0.011. 
Overall, the confidence for performing in the course significantly increased from 
the first measurement point ( M = 3.73, SD = 0.81) to the last measurement point 
( M = 4.29, SD = 0.59).

 Change of Team Dynamics

The change of team dynamics was analyzed using Friedman’s test indicating a sig-
nificant change over the course of four measurement points, χ2(3) = 11.72, p = 0.008.

Overall, team dynamics increased positively during the course of the semester 
from M = 3.82 ( SD = 0.45) at the first measurement point, M = 4.04 ( SD = 0.51) at 
the second measurement point, M = 4.17 ( SD = 0.46) at the third measurement point, 
and M = 4.32 ( SD = 0.43) at the forth measurement point.

 Disucssion

Currently, there are many initiatives underway to facilitate STEAM competencies. 
engineering education research is contributing to these initiatives in many ways 
(King & Magun-Jackson, 2009). Our approach is focused on students developing 
competencies needed in diverse and quickly evolving world. We argue that advocat-
ing the mass customization of courses will allow students to identify and develop 
selected competencies (Williams & Mistree, 2006).

The reported case study focused on the students’ (1) attitudes towards engineer-
ing, their (2) self-concept for performing in engineering, and (3) their team dynam-
ics as a key 21st century competence.

First, the findings of this study revealed that the students already had high at-
titudes towards engineering at the beginning of the semester. Despite the initial 
high attitudes, the integrative learning experiences during the semester increased 
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their positive attitudes towards engineering. This finding suggests that the course 
as conceived and implanted shows promise. Second, the findings revealed that the 
students gained confidence in their ability to take charge of their learning over the 
course of the semester. This suggests that the students internalized the Bloom’s 
taxonomy construct used to scaffold their learning and gained confidence in their 
ability to frame problems and prosecute their solution as they will be called on to 
do when they enter industry or academia. Third the findings revealed that there was 
a positive increase in team dynamics. This suggests that the students were in har-
mony with the learning community construct that was used to scaffold individual 
and team learning.

 Implications and Limitations

There is no simple recipe for designing learning environments (Bransford, Brown, 
& Cocking, 2000) and the design of learning environments will always change in 
line with the change of educational goals (Gosper & Ifenthaler, 2014; Ifenthaler & 
Gosper, 2014). In general, the design of STEAM learning environments includes 
the three simple questions: What competencies have to be learned? How are they 
learned? How are they assessed? Yet, the design of STEAM learning environments 
is not simply asking the above stated three questions. Rather, it includes a sys-
tematic analysis, planning, development, implementation, and evaluation phases 
(Gagné, 1965; Merrill, 2007). Further, Bransford et al. (2000) differentiate four 
perspectives for the design of learning environments. Learner-centered, knowledge-
centered, assessment-centered, and community-centered learning environments. It 
is of course difficult to predict new developments or trends in the domain of the 
design of STEAM learning environments with any kind of precision, but one thing 
is certain: They will continue to be dictated to a great extent by the increasing 
globalization, 21st century trends, and rapid development of information and com-
munication technology (Ifenthaler, 2012).

Especially within STEAM learning environments, creativity is a core compe-
tence. Taking into account that creative inventions are understood as artifacts that 
are new as well as useful and are created by a divergent way of thinking, this re-
quires an iterative process of model-building (Ifenthaler, 2013; Ifenthaler & Seel, 
2013). However, the development and successful application of creative inventions 
often requires quite a lot of time and mental effort due to basic processes of analogi-
cal reasoning or internal simulations (Jonassen & Cho, 2008). Therefore, linking 
educational technology and STEAM learning environments suggests to implement 
computer-based modeling tools for externalizing the internal simulation process 
which might take off the learner’s cognitive effort and might highlight specific 
problems when designing creative invention.

Clearly, the presented case study has limitations. Though the findings may not be 
generalizable, case studies such as this allow us to theorize relationships that may 
otherwise remain covert. Additionally, the data from two different cohorts may limit 
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the internal validity of the presented case study. However, controlling for effects 
between the two cohorts did not show any significant differences.

 Closing Remarks

In this chapter, we document our findings focusing on the students’ change of at-
titudes, self-concept, and team dynamics while taking the re-designed graduate 
course.

While implementing this course, we have developed an automated assessment 
methodology which enables the process oriented analysis of individual mental mod-
els and team mental models (Ifenthaler, 2014b). AKOVIA (Automated Knowledge 
Visualization and Assessment) (Ifenthaler, 2014a) provides just-in-time scaffolding 
and feedback on semantic and structural aspects of the learner’s or team’s learn-
ing progression and responses to complex problems at all times during the learn-
ing process (Ifenthaler, 2009). Such dynamic and timely scaffolds can promote the 
learner’s self-regulated learning and individual characteristics such as metacogni-
tion, motivation, beliefs, and attitudes (Ifenthaler et al., 2014). These analysis re-
sults could be further utilized to re-design course content, learning objectives, or 
curricular elements (Ifenthaler & Widanapathirana, 2014).

Clearly, the principal outcome from taking this course is not the test result at-
tained, but a student’s ability to learn how to learn, which is illustrated through the 
development of personal competencies in a collaborative learning framework and 
environment.
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Appendix A

Examples of assignments graduate course titled AME5303 Designing for Open In-
novation.

Assignment 1: Define the world of 2030 through Deep Reading, Observe-Re-
flect-Articulate (ORA) and Critical Thinking.

This assignment was completed individually. In this assignment, the students 
were asked to deep read and critically evaluate two articles from Friedman. Some 
of the questions that the students are asked to answer after reading the articles 
are: (i) what are the key issues facing the world of 2030 as highlighted by the 
author? (ii) how are the issues related to the three aspects of sustainability (social, 



212 D. Ifenthaler et al.

economic, and environmental)? (iii) what are the interdependencies between the 
issues identified by the author? and (iv) what are the relationships between global-
ization and the issues identified above? The students were also asked to take a first 
step towards identifying the dilemmas associated with energy policy.

The expected outcomes of this assignment were (a) vision for the engineering 
world of 2030, (b) a vision of the energy infrastructure in the world of 2030, and (c) 
refined competencies and learning objectives in the context of the world of 2030.

Assignment 2: Collaborative and collective learning.
This assignment was completed collaboratively within the students own univer-

sity and had two primary objectives. The first objective was to experience using a 
virtual environment to collaborate in a globalized mass-collaborative environment. 
The second objective was to gain an understanding of the efficacy and limitations 
inherent in Senge’s Learning Organization.

This assignment is used to develop a learning organization within the class using 
Senge’s concepts. After the students have formalized their mental models in As-
signment 0 by identifying what they know and would they would like to achieve, 
the next step is to create a team vision. As a part of the team vision, the students 
are asked to identify (a) the goals they would like to achieve as a team, (b) the 
tasks that the team needs to carry out, and (c) the assignment of responsibilities for 
completing the tasks. At the end of this assignment, the students develop a team 
contract that outlines the tasks, responsibilities and overall team outcomes. Team 
learning is achieved through the process of collectively completing the assignments 
and answering the Q4S. The deliverable of this assignment was presented as the 
following:

In the context of a Learning Organization, you are required to propose a plan 
of action to develop an outline for a paper titled Product Realization Pro-
cesses for Open innovation in the Globalization 3.0 World.

1. Personal Mastery: Introduce yourself. Include the competencies you wish 
to develop and the supporting learning objectives.

2. Mental Model: Review the postings of your team members. Suggest two 
competencies you wish to develop as a result of doing this assignment.

3. Team Vision: Collectively develop a Team Vision that includes a plan of 
action: What needs to be done, by when and who is responsible, etc. This 
may involve your having to modify your Mental Model.

4. Solution: Propose a solution to the problem, namely, develop an outline 
for a paper titled Characteristics, Features and Functionalities of IT Infra-
structure for Open Innovation.

5. Individual Learning and Evaluation: Reflect on your performance in this 
assignment. Please respond to the following questions in full sentences 
and write at least 350 words per sub-question.
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Abstract Our goal is to enhance the development of the broad range of so-called 
21st century expertise in engineering students by designing critical support systems. 
Recently our Department generated new curricula for its undergraduate degrees in 
chemical, food and environmental engineering. These new “integrated and spiral” 
curricula (that started in fall 2012) include several departmental courses considered 
chemical, food, and environmental engineering “pillars”, which were revamped to 
enhance the development of 21st century expertise. “Pillar” courses were redesigned 
taking into account technological advances and recent research on human learning 
and cognitive processes that underlie expert performances. Using the Framework 
for 21st Century Learning, and guidelines from research on How People Learn we: 
defined the standards for chemical, environmental, and food engineering 21st cen-
tury expertise; created formative and summative assessments to evaluate student 
attainment of it; designed instruction activities to promote this expertise; developed 
professional development opportunities for “pillar” course instructors; and generated 
corresponding learning environments to foster 21st century expertise in these courses. 
By means of Tablet PCs and associated technologies high-quality learning environ-
ments were created to promote an interactive classroom while integrating multiple 
formative assessments. Up to date “pillar” courses are improving student understand-
ing of the engineering method, ability to solve practical problems and complete real-
world projects while developing 21st century expertise. This chapter discusses results 
of implementation at selected “pillar” courses, particularly with regards to metacog-
nitive awareness, critical and creative thinking while emphasizing the potential of 
Tablet PCs and associated technologies to facilitate cognition and learning.
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Keywords 21st century learning · Creative thinking · Metacognition · Critical 
thinking · How people learn · Tablet PCs 

Introduction

Universidad de las Américas Puebla (UDLAP) established since 2003 the Center 
for Science, Engineering, and Technology Education (CSETE), which is stimulating 
new paradigms in science, engineering and technology education research. CSETE 
is acting as a catalyst to bring together faculty and students who are interested in ed-
ucational research, to disseminate the results of that research, and to provide profes-
sional development opportunities for Mexican and other Ibero-American countries 
faculty, graduate students, and K-12 instructors. There are several Science, Technol-
ogy, Engineering, Arts, and Mathematics (STEAM) related projects that are under-
way at CSETE including the one that is described in this chapter.

A team of several faculty members and graduate students at UDLAP’s CSETE 
has been using mobile technology since 2007 to improve engineering teaching and 
learning by creating richer learning environments. We have learned a lot about the 
potential of Tablet PCs and associated technologies to create learning environments 
that are knowledge-, learner-, community-, and assessment-centered as highlight-
ed by the How People Learn (HPL) framework (Bransford, Brown, & Cocking, 
2000). The redesign of several undergraduate and graduate courses significantly 
increased student participation; formative assessment and feedback were more 
common and rapid; instructors utilized the information gained through real-time 
formative assessments to tailor instruction to meet student needs (Gazca, Palou, 
López-Malo, & Garibay, 2009; Gutiérrez Cuba, López-Malo, & Palou, 2011, 2012; 
Palou et al., 2012). In these courses, particularly important were opportunities to 
make students’ thinking visible and give them chances to revise, as well as oppor-
tunities for “what if” thinking.
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 Context

UDLAP is a Mexican private institution of higher learning committed to first-class 
teaching, public service, research and learning in a wide range of academic dis-
ciplines including business administration, the physical and social sciences, engi-
neering, humanities, and the arts. Since 1959, the Commission on Colleges of the 
Southern Association of Colleges and Schools (SACS) has accredited UDLAP in 
the United States (Gazca, López-Malo, & Palou, 2012). UDLAP’s Chemical, Food, 
and Environmental Engineering Department offers several graduate programs (ac-
credited as of high quality by the Mexican National Council of Science and Tech-
nology) comprising two M.Sc. programs (Food Science and Chemical Engineering) 
and two Ph.D. programs (Food Science and Science, Engineering, and Technol-
ogy Education), as well as three undergraduate programs. The Food Engineering 
undergraduate program is approved by the Institute of Food Technologists (IFT) 
and accredited by the Consejo de Acreditación de la Enseñanza de la Ingeniería 
(CACEI), which is the peer-accrediting agency of the US ABET in Mexico, the 
Chemical Engineering undergraduate program is also accredited by CACEI, while 
the Environmental Engineering is an undergraduate program that just started in fall 
2012 (Altamirano, Gazca, López-Malo, & Palou, 2013).

During 2011–2012 UDLAP’s Chemical, Food, and Environmental Engineering 
Department generated new curricula for its undergraduate degrees in Chemical (CE), 
Food (FE), and Environmental Engineering (EE). These new “integrated and spiral” 
curricula (Asociación Nacional de Facultades y Escuelas de Ingeniería [ANFEI], 
2002, 2007; Litzinger, Lattuca, Hadgrafta, & Newsletter, 2011; National Academy 
of Engineering [NAE], 2004, 2005; Rascón-Chávez, 2010; Sheppard, Macatangay, 
Colby, & Sullivan, 2008) includes several departmental courses considered chemi-
cal, food, and environmental engineering “pillars”, which are designed to enhance 
the development of 21st century expertise in students from each of the undergradu-
ate degrees (Partnership for 21st Century Skills, 2009a, 2009b, 2009c). Integrative 
learning comes in many varieties: connecting skills and knowledge from multiple 
sources and experiences; applying theory to practice in various settings; utilizing 
diverse and even contradictory points of view; and understanding issues and posi-
tions contextually (Huber & Hutchings, 2004). Thus significant knowledge within 
individual disciplines serves as the foundation in our integrated curricula, but inte-
grative learning goes beyond academic boundaries. Indeed, integrative experiences 
will occur in “pillar” courses as learners address real-world problems, unscripted 
and sufficiently broad to require multiple areas of knowledge and multiple modes 
of inquiry, offering multiple solutions and benefiting from multiple perspectives 
(Huber & Hutchings, 2004). Our spiral curricula include a sequence of courses, 
matched closely with the development of students’ mathematical sophistication and 
analytical capabilities and integrated with coursework in the sciences. Students de-
velop a conceptual understanding of engineering basics in “pillar” courses, which 
stress practical applications of these principles. Unlike the traditional approach, 
each of the “pillar” courses includes a mix of these topics, presented in a variety 
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of disciplinary contexts (Collura, Aliane, Daniels, & Nocito-Gobel, 2004). A solid 
background is developed by touching key concepts at several points along the spiral 
in different courses, adding depth and sophistication at each pass. Each “pillar” 
course also stresses the development of several essential skills, such as problem-
solving, oral and written communication, the design process, teamwork, project 
management, computer analysis methods, laboratory investigation, data analysis 
and model development. Thus the “pillar” courses serve both as the basis for depth 
in disciplinary study and as part of the broad multidisciplinary background. The 
“pillar” courses of these new curricula are presented in Table 1.

Chemical, environmental, and food engineering students have a great opportu-
nity for a multidisciplinary collaborative experience in these “pillar” courses.

 Guidelines from Research on How People Learn

Chemical, Food, and Environmental Engineering “pillar” courses were designed (or 
re-designed)  taking into account technological advances (Bienkowski et al., 2005; 
Biswas, 2007; Kowalski, Kowalski, & Hoover, 2007a; Kowalski, Williams, Reed, 
& Vanides, 2007b; Kowalski et al., 2013a, 2013b; Tront, Eligeti, & Prey, 2006; 
Twining et al., 2005; Wise, Toto, & Yon Lim, 2006) and recent research on human 
learning and cognitive processes that underlie expert performances (Bransford et 

Table 1  Chemical (CE), Food (FE), and Environmental Engineering (EE) “pillar” courses
Course name Semester Course typea

Introduction to Chemical Engineering (CE) 
Introduction to Environmental Engineering 
(EE) Introduction to Food Engineering (FE)

1st Introductory ( cornerstone)

Introduction to Chemical, Food, and Envi-
ronmental Engineering Design (CE, FE, and 
EE)

2nd Engineering design ( cornerstone)

Material balances (CE, FE, and EE) 2nd Engineering science ( cornerstone)
Energy balances (CE, FE, and EE) Thermo-
physical properties laboratory (CE, FE, and 
EE)

3rd Engineering science

Modeling and simulation in Chemical, Food, 
and Environmental Engineering (CE, FE, 
and EE)

5th Engineering technology

Statistical control of products and processes 
(CE, FE, and EE)

6th Engineering technology

Quality assurance (CE, FE, and EE) 7th Engineering technology
Chemical plant design (CE) Design of equip-
ment for environmental control (EE) design 
and development of food products and 
processes (FE)

8th Engineering design ( capstone)

a Sheppard et al. (2008)
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al., 2000; Bransford, Vye, & Bateman, 2002). Thanks to a Hewlett-Packard (HP) 
Catalyst Initiative grant UDLAP received 63 HP Tablet PCs to (re)design “pillar” 
courses. In particular, we were interested in using Tablet PC technologies to en-
courage active learning (interactive engagement)  and probe student understanding 
through frequent formative assessments as described in detail elsewhere (Gazca et 
al., 2009; Gutiérrez Cuba et al., 2011; Palou et al., 2012; Ramirez-Corona, Ramirez 
Apud, López-Malo, & Palou, 2013).

 Using Information About How People Learn

During the past 40 years, research on human learning has exploded. Although we 
have a long way to go to fully uncover the mysteries of learning, we know a con-
siderable amount about the cognitive processes that underlie expert performances 
and about strategies for helping people increase their expertise in a variety of areas 
(Bransford et al., 2002). Several committees organized by the US National Acad-
emy of Sciences have summarized this research in reports published by the Na-
tional Academy Press. A key publication that informs our current discussion is How 
People Learn: Brain, Mind, Experience and School (Bransford et al., 2000).

An organizing structure used in the How People Learn volume (hereafter HPL) 
is the HPL framework. It highlights a set of four overlapping lenses that can be 
used to analyze any learning situation. In particular, it suggests how HPL learning 
environments should be developed:

1. Knowledge centered. Based on a careful analysis of what students need to know 
and be able to do when they finish our courses, which would provide them with 
the foundational knowledge and skills as well as cultivate the attitudes needed 
for successful transfer.

2. Learner centered. Connecting to the strengths, interests, and preconceptions of 
learners and helping them learn about themselves as learners.

3. Community centered. Creating an environment, both within and outside the 
classroom, where students feel safe to ask questions, learn to use technology to 
access resources and work collaboratively, and are helped to develop lifelong 
learning skills.

4. Assessment centered. Providing multiple opportunities to make students’ think-
ing visible so they can receive feedback and be given chances to revise.

The HPL framework provides a convenient way to organize a great deal of in-
formation about the nature of competent (expert) performance and about ways to 
help people develop their own competence (Bransford et al., 2002). The framework 
highlights a set of four overlapping lenses that are useful for analyzing the quality 
of various learning environments. Balance among the four lenses is particularly 
important to create high-quality learning environments (Carney, 2005; Gazca et al., 
2009).
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 Design of “Pillar” Courses

A major issue is to help students develop the kinds of connected knowledge, skills, 
and attitudes that prepare them for effective lifelong learning (Novak, 1998). This 
involves the need to seriously rethink not only how to help students learn about 
particular isolated topics but to rethink the organization of entire courses and cur-
ricula (Gazca et al., 2009). People who want to improve educational quality often 
begin with a focus on teaching methods. Questions about teaching strategies are 
important, but they need to be asked in the context of whom we are teaching and 
what we want our students to accomplish (Bransford et al., 2002). The reason is that 
particular types of teaching and learning strategies can be strong or weak depend-
ing on our goals for learning and the knowledge and skills that students bring to the 
learning task (Jenkins, 1978; Schwartz & Bransford, 1998).

A model developed by Jenkins (1978) highlights important constellations of fac-
tors that must be simultaneously considered when attempting to think about issues 
of teaching and learning. The model illustrates that the appropriateness of using 
particular types of teaching strategies depends on: (a) the nature of the materials to 
be learned; (b) the nature of the skills, knowledge, and attitudes that learners bring 
to the situation; and (c) the goals of the learning situation and the assessments used 
to measure learning relative to these goals. A particular teaching strategy may flour-
ish or perish depending on the overall characteristics of the ecosystem in which it 
is placed (Bransford et al., 2002). The Jenkins model fits well with a proposal by 
Wiggins and McTighe (2005). They suggest a “working backwards” strategy for 
creating high-quality learning experiences. In particular, they recommend that edu-
cators: (1) begin with a careful analysis of learning goals; (2) explore how to assess 
students’ progress in achieving these goals; and (3) use the results of steps 1 and 2 to 
choose and continually evaluate teaching methods (assumptions about steps 1 and 2 
are also continually evaluated.) When using a “working backwards” strategy for de-
signing (or redesigning) “pillar” courses, our choice of teaching strategies derived 
from a careful analysis of learning goals, rather than vice versa (Gazca et al., 2009).

The ability to design engineering undergraduate courses and corresponding high-
quality learning environments require that we move beyond procedural strategies 
and models. We also need to understand the kinds of skills, attitudes, and knowl-
edge structures that support competent performance. Thus, for the redesigning of 
the “pillar” courses, we “worked backwards” taking into account Jenkins model as 
well as the HPL framework. Especially important was knowledge of key concepts 
and models that provide the kinds of connected, organized knowledge structures 
and accompanying skills and attitudes that can set the stage for future learning 
(Bransford & Schwartz, 1999). Our (re)designs involved a transformation of stud-
ied courses from a lecture-based format to a challenge-based format as previously 
described (Gazca et al., 2009; Gutiérrez Cuba et al., 2011; Palou et al., 2012). We 
used the HPL framework as a set of lenses for guiding the redesign of the lessons, 
development of our challenges but also the overall instruction that surrounded the 
challenges. Particularly important were opportunities to make students’ thinking 
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visible and give them chances to revise (Bransford et al., 2002). We also noted the 
importance of provided opportunities for “what if” thinking, given variations on the 
challenge and for new problems that also involved the lesson’s concepts. Attempts 
to help CE, FE, and EE students reflect on their own processes as learners (to be 
metacognitive) were also emphasized (Ramirez-Corona et al., 2013).

For a thorough discussion of the ways that How People Learn can guide the 
design of environments to support high-quality learning we recommend Bransford 
et al. (2002), which also provides very specific examples and guidelines based on 
the HPL framework. Furthermore, it also examines some of the challenges and 
opportunities for high-quality learning that accompany the use of new technolo-
gies. Further, Carney (2005) identified goals and sub-goals of each lens of the HPL 
framework as well as classroom practices associated with each of them. As many 
practices can serve multiple goals, she further described their possible relationships.

The Framework for 21st Century Learning

This Framework presents a holistic view of 21st century teaching and learning that 
combines a discrete focus on 21st century student outcomes (a blending of specific 
skills, content knowledge, expertise and literacies) with innovative support systems 
to help students master the multi-dimensional abilities required of them in the 21st 
century and beyond (Partnership for 21st Century Skills, 2009a). The key elements 
of 21st century learning are displayed in Fig. 1, which represents both 21st century 

Fig. 1  The framework for 21st century learning. (Adapted from Partnership for 21st Century 
Skills, 2009a)
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student outcomes (as represented by the arches of the rainbow)  and 21st century 
learning support systems (as represented by the pools at the bottom).

While Fig. 1 represents each element distinctly for descriptive purposes, the 
Partnership for 21st Century Skills (P21) views all the components as fully inter-
connected in the process of 21st century teaching and learning. The critical systems 
necessary to ensure 21st century readiness for every student include: (a) 21st cen-
tury standards, (b) assessments, (c) curriculum, (d) instruction, (e) professional de-
velopment, and (f) learning environments, which must be aligned to produce a sup-
port structure that produces 21st century outcomes for today’s students. A detailed 
description of the elements (outcomes and support systems) of the Framework for 
21st Century Learning is available elsewhere (Partnership for 21st Century Skills, 
2009a, 2009b, 2009c). UDLAP’s Chemical, Food, and Environmental Engineering 
Department defined the standards for chemical, environmental, and food engineer-
ing 21st century expertise; created formative and summative assessments to evalu-
ate student attainment of 21st century expertise; designed instruction activities to 
promote 21st century expertise; developed professional development opportunities 
for instructors of the “pillar” courses; and generated corresponding learning envi-
ronments that promote 21st century expertise.

Standards for chemical, environmental, and food engineering 21st century ex-
pertise include: (a) Core Engineering Subjects as proposed by NAE (2004, 2005) 
ABET (2015), and IFT (2012) in the US, as well as ANFEI (2002, 2007) in Mex-
ico; in addition to (b) 21st Century Themes (such as global awareness, financial, 
economic, business and entrepreneurial literacy, civic literacy, health literacy, and 
environmental literacy); (c) Learning and Innovation Skills (such as creativity and 
innovation, critical thinking and problem solving, and communication and collabo-
ration); (d) Information, Media and Technology Skills (such as information literacy, 
media literacy, and information, communications and technology literacy); and (e) 
Life and Career Skills (such as flexibility and adaptability, initiative and self-direc-
tion, social and cross-cultural skills, productivity and accountability, leadership and 
responsibility) as proposed by P21 (2009a, 2009b).

The following section will discuss results of implementation at selected cours-
es (some “pillar”) particularly focusing on students’ metacognition, critical and 
creative thinking while emphasizing the potential of Tablet PCs and associated tech-
nologies to facilitate cognition and learning. Understanding the 21st century learner 
and adapting instruction generalizes to all disciplines, but in particular it is impor-
tant in the STEAM disciplines to facilitate learning that supports students’ critical 
and creative thinking. In our case, development and assessment of metacognitive, 
critical, and creative thinking skills were the links between the language-liberal arts 
and Science, Technology, Engineering, and Mathematics (STEM) education. Thus, 
for us STEAM includes sharing knowledge with communication and language arts 
“voice”, better understanding the past and present cultures and aesthetics through 
fine arts as well as understanding sociological developments, human nature and 
ethics via liberal arts.



225Critical Support Systems to Enhance the Development and Assessment …

 Results of Implementation at Selected Courses

 Capturing Differences of Learning Environments by Means 
of the VaNTH Observation System

The VaNTH observation system (VOS) is an assessment tool developed to capture 
qualitative and quantitative classroom observation data from teaching and learn-
ing experiences of the bioengineering classroom. VOS is a four-part system that 
incorporates the elements of HPL framework and uses four recurring methods of 
collecting classroom data: recording student-teacher interactions, recording student 
academic engagement, recording narrative notes of classroom events, and rating 
specific indicators of effective teaching. VOS was developed from the Stallings 
Observation System, which consisted of three components that registered the pres-
ence and absence of over 600 in-class student and teacher behaviors and activities 
(Cox & Cordray, 2008; Gazca et al., 2009).

Similar to other classroom observation systems, VOS provides information 
about the types of pedagogy and interactions occurring within a class along with 
information about levels of student engagement. Unlike previous observation sys-
tems, VOS contains a category that explicitly measures the presence of the four 
HPL framework lenses and the interactions of these lenses within observed courses 
(Cox & Cordray, 2008). The four components of the VOS include the following: 
(1) the Classroom Interaction Observation (CIO), sampled real-time, which records 
student and faculty interactions; (2) a time-sampled Student Engagement Observa-
tion (SEO), which notes whether students are engaged or unengaged with academic 
tasks; (3) qualitative Narrative Notes (NN) on the lesson content, lesson context, 
extenuating circumstances, and additional information about the classroom; and 
(4) Global Ratings (GR), which provide summative information about major as-
pects of the pedagogy underlying the class session (Harris & Cox, 2003). VOS was 
used to systematically assess HPL framework implementation in “pillar” courses’ 
classrooms as well as in selected “traditional taught” courses to assess studied re-
designed classrooms. Further details can be observed in Gazca et al. (2009) and 
Gazca, Palou, López-Malo, & Garibay (2011).

Introduction to Engineering Design (EI-100) and Food Chemistry (IA-332) were 
redesigned as previously described while the two “traditional” studied courses were 
Material Balances (IQ-210) and Biophysics (FS-320). Observers measured differ-
ences in classroom experiences resulting from the innovations and redesigned learn-
ing environments as well as in IQ-210 and FS-320 as can be seen in Figs. 2 and 3.

By means of VOS’ CIO, SEO, and GR components (Harris & Cox, 2003) it was 
documented that EI-100 and IA-332 redesign significantly (p< 0.05) increased stu-
dent participation (Gazca et al., 2009; Gazca et al., 2011). Using VOS’ CIO, NN, 
and GR components (Harris & Cox, 2003) it was recognized that formative assess-
ments and feedback were more common in the redesigned courses (Gazca et al., 
2009; Gutiérrez Cuba et al., 2011).
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Percentage

Fig. 3  Percentage of “HPL-ness” observed in Material Balances (IQ-210, 21 students), Biophys-
ics (FS-320, 24 students), and Food Chemistry (IA-332, 23 students) courses taught by three dif-
ferent instructors. (Adapted from Gazca et al., 2011)

 

Fig. 2  Percentage of “HPL-ness” observed in the course Introduction to Engineering Design (EI-
100) three sessions (modeling, concepts, or laboratory) and two sections (Sect. 1 with 40 students 
or Sect. 2 with 68 students) taught by six different instructors. (Adapted from Gazca et al., 2011)
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Instructors in these redesigned courses utilized the information gained through 
real-time formative assessment to tailor instruction and meet student needs (Cox 
& Cordray, 2008; Gazca et al., 2009, 2011; Gutiérrez Cuba et al., 2011; Harris 
& Cox, 2003). VOS captured important differences among redesigned and “tradi-
tional” classroom experiences. These differences may be used to measure levels of 
“HPLness” of a lesson. Moreover VOS clearly captured differences among instruc-
tors’ teaching styles. In addition, VOS generated detailed feedback that instructors 
may use to self-assess (Cox & Cordray, 2008; Gazca et al., 2009, 2011; Gutiérrez 
Cuba et al., 2011; Harris & Cox, 2003). Student final grades in redesigned courses 
were higher than those found in “traditional” courses. Further, fewer students failed 
the course and the percentage of students who stayed in the course until the end was 
higher in the redesigned courses (Gazca et al., 2009, 2011).

 Using Tablet PCs and Associated Technologies to Reveal Student 
Thinking

As previously described, the HPL framework (Bransford et al., 2000, 2002) was ap-
plied to redesign the courses Food Chemistry (IA-332) and Advanced Food Chem-
istry (IA-530). Our goal was to improve undergraduate and graduate food chemistry 
teaching and learning by creating high-quality learning environments to promote an 
interactive classroom while integrating formative assessments into classroom prac-
tices by means of Tablet PCs and associated technologies (Gazca et al., 2009; Palou 
et al., 2012). We utilized InkSurvey, a web-based tool to pose open-ended questions 
to students during class and receive real-time student responses (Kowalski et al., 
2007a, 2013a, 2013b). Furthermore, we identified classroom assessment techniques 
appropriate to the course and adapted them into a Tablet PC/Classroom Presenter 
environment to gauge student learning in real time, provide immediate feedback, 
and make real-time pedagogical adjustments as needed (Anderson, Anderson, Mc-
Dowell, & Simon, 2005). The redesign of IA-332 and IA-530 increased student 
participation and formative assessments while instructors utilized the information 
gained through real-time formative assessment to tailor instruction to meet student 
needs (Gutiérrez Cuba et al., 2011, 2012; Kowalski et al., 2007, 2013a, 2013b; 
Tront et al., 2006).

As an example (further details are available at Gutiérrez Cuba et al., 2011), 
Table 2 displays the means of grades (out of 10) of undergraduate and graduate 
students in the three quizzes of studied courses (i.e., Food Chemistry and Advanced 
Food Chemistry) for 2008, 2009, and 2010 classes. With the use of Tablet PCs 
and associated technologies ( InkSurvey and Classroom Presenter) during several 
formative assessments prior to the quiz, students improved their results (2009 and 
2010 grades) in these summative assessments (quizzes) with respect to students’ 
grades before course redesign and Tablet PC implementation (2008). Furthermore, 
in both studied courses, undergraduate and graduate, the formative assessment ex-
ercises performed with the Tablet PC and InkSurvey had a positive impact on the 
grades of the summative quizzes (Gutiérrez Cuba et al., 2011).
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Because of the anonymity afforded by Tablet PC technologies, as stated in end-
of-course surveys students felt comfortable sharing their ideas with classmates. 
This situation enabled instructors to assess student understanding frequently during 
the processes of instruction, problem solving, and peer evaluations to quickly iden-
tify the most common difficulties, provide immediate feedback, redirect classroom 
activities, and/or refine instruction based on feedback received (Gutiérrez Cuba et 
al., 2011, 2012; Kowalski et al., 2007, 2013a, 2013b; Tront et al., 2006).

Tablet PC associated technologies generated possibilities for self-assessment, 
making it possible for students to anonymously analyze their own and classmates’ 
results. Another positive result of Tablet PC use was a visible increase in student 
motivation to participate in class discussions and problem-solving activities medi-
ated through technologies ( InkSurvey and Classroom Presenter) associated with 
Tablet PCs. Further, the redesigned IA-332 and IA-530 courses enhanced student 
understanding of the engineering design approach to problem solving as well as 
students’ abilities to solve practical food chemistry problems and complete real 
world food engineering projects as directly assessed in several other student work 
products such as problem-based learning projects, assignments, exams, and journals 
(Gutiérrez Cuba et al., 2011, 2012).

Students’ initial conceptions provided the foundation on which more formal un-
derstanding of the subject matter was built. Further, frequent formative assessment 
helped make students’ thinking visible to themselves, their peers, and their instruc-
tor. Facilitated by Tablet PC technologies, feedback (in both courses) that guided 
modification/refinement in thinking increased. Additionally, several other impor-
tant impacts have been evident, particularly on instructor: (1) identifying the most 
common difficulties in undergraduate and graduate food chemistry courses while 
providing immediate feedback of both written work products and oral presentations 
from students; (2) helping students reflect on their own processes as learners; and 
(3) understanding of how through the use of Tablet PC associated technologies, 
student thinking can be revealed. Therefore the student learning experience in the 
classroom can be enhanced resulting in improvements in both instruction and stu-
dent academic success (Gazca et al., 2009, 2011; Gutiérrez Cuba et al., 2011, 2012; 
Kowalski et al., 2007, 2013a, 2013b; Palou et al., 2012; Simon, Anderson, Hoyer, 
& Su, 2004).

Table 2  Mean grades of undergraduate and graduate students in course’s quizzes for 2008 (before 
course redesign and Tablet PC implementation), 2009, and 2010 classes (redesigned courses that 
utilized Tablet PCs and associated technologies). Same teacher taught every one of the classes. 
(Adapted from Gutiérrez Cuba et al., 2011)

Year/Students Quiz 1 Quiz 2 Quiz 3
Undergraduate 2008/25

2009/23
2010/10

7.8
8.0
9.8

7.4
8.0
7.9

8.9
9.8
9.3

Graduate 2008/5
2009/7
2010/7

7.7
8.0
9.0

7.5
8.0
8.0

9.0
9.1
9.6
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Furthermore, in order to examine how graduates students perceived the use of 
Tablet PCs and associated technologies, we conducted semi-structured interviews 
with IA-530 graduate students that had completed the course (Gutiérrez Cuba, 
López-Malo, & Palou, 2012). The analysis indicated a number of themes that con-
sistently appeared within the interview sessions and were addressed by students 
from different viewpoints. Five overall themes emerged: student participation in 
class by means of Tablet PCs, impact on learning, potential of Tablet PCs and as-
sociated technologies, formative assessments, as well as advantages and disadvan-
tages of using the Tablet PC in IA-530 classroom. Our findings demonstrated that 
graduate students believed that using Tablet PCs and associated technologies: (a) 
increased their motivation to participate in class as well as their scores in graded 
work-products; (b) made the classroom more active and students constantly think-
ing, thus learning-with-understanding increased; (c) caused the university to imple-
ment it into other classes; (d) enabled the teacher provided a great deal of real-time 
feedback to students that made their thinking visible and gave them chances to 
revise. Among the disadvantages, students believed that teachers should be fully 
aware that students will be able to check their e-mails and social networks while 
using the Tablet PCs (Gutiérrez Cuba et al., 2012).

 Assessing Metacognitive Awareness During Problem-Solving

Practicing engineers are hired, retained, and rewarded for solving problems. Usually 
workplace engineering problems are substantively different from the kinds of prob-
lems that engineering students most often solve in the classroom; therefore, learn-
ing to solve classroom problems does not necessarily prepare engineering students 
to solve workplace problems (Jonassen, 2011; Jonassen, Strobel, & Lee, 2006). 
Therefore, the primary purpose of engineering education should be to engage and 
support learning to solve problems (Ramirez Apud, Ramirez-Corona, López-Malo, 
& Palou, 2012). Hence, we designed and implemented several problem-solving 
learning environments (PSLEs), a term that represents problem-solving instruction 
in a more open-ended way than problem-based learning (Jonassen, 2011). Problem 
solving is a schema-based activity (Jonassen, 2010, 2011; Jonassen et al., 2006; 
Ramirez Apud et al., 2012). That is, in order to solve problems, learners must con-
struct schemas for problems.

Constructing models of problems greatly facilitates schema development. Hav-
ing constructed a robust schema for different kinds of problems, learners are better 
able to transfer their problem-solving skills. Learning to solve problems requires 
practice in solving problems, not learning about problem solving (Jonassen, 2011). 
PSLEs assume that learners must engage with problems and attempt to construct 
schemas of problems, learn about their complexity, and mentally wrestle with alter-
native solutions (Jonassen, 2010, 2011).

Hence, to engage and support students in learning how to solve problems by 
practicing solving problems (Ramirez Apud et al., 2012) we built PSLEs for two 
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chemical engineering senior concurrent courses entitled Kinetics and Homoge-
neous Reactor Design and Mass Transfer Unit Operations I. PSLEs were developed 
by following the design activities proposed by Jonassen (2011):

1. Interacted with the teacher of the studied course to identify and articulate prob-
lems relevant to the discipline.

2. Analyzed problems, first by creating a causal model of the problem space.
3. Conducted an activity theory analysis to identify the historical, cultural, experi-

ential factors that affect problem solving on the context chosen (Schraw & Den-
nison, 1994).

4. Determined what kind of problems were each one of them.
5. Constructed case supports and cognitive scaffolds for each problem type.
6. Constructed each PSLE that included some combination of case components and 

cognitive strategies.
7. Implemented and assessed the effects of the developed PSLEs.

Problems vary in different ways, so different kinds of problems call on different 
conceptions and skills. Consequently, learning methods should also vary (Jonassen, 
2010, 2011; Jonassen et al., 2006). Based on those differences among problems, dif-
ferent kinds of reaction and separation engineering problems were developed, such 
as story problems, troubleshooting/diagnosis problems, decision-making problems, 
and design problems. Comprehensive results are discussed elsewhere (Ramirez 
Apud et al., 2012; Ramirez-Corona et al., 2013; Reyes Guerrero, Ramirez-Corona, 
López-Malo, & Palou, 2014).

Metacognition refers to people’s abilities to predict their performances on vari-
ous tasks and to monitor their current levels of mastery and understanding (Brans-
ford et al., 2000).

Flavell (1976, 1979) distinguished two characteristics of metacognition: knowl-
edge of cognition (KC) and regulation of cognition (RC). KC includes knowledge 
of the skills required by different tasks, strategic knowledge and self-knowledge. 
RC includes the ability to monitor one’s comprehension and to control one’s learn-
ing activities. There is a considerable amount of evidence that supports the value 
of a metacognitive approach to instruction (Bransford et al., 2002). It includes an 
emphasis on learning with understanding and on problem solving, but part of the 
emphasis is on understanding the cognitive and emotional processes involved in 
these kinds of activities.

The Metacognitive Awareness Inventory (MAI) designed by Schraw and Den-
nison (1994) was utilized as a pre- (first day of classes) post- (last day of classes) 
test. MAI is a 52-item inventory that measures adults’ metacognitive awareness. 
Items are classified into eight subcomponents subsumed under two broader catego-
ries, KC and RC. Furthermore, in order to assess metacognitive awareness during 
problem-solving activities, students had to answer the corresponding problem as 
well as 2–3 embedded problem-solving prompts (Jonassen, 2011) and 4–6 embed-
ded metacognitive prompts (from MAI, chosen based on the level of complexity 
of the problem and the type of knowledge and skills required to solve it). A final 
design challenge was used to simultaneously assess student attainment of learning 
outcomes for both courses through the synthesis and analysis of the reaction and 
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separation stages in a chemical plant. Students were asked to carry out a presenta-
tion of their solution methodology and obtained results and conclusions for this 
challenge. Presentations were videotaped to be further examined (Ramirez-Corona 
et al., 2013; Reyes Guerrero et al., 2014).

Results for the pre-post MAI exhibit a significant (p < 0.05) increase in student 
metacognitive awareness as can be seen in Table 3. Similar results have been previ-
ously reported for a chemical engineering junior course and for a photography class, 
as well as for professional educators and dental hygiene students (Gassner, 2009; 
Ramirez-Corona et al., 2013; Stewart, Cooper, & Moulding, 2007).

Male and female participants showed no significant difference (p > 0.05) in their 
knowledge of cognition or regulation of cognition at the end of the semester. No-
table progress was also noticed by means of the embedded MAI prompts while 
solving different kinds of problems (such as story problems, decision-making prob-
lems, troubleshooting/diagnosis, and design problems) throughout studied courses, 
in which students also improved the quality of their embedded problem-solving 
answers and corresponding partial grades.

Analysis of final presentations allowed us to identify students’ abilities to solve 
complex problems as well as their argumentative and metacognitive skills (Brans-
ford et al., 2000; Flavell, 1976, 1979; Jonassen, 2010, 2011; Jonassen et al., 2006). 
The vast majority of students attained course learning outcomes at an acceptable 
level as reported by Ramirez-Corona et al. (2013) and Reyes Guerrero et al. (2014).

 Development and Multidimensional Assessment of Critical  
and Creative Thinking

Everyone thinks; it is our nature to do so (Chávez-Torrejón, Husted, Ramirez-Co-
rona, López-Malo, & Palou, 2014). However, much of our thinking, left to itself, is 

Table 3  Comparisons of students’ Metacognitive Awareness Inventory (MAI) mean scores 
regarding MAI prompts’ scores (KC: knowledge of cognition and RC: regulation of cognition) to 
MAI pre-test corresponding items’ scores for each studied problem (1: story problem, 2: trouble-
shooting/diagnosis problem, 3: decision-making problem) at studied courses (Kinetics and Homo-
geneous Reactor Design: IQ407 and Mass Transfer Unit Operations I: IQ412). (Adapted from 
Reyes Guerrero et al. (2014))

Mean Standard 
deviation

pa<

KC Pre-Test
Problem 1
Problem 2

IQ407
IQ412
IQ407
IQ412

72.04
84.73
79.37
75.27
73.19

20.60
15.68
17.93
18.19
19.98

0.001
0.001
0.123
0.563

RC Pre-Test
Problem 3

IQ407
IQ412

69.98
78.46
82.56

21.58
15.61
16.26

0.001
0.001

a By using Mann-Whitney Test
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biased, distorted, partial, uninformed or downright prejudiced. Yet the quality of our 
life and that of what we produce, make, or build depends precisely on the quality of 
our thought. Shoddy thinking is costly both in money and in quality of life. Excel-
lence in thought, however, must be systematically cultivated (Holyoak & Morrison, 
2005; Paul & Elder, 2008). Critical thinking is the art of analyzing and evaluating 
thinking with a view to improving it (Paul & Elder, 2008). According to Elder and 
Paul (2007) whenever we think, we think for a purpose within a point of view based 
on assumptions leading to implications and consequences. Thus, a well-cultivated 
critical thinker: (a) raises vital questions and problems, formulating them clearly 
and precisely; (b) gathers and assesses relevant information, using abstract ideas to 
interpret it effectively; (c) comes to well-reasoned conclusions and solutions, test-
ing them against relevant criteria and standards; (d) thinks open-mindedly within 
alternative systems of thought, recognizing and assessing, as need be, their assump-
tions, implications, and practical consequences; and (e) communicates effectively 
with others in figuring out solutions to complex problems (Elder & Paul, 2007; Paul 
& Elder, 2008).

Creative thinking includes the capacity to combine or synthesize existing ideas, 
images, or expertise in original ways and the experience of thinking, reacting, and 
working in an imaginative way characterized by a high degree of innovation, di-
vergent thinking, and risk taking (Association of American Colleges and Universi-
ties [AACU], 2013). The Confluence Model of Creativity developed by Sternberg 
and Lubart (1993) is based on the Investment Theory of Creativity proposed by the 
same authors, which suggests that creativity is a decision, the decision of how and 
when to use one resource or the other is the most important source of individual 
differences. According to the Investment Theory of Creativity, creativity requires a 
confluence of six distinct but interrelated resources: intellectual skills, knowledge, 
thinking styles, personality, motivation, and environment (Husted, Gutiérrez Cuba, 
Ramirez-Corona, López-Malo, & Palou, 2014a). Creative people are ones who are 
willing and able to metaphorically buy low and sell high in the realm of ideas. Buy-
ing low means pursuing ideas that are unknown or out of favor, but that have growth 
potential. Often, when these ideas are first presented, they encounter resistance. The 
creative individual persists in the face of this resistance, and eventually sells high, 
moving on to the next new, or unpopular, idea. In other words, such an individual 
acquires the creativity habit. Major creative contributions generally begin with un-
dervalued ideas (Sternberg & Lubart, 1993; Sternberg & O’ Hara, 2005; Sternberg, 
Lubart, Kaufman, & Prelz, 2005).

If we are to produce engineers who can solve society’s most pressing techno-
logical problems, we must provide our students with opportunities to exercise and 
augment their natural critical and creative abilities and we must create classroom 
environments that make these exercises effective (Felder, 1982, 1987, 1988). This 
section will describe in detail how two second-semester cornerstone (and “pillar”) 
courses (Introduction to Chemical, Food, and Environmental Engineering Design, 
LQI-1031, and Material Balances, LQI-1021) as well as a capstone and “pillar” 
course (Design and Development of Food Products and Processes, IA-444) are 
helping UDLAP’s Chemical, Food, and Environmental Engineering Department 
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to achieve these objectives. Comprehensive results regarding didactic interventions 
and corresponding assessments implemented with the purpose of enhancing critical 
and creative thinking and improving the design processes in selected “pillar” cours-
es as well as courses’ alignment to the Confluence Model of Creativity of Sternberg 
and Lubart (1993) are available elsewhere (Chávez-Torrejón, et al., 2014; Husted et 
al., 2014a; Husted, Ramirez-Corona, López-Malo, & Palou, 2014b, 2014c).

Assessments of creative and critical thinking were grounded on the Consen-
sual Assessment Technique (Amabile, 1982), which is based on the idea that the 
best measure of creativity regardless of what is being evaluated, is the assessment 
by experts in that field. Studied courses’ major projects were presented to experts 
that assessed students’ critical thinking by means of a specialized rubric ( Critical 
Thinking Grid, CTG, Foundation for Critical Thinking, 2013) while their creative 
thinking was assessed by the Creative Thinking VALUE Rubric (CTVR, AACU, 
2013; Rhodes, 2010) and a rubric adapted from the Investment Theory of Creativity 
(ITC, Sternberg & Lubart, 1993), which provided a multidimensional assessment 
of creativity and critical thinking. Instructor, peer-, and self-assessments were also 
performed throughout LQI-1021, LQI-1031, and IA-444 courses on several assign-
ments (formative) as well as on studied courses’ major projects (summative). CTG 
and ITC performance levels could be from exemplary (value of 4, skilled, marked 
by excellence in clarity, accuracy, precision, relevance, depth, breadth, logical-
ity, and fairness) to unsatisfactory (value of 1, unskilled and insufficient, marked 
by imprecision, lack of clarity, superficiality, illogicality, inaccuracy, and unfair-
ness). CTVR performance levels were entitled capstone or exemplar (value of 4), 
milestones (values of 3 or 2), and benchmark (value of 1). Evaluators were further 
encouraged to assign a value of zero if work did not meet benchmark level perfor-
mance.

Mean values from CTG rubric assessment of LQI-1031 (second semester cor-
nerstone course) two major projects were 2.78 ± 0.58 for purposes (meaning that 
in average, students demonstrated an understanding of the assignment’s purpose), 
2.77 ± 0.77 for key questions, problems, or issues (students defined the issue; identi-
fied the core issues, but may not fully explored their depth and breadth), 2.85 ± 0.47 
for information (students gathered sufficient, credible, and relevant information, 
included some information from opposing views, and distinguish between informa-
tion and inferences drawn from it), 2.67 ± 0.74 for interpretations and inferences 
(students followed some evidence to conclusions, but inferences are more often 
than not unclear, illogical, inconsistent, and/or superficial), 2.23 ± 0.69 for assump-
tions (students are failing to identify assumptions, or failing to explain them, or the 
assumptions identified are irrelevant, not clearly stated, and/or invalid), 2.58 ± 0.67 
for concepts (students identified some key concepts, but use of concepts was su-
perficial and inaccurate at times), and 2.53 ± 0.59 for implications, and practical 
consequences (meaning that in average, students are having trouble identifying 
significant implications and consequences and/or identifying improbable implica-
tions). The vast majority of students attained LQI-1031 projects’ expected critical 
thinking outcomes between the level of competent, effective, accurate and clear, but 
lacks the exemplary depth, precision, and insight and the level of inconsistent, inef-
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fective thinking, showing a lack of consistent competence: often unclear, imprecise, 
inaccurate, and superficial (Elder & Paul, 2007; Paul & Elder, 2008). Therefore, 
it is suggested to further integrate critical thinking in subsequent courses in order 
to foster its development in our Chemical, Food, and Environmental Engineering 
students (Chávez-Torrejón et al., 2014).

Mean values from CTVR rubric assessment for two major projects from LQI-
1031 were 3.10 for Acquiring Competencies (attaining strategies and skills within 
a particular domain), 3.10 for Taking Risks (may include personal risk, fear of em-
barrassment or rejection, or risk of failure in successfully completing assignment, 
i.e. going beyond original parameters of assignment, introducing new materials and 
forms, tackling controversial topics, advocating unpopular ideas or solutions), 3.30 
for Solving Problems (developing a logical, consistent plan to solve the problem, 
recognizing consequences of solution and articulating reason for choosing pro-
posed solution), 2.60 for Embracing Contradictions (integrating alternate, diver-
gent, or contradictory perspectives or ideas), 2.50 for Innovative Thinking (nov-
elty or uniqueness of idea, claim, question, form, etc.), and 3.20 for Connecting, 
Synthesizing, and Transforming (transforming ideas or solutions into entirely new 
forms). While mean values from ITC rubric assessment of two major projects from 
the same course (LQI-1031) were 3.00 for creative performance, 3.44 for motiva-
tion that incorporates level of commitment, project pride, and interest in task, 3.00 
for intellectual styles that includes indicators such as autonomy and rules, 3.25 for 
creative personality with indicators such as tolerance for ambiguity, risk taking, 
will, and perseverance, 3.00 for knowledge of domain that comprises application 
of formal and informal knowledge, 3.33 for intellectual processes which includes 
indicators such as sensitivity, problem identification, ideation, ability to recognize 
ideas that have potential to be valued, as well as ability to sell your ideas effectively 
and persuade of its value, and 2.38 for the creative product itself, which includes its 
originality, quality, importance, and feasibility that in this case are the two designed 
products for corresponding LQI-1031 two major course projects. The vast majority 
of the LQI-1031 teams were able to attain projects’ expected outcomes at an inter-
mediate level (AACU, 2013; Rhodes, 2010; Sternberg & Lubart, 1993). Therefore, 
it is suggested to further integrate creativity in subsequent pillar courses in order 
to foster meaningful development of students’ creative thinking. Furthermore, re-
flections integrated in the two projects’ design binders, suggest that these projects 
allowed students to strengthen their learning and understanding of key concepts 
regarding course learning outcomes, expand their notion of the engineering design 
processes and link this knowledge to real life examples (Husted et al., 2014a).

Material Balances (LQI-1021) is an introductory (second semester) course that 
was taught in a traditional format, “lecture-homework-exam”, but nowadays con-
stitutes a “pillar” course for Chemical, Food, and Environmental Engineering un-
dergraduate programs. As many courses in engineering science, the subject con-
tent is usually presented as abstract knowledge, where the attained knowledge is 
conditioned to the styles of learning and intelligence possessed by each student, 
factors that make it impossible to maintain a consistent teaching pace (Husted et 
al., 2014b). In the proposed new learning environment, a change on the traditional 
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format of teaching is introduced through several active-creative experiences, where 
the main goal is that students reach the level of knowledge required to solve mate-
rial balances while strengthening their cognitive flexibility. Thus, achieving a level 
of fluency allows them to perform various representations of a material balance and 
explain them to an expert audience. Students were able to build concrete examples 
of a material balance in an everyday situation (preparing pancakes; home-produced 
recycled paper; fruit juice extraction; cocktail making; sweet potato candy—
camote—production; homemade cheese, pineapple jam, and gummy bears; lemon-
ade making; preparing dulce de leche, and so on) and represent them in many ways 
(physically, verbally, symbolically, and by means of a multimedia presentation). 
Mean values from ITC rubric assessment of LQI-1021 final projects were 3.13 for 
creative performance, 3.80 for knowledge of domain (application of formal and in-
formal knowledge), 3.31 for intellectual style (includes indicators such as autonomy 
and rules), 3.28 for motivation (level of commitment, project pride, and interest in 
task), 3.02 for intellectual processes (which includes indicators such as sensitivity, 
problem identification, ideation, ability to recognize ideas that have potential to be 
valued, as well as ability to sell your ideas effectively and persuade of its value), 
and 2.90 for creative personality (with indicators such as tolerance for ambiguity, 
risk taking, will, and perseverance). In this course an additional Fluency Rubric was 
developed, which was divided into four modules that correspond to each project 
deliverable (dossier, poster, video, and oral presentation). Assessment results (Hus-
ted et al., 2014b) demonstrate that LQI-1021 students achieved an average score 
of 3.6/4.0 in the generating ideas aspect; 90 % of students were able to undertake 
an ideation process, participating with several proposals for the team project. This 
assessment includes sensitivity to problems in context and decision-making; every 
team reached a consensual agreement on the mass balance process for their final 
project. The average score obtained in the figural representation was 3.5/4.0. Re-
garding flowchart development students obtained a mean grade of 3.3/4.0, although 
in some cases students did not identify in which process step the mass was lost; 
therefore, they were not able to represent it on their diagrams. Most teams (70 %) 
were able to perform a proper symbolic representation of their selected process. 
However, 13 % of the class population failed to explain the reasons why in some 
cases there exists a “loss of mass”; therefore, they had to make inferences and adjust 
numerical fractions in order to perform the required calculations. 90 % of the class 
population was able to define the constitutive equations for their mass balance pro-
cess; even so their numerical solutions were scored with a mean of 2.8/4.0. Accord-
ing to the experts’ assessments, students successfully described the problem defini-
tion and solution and the group average score was 3.8/4.0. Only 30 % of the teams 
were ranked as sufficient while 70 % were scored as excellent (Husted et al., 2014b).

Mean values from CTVR rubric assessment of IA-444 (food engineering cap-
stone course) final projects were 2.35 for Acquiring Competencies, 2.42 for Taking 
Risks, 2.44 for Solving Problems, 2.44 for Embracing Contradictions, 2.40 for In-
novative Thinking, and 2.24 for Connecting, Synthesizing, and Transforming (Hus-
ted et al., 2014c). Therefore, senior food engineering students’ creative thinking was 
at an intermediate level in both the capacity to combine or synthesize existing ideas 
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or expertise in original ways and the experience of thinking, reacting, and working 
in an imaginative way (AACU, 2013; Rhodes, 2010; Sternberg & Lubart, 1993). In 
general, scores around 2 (milestones lower level of performance) were assigned for 
four of the team projects, for team 5 higher scores were assigned (milestones higher 
level of performance). None of the invited experts believed that food products and 
corresponding presentations of team projects did not meet the minimal expectations 
(Husted et al., 2014c).

 Final Remarks

The Introduction to Engineering Design course has undergone many changes since 
its inception, the most important of which have sought to orient the course towards 
the How People Learn (HPL) framework (in the case of EI-100 course) and then 
adapting it to Chemical, Food, and Environmental Engineering programs using the 
Framework for 21st Century Learning (for the course LQI-1031). VaNTH Obser-
vation System (VOS) enabled us to determine that it is in fact a course designed 
according to the HPL framework. Furthermore, each of the course sessions engaged 
students in learning environments that were knowledge-, learner-, assessment-, and 
community-centered. Use of the Classroom Interaction Observation instrument of 
VOS, also enabled us to carry out observations related to the use of the Tablet PCs 
as a learning tool in this course, identifying important differences among sessions 
and the facilitators who taught the course. As clearly displayed in Figs. 2 and 3, it 
is clear that the differences among the different groups basically depend on the fa-
cilitator. The knowledge and experience of him/her with Tablet PCs and especially 
with the HPL framework are indispensable prerequisites for the course to be HPL-
centered, and they are also determining factors in order for students to achieve sat-
isfactory learning outcomes. This makes the need all the greater for facilitators and 
first-year students to be trained on the HPL framework. Facilitators need to be very 
familiar with the framework, its use and assessment, while students need a period of 
time to become familiar with the new framework before they can become successful 
with it. Another important result has been the timely feedback we have been able 
to provide to every facilitator who taught a VOS-studied course since 2008. This 
feedback has enabled them to know what their strengths and weaknesses are in their 
use of the HPL framework, so that they can improve in future courses.

By means of Tablet PCs and associated technologies, we were able to create 
high-quality learning environments that promote an interactive classroom, integrat-
ing multiple formative assessments into classroom practices. Therefore, “pillar” 
courses have increased active student participation, peer- and team-interactions, and 
feedback processes since instructors are utilizing the information gained through 
real-time formative assessment to tailor instruction to meet student needs. These 
“pillar” courses also utilize active, collaborative and cooperative learning strategies.

The studied problem solving learning environments approach helped almost ev-
ery student, regardless of its gender or academic strength. In general, students that 
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achieved high scores in the Metacognitive Awareness Inventory pre-test obtained 
minor gains in metacognitive awareness scores in their post-tests, while students 
who achieved lower scores in the pre-test obtained larger gains in metacognitive 
awareness scores in their post-tests.

The results achieved by students in the studied “pillar” courses demonstrate that 
assessment of critical thinking and creativity are not easy tasks. The applied rubrics 
allowed us to evaluate not only the final product of a critical thinking or creative 
process, but several important aspects during this critical and creative processes. 
Assessed rubrics allowed the identification of several opportunity areas to improve 
the studied engineering cornerstone and capstone courses. With sights set on this, 
additional didactic interventions are needed to further enhance critical and creative 
thinking, make the design processes more efficient, as well as overall improve the 
critical and creative thinking experiences for students in these studied courses.

The Framework for 21st Century Learning was extremely helpful, allowing us 
to holistically: (a) define the standards for chemical, environmental, and food en-
gineering 21st century expertise; (b) create formative and summative assessments 
to evaluate student attainment of it; (c) design instruction activities to promote this 
expertise; (d) develop professional development opportunities for “pillar” course 
instructors; and (e) generate corresponding learning environments that foster 21st 
century expertise in these courses.
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 Abstract To what extent are the language arts relevant, useful, and self-sustaining 
in an era of rapid technological and scientific innovation? Historically, the language 
arts have been influenced by three curricular models—competency-based instruc-
tion, the Heritage Curriculum, and the process approach. The suitability of these 
curricular models for the future, the myriad ways that the language arts support and 
extend innovation, and the unique attributes of 21st century literacies are discussed.
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The Language Arts as Foundational

As an undergraduate at the Massachusetts Institute of Technology (M.I.T.), the 
Nobel-Prize winning physicist Richard Feynman raged against the university’s re-
quirement that students take courses in English and the Humanities. “I was inter-
ested in science. I was no good at anything else” (Feynman 2006, p. 43). Although 
Feynman claimed that he had no interest in the language arts, he was a voracious 
reader. Over the course of his life, he authored books and articles, gave hundreds 
of lectures, participated in think tanks, wrote about art, and argued endlessly over 
scientific theories. If anything, Feynman’s career provides convincing evidence 
that the language arts–reading, writing, thinking, and speaking—are integral to the 
fields of Science, Technology, Engineering, and Mathematics (STEM).

Indeed, the National Research Council (2011) estimates that about half of the 
time spent by scientists and engineers at work is spent on reading and writing. It is 
no accident that many of the world’s most renowned scientists also happen to be 
highly accomplished writers. Authors on the New York Times bestseller lists rou-
tinely include scientists and mathematicians, such as Brian Greene (string theory), 
Stephen Hawking (mathematics and astronomy), Michio Kaku (physics), Oliver 
Sacks (psychiatry), Richard Dawkins (biologist), and Atul Gawande (medicine).
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Scientific and mathematical theories, by their very nature, must be articulated 
coherently and clearly so that they can be evaluated and modified. A scientist who 
lacks the ability to translate mental constructs into words and symbols likely dooms 
them to oblivion. Science progresses by determining the precise veracity of new 
theories; not by accepting fuzzy hunches and inchoate instincts. What is the scien-
tific method if not a vehicle for divining the truth? As Schallert (1987) writes:

We live alone inside our skin, with our thoughts, wishes, and feelings coursing through the 
shimmering mass of neural matter locked inside our skulls. When we formulate messages 
that we wish to express or actions that we need others to perform, we often choose to fash-
ion our thoughts into language. The texts we produce act as road maps or recipes that others 
like us can use to reconstruct what they believe we intended. (p. 65)

To appease the humanities and to acknowledge the importance of the arts and cre-
ativity, reformers have urged a change from a curricular emphasis on STEM to one 
based upon STEAM (Doss, 2013). The language arts certainly exist as part of the 
arts (the A in STEAM), but they are more than that. The language arts provide the 
very foundation upon which knowledge in STEM is created.

 Conceptions of the Language Arts

In the book What is English?, Elbow (1990) sets out to define the domain of the 
language arts classroom, but fails, concluding that the field resists categorization. If, 
as Elbow claims, the language arts are not about “the ingestion of a list or a body of 
information,” but instead about “the making of meaning and the reflecting back on 
this process of meaning making” (p. 18) then their malleability seems particularly 
well-suited to STEAM and the continual drive to make sense of the world.

According to Mandel (1980) there exist three models of the language arts cur-
riculum: competency-based, heritage, and process (Baines & Farrell, 2002). Most 
contemporary standardized testing assumes a competencies approach. What a Certi-
fied Public Accountant, lawyer, nurse, or teacher needs to know is decided upon, 
then an assessment is devised to evaluate the extent to which knowledge has been 
mastered. A cut-off point is set so that everyone who scores above the cut-off point 
is considered to have mastered the competencies and everyone who scores below 
the cut-off point is considered to have fallen short of mastering the competencies.

Among the three approaches to the curriculum, the competency-based approach 
has become dominant. Today, every state in the nation administers competency tests 
and 70 % of American students attend high schools that require exit exams (Cen-
ter for Education Policy, 2012). Some states in the United States, such as New 
Hampshire, are even attempting to move towards a purely competency-based sys-
tem of instruction for K-12 education, without regard to a student’s chronological 
age (Gewertz, 2012). A competency-based model for higher education has been 
proposed for college-level courses as well, and in fact, has been adopted by a few, 
online, for-profit institutions (Kamenetz, 2013).

Critics of competency-based programs (Thomas, 2012; Stoddard, 2010) typical-
ly note that tests do not handle complexity well, nor do they consider the attitudes, 
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aptitudes, or motivations of the students, themselves. These are substantial criti-
cisms as computers continue to take on more and more rote tasks, leaving humans, 
at least for now, to handle the more nuanced and complex decision-making. Com-
petency-based instruction is wholly concerned with the curricular objective—not 
the student, yet the student is the most important variable in any situation involving 
learning (Slavin, 1987).

The Heritage Curriculum is perhaps best represented by the work of former lit-
erary critic cum education reformer, E. D. Hirsch, who turned an article published 
in 1983 in American Scholar entitled “Cultural Literacy” into an influential, multi-
million dollar foundation (The Core Knowledge Foundation), a series of books 
( What Every ___ Grader Should Know), and a lucrative consulting business. The 
rationale behind the Heritage Curriculum is that the great works of literature build 
identity and create a common heritage. As Krystal (2014), noted, “The canon for-
malized modern literature as a select body of imaginative writings that could stand 
up to the Greek and Latin texts. Although exclusionary by nature, it was originally 
intended to impart a sense of unity; critics hoped that a tradition of great writers 
would help create a national literature” (p. 91).

The problem with the Heritage Curriculum is in deciding which books and whose 
heritage will be represented and to what extent these books and representations are 
relevant to all readers (Kohn, 2004). A second challenge of the Heritage Curriculum 
is the difficulty of keeping the canon current. Literature is cumulative, so with each 
new classic, the canon is enlarged, ad infinitum. In The Western Canon (1984), 
Bloom suggests a “modest” reading list of over 800 books, which would take the 
average reader about 20 years to complete.

 The Common Core

In many ways, the new national curriculum in the United States, the Common Core 
Curriculum, merges aspects of competency-based instruction and the Heritage Cur-
riculum. Common Core exams are purposefully designed to be competency-based, 
as students who fail to demonstrate mastery by attaining the minimum cut-off score 
on exams will face consequences—no promotion to the next grade, no graduation 
from high school, no driver’s license, no chance for college.

Although the Common Core carefully avoided naming specific literary works in 
its initial launch, the now infamous Appendix B names and cites literary works as 
exemplars of the kinds of texts that would be appropriate (Common Core Standards 
Appendix B, 2014). While the titles of literary works in Appendix B are supposedly 
only exemplars, they have become, de facto, the New Literary Canon for students 
in many schools.

Consider the following standard for students in grades 11–12:
CCSS.ELA-Literacy.RL.11-12.9 Demonstrate knowledge of eighteenth-, nineteenth- and 
early-twentieth-century foundational works of American literature, including how two or 
more texts from the same period treat similar themes or topics. (Common Core English 
Language Arts Standards, 2014)
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If a teacher ever wonders what might constitute a foundational work of nineteenth 
century American literature, the answer likely can be found in Appendix B.

Although the case for continuing the study of canonical works is explicit in the 
Common Core (Shakespeare, mythology, and canonical literature are repeatedly 
mentioned), there is no way around the fact that fewer literary works can be studied 
over the high school years. The mantra for the Common Core is fewer, clearer, and 
higher (Common Core Standards Initiative Standards-Setting Criteria, 2014), and 
the curriculum recommends moving to a preponderance of nonfiction, 70 % of all 
reading, by grade 12 (Jago, 2013).

An examination of the types of questions on sample Common Core assessments 
reveals an emphasis on the careful reading of challenging canonical works. Con-
sider the following two questions from Oregon’s version of the Common Core test 
for students in grades 9–10 (Oregon Common Core State Standards, 2014):

Students analyze how the character of Odysseus from Homer’s Odyssey—a “man of twists 
and turns”—reflects conflicting motivations through his interactions with other characters 
in the epic poem. They articulate how his conflicting loyalties during his long and com-
plicated journey home from the Trojan War both advance the plot of Homer’s epic and 
develop themes. [RL.9–10.3]

Students analyze how artistic representations of Ramses II (the pharaoh who reigned during 
the time of Moses) vary, basing their analysis on what is emphasized or absent in different 
treatments of the pharaoh in works of art (e.g., images in the British Museum) and in Percy 
Bysshe Shelley’s poem “Ozymandias.” [RL.9–10.7]

The best training for getting high scores on such questions would be a return to New 
Criticism and perusing canonical works in search of the objective correlative. As 
coined by T. S. Eliot, the objective correlative is the meaning that must be reached 
through scrupulous analysis of a text and nothing but the text. According to Eliot 
(1921), the author must create “a set of objects, a situation, a chain of events which 
shall be the formula of that particular emotion; such that when the external facts, 
which must terminate in sensory experience, are given, the emotion is immediately 
evoked.” In other words, if the author writes effectively, then no wrong interpreta-
tion is possible—if, and this is a crucial if, the reader is astute enough to grasp the 
right meaning.

The kind of close reading favored by the Common Core implies a quick and fer-
vent return to New Criticism—not that some teachers ever left it. To be sure, studies 
of how literature gets taught (Applebee, 1993; Applebee & Squire, 1966; Stotsky, 
2010) have always found that literary study has largely remained teacher-centered, 
analytical, and focused on great works and right interpretations.

 The Process Approach

Advocates of the process approach to the English curriculum are less interested in 
charting competencies and reading specific canonical works than helping students 
learn techniques that will help guide them through school and through life. For 
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process-oriented teachers, it is wrong to force reading lists and predetermined com-
petencies upon students who have no investment or interest in them.

Consider the student who is already competent on the first day of school. For 
such a student, a class devoted to building the competency that he/she already holds 
would be worthless. Similarly, just because Harold Bloom once praised a literary 
work as great art does not mean an adolescent will find it revelatory. A literary work 
is worthwhile only to the extent that it speaks to its reader. Moffett (1965) wrote:

We must give students an emotional mandate to play the symbolic scale, to find subjects 
and shape them, to invent ways to act upon others, and to discover their own voice. (p. 248)

Of the three approaches to curriculum, the process approach alone permits the stu-
dent to have a say in what is to be learned. A student’s interests, background, abili-
ties, ambitions, and personality are inconsequential to competency-based instruc-
tion and to the Heritage Curriculum.

Because of the difficulty of establishing preset benchmarks and formulating uni-
form assessments for a fluctuating, individualistic curriculum, the process model 
has never gained much traction in public schools, where accountability has become 
a do-or-die affair for more than three decades. To keep students and teachers teth-
ered to standards, most states have legislated that student test scores must be tracked 
over time. In this way, uniformity and standardization consistently win out over 
initiatives that advocate for the development of creativity and the “soft” objectives 
associated with enhancing the welfare of the child.

Yet, when one considers the increasing complexity of the world, the range of 
talent among students, and the universe of possibilities for the future, the process 
model would seem more appropriate for a STEAM-age than the other two mod-
els, which offer fixed curricula and assume a predetermined right answer for every 
question.

Consider some of the rudimentary expectations of citizenship in a country like 
the United States. The knowledge needed to pay taxes, vote, earn money, remain 
healthy, think logically, make wise choices, and improve one’s quality of life cannot 
be gleaned from a standardized test, nor can they be wrought from close analysis of 
great literature. For process-oriented teachers, the goal is not assessing the extent to 
which a student can identify the attributes of canonized authors or reciting passages 
from great works. The goal is for students to become independent, savvy, deep 
thinkers who speak with eloquence and panache.

The process approach also presumes that not all students in a language arts class 
will major in English in college or become professional writers. Rather than pre-
scribe what is to be learned and how it is to be learned, the process approach al-
lows students to develop skills in accordance with their interests and future career 
aspirations.

Thus, the process approach would appear to be the most versatile, practical 
way forward for the language arts, especially in light of the sociological, techno-
logical, and scientific changes anticipated over the next 100 years. However, the 
forces favoring an expansion of competency-based learning and the heritage cur-
riculum are formidable. Just because an approach to the curriculum is illogical and 
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inappropriate does not preclude it from becoming dominant in American public 
education (Spring, 2010).

 The Technolocially-Enhanced Language Arts

As early as 1917 (Dench), film was heralded as a potential replacement for texts as 
a medium worthy of study. About the transformative power of film, Hoban (1942) 
wrote, “Motion pictures have all the vital ability to influence and improve education 
that the printing press had five hundred years ago” (p. 4).

In a cutting-edge article in 1931, Robinson declared that radio would alter the 
basic structure of schools. “Radio…would carry more genius to the common child 
than he has ever had or ever possibly could have; that it is the greatest system for 
training teachers that we know; and all together I think it is justified even in a tech-
nical sense as a medium for instruction in public education” (p. 91).

In 1937, the president of the National Council of Teachers of English (NCTE) 
Holland Roberts advocated that television become an integral part of the language 
arts curriculum because “English teachers who do not use this new medium in their 
teaching will be swept into the dust bin of the past” (Radner, 1960, p. 11).

In 1961, when behavioral psychology was in its heyday and B. F. Skinner was 
one of the most celebrated scientists in the world, programmed learning seemed like 
a brilliant solution to all that ailed traditional schooling. About machine learning, 
Foltz wrote, “Programed learning… could very well aid in the amelioration of some 
of the deplorable conditions in our educational system, to say nothing of feeding the 
hunger for learning in emergent nations” (p. 66).

Even the overhead projector had a brief run as the “technology that would change 
everything.” Writing in 1965, Schultz proclaimed, “There is no limit on imagina-
tion. Thus there is no limitation on how you can use transparencies and overhead 
projection to communicate effectively with your class. Just as science is opening 
new vistas for mankind, overhead projection is opening new doors for teaching” 
(p. 31).

Of course, the early stages of the Internet prompted a flurry of prognostications. 
In the debut issue of the magazine Wired, Perelman (1993) wrote, “In the new econ-
omy, where mindcraft replaces handicraft as the main form of work, HL makes 
obsolete the teaching, testing, and failure on which academic credentialism rests” 
(p. 71).

More recently, comics have been heralded as effective tools for teaching the 
language arts. Bitz (2004) found that comics helped students, especially English 
Language Learners, realize a “noticeable improvement in writing.” By using com-
ics, “mechanical errors were fixed, story structures were tightened, and character 
voices were honed” (Binz, 2004, p. 585). 

Undoubtedly, innovation, particularly in the form of new tools for learning, can 
be exciting and transformative, but too often the tools are mistaken for the messages 
that they deliver. As media guru Marshall McLuhan (1967) cleverly noted during 
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the height of his fame in his book, The Medium is the Massage, our technologies 
only carry the meaning; they do not constitute it.

Richard Clark, director of the Center for Cognitive Technology at the University 
of Southern California states, “The media are mere vehicles that deliver instruction 
but do not influence student achievement any more than the truck that delivers our 
groceries causes changes in nutrition” (2001, p. 2).

The point is that the language arts have always integrated technological innova-
tions as they have emerged. Rather than replace the language arts, technological 
innovation gives students and teachers ever more tools with which to create and 
reflect upon meaning (Partnership for 21st Century Skills, 2014).

 New Tools

The Executive Committee of the National Council of Teachers of English updated 
its definition of “21st century literacies” in February, 2013 (NCTE, 2014).

Literacy has always been a collection of cultural and communicative practices shared 
among members of particular groups. As society and technology change, so does literacy. 
Because technology has increased the intensity and complexity of literate environments, 
the 21st century demands that a literate person possess a wide range of abilities and com-
petencies, many literacies. These literacies are multiple, dynamic, and malleable. As in 
the past, they are inextricably linked with particular histories, life possibilities, and social 
trajectories of individuals and groups.

These 21st century literacies are critical to conceptions of the curriculum and expec-
tations for student performance. In two meta-analyses of the teaching of composi-
tion, Graham et al. (2007, 2012) found that students who wrote using computers 
scored higher overall on writing assessments than students who wrote by hand. 
However, higher scores were not attributable to the delivery system (the computer 
vs. writing by hand), but rather by the bundle of “extras” that could not be replicated 
in the “writing by hand” environment—having access to an online dictionary and 
thesaurus, having experience with revision using word processing programs, and 
having access to software targeted specifically to struggling writers.

Although the writing assessment administered by the National Assessment of 
Educational Progress (National Center for Education Statistics, 2012) prohibits the 
use of any books or other materials during students’ timed writing tests (the limit 
is usually around 25 min), students who type their compositions on the computer 
rather than handwrite are free to use the computer’s online thesaurus/dictionary. As 
a result, students who have extended experiences with writing on computers and 
who are used to utilizing online dictionaries are poised to perform better on timed 
NAEP writing tests than students who have not had much experience writing on a 
computer.

Relles and Tierney, (2013) found that administering writing tests on computers 
dramatically disadvantages poor and minority children who may lack access to the 
latest technological tools. They write:
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The data suggest students who are underprepared according to traditional writing criteria 
face additional barriers to academic success because of low computer skills. The implica-
tions are twofold. First, under preparedness may be systemic across discourses. Second, 
today’s remedial writers may be challenged by a kind of literacy double jeopardy that is 
unique to the 21st century. (p. 497)

In 2011, the NAEP began administering all its writing tests for 8th and 12th grad-
ers using computers. In 2019, the NAEP will begin administering the writing test 
for 4th graders on the computer. To gain a genuine understanding of student per-
formance on writing, it will be necessary to monitor not only the achievement gap 
between students, but also the technology gap between students, both at school and 
at home.

The ability to offer technologically-enhanced educational experiences to stu-
dents depends upon the relative funding for a particular school as well as the abili-
ties and experiences of the teacher in the classroom. For schools that can acquire 
top-notch technology and keep teachers employed who know how to use it, rich 
possibilities abound. Three recent, favorable technological applications in the lan-
guage arts include:

• Using video games and multimedia as tools for teaching writing (Gerber & Price, 
2011; Heaven, 2014; Proske, Roscoe & McNamara, 2014),

• Using multisensory stimuli to enhance the quality of reading comprehension 
(Baines, 2008, 2013; Dymock & Nicholson, 2010; Laitusis, 2010),

• Using multimedia to teach listening and speaking skills (Fisher & Frey, 2014; 
Nguyet & Mai, 2012; Skouge, Rao & Boisvert, 2007).

Of course, technology is constantly evolving, so techniques that might help engage 
students in learning the language arts now might have limited appeal in the future. 
Curricular initiatives based upon the use of the radio or the transparency machine, 
for example, are no longer considered cutting edge. On the other hand, emerging 
technologies such as 3-dimensional printing, enhanced reality (through virtual sup-
plements), and artificial intelligence (AI) hold great promise for the language arts.

 Conclusion

In 1930, in an essay entitled “Economic Possibilities for our Grandchildren” econo-
mist John Keynes wrote, “We are being afflicted with a new disease of which some 
readers may not yet have heard the name, but of which they will hear a great deal 
in the years to come–namely, technological unemployment. This means unemploy-
ment due to our discovery of means of economising the use of labour outrunning the 
pace at which we can find new uses for labour” (p. XXX)

Unfortunately, technological unemployment has become an all-too-familiar phe-
nomenon in many areas of the world, with countries, such as Greece, Spain, South 
Africa, and Yemen presently sporting jobless rates among young adults as high as 
50 %. In the United States, bankrupt Detroit, with its declining population and shut-
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tered factories, recently posted an overall unemployment rate of 25 % (Detroit Free 
Press, 2014).

In an exacting study on the future of employment, Frey and Osborne (2013) 
estimate the probability of computerization for 702 occupations in the near future. 
They write,

While computerization has been historically confined to routine tasks involving explicit 
rule-based activities, algorithms for big data are now rapidly entering domains reliant upon 
pattern recognition and can readily substitute for labour in a wide range of non-routine 
cognitive tasks. In addition, advanced robots are gaining enhanced senses and dexterity, 
allowing them to perform a broader scope of manual tasks. This is likely to change the 
nature of work across industries and occupations. (p. 44)

Some jobs with the highest probability of technological unemployment include: 
property title examiners, mathematical technicians, insurance underwriters, freight 
agents, library technicians, insurance claims clerks, bank tellers, and loan officers, 
all with 98 % or more probability of displacement. Among the jobs with the lowest 
probability of technological unemployment are: social workers, surgeons, medical 
researchers, psychologists, teachers, school administrators, and clergy, all with less 
than 1 % probability of being replaced.

An obvious difference between the 99 % group and the 1 % group is that reading, 
writing, thinking, and communicating with others are integral to the jobs in the 1 % 
group. In the 99 % group, literacy skills may be useful, but they are non-essential.

The language arts are foundational in the sense that they provide the supporting 
structure upon which learning in STEM is built. For example, a person who wants 
to become a doctor must be able to research, to think, to read critically, and to com-
municate with clarity because the very lives of patients depend on the ability to do 
so. The foundational skills of the language arts are essential, not only to doctors, but 
to all jobs in the 1 % group.

The OECD (Organization of Economic Cooperation and Development) has 
spent a great deal of effort and money advocating that countries enrich the quality of 
the educational experiences of children. Through hundreds of publications and vast 
repositories of big data (see www.oecd.org), the OECD presents a convincing case 
that an inextricable link exists between the quality of education and a country’s eco-
nomic future. According to the OECD (2012), to be successful in the decades ahead, 
children must become increasingly sophisticated and effective readers—of not only 
books and print materials—but of all texts, including information available online:

Technological innovations have a profound effect on the types of skills that are demanded 
in today’s labour markets and the types of jobs that have the greatest potential for growth. 
Most of these jobs now require some familiarity with, if not mastery of, navigating through 
digital material where readers determine the structure of what they read rather than follow 
the pre- established order of text as presented in a book. (p. 1)

A study of the practices of business leaders concurs that high levels of literacy will 
be required of most future workers (National Commission on Writing, 2004). In a 
survey of must-have skills for prospective employees, CEOs emphasized that pro-
ficiency, not only in reading, but also in writing, is absolutely essential. The survey 
found that:
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• 80 percent or more of salaried employees have some responsibility for writing
• Writing is almost a universal professional skill required in service industries
• More than half of the companies surveyed say that they frequently or almost 

always take writing into consideration when hiring employees
• Even hourly employees (lower paid workers) often have some writing responsi-

bilities

In the United Kingdom, a study by Kotzee and Johnston (2011) found that “the 
quality of students’ writing seriously affects their chances in the job market” (p. 45). 
The desirability of reading and writing for prospective employees has been con-
firmed by many studies in a host of countries across the globe (Casale, 2011; Gatti, 
Grazia Mereu, Tagliaferro, & European Centre for the Development of Vocational 
Training, 2000; Jama, Dugdale, & National Literacy Trust, 2012; Rivera-Batiz, 
1990; Yang & Sun, 2012).

Even John Keynes (1930), sage of the Golden Age of Capitalism, seems to give 
teachers of the language arts a nod of recognition when he writes:

We shall honour those who can teach us how to pluck the hour and the day virtuously and 
well, the delightful people who are capable of taking direct enjoyment in things, the lilies 
of the field who toil not, neither do they spin.

The language arts, which undergird knowledge in STEM, offer a hedge against 
technological unemployment and a reprieve from a life of misery and insignifi-
cance. If any field can demonstrate how to pluck an hour virtuously and how to 
savor the unexpurgated world, it is the language arts.
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Abstract This chapter seeks to connect current debates about the value of tradi-
tional liberal arts education to emerging trends in the learning sciences that promote 
metacognition, active learning, and other 21st century skills. This paper proposes 
that STEAM (Science, Technology, Engineering, Arts, and Mathematics), an 
emerging K-12 approach that infuses the arts within STEM fields, has enormous 
potential to infuse the liberal arts with design thinking, collaboration, creative com-
puting, and innovation while maintaining the level of deep reflection and critical 
thinking associated with humanist inquiry. While STEAM has yet to reach higher 
education in the same way that it has K-12 grades, it is argued that the trends in 
K-12 foreshadow coming trends in higher education. STEAM within higher educa-
tion looks at movements that address interactivity, innovation, and inquiry in the 
form of interactive media design studios, makerspaces, and digital humanities ini-
tiatives. This chapter will examine artifacts produced thus far and propose further 
empirical research studies within higher education to advance what we know about 
emerging technology-enhanced learning environments and their role in disciplinary 
knowledge formation. A secondary goal is to create a stronger dialog between K-12 
research and higher education trends that have their roots in pre-college initiatives.

Keywords Humanities · Liberal arts · Creative computing · Maker 

Introduction

Current debates in higher education consider the types of educational experiences 
regarded as valuable for future professional success and well-being. On one hand, 
the pragmatic side of vocational and professional preparation is contrasted with the 
cultural aspects of a liberal arts education, a broad form of educational preparation 
that exposes students to traditional bodies of knowledge within the arts, humani-
ties, and sciences (The Carnegie Foundation, 2010). On the other hand, there is a 
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disciplinary divide within liberal arts education, with STEM- (Science, Technology, 
Engineering, & Math) related degrees associated with job creation and humanistic 
degrees regarded as essential for civic and moral preparation (Koblik & Graubaud, 
2000; Pascarella et al., 2005). As evidenced by increased funding streams, rhetori-
cal buzz, and curricular innovation, trends have emphasized STEM initiatives, pos-
iting that these fields hold greater potential for future professional success and cost 
benefit of an expensive degree (Selingo, 2013). As a result, humanistic disciplines 
have needed to re-articulate how they prepare students to thrive post-graduation.

The present focus is on STEAM (Science, Technology, Engineering, Arts, & 
Math) – an emerging approach that infuses the arts and design within STEM fields 
– within liberal arts education. STEAM initiatives found in liberal arts environ-
ments uniquely infuse humanist inquiry with STEM-related inquiry and technologi-
cal know-how. Instead of STEAM paradigms that position arts and humanities as 
enhancements to core STEM knowledge, the liberal arts paradigms examined here 
will explore the ways in which the humanities, informed by STEM principles, can 
prepare students for the creative problem solving, collaboration, and computational 
thinking associated with 21st century digital literacy. The overarching aim of this 
review is to examine liberal arts STEAM curricula from a learning sciences per-
spective, argue for its potential to reconceive humanist education, and distill core 
cognitive, neural, and socio-cultural benefits of effective STEAM education. In do-
ing so, this chapter will offer an overview of the movement in higher education, 
with an emphasis on the humanities, articulate cognitive and other types of devel-
opment best supported by liberal arts, and analyze cases of innovative curricula. 
Important to note is that mention of liberal arts in the present chapter emphasizes 
humanities knowledge within liberal arts context.

 Humanistic Education Within the Liberal Arts

Understanding the humanities within liberal arts education and ways that schol-
ars and practitioners have viewed undergraduate education in response to broader 
socio-economic and pedagogical changes is necessary to contextualize STEAM 
initiatives within those spaces. A liberal arts curriculum historically has featured 
general knowledge deemed necessary and valuable to civic life, followed by spe-
cialization. The focus is on inquiry and self-motivated inquiry and deep understand-
ing within a community of peers. Recent attempts to position liberal arts in modern 
times have either provided a defense for a threatened but valued form of lifelong 
preparation (Chopp, Frost, & Weiss, 2014; Newfield, 2009; Woodward, 2009) or ar-
gued for alternatives to traditional liberal arts education due to fundamental changes 
in societal needs (Davidson, 2008; Szeman, 2003; Thomas & Seely Brown, 2011).

Nussbaum (1997) traces the dual conception of liberal arts education to its Clas-
sical origins, with representations shifting from tradition-steeped instruction for 
the elite to a focus on timeless skills that prepare all to contribute to society. This 
manifests itself currently as an opposition between examples of socio-cognitive de-
velopment, and technical and vocational training that prepares students for jobs and 



261Putting the “H” in STEAM: Paradigms for Modern Liberal Arts Education

long-term financial security. Knowledge associated with liberal arts education, such 
as critical thinking, moral character, problem solving, and the ability for lifelong 
learning, are more difficult to quantify and often demonstrate themselves over time 
(Goldberg, 1971). The humanities form the foundation for this “cultivation of the 
whole human being for the functions of citizenship and life generally”, and can 
even be thought of as the essence of general education (Nussbaum, (1997, p. 9).

STEM fields are less threatened within the liberal arts due to the privileging of 
the scientific model of research, the overt linkage between quantitative disciplines 
and job opportunities, and the increase in scientists as public intellectuals (Miller, 
2012). Humanistic fields, however, are facing an unprecedented mandate to justify 
their existence—What is it that humanists do? What does humanistic knowledge 
impart? How can this knowledge be explicitly tied to job skills? Why can’t the hu-
manities be more like the sciences? Scholars defend the humanities as uniquely ca-
pable of promoting the capacity to reason analytically, the understanding of differ-
ent perspectives or circumstances, and the use of imaginative problem solving. Crit-
ics, though, point to employment statistics or concentrate on how to infuse scientific 
methods and principles into the humanities (Pinker, 2013; Slingerland, 2008).

In The Value of the Humanities, Small (2014) writes that humanistic knowledge 
is of value precisely because it is not necessarily practical, and must be understood 
and valued contextually, with an emphasis on dialectic meaning-making. This re-
calls Bruner’s (1991) thesis that solely cognitive models of the mind are lacking 
in nature since they fail to grasp the complexity and dynamic processes occurring 
between mind and society. In The Marketplace of Ideas, Menand (2010) calls for a 
re-articulation of the value of a liberal arts education on its own terms. Arguing that 
a broad humanist preparation encourages complex inquiry and creative problem 
solving, he seeks to address current rhetoric highlighting the vulnerable or imprac-
tical nature of liberal arts in the technological age. Additionally, by connecting the 
socio-cognitive benefits of such an education to those skills deemed necessary to 
succeed in modern society, Menand counters theorists that emphasize the need for 
liberal arts to incorporate scientific rigor, adopt social scientific methods, or become 
a marginal discipline in the face of more practical fields. In a more pragmatic man-
ner, Chopp (2014) uses U.S. Treasury Department data to argue that many employ-
ers seek skills that the humanities already encourage, namely critical thinking, an 
understanding of diversity, and creativity.

 Measuring Humanist Knowledge

While the many supporters and critics of humanistic knowledge within the liberal 
arts pose logical, philosophically-driven arguments, there is a dearth of empiri-
cal studies that report the changes in cognitive and socio-cultural knowledge that 
happen while engaging in humanistic through and inquiry. Traditionally, theorists 
have concentrated on how STEM disciplines can support non-scientific thinking. 
The studies that have attempted to measure the outcomes of humanistic knowledge 
within liberal arts education are few, but yield interesting results. Earlier self-report 
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studies reported overall learning gains (Hayek & Kuh, 1998), increases in personal 
development (American Association of State Colleges and Universities, 1976), 
and greater levels of engagement in educational activities (Pascarella & Terenzini, 
1998) by selective liberal arts students when compared with self-reports from stu-
dents at other types of institutions.

The Center of Inquiry in the Liberal Arts (Pascarella et al., 2005) conducted a 
more comprehensive Wabash National Study of Liberal Arts Education, a multi-
institutional longitudinal study examining good liberal arts practices, institutional 
ethos, impacts of liberal arts on intellectual and personal growth, and long-term 
effects of liberal arts education. Utilizing multiple instruments, the study provides 
some support for supporters of liberal arts education. Utilizing the Critical Thinking 
Test of Collegiate Assessment off Academic Proficiency and the Need for Cognition 
Scale and Positive Attitude toward Literacy Activities Scale to measure effective 
reasoning/problem solving and inclination for life-long learning, respectively, re-
searchers reported statistically significant increases in reading comprehension, crit-
ical thinking, writing, openness to diversity and challenge, and intrinsic motivation 
(learning for self-understanding). Pascarella and Blaich (2013) expanded on results 
to develop deep learning scales to measure students’ experiences with higher-order 
learning, integrative learning, and reflective learning; results indicate that deep 
learning experiences contribute to a significant degree the 4-year critical thinking 
gain, even after controlling for confounding influences and direct exposure to clear 
and organized instruction. These results hold when compared to those of research 
universities and regional institutions. Despite gains in these themes traditionally 
associated with liberal arts education, the same study reported significant decreases 
in math and science knowledge over the 4 years and when compared with students 
at other institutional types of institutions. What is vital is a way to integrate STEM 
and arts/humanities knowledge so that the existence of multiple domains does not 
adversely affect learning.

 The Emergence of STEAM

STEAM, a largely K-12 initiative conceived to bridge the interdisciplinarity, cre-
ativity, and innovation found in both art and science, has garnered support from 
governmental and educational advocates (Ghanbari, 2014; U.S. Congress, 2011; 
Yakman, 2008). Duncan (2010) called for an integration of arts and humanities into 
STEM education for what he terms a “well-rounded curriculum. It is the making 
of connections, conveyed by a rich core curriculum, which ultimately empowers 
students to develop convictions and reach their full academic and social potential” 
(p. 1). With STEAM-dedicated conferences and a journal (STEAMConnect’s AS-
CEND Conference, Northeastern Illinois University’s Annual Conference, among 
others; The STEAM Journal), there are increasing examples of STEAM as a theory 
of STEM education seen through the lens of 21st century skills, which champi-
ons learning/innovation (critical thinking, creativity, collaboration), digital literacy 
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(information and media understanding), and career skills (flexibility, leadership, 
cross-cultural skills) (Trilling & Fadel, 2009). From a pedagogical perspective, cur-
ricula lean heavily on constructivist principles, with an abundance of maker move-
ments, project-based assignments, and collaborative, inquiry-based design exper-
iments. Scholars see the arts as infusing inventiveness and adaptability into the 
analytical and computational thinking associated with being a scientist. The STEM 
to STEAM initiative (stemtosteam.org), developed at the Rhode Island School of 
Design (RISD), highlights such ideas in its official description:

STEAM represents the economic progress and breakthrough innovation that comes from 
adding art and design to STEM (Science, Technology, Engineering and Math) education 
and research…To realize this potential, scientists, artists and designers must develop new 
ways of working together and new modes of research and education. This will keep Amer-
ica at the forefront of innovation, ensuring our sustained global leadership and cultural 
prosperity in the 21st century”. (RISD Office of Government Relations, 2013, p. 1)

Paralleling the overall trend in higher education to emphasize the vocational benefits 
of education, STEAM rhetoric stresses skills that lend themselves to professional 
success, which translates to the ability to gain employment, increase job opportuni-
ties, and address the current focus on entrepreneurship (Fredette, 2013; National 
Research Council, 2007). Published research is growing, but there are three notice-
able absences. One is that existing STEAM research is largely focused on K-12 
education, with few overt discussions of STEAM within the higher education sec-
tor. Another is that studies tend to look at the role of the aesthetic arts rather than 
the humanities. Lastly, research has examined the approach’s creative and economic 
potentials (Eger, 2013; Henriksen, 2014; Maeda, 2013) rather than probe the latest 
learning evidence about the cognitive, neural, and socio-cultural development that 
occurs in learners engaging in STEAM activities. Subsequent sections will look at 
such learning that happens in college age students.

 The Rise of STEAM in the Liberal Arts

While one can point to dozens upon dozens of formal and informal STEAM initia-
tives at the K-12 level, extant higher education examples remain few, though there 
has been an increasing call for curricular re-design to address 21st century skills 
preparation. Chopp (2014) proposes the curricular concept of knowledge design, 
which will be helpful in integrating current learning research. Knowledge design is 
“aimed at placing creativity and agility at the heart of learning and scholarship by 
embracing new learning platforms and recognizing the power of visualization and 
the remixing of knowledge” (19). The idea behind knowledge design corresponds 
with more active, student-centered, participatory learning techniques encouraged in 
the learning sciences, and the interdisciplinary and playful nature of the STEAM 
movement (Soloway, Guzdial, & Hay, 1994). It also parallels closely with rhetoric 
championing design thinking in teaching and learning (Kafai & Harel, 1991), the 
importance of cognitive acquisition and participation (Greeno, Collins, & Resn-
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ick, 1996; Sfard, 1998), and the integration of multiple media and modes in social, 
context-based learning environments (Brown, Collins, & Duguid, 1989; Jewitt & 
Kress, 2003).

Subsequent sections will highlight three types of STEAM initiatives within tradi-
tional liberal arts education that leverage interactivity, innovation, and inquiry: the 
interactive media, maker, and digital humanities programs. Specifically, the types 
of interrelated knowledge promoted by these programs include the development 
of complex cognitive processes (computational and systems thinking knowledge, 
transfer), socio-cultural capabilities (collaboration, multicultural growth, multime-
dia and multimodal communication), and know-how associated with entrepreneur-
ship (adaptability and innovation). In contrast to K-12 STEAM movements that 
focus on using visual and other artistic forms to make sense of scientific fields, 
liberal arts movements that are STEAM-like leverage technologies and scientific 
methodologies to explore humanistic knowledge. The following examines Sarah 
Lawrence College’s Games, Interactivity, and Playable Media concentration, vari-
ous makerspaces, and Hamilton College’s Digital Humanities Initiative.

 Understanding the Humanities Through STEAM

The purpose of this section is to address ways that STEAM initiatives cultivate cer-
tain types of knowledge and learning within the liberal arts. Support is provided by 
recent findings from cognitive science, neuroscience, and psychology that highlight 
the improvement of mental models, socio-cultural learning, and relational thinking. 
The aim is to articulate cognitive and other types of development best supported 
by liberal arts, and how knowledge cultivated by humanist study enhances skills in 
STEM disciplines to create a well-rounded STEAM initiative. Traditionally, theo-
rists have concentrated on how STEM disciplines are best supported by inquiry-
based learning, project-based learning, and constructivist techniques. What does 
current research in the learning sciences have to say about learning with respect to 
maker, interactive media, and digital humanities programs?

All three areas, ideally, maximize project-based learning, collaboration, inquiry-
based learning, deep learning and concept formation through artifact production. 
Through the act of production, the learner is in constant dialog with the subject mat-
ter and misconceptions are revealed and refined over time. STEAM naturally allows 
for these ideas that encourage multiple and iterative approaches to problem-solving 
within a complex learning environment (Bruner, 1991; Jonassen & Land, 1999; Spec-
tor, 2011). One reason that STEAM environments have such potential is that they 
maximize cognitive disequilibrium, a process of disruption in mental state due to error 
or surprise, and ideally reconciliation of that discrepancy through learning (D’Mello, 
Lehman, Pekrun, & Graesser  (2014); Rescorla, 1988). Another rationale for support-
ing STEAM environments within liberal arts is creativity, which has been shown to 
enhance learning experiences for and is in line with 21st century skills (Csikszentmi-
halyi, 1997). While very little mention has been made specifically of STEAM as an 
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approach within higher education, the following lessons in interactivity, inquiry, and 
innovation demonstrate that STEAM initiatives are already observable.

 Lessons in Interactivity and Creative Computing: The Multimedia 
Design Studio

Interactive media programs that blend the arts and sciences are not new, as evi-
denced by long-time programs at MIT (Media Lab), NYU (Interactive Telecommu-
nications Program), RISD (Digital + Media Program), and Carnegie Mellon (Digital 
Media Program) that take a playful and interdisciplinary approach to addressing and 
designing for real-world issues. What makes these and similar programs innovative 
is a resistance of disciplinary isolation and an acknowledgement that memorization 
of facts and rote procedural training is insufficient for future success (von Glaser-
feld, 1989).

In various analyses of the types of learning that occur in multimedia design 
spaces, researchers (Ito et al., 2010; Knobel & Lankshear, 2010) identify collabora-
tion, and creativity as key ingredients for productive media arts practices, gauged in 
these cases by the level of collaborative creativity and personal expression evident 
in final designs. In the liberal arts context, the multimedia design studio not only 
addresses issues of personal identity formation and expression, but is essential for 
core and emerging humanist knowledge to form.

Sarah Lawrence College, for example, has the newly formed Games, Inter-
activity, and Playable Media program, whose official aim is “to foster technical 
and digital literacy in the arts. Designed for experimentation, this initiative helps 
students establish digital proficiency while supporting the exploration of a wide 
range of new media forms and technologies… Students are encouraged to coordi-
nate these project-based investigations of the digital throughout their studies in the 
humanities, including literature, philosophy, politics, sociology, theatre, and writ-
ing” (Sarah Lawrence College, n. d.). Unpacking this statement reveals a focus on 
literacies and more abstract competencies, rather than specific skills. The acquisi-
tion of knowledge and perspectives that span media and modes come together in 
open and project-based learning environments that are connected with increases in 
student agency over their own learning and creative problem-solving capabilities 
(Birchfield et al., 2008). The program also adopts rhetoric current in K-12 education 
that stresses learner-driven knowledge discovery; students must connect the general 
competencies associated with physical computing, multimedia production, or pro-
gramming, and apply them to their own fields of interest. This requires the construc-
tion of learner ecologies (Barron, 2004), in which learners construct complex cogni-
tive, social, and technological support strategies around specific topics of interest.

Sample courses, which could all be characterized as STEAM, include Introduc-
tion to Creative Computing, cross-listed with computer science, Kinetic Sculpture 
with Arduino and Playable Media for Mobile Devices, both cross-listed with visual 
arts, and New Media Literacies, cross-listed with literature. What is noticeable is 
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the amount of required disciplinary crossover to meet the courses’ learning goals 
and objectives. For the creative computing course, novice programmers complete 
weekly assignments that build into a set of practices that can be harnessed to com-
plete a final project. The focus, in the spirit of Brennan and Resnick (2012), is on 
the development of computational concepts (ex. recursion), practices (ex. debug-
ging and mashups), and perspectives (ex. points of view about the environment). 
Traditional computer science encourages logic and optimization, and the arts and 
humanities introduce the idea of messiness, viewpoints, and heuristics vital in real-
world situations. Likewise, the two visual arts courses require artifacts designed 
for specific scenarios, and leverage current theories of play and embodiment that 
promote engagement and applicability (Csikszentmihalyi, 1997; Vygotsky, 1978). 
The new media course also requires a final multi-media project that situates human-
ist inquiry within real-world technological phenomena. One point in common with 
these courses is a recognition that “designing a learning environment begins with 
identifying what is to be learned and, reciprocally, the real world situations in which 
the activity occurs” (Barab & Duffy, 2000, p. 48). Another is the incremental na-
ture of knowledge building, a scaffold technique that supports novices’ knowledge 
construction.

At the New York City College of Technology-CUNY, a cursory analysis of stu-
dents’ work from emerging media courses indicates students’ ability to refine con-
cepts over the course of a semester, pull from different disciplines to accomplish 
a goal, and position themselves as practicing professionals. These indicate that 
learners are seeing themselves as members of a knowledge-based community and 
can articulate their roles as emerging experts of that knowledge (Bransford, Brown, 
& Cocking, 2000; Brown et al., 1989).

 Lessons in Innovation: The rise of Makerspaces

Makerspaces, also called hacker spaces or innovation labs, broadly include con-
structionist, interdisciplinary fabrication environments in which learners explore 
a concept through the embodied exercise of creating a physical object. A grow-
ing focus on the learning that happens in maker spaces reflects an abundance of 
research in comparison with similar studies for multimedia design studios or digi-
tal humanities spaces. Maker initiatives, which happen in makerspaces, form part 
of the STEAM movement since design are necessary for the creation of a usable 
object. Constructionism encompasses constructivist tenets, with the added empha-
sis on active cognitive processing and making sense of a topic through the ma-
nipulation and construction of physical and virtual objects (Churchill & Hedberg, 
2008; Kafai, 2006; Papert, 1980). The process is frequently iterative and collab-
orative, and involves the learner creating an alpha version, reflecting on its utility 
and appropriateness, and then refining further versions until the initial problem is 
addressed satisfactorily. Kafai and Resnick (1996) provides evidence of the vari-
ous learning supported by constructionist environments, including creating link-
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ages between discrete but related mental representations, socio-cultural-cognitive 
growth occurring through collective interests, and reflective cognition encouraged 
by iterative processes.

While constructionism more generally focuses on the creation of knowledge 
through any type of “object to think with”, maker initiatives focus more on the types 
of learning supported through physical manipulation and construction of artifacts. 
Spanning the areas of physical computing, wearables and crafts, engineering, and 
multimedia production, maker initiatives are often associated with DIY movements 
that promote agency, creativity, and resourcefulness. Recent research (Bequette et 
al., 2013; Buechley, Peppler, Eisenberg & Kafai, 2013; Kafai & Peppler, 2014; Pep-
pler & Glosson, 2013) looks holistically at the negotiation and production of knowl-
edge in these makerspaces. Blikstein (2014) chronicles an activity where students 
used 3D printing techniques to build monuments for female historical figures. Chal-
lenges include issues with workflow and division of labor, but positives included an 
integrated interdisciplinary experience. While the end goal was the development of 
monuments embodying historical knowledge and highlighting absences, a second-
ary accomplishment was the integration of mathematical and engineering knowl-
edge. Successful STEAM initiatives showcase a seamless and logical integration of 
different disciplinary knowledge to accomplish a goal.

Several of these studies examine different e-textile makerspaces that blend en-
gineering and crafts within a project-based learning environment. Norris (2014) 
provides evidence that the act of designing artifacts influences and is influenced 
by students’ valuing of self, supporting socio-cultural theories of learning that posit 
that the successful construction of physical artifacts affects judgment about one’s 
own capability and sense of self (Ackerman, 2004; Kafai & Harel, 1991). Peppler 
(2013) also supports e-textiles for identity formation, arguing that e-textiles “are 
‘coded’ for girls, encouraging them to engage in computing by engaging their cre-
ative interests” (p. 40). She goes on to connect participation in e-textile construc-
tion to cognitive growth, specifically an increase in knowledge about the properties 
of electronic circuits. A paired-samples t-test revealed a statistically significantly 
higher on posttests evaluating students’ ability to produce a working circuit, as well 
as significantly higher knowledge about current flow, polarity, and connectivity.

The work being accomplished in the emerging multimodal learner analytics 
space yields promise for understanding maker spaces in psychological and even 
neural terms. From a psychological perspective, the project-based learning occur-
ring in such spaces encourage metacognition around discrete intuitions about a top-
ic. diSessa (2004; 2006) has written extensively about the misconceptions of novice 
learners around particular scientific topics. In the knowledge in pieces framework, 
diSessa theorizes that the learner’s body of knowledge undergoes a series of con-
ceptual changes as separate elements composing that knowledge are continuously 
connected and reconnected to make sense of a phenomena. In studies their digital 
fabrication spaces, Blikstein (2014) and Worsley and Blikstein (2013) present initial 
results for “automated multimodal analysis of student expertise while they engage 
in building tasks” (Worsley & Blikstein, 2013, p. 94). Using object manipulation 
and gesture data analysis, automated models that successfully predict the level of 
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expertise indicate the importance of coordinated, two-handed object manipulation. 
This coincides with neuroscience research that identifies two-handed interactions 
to be an essential part of successful and creative problem-solving since generating 
an idea and appropriate idea selection are key (Hoppe, 1988). Two-handedness is 
reflected through biometric readings that report brain activity in regions in both 
hemispheres, which as a collective have been associated with concept expansion 
and creative problem solving generation (Abraham, 2014; Abraham et al., 2012; 
Fink, Benedek, Grabner, Staudt, & Neubauer, 2007). Humanist inquiry is associated 
with grappling with different ways of viewing complex issues that have no inher-
ent solution, and we would argue that maker activities make this cognitive exercise 
embodied. By necessity, makerspace projects, with an emphasis on fabrication and 
tangibles, would require this type of coordinated embodiment that could develop 
over time given properly scaffolded learning opportunities.

Some notable makerspaces at large institutions, including the Invention Stu-
dio at Georgia Tech, are characterized as startup and innovation incubators that 
evoke current higher education trends that promote entrepreneurship and invention. 
Within liberal arts colleges, one key difference is that the focus of the makerspace 
is often on the acquisition of knowledge, specifically the process by which infor-
mation is acquired and understood on the learners’ own terms. The technology is 
similar between spaces, with microcontrollers, programmable software and inter-
faces, 3D printers, and more available. Wheaton College’s Whale Lab is termed a 
“making/fabrication space meets interdisciplinary research lab”, while Davidson 
College’s Campus Maker/Innovation Space seeks “to invigorate intellectual inquiry 
and collaboration across conventional academic boundaries”, and the University of 
Mary Washington’s ThinkLab, a lab space that introduces emerging technologies to 
the community and aggregates pedagogical innovation harnessing those technolo-
gies. Rhetorically, these examples encourage interdisciplinary discovery, disciplin-
ary knowledge building over professional end goals, and a community of practice 
around making.

At Thinklab, blog entries from the freshman seminar, Makerbots and Mashups, 
chronicle a series of micro-failures, common in the design world. In one assign-
ment, teams of two create sets of chess pieces and write posts highlighting the “what 
went wrong” aspects of going from conception to implementation, to iterative re-
finement. Students demonstrate an articulate awareness as they reflect on actions 
taken. Other assignments include deconstructing a t-shirt and making some new 
wearable, and a final project integrating the technologies. In “Final Project Fail!”, 
one student remarks “I originally wanted to make an octopus plush toy with LED 
lights on its tentacles. Well, after spending four class periods sewing and cutting, 
the LED lights did not light up… I have decided I am going to sew a couple LED 
lights on the octopus’s head. Making the octopus’s head was hard because I did not 
know how to sew a circle, so I stuffed fluff in a piece of cloth and used string to tie 
the end. I will have to somehow figure out how to sew the head onto the tentacles. 
This is going to be a challenge!” (Jessicahwu, 2013). In this case, the learner lists 
numerous challenges, but perseveres to come up with a final product. This artifact 
has morphed from the original specifications, but demonstrates the learner’s level 
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of creativity to come up with solutions to those specifications that she was unable to 
address. During this process, she is gathering a set of schema and problem-solving 
approaches that she can leverage in the future.

In this vain, another student adds, “There was certainly a lot of error involved 
on my part during the course. In a very non-scientific way, I would just quickly try 
different things until something worked. This applies to 3D printing, seeing how 
different sensors react to various things, etc. It was frustrating at times, but I even-
tually just accepted that I would probably have to try a few different approaches 
every time for almost anything I did” (Brett2016, 2012). This cognitive strategy 
of informed tinkering, of attempting strategies until the best one is revealed works 
towards what we know about how novices progress towards expertise (Bransford et 
al., 2000). In addition to encouraging schema development, maker learning oppor-
tunities promote collaboration. One student blogs that “collaborating with fellow 
students played a huge role in creating my projects” (Wboadurg, 2012), and goes 
on to describe the process of finding peers for collective design sessions or for as-
sistance.

These quotes represent the more obvious advantages of this type of hands-on 
seminar, including the encouragement of collaboration and creativity, embodied 
interactions with design concepts, and exposure to emerging tools. Despite these 
pluses, there are several areas of improvement. There is no indication that the skills 
learned in the freshman year are integrated into the curricula of subsequent years. 
The assignments leaned heavily on those that would be most appropriate for the 
visual arts, without considering rich opportunities for disciplinary engagement like 
tying activities to issues in literature, political science, and biology. Maker experi-
ences will make liberal arts education richer only if they are tied to core disciplinary 
issues.

 Lessons in Inquiry: The Digital Humanities

STEAM has the potential to infuse within liberal arts education rich opportunities 
for interactivity and innovation that mesh with the socio-economic pressures about 
professional preparation and learning trends promoting 21st century skills. Recall-
ing the core knowledge and skills typically associated with the humanities, deep 
inquiry and critical thinking are at the top. The humanities have evolved throughout 
history. Most recently, the humanities have grown to incorporate new tools and 
methods that reflect, in part, the enormous quantity of humanistic work and ex-
egesis and the growth of digital tools. The digital humanities as term has multiple 
meanings (Gold, 2012), but generally refers to the use of digital and computational 
tools to make sense of and glean patterns from humanist data that ranges in medium.

Hamilton College has pioneered a humanist model for supporting teaching and 
research initiatives through the Digital Humanities Initiative (DHi), described as “a 
collaboratory… where new media and computing technologies are used to promote 
humanities-based teaching, research, and scholarship across the liberal arts” (Ham-
ilton College, n. d). Based on the principle of the atelier, DHi offers more general 
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skills training, but within the framework of specific projects. Participants are given 
phased support, with the idea that, over time, faculty will have more agency and 
can play more active roles in the learning and development process. This approach 
has several implications. In keeping with good instructional technology practices, 
the emphasis is kept on the research in question, and technologies are only a means 
to addressing that research. This means that uses of technologies are situational 
and grounded. In keeping with current theories of learning (Bruner, 1991), faculty 
are provided scaffolded learning experiences with technology so that knowledge 
construction is incremental and manageable. Another is based on active learning 
principles, and the notion that humanist knowledge can be practical through the use 
of technology.

The digital humanities as STEAM movement highlights the innovative, itera-
tive, and multi-method nature of modern humanist research. DHi accomplishes this 
resource-wise through configured physical space (technology-enhanced on-site 
spaces), and through communication technologies that create a digital network of 
scholars and information.

An essential aspect about the digital humanities as STEAM movement is the 
incorporation of scientific training and methods into humanist inquiry. Large-scale 
collaboration has long been a requisite for the advancement of scientific knowl-
edge, while the humanities have developed largely through specialized collabora-
tions. Recently, as evidenced by DHi and other initiatives, humanists scholars have 
embraced collaboration and the progress that can occur only through joint inquiry. 
Another parallel to scientific training is inquiry-based learning, in which students 
take an active role in developing hypotheses and experiments. In the humanities, 
this takes that form co-directed projects between faculty and students, shown to 
increase student interest and understanding of complex topics. Yet another is the use 
of quantitative methods as a way to manage large amounts of data.

 Future Directions

This chapter has sought to connect current debates about the value of traditional 
liberal arts education to emerging trends in the learning sciences that promote meta-
cognition, active learning, and other 21st century skills. Within K-12 spaces, re-
searchers are beginning to produce empirical evidence that STEAM offer learning 
opportunities around design thinking, creativity, and innovation, while maintaining 
the deep cognition and reflection associated with humanist inquiry. While STEAM 
has yet to reach higher education in the same way that it has K-12, previous dis-
cussion has demonstrated the existence of conceptually similar initiatives that ad-
dress interaction, innovation, and inquiry in novel ways than traditional liberal arts 
training. Reflecting pre-college STEAM initiatives that allow building, mashing up, 
or geeking out, higher education versions expand the field with unique visions of 
interactive and computational media design, digital humanities, and makerspaces.
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Table 1 summarizes the three principal STEAM liberal arts paradigms of inquiry, 
interactivity, and innovation. While the interactivity represented in interactive and 
computational media studios is observed at the younger levels, liberal arts versions 
make overt connections between STEM and humanist knowledge and themes, and 
promote active learning and reflection. The three makerspaces examined are less 
conceptually tied to specific disciplinary knowledge, perhaps due to the newness of 
the concept of open and atelier-style learning environments within the wider college 
community. Much potential remains, though, for creating maker learning opportu-
nities that require students to confront and negotiate domain knowledge. Digital 
humanities efforts integrate most logically with traditional humanist inquiry, and 
are in the best position to transform the discipline from within.

For all three paradigms, there remain few overt linkages to learning sciences 
research, specifically empirical evidence of conceptual change, the impact of the 
socio-cultural on domain knowledge acquisition within these interactive learning 
environments, and detailed content analysis of learner artifacts. This paper has 
attempted to lay the foundation for additional inquiry into constructivist learn-
ing environments within higher education, and present the ways in which these 

Table 1  STEAM paradigms in modern liberal arts education
STEAM 
paradigm

Liberal arts STEAM 
type

Liberal arts 
example

Traditional 
humanist 
knowledge

Other forms of 
knowledge

Inquiry Digital humanities: 
the intersection 
of humanities and 
computing to reveal 
patterns and new 
forms of knowledge

Hamilton col-
lege’s digital 
humanities 
initiative

Critical thinking 
and humanistic 
analytic skills; 
metacognition; 
perspectival 
thinking; reading 
comprehension; 
textual analysis 
and writing

Computational 
thinking; design 
thinking; quan-
titative analysis 
skills; reduction-
ist perspectives; 
visualization

Interactivity Interactive and com-
putational media: the 
integration of visual 
arts techniques, 
digital film produc-
tion, and creative 
computing for a 
designed, real-world 
experience

Sarah Lawrence 
college’s games, 
interactivity, and 
playable media 
program

Editing; 
ethical and moral 
understand-
ing; heuristics; 
metacognition; 
perspectival 
thinking; syn-
thesizing 
capabilities

Debugging; 
iterative design 
thinking; optimi-
zation; play; situ-
ated cognition; 
visualization and 
mashups

Innovation Makerspaces: 
interdisciplinary 
fabrication environ-
ments where learners 
undertake projects in 
an iterative fashion

Campus maker/
innovation space 
at Davidson col-
lege; ThinkLab 
at University of 
Mary Wash-
ington; and the 
Whale Lab at 
Wheaton college

Civil character; 
metacognition; 
perspectival 
thinking; synthe-
sizing capabilities

Embodied learn-
ing; iterative 
design thinking; 
play; situated 
cognition
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environments connect themselves discursively to broader discussions about the 
value of liberal arts education to promote various kinds of knowledge and skills. 
One future strand of research would be to explore the ways in which K-12 teachers 
trained in STEAM methods are preparing future generations who will expect and 
perhaps demand embodied, creative solving problem solving learning experiences 
in their curricula.
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Abstract This chapter reviews the essential learning outcomes that students 
develop through a 21st century liberal education, along with principal themes in the 
literature about higher education in the 21st century. This chapter shows examples 
of high impact liberal education practices in both European and American colleges 
and universities. This chapter also discusses the role of emerging technologies 
and STEAM (Science, Technology, Engineering, Arts, and Mathematics) fields in 
liberal education. Questions to be addressed include the following: What kind of 
liberal education curriculum and learning environment can better prepare univer-
sity students for success in the 21st century workplace? Why is liberal education 
necessary? What is the role of emerging technologies to meet the liberal education 
learning outcomes? Principle themes in the literature and implications of liberal 
education are discussed.

Keywords Liberal education · College liberal arts curriculum · Learning outcomes ·  
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A Brief Review of Liberal Education

The word liberal is derived from liber that means free in Latin. Antiquity roots of 
liberal education go back thousands years. In the ancient world, liberal meant re-
served to free citizens, as opposed to slaves and ordinary people (Burns, 2002). The 
term liberal arts refers to specific subjects in a curriculum while liberal education 
implies an educational philosophy, coming down from the ancient civilizations, and 
then, refers to “a common course of study in recognized academic areas, designed 
to develop in its learners the intellectual capacities needed to perform society’s most 
valued roles” (Burns, 2002, p. 4). Liberal education is a philosophy of education 
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that empowers individuals, liberates the mind, cultivates judgment, and fosters per-
sonal and intellectual growth and social responsibility. Liberal education liberates 
free minds from inherited ignorance and allows a free person to discover and reflect 
what is real and what truly exists (Guerra, 2013).

A philosophical attention to liberal education raises “the question of the con-
nection between how we learn and how we live” (Roth, 2013, p. 104). Roth (2013) 
discusses on how a tradition of liberal education is related to professional, personal 
and political lives:

The mission of universities focused on liberal learning should be, in Richard Rorty’s words, 
“to incite doubt and stimulate imagination, thereby challenging the prevailing consensus.” 
Through doubt, imagination and hard work, students “realize they can reshape themselves” 
and their society …The free inquiry and experimentation of a reflexive, pragmatic educa-
tion help us to think for ourselves, take responsibility for our beliefs and actions, and be 
better acquainted with own desires and our own hopes. (Roth, 2013, p. 104)

The idea of liberal education is attractive since liberal education has the potential to 
cancel impassive habits of mind, producing global citizens who think and produce 
solutions to problems of today’s world and creating a critical public culture, through 
an emphasis on analytical thinking, argumentation, and active participation in de-
bate about problems of today’s world (Nussbaum, 2004). Nussbaum (2004) states 
that “a liberal arts college or university that helps young people learn to speak in 
their own voices and to respect the voices of others will have done a great deal to 
produce thoughtful and potentially creative world citizens (p. 45).” Liberal educa-
tion in colleges and universities allows teaching the virtues of critical analysis and 
respectful debates about deliberative democracy that is seriously needed for each 
country in creating a world community to work together for solutions of urgent 
problems (Nussbaum, 2004).

 College Liberal Arts Curriculum and Liberal Education 
Approach

The seven liberal arts, that are grammar, rhetoric, logic, arithmetic, geometry, mu-
sic, and astronomy, established by the Roman Empire in the 13th century, func-
tioned as a common curriculum, a one-size-fits-all educational experience (Burns, 
2002). To the seven liberal arts, the Renaissance humanists added history and physi-
cal exercises in the 15th century. In the 18th and 19th centuries, a liberal curriculum 
referred to preparing a young person for success and leadership in society, business, 
or government. Also, a liberal curriculum was made to develop an understanding 
of the shared culture, common concepts, values, traditions and an understanding of 
the other cultures to facilitate communication and mutual confidence among those 
of that culture (Adler, 1988). The liberal education in the 20th century referred to 
liberal arts colleges or larger institutions to study arts and science disciplines and 
general education in the initial years of college. However, the Association of Ameri-
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can Colleges and Universities (AAC&U) points out that the liberal education in the 
21st century referred to all schools, community colleges, colleges, and universities, 
as well as across all fields of study by emphasizing the essential learning outcomes 
across the entire educational continuum—from school through college—at progres-
sively higher levels of achievement (AAC&U, 2007, p. 18).

Liberal education incorporates multiple disciplines and ways of knowing in com-
bination with the specific study domain for professional development. AAC&U’s 
notion of the practical liberal arts is that well-rounded and integrated learning in 
the arts, humanities, social sciences, natural sciences, and professional studies pre-
pares students for contemporary problems (Shinn, 2012). AAC&U defines a liberal 
arts college as “a particular type of institution—often small, often residential—that 
facilitates close interaction between faculty and students, and whose curriculum is 
grounded in the liberal arts disciplines” (AAC&U, 2011, p. 3). AAC&U emphasizes 
a new paradigm of liberal education that provides both disciplinary depth and a 
multidisciplinary, holistic, and integrative approach to the complex local and global 
challenges (Shinn, 2012). AAC&U defines liberal education as below:

Liberal education is an approach to learning that empowers individuals and prepares them 
to deal with complexity, diversity, and change. It provides students with broad knowledge 
of the wider world (e.g. science, culture, and society) as well as in-depth study in a specific 
area of interest. A liberal education helps students develop a sense of social responsibility, 
as well as strong and transferable intellectual and practical skills such as communication, 
analytical and problem-solving skills, and a demonstrated ability to apply knowledge and 
skills in real-world settings. (AAC&U, 2011, p. 3)

Liberal education guides students in how to use critical thinking and ethical judg-
ments to concrete problems in the real world (Williams, Zdravkovich, & Engleberg, 
2002). AAC&U’s Report of the Greater Expectations National Panel (2002) states 
that, “liberal education has the capacity to develop mental agility, as well as intel-
lectual power; a deep understanding of world’s variety, as well as knowledge of 
Western culture; ethical action in service of the individual and society as well as 
critical judgment” (p. 24). Liberal education aims to prepare students to think more 
constructively about global issues.

 Benefits of Liberal Education

Students in liberal education ask many common questions like why students should 
take the general education classes in order to graduate; why someone who wants to 
be an engineer, a sociologist or a manager should study subjects that are not directly 
related to their study domain; why someone should study any courses that are not 
used in the selected major or the job that students want to be trained? In order to be 
able to answer these questions, the benefits of a liberal education should be under-
stood. Liberal education supports students learning how to think and learning how 
to learn. Harris (2010) summarizes some benefits of a liberal education as below:
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1. Learning how to think

1. Liberal education supports students to develop strength of mind and an 
ordered intellect. The mind needs exercise to be able to grasp ideas, do intel-
lectual work, develop the habits of attention and concentration, the habit of 
organized thinking and of rational analysis, develop the ability to follow argu-
ments and the ability to distinguish the important concepts, and grasp the 
knowledge of organized solutions, of hierarchical procedures, and of rational 
sequences that can be applied to any effort to perform better in any job (Har-
ris, 2010; Williams et al., 2002).

2. Liberal education supports students to develop the ability to think indepen-
dently. From liberal education, students gain the diverse body of knowledge 
together with the tools of examination and analysis that enable to develop 
opinions, attitudes, values, and beliefs, based not upon the authority of any-
body and not upon ignorance, or prejudice, but upon students’ own examina-
tion and evaluation of argument and evidence. Diverse studies allow students 
to see the relations between ideas and philosophies. Also, these studies allow 
to develop the ability to think independently, in the face of pressures, misrep-
resentation, and overemphasized truths by politicians, advertisers, and others 
who have an agenda for a half-educated public (Harris, 2010; Shinn, 2012).

3. Liberal education supports students to understand the world. A wide rang-
ing education, covering multi-disciplines, allows understanding a phenomena 
through knowledge of a wide range of events, philosophies, and procedures. 
While a mind educated in only one discipline can overwhelm with a simple 
phenomenon, a mind educated in multi-disciplines can understand many phe-
nomenon with a general knowledge of multiple disciplines (Harris, 2010; 
Riordan, 2005; Shinn, 2012).

2. Learning how to learn

1. Liberal education supports students to develop the skill of learning and orga-
nizing ideas and thus enables students to understand new material more eas-
ily, to learn faster and more thoroughly and permanently (Harris, 2010).

2. Liberal education supports students to develop good learning habits that allow 
students to learn new information easier and faster since the brain remembers 
how a person learned the previous information and develops new pathways to 
transfer the new information from short-term memory into long-term memory 
by finding a relevant schema to attach the new information (Harris, 2010). 
The good learning habits can be transferred from one subject to another since 
the brain remembers the pathways (Harris, 2010; Shinn, 2012).

3. Liberal education provides students a general knowledge in the first year 
course so that students can learn new subjects by one of the most common 
methods of learning, analogy. The mind created its own analogies by making 
connections between old and new knowledge; therefore, the liberal educa-
tion creates an improvement of perception and understanding (Harris, 2010; 
AAC&U, 2002).
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4. Liberal education supports students to enhance creativity. The mind uses 
stored knowledge, and a wide range of knowledge supports the producing of 
new ideas, solutions, and better understanding (Harris, 2010; Williams et al., 
2002).

 The Essential Learning Outcomes that Students Develop 
Through a 21st Century Liberal Education

A liberal education in the 21st century allows students developing complex and 
transferable skills and abilities to be able to deal with complex problems, to be inno-
vative and creative in their workplaces or study areas, and to be responsible citizens 
in a globally engaged democracy. Being prepared to understand complex problems, 
developing a global perspective on the diversity of human experience, and taking 
action in changing demands in a knowledge-intensive economy are vital for today’s 
college students (VT, 2013).

AAC&U (2007) describes the essential learning outcomes, which students de-
velop through a 21st century liberal education, in the report College Learning for 
the New Global:

“Students should prepare for 21st century challenges by gaining:

• Knowledge of human cultures and the physical and natural world through study 
in the sciences and mathematics, social sciences, humanities, histories, languag-
es, and the arts

• Intellectual and practical skills, including
− Inquiry and analysis
− Critical and creative thinking
− Written and oral communication
− Quantitative literacy
− Information literacy
− Teamwork and problem solving

• Personal and social responsibility, including
− Civic knowledge and engagement—local and global
− Intercultural knowledge and competence
− Ethical reasoning and action
− Foundations and skills for lifelong learning

• Integrative and applied learning, including
− Synthesis and advanced accomplishment across general and specialized stud-

ies” (p. 3).

AAC&U’s project Greater Expectations: A New Vision for Learning as a Nation 
Goes to College ((2002) is a national panel report from the work of representatives 
of many colleges, universities, high schools, and businesses. The Greater Expecta-
tions project allows meetings in which teams from institutions committed to excel-
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lence in undergraduate education came together to learn from one another and to 
plan initiatives in efforts to promote student learning (Riordan, 2005). In the Greater 
Expectations Report, liberal education refers to certain learning outcomes. Liberal 
education in the twenty-first century expresses any study to communicate affec-
tively, work cooperatively, and behave ethically (Fong, 2004). Liberal education 
also promotes students to think knowledgeably, insightfully, critically, and respon-
sibly (Fong, 2004). The operative concern is how any subject or professional pro-
gram can be taught liberally. Main concerns of higher education institutes include a 
lack of professional knowledge base, a lack of payment, and issues of accessibility 
(Fong, 2004).

Colleges require for students to develop basic knowledge, skills and attitudes 
as part of their core curriculum. These attributes are: communication, analysis, 
problem solving, value in decision making, social interaction, developing a global 
perspective, effective citizenship, aesthetic engagement (Riordan, 2005). Riordan 
(2005) states that:

Most faculties have been educated as specialists in particular disciplines, of course, so the 
question of how the abilities students will need in the 21st century relate to those disci-
plines is critical. I think of “disciplines” as habits of mind and heart, ways of thinking, and 
methodological perspectives that inform and enhance the way one approaches the variety 
of challenges, issues, and opportunities we face as human beings. (p. 54).

Since liberal education curriculum refers to general education including study of natu-
ral sciences, mathematics, social sciences, histories, languages, arts, and basis of en-
gineering, liberal education curriculum and STEAM (Science, Technology, Engineer-
ing, Arts, and Mathematics) fields have intersections and provide a multidisciplinary 
approach to important contemporary problems and intellectual engagement.

 A Review of Liberal Education Learning Outcomes  
from American and European Colleges and Universities

Liberal education courses at Harvard University are presented in a general educa-
tion program by aiming to meet four key criteria: (1) foster judgment, (2) develop 
creativity, (3) construct the communicative skills, and (4) emphasize fundamental 
principles, intellectual frameworks, and criteria of assessment (Domínguez, 2004).

Liberal education courses at Brown University introduce students to the many 
ways of thinking and of approaching knowledge that comprise a liberal education 
and seek to (BU, 2013):

• Expose and critique the diverse historical and cultural forces that shape the con-
struction of knowledge in all disciplines

• Teach the arts of critical reflection: questioning thoughtfully, listening openly, 
and speaking cogently about differing points of view

• Develop responsible citizens by examining the ways that power and privilege 
affect human lives and providing pathways to meaningful change
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Brown University summarizes liberal learning goals for undergraduates (BU, 2013):

• Work on your speaking and writing
• Understand differences among cultures
• Evaluate human behavior
• Learn what it means to study the past
• Experience scientific inquiry
• Develop a facility with symbolic languages
• Expand your reading skills
• Enhance your aesthetic sensibility
• Embrace diversity
• Collaborate fully
• Apply what you have learned

As an example of a liberal education curriculum, Virginia Tech, the Curriculum 
for Liberal Education (CLE) aims to “foster and develop intellectual curiosity and 
critical thinking, strong analytic, communication, quantitative, and information lit-
eracy skills, the capacity for collaboration and creative problem solving, the ability 
to synthesize and transfer knowledge, intercultural knowledge and understanding, 
and ethical reasoning and action” (VT, 2013). The AAC&U’s essential learning 
outcomes are used by American colleges and universities as a guiding vision and 
national benchmarks for college learning and liberal education in the 21st century.

In Europe, the European Qualifications Framework (EQF) is used as a transla-
tion device to make national qualifications at all levels of education, from preschool 
to doctoral degrees across Europe in order to promote learners' mobility between 
countries, facilitate their lifelong learning, and obtain a common reference frame-
work (EQF, 2006). Learning outcomes for higher education level includes three 
areas (EQF, 2006):

• Knowledge—Advanced knowledge of a field of work or study, involving a criti-
cal understanding of theories and principles.

• Skills—Advanced skills, demonstrating mastery and innovation, required to 
solve complex and unpredictable problems in a specialized field of work or 
study.

• Competencies—Manage complex technical or professional activities or projects, 
taking responsibility for decision making in unpredictable work or study con-
texts; take responsibility for managing professional development of individuals 
and groups.

By using a described framework, each university and college develops their own 
students learning outcomes. The EQF has common themes for students learning 
outcomes such as developing skills in (EQF, 2006):

• Written and oral communication
• Scientific and quantitative reasoning
• Critical analysis and logical thinking
• Analysis and integration of concepts
• Ways to identify, access, retrieve, and apply relevant information.
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The EQF has common themes for students learning outcomes that match the in-
tellectual and practical skills of AAC&U’s essential learning outcomes for liberal 
education. Although learning outcomes in any types of higher education emphasize 
on intellectual and practical skills as 21st century skills, liberal education learning 
outcomes focus more on developing a multidisciplinary, holistic, and integrative 
approach to the complex local and global challenges. The essential learning out-
comes, which students develop through a 21st century liberal education, emphasize 
on liberal education courses to allow students to develop “knowledge of human cul-
tures and the physical and natural world through study in the sciences, mathematics, 
social sciences, humanities, histories, languages, and the arts” (AAC&U, 2007). As 
a result, AAC&U’s essential learning outcomes are superior guides that should be 
used in all liberal education colleges and universities in all countries, because the 
essential learning outcomes represent the basis of a liberal education besides repre-
senting the 21st century skills.

 Suggestions for Liberal Education Curriculum

According to Williams et al. (2002), America’s liberal education universities and 
colleges offer a core curriculum designed to develop a liberal mode of thinking that 
is essential to good citizenship, lifelong learning and professional development. 
However, America’s liberal education universities and colleges curriculum empha-
sizes a wide review of knowledge, basic principles and abstractions rather than pro-
grams intended to prepare students for vocations with marketable skills (Williams 
et al., 2002). These authors suggest the following criteria for assessing the efficacy 
of liberal education curriculum (Williams et al., 2002):

1. Intellectually challenging curriculum: Do students learn how to engage in 
research, reasoning and creative inquiry, and how to apply critical thinking 
skills?

2. Learning-centered programs and courses: Can students demonstrate learning 
through a variety of active and collaborative teaching applications?

3. Socially responsible and culturally relevant curriculum: Do students develop an 
understanding of the needs and perspective of other cultures?

4. Practical curriculum: Do students develop the ability to connect theories and 
principles to practical wisdom and action?

5. Purposeful curriculum for responsibilities in a diverse society: Are all students 
personally empowered and informed by learning?

6. Accessibility of the liberal education: Is liberal education inclusive and available 
to all students?

Being educated in a single discipline does not allow developing liberal education 
qualities and also global learning qualities that include a balance of knowledge, 
such as world geography and history, skills like the ability to read and understand 
international news sources, attitudes like an interest in other cultures and a sense 
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of responsibility for our shared planet (Summit, 2013). However, liberal education 
programs have a concern about the amount of time available in a general education 
program besides a certain degree program requirements. A balanced curriculum is 
necessary to cover the essential liberal learning outcomes besides covering learning 
outcomes of a single discipline.

 Demands for Liberally Educated Employees

There is a demand for liberally educated employees who have capacity to think 
critically, communicate clearly, and solve complex problems. Liberally educated 
employees should be engaged and informed citizens who have higher levels of 
learning, knowledge, and intellectual and interpersonal skills to deal with com-
plex cross-cultural interactions and to drive innovations (Hart Research Associates, 
2013). According to the employers survey reports (AAC&U, 2013), employers rec-
ognize the importance of providing a liberal education in colleges and universities, 
and emphasize students’ intellectual and practical skills on the following areas:

• Critical thinking and analytical reasoning (82 % more emphasis)
• Complex problem solving and analysis (81 % more emphasis)
• Written and oral communication (80 % more emphasis)
• The application of knowledge and skills in real-world settings (78 % more em-

phasis)
• The location, organization, and evaluation of information from multiple sources 

(72 % more emphasis)
• Innovation and creativity (71 % more emphasis).

Employers are highly focused on innovation for the success of their companies and 
expect their employees to solve complex problems that require a broader skill set 
than in the past.

AAC&U (2013) suggests that college education should help students to develop 
these capabilities and students should be able to apply liberal learning outcomes to 
complex problems and real-world settings. Employers state that the following prac-
tices help students’ succeed beyond graduation (AAC&U, 2013):

• Develop research questions in their field and evidence-based analyses (83 %)
• Complete a project prior to graduation that demonstrates their acquired knowl-

edge and skills (79 %)
• Complete an internship or community-based field project (78 %)
• Develop the skills to conduct research collaboratively (74 %)
• Acquire hands-on or direct experience with the methods of science (69 %)
• Work through ethical issues and debates to form their own judgments about the 

issues at stake (66 %)

AAC&U (2013) suggests that the following priorities should be considered for fu-
ture plans and policies in higher education:
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• Higher achievement standards in K-12 education to be able to prepare students 
to college

• Increased access to higher education through financial aid, social and academic 
support

• Increased graduation rates in higher education by developing of key learning 
outcomes

• Tracking of results of the quality and actual achievement of key learning out-
comes.

Employers indicate that they prioritize critical thinking, communication, and com-
plex problem-solving skills over a job candidate’s major field of study when mak-
ing hiring decisions. The liberal education approach helps students meet employers’ 
required skills. A college or university education should provide both broad knowl-
edge in STEAM areas of study as well as knowledge in a specific major and a field 
of interest.

 Role Of Emerging Technologies and Steam Fields  
in Liberal Education

Traditional science training provides a solid foundation of facts and basic science 
technique, but rarely examines how to foster scientists’ creativity, cross-disciplinary 
problem identification and solving skills (Madden et al., 2013). Liberal education 
approach allows having a multidisciplinary program to foster creative thinking by 
combining studies in STEAM fields. The development of STEAM curriculum that 
allows creating innovations in modern science and technology is necessary. In a 
world with greater population, global interconnection, technological advancement, 
and large-scale problems, STEAM curriculum can address the complex problems 
that require sophisticated problem solving skills and innovative solutions (Mad-
den et al., 2013). In recent years, the higher education curriculum is changed to 
maximize the integration of emerging technologies in order to link higher educa-
tion more closely to employers’ expectations and to meet the students’ needs after 
graduation (Bridges, 2000). There are computing demands on the higher educa-
tion curriculum, such as the deconstruction of the subject, the modularization of 
the curriculum, the cross-curricular key skills, the learning through experience, the 
learning about outside the academy, the potential of web-based learning, and the 
reaffirmation of the subject as the academic and organizational identity (Bridges, 
2000). STEAM curriculum should deal with these demands of the higher education.

Accessing to a web-based curriculum and reusable learning objects are the most 
obvious effects of the new technologies in higher education. Bridges (2000) sum-
marizes the most obvious effects of the new technologies on the channels of learn-
ing which it makes available on its geographical reach and on the flexibility pro-
vided by the asynchronous character of learning as below:
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• There are huge data on the web, sophisticated search engines, and accelerated 
delivery systems accessible to anyone with a PC. The emerging technologies 
provide the transmission of knowledge and support its distillation, analysis, or-
dering and manipulation. Due to the lack of quality control of the Web materials, 
students need to read the available materials critically and to assess their reli-
ability for themselves.

• Images and sounds become much more readily and speedily accessible on the 
web as multimedia resources that allow the presentation of the work.

• Learner-centered multi-layered, multimedia, multi-dimensional learning envi-
ronment have the power to construct individualized learning and support con-
structivist approach to learning. The technology allows interactions between 
learners, scholars and researchers without any institutional, social and national 
boundary. Thus, being in a community of learners extends opportunities for col-
laborations in the construction of knowledge.

STEAM curriculum should take advantages of the new technologies on the chan-
nels of learning and consider benefiting from learner-centered multi-layered, multi-
media, multi-dimensional learning environment in higher education.

 The Role of Technology in Liberal Education

The use of emerging technologies is essential to be successful in life. Therefore, 
understanding of the emerging technologies and developing technical skills are es-
sential parts of liberal education outcomes. Many fundamental courses in science, 
mathematics, engineering, arts and history rely on modern technologies to promote 
students’ conceptual understanding, problem solving and critical thinking skills.

Bowen (2012) argues that there is a little evidence showing liberal education 
work. In Academically Adrift, Arum and Roksa (2011) state that of 2300 students 
at 24 American colleges, 45 % of students showed no significant improvement in 
students’ critical thinking, complex reasoning, and writing skills during the first 
year and half of college. Also, a majority of seniors showed moderate improvement 
in thinking skills, academic motivation, and openness to diversity (Blaich & Wise, 
2011). Bowen (2012) suggests using emerging technologies effectively to improve 
liberal education core skills, such as critical thinking, complex reasoning, and writ-
ing. Effective integrating of emerging technologies requires an understanding of the 
interplay between content knowledge, pedagogical knowledge, and technological 
knowledge by engaging students to reach learning outcomes. The use of emerging 
technologies alters the availability of knowledge and the content delivery and the 
nature of the classroom (Bowen, 2002).

Widely available mobile technologies motivate college students to collaborate 
through searching, assessing and sharing knowledge. Students who grow up with 
mobile technologies are conditioned to think and create collaboratively since stu-
dents readily access information and having opportunities to apply their knowledge 
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(Rossing, 2012). Mobile technologies can promote liberal education outcomes if the 
faculty and instructional designers guide students on integrating mobile technolo-
gies into learning activities. Rossing (2012) emphasizes that “the incorporation of 
mobile technology in higher education appears to be both inevitable and beneficial, 
so proponents of liberal education should actively and prudently direct it” (p. 70). 
Students without technological skills become part of professional disadvantages, 
such as reduced cultural and civic participation and limited problem solving capac-
ity. Therefore, developing technical skills is important for graduates, but it would 
be a mistake to allow technological skills to constitute the central focus of liberal 
education (AAC&U, 2007; Rossing, 2012). Rossing (2012) underline that instead 
of skills associated with specific technologies, students need to develop adaptable 
performance skills and critical thinking skills for the use of emerging technologies 
and for job readiness.

Changes in the global higher education landscape include emerged technologies 
like social platforms that allow informal online social learning and Open Educa-
tional Resources (OER) that allows self-directed education (Gore, 2013). In the 
book entitled, Teaching Naked: How Moving Technology out of Your College Class-
room Will Improve Student Learning, Jose Antonio Bowen (2012) defines a col-
lege classroom as a flat screen. Bowen (2012) emphasizes communicating with and 
engaging the students by using tools that students are familiar with. For example, 
the use of Learning Management Systems, asynchronous and synchronous commu-
nication and collaboration technologies, and social networking tools. Bowen (2012) 
acknowledges the useful quality of the material on the web such as Khan Academy, 
EdX, Open Courseware, and iTunes. Bowen (2012) suggests students to access the 
material outside of contact time by engaging in active learning activities such as 
doing problem-based learning, peer instruction, and interactive discussion. If the 
content is not available, the instructor can record audio or video lectures by using 
the Echo360′s Personal Capture software and post it online to allow the students to 
watch it prior to attending the face-to-face lecture (Bowen, 2012).

 Reconceptualizing Liberal Education Curriculum  
for Accessibility

Accessibility and capability to introduce creativity in teaching and learning prac-
tices are fundamental characteristics in higher education recently (Ahrache, Badir, 
Tabaa, & Medouri, 2013). The emergence of the Internet allowed the astonishing 
evolution in online educational content. The introduction of open content license 
for such content generates new means of elaborating and delivering teaching re-
sources and techniques (Ahrache et al. 2013). A new concept, Massive Open Online 
Courses (MOOCs), is a rapid change for education in the last years. MOOCs take 
advantage of web technologies to offer free online education to everybody in the 
world. MOOC is denoted as Massive (registration is not capped), Open (widely 
available, open and free registration), Online (no face-to-face attendance); and 
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Course (the concept of a pedagogically designed learning journey) (Gore, 2013). A 
MOOC system is consisted of five main elements that are instructors, learners, top-
ic, material, and context (Ahrache et al. 2013). The objective of the MOOCs plat-
forms are to provide an elastic learning environment for a community of learners 
where everyone contributes by information and perspectives besides those provided 
by the instructor. A MOOC platform incorporates videos of different sources and 
links to online resources, extra study materials and forums. A MOOC platform also 
offers widened access to quality educational materials and courses supported by 
legendary professors from prestigious universities. For example, Sebastian Thrun 
and Peter Norvig from Stanford University presented a free, online course through 
a MOOC platform in 2012 (Gore, 2013). The course, Introduction to Artificial Intel-
ligence, has not only attracted interest in academia, but also over 160,000 learners 
worldwide. This heralded it as the first true MOOC (Gore, 2013; Mehaffy 2012). 
Access and availability are the most important features of a MOOC course.

Opposite to entirely online education, blended courses have advantages of both 
online education and in-person, campus-based teaching and learning. A national 
nonprofit blended learning course model, called Global Challenges, offer partly 
or fully online courses that can be adopted as a turnkey course or customized to fit 
a wide range of pedagogical forms and needs (Summit, 2013). Global Challenges 
systems have a course shell that consist of several elements like sample syllabus, 
learning objectives, lesson modules, quizzes or exams, assignments, discussion fo-
rums, assessment tools, student guide, New York Times electronic daily edition and 
digital archives, teaching toolkit, and an online archive of readings, slides, videos 
and links. All of these are available through public sites or pre-loaded onto the 
Epsilen learning management system (Summit, 2013). Collaboration is a driving 
philosophy of the Global Challenges project to enable faculty to expand their disci-
plinary reach while also introducing students to global perspectives and resources 
(Summit, 2013). The course of Global Challenges project is called a Massive, Col-
laboratively Designed Course (MCDC) (Summit, 2013). Global Challenges offers 
a new approach to liberal learning by engaging both students and faculty into global 
teaching and learning activities.

The globally educated students should gain experiences and skills in comparing 
different cultures and systems, and also in dealing with relationships between the 
local and the global (Stearns, 2010). The 21st century students’ global knowledge 
and understanding are vital and should not be limited to meet with liberal education 
outcomes. Demands of students for course platforms and systems should be consid-
ered by liberal education curriculum designer.

 Implications of Liberal Education

The demand for what has variously been identified as transferable skills, cross-cur-
ricular skills, core skills and key skills, became a driving force on higher education 
curriculum change in the next century (Bridges, 2000). Bridges (2000) believes that 
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the development of skills is a diversion from a student’s main studies, and that the 
potential list of skills becomes so long that it is self-defeating. Therefore, Bridges 
(2000) suggests that four skills are key to the future success of graduates with what-
ever they intend to do in later life. These four are communication skills, numeracy, 
the use of information technology, and learning how to learn.

Rene V. Arcilla (2007) states the big question of liberal education:
For the last few decades, our societies have been challenging liberal educators in turn to 
explain why and how their practices remain pertinent to a swiftly changing, endlessly mod-
ernizing world. Many such educators have themselves joined the ranks of the doubting and 
contributed to sharpening and disseminating this criticism. Leaving aside the strains these 
changes have also put on K–12 and vocational and professional educations, could alteration 
in the social conditions of liberal education be presaging the latter’s extinction? (Arcilla, 
2007, p. 15).

The issues about the liberal education colleges and universities include curriculum 
and assessment debates, faculty development opportunities, effective utilization of 
technology, and budget uncertainties (Williams et al., 2002). The principal themes 
in the literature about higher education in the 21st century (Skolnik, 1998) can be 
summarized as below:

• Pressure for institutional and employee survival
• Economizing faculty time while maintaining quality education
• Pervasive measurements of learning outcomes versus effective measurements
• Transition from a teaching (instruction) paradigm to a learning paradigm;
• Extensive use of information technologies
• Learning networks versus social networks
• Consumer-centrism vs. student- and learning-centrism.

According to Bridges (2000), the agenda of the change of the traditional university 
curriculum considers:

• The development of more generic capacities like critical thinking and problem 
solving according to employers’ expectation from a graduate employee

• The improvement of the interpersonal dimensions of working in an academic as 
well as an employment context. For example, team work, oral and written com-
munication, presentational skills, and the development of personal confidence in 
social situations

• The way businesses function and how knowledge can be applied in these set-
tings. Also, the inclusion of work experience as part of undergraduate programs

• The establishment of basic skills such as numeracy, writing skills, and the use of 
information technology.

The rationale of the change of the traditional university curriculum is derived sig-
nificantly from the needs of the national economy by employers, rather than an idea 
of a liberal education (Bridges, 2000). As Williams et al. (2002) state, access to 
liberal education is vital for everybody in the world:

Liberal education must be vibrant and speak to the challenge of living while continuing to 
honor the past. Students must engage the great problems of the present and future. Liberal 
education is needed now and for all. (p. 38)
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Liberal education is a significant effort in the 21st century to support students to 
develop fundamental cognitive skills. Thus, students can be prepared to think more 
constructively about global issues and use liberal qualities to adopt technological 
and scientific developments.
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Michael Marmon

Abstract Liberal arts education as an academic discipline has a rich and illustrious 
history in the Western world. The skills that are bestowed upon its graduates are 
numerous and include enhanced critical thinking, ability to research and conduct 
analyses. However, there is the perception held by some in America that liberal 
arts curriculum is not a worthwhile endeavor for students from an economics per-
spective and funding would be better spent on other academic disciplines. These 
criticisms raise the question as to what role should liberal arts education should 
assume in the twenty-first century. The answer to this question is to alter the afore-
mentioned perception regarding liberal arts education through the supplementation 
of science, technology, engineering, arts and mathematics (STEAM) elements into 
liberal arts curriculum. The assertion made is that addition of STEAM will prepare 
liberal arts graduates with the skills required for a twenty-first century knowledge 
based economy.

Keywords Liberal arts · Post-Secondary education · Curriculum · STEAM

Introduction—Liberal Arts Education Conceptualized

There is a widely held belief that a liberal arts education is not one of the starting 
points on the pathway to financial stability. Degrees in the liberal arts discipline 
such as Anthropology, Sociology or Psychology are considered to be “irrelevant” 
or lesser than programs that are from more respected fields and are less likely to 
provide the bearer of a liberal arts degree with financial stability upon their comple-
tion. Such positions are rather simplistic and do not reflect the rigor associated with 
the type of degree programs falling under an all-encompassing term such as liberal 
arts nor does it reflect the “flexibility, creativity, critical thinking, and strong com-
munication skills” present in these programs (Christ, 2012).
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The attitudes held regarding a liberal arts education in the United States is one 
of perceptions, both positive and negative. Positively speaking, a liberal arts educa-
tion is said to provide a graduate with a myriad of career choices and an enhanced 
comprehension of how the world functions through the acquisition of such knowl-
edge (Sigurdson, n.d.). As mentioned earlier, the contrarian position regarding the 
subject simply emphasizes the lack of prospects available to graduates based off 
of their academic major choices (Barlow, 2011). Regardless of the position held, 
the evidence provided by both is anecdotal and enhancements through the addition 
of rigorous elements to this curriculum would only improve the opinions held of a 
liberal arts education.

Certainly, improvements can be made to alter the perceptions held regarding 
liberal arts education in the United States through the selection and implementa-
tion of STEAM principles at the university level. STEAM, also known as Science, 
Technology, Engineering, Arts and Mathematics would provide a liberal arts major 
with an added dimension from a skills perspective that would assist in erasing any 
negative notion or connotation associated with a liberal arts education. To better 
understand the benefits that STEAM might hold for a college level education, it 
is best to provide a theoretical context through an examination of the concept of 
liberal arts education, STEAM and the outcomes associated with the integration of 
the latter into the former.

 Liberal Arts—A Contentious Debate of Perceptions

As liberal arts education entered the twenty-first century, it began to manifest it-
self as a curriculum that sought to be diverse in the information presented in these 
courses as well as their structure. Specifically, a modern liberal arts curriculum from 
a conceptual perspective is broad in the selection of courses that cover a variety of 
subjects while focusing in-depth on a major field of study (What is a 21st Century, 
2013). This approach has maintained the link between modern liberal arts education 
and the curriculum of its predecessors from decades past. Alan Ryan muses, “liberal 
education opens a conversation between ourselves and the immortal dead, gives us 
voices at our shoulders asking us to think again” (Greene & Greene, 2010, p. 13).

Ryan’s position highlights one of the many virtues of a liberal arts education; it 
is a connection to the past that acts as context to the present (philosophically and 
historically), which in turn endows a greater understanding of the world, as they 
know it. Of course, those who view education in black and white terms would view 
this particular philosophical underpinning to a liberal arts education as a detriment. 
Opponents of liberal arts education contend that this academic discipline is not 
prudent and should be the proverbial butt of jokes because of the previously men-
tioned criticism that highlights the lack of economic prospects (i.e. Obtaining em-
ployment after graduation) for those graduating from said programs (Kiley, 2013). 
These same critics are incapable of seeing the forests for the trees on the matter as 
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some advocate the complete revocation of funds for liberal arts programs mainly 
because of the content present for academic programs such as these (Kiley, 2013).

The debate regarding liberal arts education is based more on perceptions held 
on a spectrum rather than the actual content being delivered from instructor to 
participating student. Carol Schneider (2004) asserts that liberal arts education in 
the United States is a commodity to be prized as it fulfills the illustrious tenets of 
“democratic freedom, scientific progress and excellence” (p. 6). To achieve these 
educational tenets, liberal arts curriculum designers have placed much importance 
on research and analysis through the cultivation of oral and written communication 
skills (Jones, 2012). By combining a foundational academic curriculum composed 
from a variety of different disciplines with these research and communication skills 
results in graduates that have a greater comprehension of not only academia but 
society as well.

The other end of the spectrum seeks to assess higher education from a perspec-
tive that is not academic in nature and could best be described as a perception based 
on the concept of value. There is a disagreement with regards to “value” semantical-
ly as those supporting modern liberal arts education find its value within its concept 
of scholarship and learning for the sake of learning as its own reward. There is the 
opposite opinion of those who feel such lofty intentions carry little practical value 
in today’s society. The argument being made against a liberal arts education today 
is one based on the perception of usefulness, with the prevailing opinion that these 
particular educational programs have lost said benefits to individuals possessing a 
liberal arts degree (Noddings, 2013). Specifically, individuals who share this belief 
feel that the argument centers around the need to be ready for the world that resides 
outside the confines of a college campus.

Barrow, Brock and Rouse (2013) explain that readiness assumes the form of 
skills deemed “critical to succeed in a realm such as business” (p. 4). The overall 
perceived lack of appreciation or understanding of value is a simplification that is 
perhaps tied to the critic’s philosophical or political beliefs. In particular, conserva-
tives view liberal arts education differently as their connection to the past is tradi-
tionally more rigid than the open approach found with those who support the liberal 
arts (Surber, 2010). Ultimately, this perception as it relates to value or purpose leads 
these individuals to not understand either and leads them to champion a curriculum 
that focuses on a specific discipline or more specifically, the set of skills that will be 
obtained upon graduation.

Modern liberal arts education in the United States seeks to provide a student with 
a diverse and foundational exposure to a multitude of different subjects that result in 
a wide knowledge on a range of subjects. The intent upon completing a liberal arts 
degree is that the student will have a skill set that is based on research and critical 
thinking skills. These skills have resulted in the creation of opposing perceptions of 
modern liberal arts education as some view these skills as essential and others who 
fail to see the value. The issue that arises with criticizing liberal arts programs on 
the basis of value economically (i.e., availability of jobs upon graduation, annual 
salary, etc.), or the lack of business related skills, is that these beliefs are based on 
personal sentiment not empirical fact.
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Much like the criticisms levied at liberal arts education from the perspective of 
sentiment, the proponents cannot dismiss such opponents as wrong because of a 
difference of opinions on the subject. Simply ignoring the issue or continuing the 
debate fails to address the negative perceptions of liberal arts education held and 
these dissenting positions necessitate a reflection on how to improve this curricu-
lum. Through the supplementing of a STEAM related curriculum to existing liberal 
arts education, it is possible to alter the perceptions mentioned earlier through an 
introspection of the content, which could be utilized to remedy any perceived defi-
ciencies associated with these programs.

 Science, Technology, Engineering, Arts and Mathematics—
Skills Necessary for the Twenty-First Century

Liberal arts education at the post-secondary level in the United States receives a lot 
of criticism on the basis that the curriculum being delivered is neither relevant nor 
practical to the individuals receiving this instruction. Opponents feel that liberal 
arts graduates are at a competitive disadvantage compared to those graduating from 
more specialized degree programs. Bender (2013) argues that despite its connec-
tion to the past, it is possible to recapture the essence of liberal arts education and 
also adapt the curriculum to reflect current trends in education. Bender highlights 
the seemingly perpetual flexibility of liberal arts from an instructional perspective 
through the assertion that the programs are adaptable through the implementation 
of new or innovative curriculum elements. One such implementation is the addition 
of focused instructional components based on Science, Technology, Engineering, 
Arts and Mathematics elements to existing liberal arts programs. This would hy-
pothetically strengthen the curriculum from a rigor perspective and which in turn 
would also remedy the issues that are the root cause of the aforementioned negative 
perceptions held towards these programs.

STEAM or Science, Technology, Engineering, Arts and Mathematics represents 
a paradigm shift in America education from kindergarten to the completion of a 
college degree as it supplements curriculum in such a way that it would alter the 
clearly defined boundaries of academic disciplines. From a conceptual perspective, 
STEAM represents an enhancement of the traditional STEM concept of “innova-
tion and economic growth” through the use of science, technology, engineering 
and mathematics approaches and an implication of the importance of the arts into 
these disciplines (Should, 2013). Education curriculum with a focus on STEAM is 
said to be preparing students for a world founded upon the notion of an “innovation 
economy” (Fantauzzacoffin, Rogers, & Bolter, 2012, p. 4). This concept is predi-
cated on the importance of creative and innovative endeavors as well as ingenuity 
resultant from the shift from an economy that produces raw goods to one dependent 
on information (Sawyer, 2006).

This shift from a society that is economically based on the production of physi-
cal materials to an information economy, highlights the importance to possess a 
specific set of skills to be successful. Such a shift in the economic landscape returns 
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the discussion back to the perceptions of a liberal arts education and the viability 
for graduates from these programs to be successful in a society based on an abstract 
commodity such as information. These perceptions further highlight the need to 
examine the possibilities offered by STEAM careers. The United States Department 
of Labor recognizes the aforementioned shift and acknowledges the dramatic lack 
of workers for this type of economy. Specifically, the Department of Labor asserts 
that these “knowledge workers” are essential to the continued competitiveness eco-
nomically and sustained expansion of the United States in this realm (The STEM, 
2007).

The fields that are considered to be STEAM related according to the Department 
of Commerce range from the computer sciences and engineering to the physical and 
life sciences but the arts as well (STEM, 2011). The crux of the perception regard-
ing the value of a STEAM career stems from the lack of qualified individuals with 
STEAM related skills and the perception that the industries that would best utilize 
these skills are going through a period of growth. A recent report noted based off 
of current data, explained that the rate of creating college graduates with STEAM 
related skills must raise roughly to “one-third” the amount of graduates from the 
year prior every year for the next ten to fulfill the perceived needs for the United 
States workforce (Morella & Kurtzleben, 2013). The argument that is being framed 
regarding science, technology, engineering, art and mathematics in this country is 
founded on the belief that the nation is lacking in individuals with the skills that 
STEAM is said to provide. Assessments of future labor levels such as these tend 
to focus on the dearth of individuals in these fields but fail to highlight the skills 
required by graduates to obtain employment in these positions.

An advisory council for science and technology to the President stated that 
1 million STEAM graduates would be needed to fill vacant technology positions 
in the coming 10 years (Boscia, 2013). Boscia’s comment exemplifies the narrow 
focus on the potential job prospects in STEAM fields and further necessitates a 
re-framing of the discussion from a job forecast position to an examination of the 
essential skills required to fulfill these vacancies. The rationale for altering the cen-
tral focus of a debate on a national level encourages a greater understanding of 
what programs an individual should complete academically to obtain jobs that are 
STEAM centric. Moreover, the proverbial first step in changing from a fulfillment 
of vacancies mindset to a philosophy determined to cultivate essential STEAM skill 
sets creates the necessary awareness of the subject.

Exposure and conceptual understanding of STEAM on a national level is re-
quired to not only understand the role and value of STEAM in present/future Amer-
ica but education by extension as well. To gain exposure on matter, a reframing 
of public awareness on the subject has begun to take shape in the House of Rep-
resentatives. Specifically, House Resolution 51 seeks to add arts and design into 
federal programs focused on science, technology, engineering and mathematics as 
these concepts are essential to “innovation and economic growth for the United 
States” (H.Res.51, 2013, para. 1). At first glance, the modification of May’s title as 
STEM awareness month to STEAM awareness month might be inconsequential to 
the average American citizen. However, such an action taken by Congress demon-
strates that the United States government places an intrinsic value for the arts and 



298 M. Marmon

design in today’s twenty-first century economy. Furthermore, government interest 
extends past changes that might be dismissed as superficial with the creation of 
a caucus dedicated specifically to STEAM and has a core principle of pursuing 
“policy changes that will encourage educators to integrate arts, broadly defined, 
with traditional science” (Reps. Bonamici, 2013).

How does one measure the acceptance of STEAM within the contemporary 
American landscape? The answer is relatively apparent as funding provides a tan-
gible means by which to observe something as abstract as the acceptance of this 
academic concept. Of course, funding must be placed within an understandable 
context as STEM currently receives 3 billion dollars from the federal government 
each year (Preparing, 2013). It is true that STEAM does not currently enjoy the lev-
els of federal funds afforded to STEM but this disparity in funding will be reversed 
as STEAM concepts continue to evolve. As it stands currently, there are numerous 
programs that offer funds for STEAM related programs in substantial amounts. 
For instance, the Department of Education currently has a program offering over 
1 million dollars to elementary schools that seek to “combine math and science with 
the arts” (Chen & Cheers, 2012, para. 6). Moreover, the funding provided by the 
Department of Education is not all of the opportunities available to educators, as 
the President’s Committee on the Arts and Humanities has numerous grants avail-
able to institutions that have developed programs that are STEAM centric (PCAH, 
n.d.). These opportunities might pale in comparison to the current funding levels 
for STEM but they do give the indication that growth in this area will continue as 
STEAM integrates itself into new academic disciplines, such as liberal arts.

As it stands currently, the perceived deficiency of liberal arts education is predi-
cated on inherently subjective notions, such as personal perception related to the 
limited positive impact for both the economy and the bearer of said degree is rather 
simplistic. Regardless of the validity or lack thereof behind such sentiment, these 
criticisms have yielded a golden opportunity to re-evaluate liberal arts education as 
it currently appears in American institutions of higher learning. If the administrators 
within these programs review their degree structures and curriculum critically, it is 
possible to alter these perceptions through the supplementation of STEAM prin-
ciples into courses and programs being offered to students. After all, it is evident 
that while the argument against liberal arts is misguided and by extension, relatively 
specious, these contentions can be resolved through the inclusion of skills offered 
by STEAM curriculum that results in a positive benefit to both the individual pursu-
ing post-secondary degrees in liberal arts and the nation as a whole.

 Changing Perceptions of Liberal Art Programs with 
Science, Technology, Engineering, Arts and Mathematics

The widely held perception of the relevance of liberal arts education in the United 
States is that the degree programs falling under this umbrella should not be pursued, 
as the return on investment from an economic standpoint is low. The reaction by 
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proponents has always been a response that highlights the joys and necessities of 
lifelong learning by the students completing these degree programs. The issue that 
arises with maintaining the position for lifelong scholarship is that it falls on the 
deaf ears of its opponents, especially with those who control government funding 
for post-secondary institutions in the age of reducing budgets across a multitude 
of state and federally funded agencies. This leads to the logical conclusion that the 
negative perceptions about the lack rigor and economic value regarding liberal arts 
as an educational commodity be remedied with the inclusion of STEAM elements 
to such programs and curriculum. The benefits of such a move would result in the 
conferring of liberal arts degrees to individuals with skills deemed important and 
essential through investigations conducted by the federal government but even the 
critics of these programs as well.

To properly integrate STEAM elements into all facets of a liberal arts degree: the 
department itself, the programs inherent to the department and finally, the curricu-
lum to compose classes themselves, several aspects need to occur prior to altering 
or implementing these components at the aforementioned levels of a liberal arts 
program. Most importantly, a college administration must not only “buy into” the 
concepts, but also understand the return on investment that STEAM would provide 
to their institution if they follow this course of action. The administrators for both 
the institution and these academic programs would quickly realize the benefit of a 
STEAM education from a funding perspective that also illustrates their comprehen-
sion of societal and governmental trends towards an emphasis on STEAM.

The level of government interest in STEAM fields, especially within the realm 
of higher education is to the benefit of both the institution and the student with an 
interest in STEAM concepts attending the university or college since it minimizes 
the institution’s financial risk for implementing a STEAM curriculum while expos-
ing students to external funding opportunities to assist in paying for their education.

 Re-Structuring of Core Liberal Arts Curriculum

As the cost for implementing STEAM components into the structure of a liberal arts 
institution or department is arguably minimal because of the opportunities afforded 
by the federal government, the question inexorably turns to how to implement said 
structures into this curriculum. Klein and Balmer (2007) offer a theoretical founda-
tion for why a re-structuring must occur within the core curriculum of liberal arts 
programs as there is an isolation of concepts between courses in STEAM fields 
and those in liberal arts. The approach for developing a liberal arts curriculum that 
utilizes STEAM components must realize that learning is an activity that is inher-
ently social, where individual ideas are developed, conveyed and acted upon intel-
lectually in a group setting and should not remain limited because of where they 
originate (Narum, 2013). Narum is essentially emphasizing that cross-disciplinary 
ideas should not be kept or limited to their department of origin.



300 M. Marmon

Breaking down the prevailing barriers between departments would be the logical 
starting point for creating a liberal arts education that could be considered STEAM 
centered or place an emphasis with teaching its students these concepts. Qayoumi 
(2011), President of California State University, offers the perspective for how a 
research university should approach the creation of STEAM centered liberal arts 
programs through an institutional commitment to both sets of ideas and principle 
through the discussion between various entities (“academic leaders, planners, ad-
ministrators and even students”) on the subject. Qayoumi’s approach at his specific 
institution is the most pragmatic. It is inclusionary in that it seeks to provide un-
derstanding for the need to include STEAM components into liberal arts educa-
tion through continued discussion with the primary stakeholders. This establishes 
a sense of acceptance for said improvements based on feelings of implied mutual 
consent between the institution’s administration and its faculty on the matter rather 
than perpetuating negative sentiment that this decision was made by a despotic 
administrator forcing these changes upon them. Moreover, these discussions will 
assist in the blurring of the boundaries between academic departments that have 
been traditionally separated in the past by discipline or subject.

For liberal arts education to increase its relevance in the twenty-first century, its 
faculty must extend the olive branch to departments dedicated to science, technol-
ogy, engineering and mathematics to not only aid in the acceptance of the proposed 
changes but also how to integrate them. Specifically, the liberal arts departments 
should not only view the members of the STEAM department as “allies” but as ves-
sels of knowledge that can assist in understanding these concepts in the context of 
curriculum and “the ways it can enhance teaching and learning” in their own depart-
ment (Pannapacker, 2013). The creation of interdepartmental relationships between 
liberal arts programs and those within the fields of science, technology, engineering, 
arts and mathematics are essential as those individuals would be the resource neces-
sary for properly understanding the content and provide ideas for how to integrate 
them into the curriculum or degree program in such a way that maintains the intel-
lectual integrity of the original course or academic structure.

The intellectual key to creating liberal arts courses that contain STEAM compo-
nents is the understanding how these elements fit within the structure of the course. 
The shape that integrated STEAM elements would assume within this educational 
structure would be assignments or projects, which seek to utilize these elements 
and numerous examples of such a usage. In particular, the uses of STEAM in liberal 
arts courses is limited to the imagination of the instructor or the instructional de-
signer, which assumes that these components could utilized in a variety of contexts 
regardless of the subject. One such example of using STEAM in a liberal arts field 
is the implementation of material science and textiles in arts or theater courses to 
create such artifacts as “build interactive garments, sculptures, and other textile-
based interactive artifacts” (Peppler, 2013, p. 39). Peppler (2013) explains that these 
assignments seek to enhance the aesthetics of the artifact with electronic designs, 
this approach places an emphasis on the creative side of the process of using elec-
tronics to enhance an artistic project. Peppler’s example of mixing material science 
with the arts is only one of many possible applications of STEAM components in 
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a liberal arts curriculum resulting in the transmission of STEAM concepts to stu-
dents in a non-STEAM setting. Most importantly, it gives these students the ability 
to both creatively and critically deconstruct these STEAM concepts through the 
understanding of them within the confines of liberal arts curriculum to resolve a 
defined objective.

The highlighted example is but one use of STEAM concepts in the realm of a 
liberal arts course. The approach for the instructor would be the emphasis of discov-
ery of interests that pertain to STEAM fields and to utilize them in the creation of 
projects for their course. This method of inclusion enables the student to take own-
ership for the implementation of STEAM skills that interest them. For example, a 
student in an arts course has an assignment might pursue the usage of technological 
concepts such as web design or the development of a multimedia project to describe 
the history of renaissance art in Europe. Assignments such as these create an over-
lap between STEAM concepts and liberal arts that is developed in a constructivist 
fashion. In addition, examples such as these not only provide the student with useful 
skills (web development and multimedia communication), but it makes the student 
receptive to ideas and concepts that they might not be exposed to otherwise because 
of the traditional approach to liberal arts curriculum.

From a more high-level approach to re-designing liberal arts programs would 
be to alter the structure of a degree program to include STEAM courses as a pos-
sible area of specialization or as selected minor required for completion of a de-
gree. SUNY Potsdam offers a unique approach to STEAM through its offering 
of a student-initiated program focused on a mixture of STEAM courses (Science 
and the arts) with defined course purposes of focusing on Limnology and Energy 
Analysis (Madden et al., 2013). This program is relatively unique as it allows for 
the student to develop their own course structure and would be made possible 
through the participation between departments with different academic focuses. 
Its strength lies not in the knowledge transferred but rather how that knowledge is 
utilized. The program includes elements that seek to take this knowledge and apply 
it to the resolution of “thematic problems, such as global overpopulation or water 
shortages” (Madden et al., 2013, p. 544). The proposed STEAM centric program 
at SUNY Potsdam highlights the approach for creating such a program within 
liberal arts program as a joint venture between departments providing students 
with a means for utilizing their acquired knowledge as well as allowing students 
to select courses that relate to their interests. Most importantly, the model being 
offered by SUNY Potsdam is the one that should be followed and that results in the 
creation of joint programs designed by the faculty from both STEAM and liberal 
arts programs.

Much of the commentary today regarding higher education focuses on the criti-
cisms of a liberal arts degree. It is said that these degrees lack value in the type 
of economy that the United States is migrating towards and lack the relevance 
from the perspective of course content or objectives as well. The debate has even 
been restructured as pitting STEAM versus liberal arts, a position which inher-
ently places importance on one field over the other and ultimately, widens the 
schism between these departments beyond their intellectual concepts. The faculty 
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and administrators within STEAM departments and their liberal arts counterparts 
should not be operated in academic isolation, rather, they should be encouraged to 
find common ground and share ideas regarding content, instructional styles or best 
practices.

 Enhancing Liberal Arts Education with STEAM

This chapter has discussed the positive impact that STEAM could have upon liberal 
arts education from a variety of perspectives. Yet, a discussion of practical applica-
tions of STEAM curriculum into a liberal arts context is required to fully understand 
how this positive impact will manifest itself. The chief reasoning for integrating 
STEAM activities into liberal arts curriculum is that these activities “focuses on 
creativity and trans-disciplinary thinking” through the “exploration and connections 
made between art, music, mathematics, science, and more” (Henriksen, 2014, p. 2). 
The utilization of STEAM activities in a classroom setting carries positive learning 
outcomes through the beliefs held by a student’s feeling that “using their hands” re-
sults in a better understanding of the information being presented (Ghanbari, 2014, 
p. 1). This usage of STEAM elements in liberal arts courses could be considered 
more effective because of their interactive components.

While the effectiveness of these STEAM activities is quite exciting, the focus 
must turn to the types of activities that could be considered STEAM centric. One 
example is the use of augmented reality (AR) technology being utilized in the con-
text of music education and the simplification of complex information, such as “no-
tations, guitar tablature and diagrams” that require repetition for the participant to 
remember effectively (Keebler, Wiltshire, Smith, Fiore, & Bedwell, 2014, p. 172). 
Augmented reality systems could enhance the learning experience of students in a 
music instruction courses for guitars and present information about the instruments 
as well as how to play them. Liarokapis (2005) conceptualized an augmented reality 
system to learn the guitar through the usage of “three dimensional models, sounds 
and textual augmentations” (p. 5) to instruct individuals on the basic elements of 
guitars from non-traditional method. The work conducted by Motokawa and Saito 
(2006) complements the position of Liarokapis as AR allows the user to use a dis-
play to showcase a “visual guide” over the real guitar that shows such information 
as “a model manual form for where to hold the strings” (p. 243).

The inclusion of STEAM related activities into traditional liberal arts courses 
could discussed at length as there are nearly endless variations that leverage the 
elements of science, technology, engineering, arts and mathematics as a method for 
instruction. In the end, the focus should not be on the STEAM activities themselves. 
The emphasis should be on how the activities enhance the liberal arts curriculum 
as a whole and also how these activities ease the costs associated with transferring 
information. The defining takeaway from the augmented reality example is that the 
technology provides a new context by which to shape the learning experience. It 
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also highlights that the design of these sorts of activities by the student themselves 
could increase their understanding of the information present in the course. That is 
what makes STEAM instructional components inherently interesting. The emphasis 
on developing elements to facilitate learning can assume any form and results in the 
creation of a “creative and artistically infused experience for teaching and learning” 
(Henriksen, 2014, p. 1). Most importantly, the utilization of these elements in liberal 
arts courses implies that STEAM would further enhance the creative thought that is 
borne from a liberal arts instruction.

 The Future of Liberal Arts Education

The future of liberal arts education will be one that is linked to the educational 
principles of science, technology, engineering, arts and mathematics (STEAM) 
through the inclusion of the arts component. The risk for pursuing such a path 
for the institution and the liberal arts programs themselves is relatively low. The 
prospect of additional funding through the aforementioned government channels 
to assist in improving the quality of STEAM education should be considered en-
ticing and would greatly improve the likelihood of altering liberal arts content 
at these institutions. The changes suggested, if pursued would cause the essence 
of a traditional liberal arts program to change minimally, if anything, STEAM 
would provide another angle through which to view the world. Thus, pursuing 
educational initiatives such as these would improve the educational quality of 
these programs through the exposure to concepts and ideas that they might not 
have experienced otherwise. Most importantly, the purpose of a liberal arts edu-
cation is meant to prepare the graduate with the skills necessary to navigate the 
career environment that awaits them. If we as educators are to prepare liberal arts 
graduates for the future, we must emphasize the inclusion of STEAM in our cur-
riculums if they are to be competitive in a job market that is based on innovative 
uses of technology.

Admittedly, this future of liberal arts education is a logical path to be taken by 
university and program administrators as it illustrates the need for flexibility in the 
type of content being delivered to students. The focus of the economy has changed 
from an emphasis on the manufacturing of raw materials and goods to one that is 
technological/informational in nature. The transition to an information or knowl-
edge-based economy requires that the academic programs bestowing these degrees 
must change their emphasis. Specifically, the knowledge required for understanding 
the economic situation or reality faced by its graduating students must change as 
well. Furthermore, from a conceptual or theoretical context, liberal education has 
went relatively unchanged since its creation and the integration of STEAM ele-
ments into the required curriculum will not only change the composition of these 
degree programs but it will also seek to ensure that the programs remain true to the 
spirit of a liberal arts program.
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 Conclusion

A liberal arts education is a unique experience designed to provide the graduate with 
an experience that is both foundational and multi-disciplinary, where the graduat-
ing student leaves the confines of these programs endowed with enhanced critical 
thinking and research skill sets. Unfortunately, the issue that perpetually haunts 
college majors of this type is a series of perceptions built upon the question of the 
applicability of such degrees in a twenty-first century based knowledge economy. 
Perceptions such as these fail to fully understand the value of a liberal arts educa-
tion in the United States because of the broad spectrum of content being taught to 
students either virtually or in traditional classroom settings.

The arguments against funding for liberal arts programs in America or the per-
ception of the content being irrelevant because of its lack of specialized focus is 
both simplistic and relatively specious. If the theoretical framework for a liberal 
arts education dates back to Ancient Greece, perhaps today is the time to re-evaluate 
the structure and core curriculum of liberal arts education as it currently appears in 
American institutions of higher education. After all, individuals living in the inno-
vation economy of the twenty-first century require the ability to analyze, integrate 
and apply what they know to new challenges and contexts (Daynard, Ondrechen, 
Ambrose, & Poiger, 2013). These skills are a natural byproduct of a liberal arts edu-
cation and are cultivated in these programs. It is these skills that should be empha-
sized when determining the liberal arts course of the future as they provide context 
to restructure these degrees from liberal arts programs so that they fit within this 
future context.

Much has been said about the re-conceptualization of liberal arts education from 
the basis of negative perceptions held by its detractors and the response that should 
be taken is to establish a well-rounded liberal arts education as a desired degree to 
possess in an ever-changing economic environment. In the end, the debate is not 
one that should not be questioning of which field of study is superior to the other. 
It should be about how elements of several can be used to enhance the viability 
of its “rival.” Science, technology, engineering, arts and mathematics or STEAM 
integrated into liberal arts programs and curriculum hypothetically should result in 
the credence necessary to be received as a valued degree while maintaining its aura 
of lifelong learning. Liberal arts education is by all accounts adaptable considering 
the longevity of existence and the addition of STEAM to it will not dilute the ideals 
inherent to these degrees.

To better understand the Liberal Arts education of the future requires an exami-
nation of the past from a theoretical and conceptual perspective. Through under-
standing of the theoretical underpinnings of the past, it is possible to determine the 
course that is required for the future through an accentuation of specific skills (criti-
cally thinking, research and analysis etc.) honed while obtaining these degrees. 
As part of a knowledge or innovation economy, STEAM principles and concepts 
built into liberal arts education endows the users with the science and technology 
skills necessary to be highly sought after individuals with a diverse and deep col-
lection of skills. While the negative perceptions are quick to ignore the essential 
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skills these degree programs provide, such criticisms should not be ignored but 
rather examined and utilized to determine how to evolve the curriculum or program 
structure to consider the social/economic realities that individuals will enter once 
they graduate.
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 Abstract Technology has the potential to impact the content of the mathematics 
curriculum in secondary schools as well as the methods used to teach it. Although 
the United States mathematics curriculum has undergone contentious shifts of 
emphasis over the last half century, there are points of agreement on what needs 
to be learned by secondary students. However, current mathematics curricula often 
result in three separations in students’ understanding and uses of mathematics. The 
first separation is the artificial distance between school and students’ “real-life” 
mathematical experiences. The placement of related mathematical concepts into 
different courses is the second separation. The third separation is the lack of math-
ematic applications in other curricular subjects. This chapter focuses on the 21st 
Century Skills, students’ problem posing, and technology integration as vehicles 
to change classroom mathematics to reconcile these separations. Together, these 
tools enable mathematics educators to re-conceptualize the mathematics classroom 
as a place where students learn mathematics by exploring the uses of mathematics 
across all of the subjects in STEAM education.

Keywords Secondary mathematics · Technology · 21st century skills · Problem 
posing · Mobile technology

Introduction

How Did We Get Here? A Brief History

Any attempt to describe a new mathematics curriculum must give some consid-
eration to the reforms attempted over the last 60 years in the United States. These 
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curricula can be seen as alternating shifts in emphasis between conceptual under-
standing and computational or symbolic manipulation skills.

Following the launch of Sputnik and the subsequent passage of the Elementary 
and Secondary Education Act, the curricular reforms known as New Math were de-
veloped in the 1960s (Usiskin, 2010). With its inclusion of topics such as set theory 
and instruction based upon formal thinking strategies of professional mathemati-
cians, New Math was confusing to teachers and parents alike (Schoenfeld, 2007). 
Its increased emphasis on conceptual understanding also took some time away from 
traditional drill and practice activities. This led to a counter-movement that pushed 
for a back-to-basics curriculum. The back-to-basics movement of the 1970s sought 
to re-establish the centrality of computational and symbolic manipulation skills that 
were perceived as underemphasized in the New Math (Schoenfeld, 2007).

The back-to-basics curriculum left many students without the deep conceptu-
al understanding of mathematics necessary to solve a wide variety of problems 
(Schoenfeld, 2004). Additionally, reports such as Everybody Counts (NRC, 1989) 
stated that the mathematics curriculum acted as a filter, causing the loss of “half the 
students from mathematics every year” (p. 7) and even higher mathematics require-
ments only “hold some students in class temporarily” (p. 7).

To address these issues, the National Council of Teachers of Mathematics pub-
lished the Curriculum and Evaluation Standards for School Mathematics in 1989. 
The Standards detailed a curricular emphasis on problem solving with a firm base 
in conceptual understanding (NCTM, 1989). While not eliminating the need for 
computational or symbolic manipulation practice, a late addition to the document 
listed such practice as an item to receive decreased emphasis in the new curriculum 
(Schoenfeld, 2004).

It was this de-emphasis that led to another counter movement and the subsequent 
“Math Wars” at the turn of the century. More fully described by Schoenfeld (2004), 
the Math Wars became political arguments rather than scholarly debates, complete 
with websites providing instructions on how to lobby school boards and legisla-
tures. From this, two camps emerged: reformists and traditionalists. It also led to 
an apparent dichotomy that there were only two, mutually exclusive ways to teach 
mathematics.

In the last decade, it has been pointed out that the apparent dichotomy was 
over-stated (Boaler, 2008b) and the two curricula have major points of agreement 
(Schoenfeld, 2004). Daro as cited by Schoenfeld (2004) provided a partial list of 
commonalities between traditional and reform curricula:

Add, subtract, multiply, and divide single digit numbers automatically and accurately;
Add, subtract, multiply, and divide integers, decimals, and fractions accurately, efficiently, 
and flexibly without calculators;
Understand the mathematics they study and use;
Use the mathematics they know to solve problems with calculators and computers;
Be fluent with the symbolic language of algebra and understand how to use the basic laws 
of algebra when solving mathematics problems;
Explain and justify their reasoning and understand the reasoning of others;
Reason with increasing rigor and mathematical maturity as they advance through the cur-
riculum. (p. 282)
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Although there are still disagreements between the reformists and traditionalists 
(Schoenfeld, 2006), these points can serve as the beginning of what a re-conceptual-
ized curriculum might look like. The key point of agreement between traditionalists 
and reformists is that the current situation in mathematics education is unacceptable 
and changes need to be made. This can be seen in the fact that although roughly 
2 million American students enter Kindergarten each year, only 839 doctorates in 
mathematics were awarded to U.S. citizens or permanent residents in 2012 (NSF, 
2013). This indicates that those 839 doctorate recipients were the survivors of a 
Darwinian process that de-selected over 99.95 % of students from achieving the 
highest possible education in mathematics. In contrast, 5870 U.S. citizens or per-
manent residents earned doctoral degrees in biology or biomedical sciences during 
2012 (NSF, 2013).

In this context, another curricular movement began in 2009 that resulted in the 
development of the Common Core State Standards (CCSS). Begun in that year by 
a coalition of governors and state education leaders, the CCSS attempts to provide 
a set “of consistent, real-world learning goals” (Common Core State Standards Ini-
tiative, 2014, para. 1). As of late 2014, 43 states and the District of Columbia had 
adopted these standards.

In mathematics education, the CCSS call for focus, coherence, and rigor (CC-
SSI, 2014). Focus is defined as spending greater time and effort on fewer topics 
rather than merely surveying a larger number of topics. Coherence is the connection 
of mathematical concepts across grade and topic boundaries. A coherent curriculum 
must be “connected across grades so that students can build new understanding onto 
foundations built in previous years” (para. 5). Rigor is defined to be students’ “deep, 
authentic command” (para. 7) of conceptual understanding, procedural skills and 
fluency, and application.

 The Present Day: What’s Lacking?

The mathematics curriculum in the United States, circa 2010, had a number of prob-
lems. Figure 1 shows the top-down character of curriculum implementation.

As indicated in Fig. 1, the curriculum is often presented to the teacher through 
the medium of textbooks and ancillary materials. Willoughby (2010) stated that 
textbooks are driven by market forces to be homogenous in content and focus on 
easily evaluated skills. Further, the textbook publishers’ financial considerations 
cause the books to be written to common standards of high population states. The 
variety of sources of content leads to texts, and subsequently classes that attempt to 
cover material rather than attain a connected understanding of mathematics (Wig-
gins & McTighe, 2005; Willoughby, 2010). There are a number of issues with such 
a curriculum structure. Three of these problems can be identified as “separations” 
of school mathematics from important aspects of mathematical learning and use.

The first separation is that school mathematics remained disconnected from 
real life. The NCTM, in Principles and Standards for School Mathematics (2000), 
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reaffirmed the need for mathematics in life and the workplace; however, nearly a 
decade later, Boaler (2008a) could still state:

There are two versions of math in the lives of many Americans: the strange and boring 
subject that they encountered in classrooms and an interesting set of ideas that is the math 
of the world, and is curiously different and surprisingly engaging. (p. 5)

The second separation is that each course in school mathematics is often discon-
nected from other courses in the mathematics curriculum. Related topics are often 
placed in different courses, separated by years, teachers, and even physical distance 
and thus separated in the students’ minds. Wiggins and McTighe (2005) provided an 
example of students being able to find the hypotenuse of a right triangle with legs 
of six and eight, but not being able to calculate the distance between the points (3, 
− 5) and (− 5, 1). This was attributed to the distance formula and Pythagorean theo-
rem being separated into Algebra and Geometry courses without sufficient linkage 
between the two presentations of the same problem. This separation has sometimes 
been made due to curricula authors’ determination of what “big picture” mathemati-
cal ideas should be included in the texts (Cuoco, Benson, Kerins, Sword, & Ware-
man, 2010).

The third separation is that school mathematics is divorced from other subjects 
in the secondary curriculum. The NRC (1989) noted that students needed to under-
stand mathematical ideas in order to apply them to topics in science and technology. 
The NCTM Principles and Standards for School Mathematics (2000) echoed the 
idea that mathematics is needed in a technological society. Usiskin (2010) pointed 
out that although pure mathematics has its place in the curriculum, mathematics is 
in the school curriculum “because of its applications” (p. 29); however, he went on 
to note that math curricula “differ significantly on the relative importance to pure 
and applied mathematics” (p. 29). The very notion of pure mathematics in the K-12 
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curriculum, while perhaps necessary for higher-level mathematics learning, illus-
trates the separation between mathematics education and other subjects.

Preceding and somewhat paralleling the development of the CCSS, the Partner-
ship for 21st Century Skills was created to start a national conversation between ed-
ucators, policy-makers, and business leaders. Developed around student outcomes 
and support systems, the Framework for 21st Century Learning provides a set of 
curricular connections with life and career skills.

The 21st Century framework consists of student outcomes and a set of support 
systems (Partnership for 21st Century Skills, 2014). The outcomes are further divid-
ed into skills and themes. The 21st Century themes consist of the core curriculum 
topics (English, world languages, arts, mathematics, economics, science, geogra-
phy, history, government and civics) as well as five interdisciplinary topics (global 
awareness; financial, business, & entrepreneurial literacy; civic literacy, health lit-
eracy, and environmental literacy).

The 21st Century skills represent a collection of abilities that impact all aspects 
of education and life. The Learning and Innovation skills address abilities such as 
creativity, problem solving, and communication that will benefit students in both 
their education and their career. The Information, Media, and Information, Com-
munication, & Technology Literacies address learners’ abilities to use technology to 
access information efficiently and effectively. The Life and Career Skills focus on 
the characteristics and traits that will make students capable of handling changing 
responsibilities in their personal and professional lives.

Taken as a whole, the 21st Century themes and skills apply to a wide variety of 
subjects in the secondary curriculum and provide connections to students’ future 
lives and careers. With mathematics as the vehicle for enhancing students’ capa-
bilities in areas such as media literacy, information literacy, financial, and entrepre-
neurial literacy, a connection to students’ real lives, both present and future, can be 
made. In this way, the 21st Century skills represent a possible solution to the first 
separation problem, that school mathematics is disconnected from students’ real 
lives.

 Our Recommendations for the Re-Conceptualization

In order to address the three separations within the secondary mathematics curricu-
lum, a re-conceptualization of the mathematics curriculum is needed. However, a 
reconceptualization does not imply the last 25 years of curriculum reform should be 
ignored. Key among the ideas is the understanding that the mathematics curriculum 
is not a set of textbooks or activities but extends to the knowledge, skills, and dispo-
sitions that students acquire from their school mathematics experience.

In 1989, the NRC published Everybody Counts calling for national standards 
and the NCTM (1989) published their Curriculum and Evaluation Standards for 
School Mathematics. These two publications provided the impetus for the standards 
movement in mathematics. The NCTM (2000) revised and updated their standards 
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in Principles and Standards for School Mathematics. In this text, the standards were 
divided into content and process standards—the former concerned with what stu-
dents should learn and the latter addressed “ways of acquiring and using content 
knowledge” (p. 29). The process standards were reflective of Cuoco, Goldenberg, 
and Mark’s (1996) Habits of Mind as both a curricular principle and a set of desired 
outcomes.

The National Research Council (2001) built upon these ideas and published a set 
of five strands that mathematics curricula should strive to achieve. They are:

Conceptual understanding—comprehension of mathematical concepts, operations, and 
relations
Procedural fluency—skill in carrying out procedures flexibly, accurately, efficiently, and 
appropriately
Strategic competence—ability to formulate, represent, and solve mathematical problems
Adaptive reasoning—capacity for logical thought, reflection, explanation, and justification
Productive disposition—habitual inclination to see mathematics as sensible, useful and 
worthwhile, coupled with a belief in diligence and one’s own efficacy. (p. 5)

These strands provide a set of the goals for the mathematics curriculum.
The Common Core State Standards (CCSSI, 2009) followed this trend as the 

standards addressed the content of the mathematics curriculum and the mathemati-
cal processes. The processes were built upon the NCTM’s (2000) process standards 
and the NRC’s (2001) strands in order to “describe varieties of expertise that math-
ematics educators at all levels should seek to develop in their students” (CCSSI, 
2014, para. 1).

Rather than replace these ideas, we seek to build upon them through emphasis 
and addition. We propose to emphasize two aspects of mathematics instruction. 
These are the use of student-driven problem posing and the full integration of tech-
nology into mathematics education.

The problem-posing emphasis grows out of the NRC’s (2001) strategic compe-
tency strand, specifically the ability to formulate problems. In this case, the ability 
to formulate problems is defined as the student’s capacity to take a real-life situation 
and ask questions that may lead to mathematical answers. It becomes the responsi-
bility of the teacher to guide students in the process of asking questions then iden-
tify or develop appropriate problems on the mathematical topic.

The phrase “full integration of technology” is used here to mean the application 
of hardware and software tools in an appropriate and seamless manner. Technology, 
in the form of desktop, laptop, or tablet computers should provide the tools neces-
sary to explore today’s lesson topic, provide conceptual understanding, optimize 
skill attainment, evaluate students’ attempts at solutions, and provide the teacher 
with a full set of instructional and management tools.

These recommendations follow from the various incarnations of the mathemat-
ics curriculum and the disagreements over it during the last 50 years. In reports 
and reform documents spanning the turn of the century, both the NCTM (1980, 
1989, 2000) and the NRC (1989, 2001) have called for an increased emphasis on 
problem solving. The Strategic Competence strand from Adding it Up (NRC, 2001) 
specifies that students should have the “ability to formulate, represent, and solve 
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mathematical problems” (p. 5). Yet texts have often been designed to be as similar 
as possible to previous versions of the materials for commercial reasons (Willough-
by, 2010). We recommend a more dramatic shift in the structure of the curriculum, 
increasing the emphasis on problem posing using the 21st Century themes and skills 
as a rich source of topics. The curriculum should be revised so that students explore 
topics such as financial, information, or media literacy to ask questions that lead to 
mathematical problem posing. Then students can apply technology to represent and 
solve those problems.

When reformers have attempted to add more concept-based activities to the 
mathematics curriculum, traditionalists have raised concerns that needed skills in 
computation and symbolic manipulation will deteriorate, possibly to the point that 
students will be incapable of finding solutions (Schoenfeld, 2007). We accept as ax-
iomatic that students learn and develop skills at different rates. Therefore, we envi-
sion a curriculum that is fully integrated with technology to provide support for both 
conceptual understanding and the individualized practice on necessary computation 
and symbolic manipulation skills in an efficient manner. For such a curriculum to 
work in practice, it must also make available a suite of instructional and manage-
ment tools for the teacher to successfully implement the individualized technology 
applications. By using technology in this way, we argue that the focus goal of the 
Common Core State Standards can be attained (CCSSI, 2009). In the following sec-
tions, this re-conceptualization of the curriculum will be described in greater detail.

 The 21st Century Math Curriculum

The Re-Conceptualized Curriculum

As discussed earlier, the current math curriculum suffers from unnecessary and 
even obstructive separations from students’ real life experience, among different 
subject areas within math, and other subject areas identified from the 21st century 
themes and skills. We envision connection as the main focus of a new math cur-
riculum that we call the 21st Century Math Curriculum (21st CMC). Within this 
new curriculum, a math class is a place with teachers and students asking ques-
tions, posing problems, and seeking answers. The questions will urge students to 
make connections among today’s lesson, previous life experiences, and contents 
from other subjects to achieve a deeper understanding of the uses of mathematics 
across topics. The 21st CMC will have the following three characteristics: (1) 
connecting mathematics course content with real life, embodying and stressing 
the messiness of real life); (2) connecting between related topics within math-
ematics, enabling and encouraging learning progression; (3) connecting math 
to other subjects in the curriculum, emphasizing an interdisciplinary approach. 
These are seen in Fig. 2.
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In contrast with school mathematics curricula that lack the personal and social 
aspects children enjoy (Wijers, Jonker, & Kerstens, 2008), a number of previous 
research studies indicated that human daily lives in non-school contexts are rich of 
math problems and reasoning (Cole, 1996; Lave, 1988; Pea & Martin, 2010; Saxe, 
1988). Esmonde et al. (2013) argued that to reform mathematics classrooms, teach-
ers should encourage students to mathematize problems they encountered in their 
daily lives in model-building projects in an effort to foster mathematical inquiry and 
discourse. Mathematical problem-solving and problem formulation has long been 
recognized as the focus of mathematic reform (Kilpatrick, 1987). Silver (2013) 
noted that problem posing has become “a focus in the field” (p. 157). In addition 
to calls for using problem-posing activities to promote students’ problem-solving 
skills, we propose that problem posing can serve as a vehicle for connecting school 
math with real life, sub-domains within math curriculum, and math with other sub-
jects, as called for by the 21st century themes and skills. A problem-posing ap-
proach aligns with Jonassen’s (1999) statement that “Students learn domain content 
in order to solve the problem, rather than solving the problem as an application of 
learning” (p. 218).

Fig. 2  The integrated structure of the 21st Century mathematics curriculum
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 Problem-Posing

Since Silver (1994) identified students’ problem posing as an area of interest in 
mathematics education, an increasing number of educators and researchers have 
advocated the integration of problem posing into math curriculum (e.g., Cai, 2005; 
Ellerton, 1986; Silver & Cai, 1996). Research studies about problem posing also 
sprouted. Problem posing was found to promote students’ problem-solving skills, 
augment their attitudes toward math, improve the development of mathematical 
thinking, and enhance creativity (Cai & Cifarelli, 2005; English, 1998; Silver, 1994, 
1997). Although problem posing is closely related to problem solving, it could bring 
mathematical learning to a higher level. English (2009) recognized a limitation of 
problem solving, especially traditional word problems, “While not denying the 
importance of these types of problems in the curriculum, they do not adequate-
ly address the mathematical knowledge, processes, representational fluency, and 
communication skills that our students need for the 21st century” (p. 352). In re-
sponse, Bonotto (2013) maintained, “the problem-posing process represents one 
of the forms of authentic mathematical inquiry, which, if suitably implemented in 
classroom activities, could move well beyond the limitations of word problems….” 
(p. 38).

Recent research has started to show the benefit of merging students’ real life 
experiences with their classroom learning. For example, Bonotto (2013) introduced 
a number of cultural artifacts and examined fifth-grade students’ problem posing 
based on these artifacts including menus, coupons, or informational pamphlets. In 
the first experiment, the author found that students were able to pose problems that 
used information from the artifacts and in some cases, added information in their 
problems. Following up with a second experiment using a theme park brochure, 
other fifth grade students were asked to create as many solvable problems as pos-
sible. The students created a large number of problems that were mathematically 
relevant and solvable even with the relative paucity of language in the brochure. 
The author recommended using problem posing to “foster flexible thinking, en-
hance students’ problem-solving skills, and prepare students to cope with natural 
situations they will have to face out of school” (p. 53). In Bonotto’s study, pieces of 
real-life situations were brought into the math classroom. In a similar light, we pro-
pose problem posing to be used in a much larger scale and to a much larger extent 
in the new curriculum.

 Applications

In our envisioned 21st CMC, every unit starts with authentic questions and prob-
lem posing activities based on Brown and Walter’s “What-if?” And “What-if-not?” 
strategies (2005), students will be placed in the center of a realistic and stimulating 
context that many researchers called for. Starting math classes with problem-posing 
activities involving real-life situations allows students to see the natural connections 
between math and other domains required by the 21st century skills.
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Math Connected to Real Life

Advocates (e.g., Gravemeijer, 1994) of Realistic Mathematics Education stressed 
that math learning in school should involve problem situations experientially real to 
students. Yet, little success was achieved toward building meaningful connections 
between students’ lives in and out of school (Goldman & Booker, 2009). Middle 
school mathematics seems to emphasize students’ development of procedural effi-
ciency (Civil, 2002). McDermott and Webber (1998) petitioned for math moments 
“to overlap systematically with the lives of children” (p. 323). Students should be 
encouraged to capture their real-life mathematical phenomena and bring them to 
the classroom for problem conceptualization and solution. This approach could not 
only help them to view informal occurrences through a mathematical lens but better 
engage them in problem-posing and -solving activities in a contextualized man-
ner. In the long run, such activities could cultivate students’ mathematical habits 
of mind in order to make connections between mathematical ideas and contexts 
outside classrooms.

Besides having the students capture and conceptualize mathematical problems 
from their everyday experiences, realistic situations for problem solving can also 
be introduced by the teacher. For instance, a class in the Algebra II curriculum 
can start with questions initiated by the teacher, such as, “How much money will 
I need to save in order to retire?” or “What will be the average price of a car in 10 
years?” In order to answer these questions, students will find that they need to use 
exponential equations, a topic that already exists in the current content of the cur-
riculum. Students can model the growth of realistic exponential growth situations 
using spreadsheets and an iterative process. They can move from their iterative 
model and inductive reasoning to a single equation and satisfy themselves that it 
is appropriate through deductive logic. In this way, exponential growth and decay 
concepts found in this unit can be integrated with the 21st Century financial literacy 
goal of knowing how to make appropriate personal economic choices. Compound 
interest is a starting point that can lead to present and future values, inflation, time 
value of money, and mortgage amortizations. Using real-life questions in this way 
will address the Information Literacy skills of Accessing information efficiently and 
effectively and Use information accurately and effectively for the issue or problem 
at hand.

 Math Connected to Other Math Courses

Similarly, connections can and should be made between different courses’ content 
in the secondary math curriculum. Problem posing can serve as a connection for 
these learning progressions across grade levels. The content matter provides the 
opportunity to teach students, over the entire course of their secondary mathemat-
ics career, how to ask questions, pose problems, seek answers, and increase their 
mathematical knowledge.
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An example of a posed question for one such sequence, across a variety of sec-
ondary classes, is “What can we know about triangles?” Over the course of the 
curriculum, students have the opportunity to address this question several times, on 
increasingly deeper levels. During each re-visitation of the original problem, stu-
dents should pose more detailed and specific questions to attempt to answer.

Prior to middle school, the Common Core Standard 5.G.3 (CCSSI, 2009) asks 
fifth grade students to classify two-dimensional figures according to their proper-
ties. For triangles, this requires that students analyze the lines and angles of trian-
gles and sort them by types of angles or how many sides of equal length are present. 
To meet this standard, students should be given the opportunity to explore triangles 
that they find or create. Discussions of student’s exploration should lead to more 
questions such as:

1. Can triangles have one, two, or three right angles?
2. Can triangles have one, two, or three obtuse angles?
3. Can triangles have one, two, or three acute angles?
4. Are equiangular and equilateral triangles the same shape?
5. Can isosceles triangles ever be right triangles? Scalene triangles? Equilateral 

triangles? Obtuse triangles? Acute triangles?
6. Is there a pattern between the number of equal sides and the number of equal 

angles in a triangle?
7. Is there a pattern in the lengths of the sides of triangles?

Some of these questions will be answered yes or no while others may evade a firm 
answer. The curricular materials available to teachers should indicate which have 
firm answers for students of this age and which lead to explorations in secondary 
school (such as #6) or college (such as #1–2). After the fifth grade students par-
ticipate in a triangle-based, problem-posing unit, they can partially answer their 
first question: What can we know about triangles? They should be aware that some 
knowledge about triangles is still to come in the curriculum.

In seventh grade, students can revisit the question of “What can we know about 
triangles?” The CCS Standard 7.G.2 requires students to construct triangles from 
three measures of angles or sides and determine if the given conditions result in one, 
multiple, or no triangles. Questions such as “Can exactly one triangle be built from 
a given set of information?” and “Do certain combinations of angles or lengths even 
result in triangles?” can be asked and answered by students.

By eighth grade, CCS Standard 8.G.7 requires students to apply the Pythagorean 
theorem to determine missing side lengths in right triangles. This is yet another step, 
albeit, only for a special case, along the path of increasing what students can know 
or find about triangles.

During high school, students have multiple opportunities to refine their under-
standing of triangles. They can pose problems about triangles such as, “What do we 
need to know to determine if two triangles are identical?” or “What is the minimum 
we need to be given to determine a triangle completely?” To answer these, students 
will use theorems to prove triangles congruent or apply the Laws of Sines and Co-
sines to solve triangles. The Pythagorean theorem will make another appearance in 
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the form of trigonometric identities. However, rather than being an exercise in arbi-
trary symbolic manipulation, the identities become answers to the question “What 
can we show is true based upon our prior knowledge of triangles?”

 Math Connected to Other Subjects

Problem situations can be designed to incorporate content from various domains 
identified by the 21st century themes and skills to allow the students to see the 
natural connection among these subject domains. For example, topics from health 
literacy can be integrated into a new mathematics curriculum, specifically probabil-
ity and statistics. Each time a new strain of the flu is reported, how worried should 
students be that they might contract the illness? When a news report states there 
is an increase in traffic accidents in the week after the change to daylight savings 
time, what is the actual level of danger? And how does the increased risk compare 
to other behaviors? By collecting information from multiple sources, students can 
calculate a range of probabilities for events while attaining the Information Literacy 
standard via its Evaluate information critically and competently and Manage the 
flow of information from a wide variety of sources tasks. This topic can connect to 
health education as students learn what health or sanitary practices can reduce the 
risks they have calculated.

Another example of a cross-curricular connection is to examine the statistics and 
mathematics behind polling and elections. The mathematical result of the statistics 
that underlie the collection of data for pre-election polls is dependent on the sam-
pling and data collection procedures. Additionally, a study of poll results combined 
with states’ electoral votes can provide insight into how political candidates pres-
ent themselves to different constituencies in different parts of the country or state. 
This connects to the Civic Literacy tasks of Participating effectively in civic life 
through knowing how to stay informed and understanding governmental processes 
and Exercising the rights and obligations of citizenship at local, state, national and 
global levels.

Statistics can also provide a connection to Media Literacy and the task of Ex-
amine how individuals interpret messages differently, how values and points of 
view are included or excluded, and how media can influence beliefs and behaviors. 
Many of the common statistics discussed or displayed in media may have different 
meanings to the general public and mathematicians. Examples of this include con-
venience samples, distorted graphs, the meaning of correlations, and the definition 
of the term “statistical significance.” A new curriculum should provide students 
with the knowledge necessary to determine when the information presented is ac-
curate and appropriate.

When mathematics is connected to other curricular areas, it is important that 
arts and language arts not be omitted as non-mathematical. The Communication 
and Collaboration tasks of Articulate thoughts and ideas effectively using oral, 
written and nonverbal communication skills in a variety of forms and contexts and 
Use communication for a range of purposes (e.g. to inform, instruct, motivate and 
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persuade) provide opportunities for connections to these subjects. While geometry 
has always had a connection to visual arts though shape and perspective, a con-
nection between music and trigonometry is found when examining the frequencies 
of musical notes and how modeling different notes using sine or cosine functions. 
Additionally, a critical component of any mathematical or statistical argument is to 
place the finding into an understandable context. By explaining, in clear, logical, 
and precise language the meaning of mathematics or statistics, the student can apply 
lessons learned in language arts and speech (rhetoric) to the field of mathematics.

In summary, within such a math curriculum starting with big questions from 
real-life situations or other applicable disciplines, students will likely move beyond 
the “spectator” attitude we usually see in current math classrooms (Hollenbeck, 
Wray, & Fey, 2010). As Weber, Inglis, and Mejia-Ramos (2014) pointed out, “Peo-
ple are more likely to continue learning and using mathematics if they learn it with 
understanding and see its beauty and the possibility of applying it to matters that 
interest them….” (p. 83).

Technology Tools

As pointed out at the beginning of this chapter, changes to the mathematics curricu-
lum have failed to have a lasting impact. This should be expected since the modern 
mathematics curriculum has evolved over decades and there is resistance to chang-
ing it (Schoenfeld, 2004). As Schoenfeld pointed out, there are parts of society 
that resist any changes to mathematics teaching that might de-emphasize traditional 
skills (e.g. computation, symbolic manipulation etc.). Yet, since both reformers and 
traditionalists in the “Math Wars” have areas of agreement in what mathematics 
should be taught, perhaps a more appropriate question to consider is “How will 
technology enhance the learning of the 21st CMC?”

Technology Use for Math Learning

A variety of technology tools have been widely used in and out of math classrooms. 
In a recent review of educational technology applications for enhancing mathemat-
ics achievement in K-12 classrooms (Cheung & Slavin, 2013), educational technol-
ogies, overall, produced a positive but modest effect on mathematical achievement. 
The technologies that were introduced into mathematical curriculums generally fell 
into one of the three categories: Computer-Managed Learning (CML), Compre-
hensive Models and Supplemental CAI Technology. Supplemental CAI programs 
referred to programs that provide additional instruction to supplement traditional 
classroom instruction, including Jostens, PLATO, and Larson Pre-Algebra.

Computer-managed learning systems, similar to learning management systems, 
use computers to assess students’ mathematics levels, assign mathematics materials 
at appropriate levels, score tests on this material, and chart students’ progress, such 
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as Accelerated Math. Comprehensive models combine computer-assisted instruc-
tion with non-computer activities (such as teacher-led instruction and cooperative 
learning), including Cognitive Tutor and I Can Learn. Among all three types of 
educational technology, supplemental CAI programs produced the largest effect on 
students’ mathematical achievement (with an effect size of + 0.18). Other types of 
technologies, including computer-management learning (CML) and comprehensive 
programs had little effect on math learning. This review also found a negative trend 
over a 3-decade span with the mean effect sizes for studies in the 80s, 90s, and after 
2000 as + 0.23, + 0.15, and + 0.12 respectively.

From this review (Cheung & Slavin, 2013), it is clear that the most effective 
technologies implemented in math classes are supplemental in nature so that the 
curriculum stayed the same. Moreover, the effect of the technologies had been mar-
ginal. Although the findings for this meta-analysis study could be disappointing, we 
still believe that technology tools can facilitate the implementation of the 21st CMC 
and in turn gradually improve students’ math learning experiences and outcome. 
Mobile technologies, in particular, have the capability to carry out this mission.

 Using Mobile Technology for the 21st CMC

Because of the unique affordances including permanence, accessibility, immediacy 
and portability, mobile technologies could be uniquely qualified for bringing math-
ematical problem situations student encounter off campus into the formal learning 
environment. Research on mobile practices of youth aged 13–17 shows that taking 
photos and videos with mobile devices is the second most popular activity after 
texting (Lenhart, Ling, Campbell, & Purcell, 2010). The unique features of mo-
bile devices, such as permanence and portability allow students to collect pieces of 
their valued contexts with them. Researchers, such as White, Booker, Carter Ching, 
and Martin (2012), view students’ out-of-school experiences with mathematics as a 
presently “untapped” arena for developing their mathematical skills. They advocate 
the use of handheld devices for mathematical learning by (a) making the personal 
mathematical and (b) making mathematics personal. Mobile technology allows for 
students to capture their real problem-solving situations by means of pictures, au-
dio, and videos. In this way, problem posing from students’ real life situations pres-
ents itself as having the potential to address the separation of mathematics and real 
life in our envisioned 21st CMC.

Besides allowing students to pull pieces of their everyday life into math class-
rooms for problem posing, mobile technologies can also help students to make con-
nections about content they learned in various classes. Mobile devices are becoming 
increasingly popular among school students. According to the survey conducted 
by Harris Interactive on behalf of Pearson, 42 % middle school students own at 
least one mobile device including smartphones and/or tablets and another 25 % in-
tend to purchase one in the near future (within the next 6 months) (Harris Interac-
tive, 2013). Compared to desktop and laptop computers, such devices are cheaper 
and more light-weight so that students could easily carry them from one class to 
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another. In order to facilitate a seamless association of content among different 
classes, cross-curricular apps could be developed to allow students to capture prob-
lems from one class, and solve the problems in another. An example might include 
the finding of a line of best fit in mathematics for a set of biology data examining 
mold growth in different levels of relative humidity. An engineering example would 
be the use of trigonometric functions to find the loads on a triangular roofing truss.

Mobile and similar handheld devices in classrooms designed according to the 
21st CMC can load e-textbooks and run apps developed to support student con-
cept attainment and skill development. Relative to computers and their associated 
software, these apps are more readily available to students both in and out of the 
classroom. Hence, a new, more powerful kind of e-textbook should be designed 
and developed to turn the envisioned math curriculum into reality. Mobile tech-
nology allows for a mathematics e-book to become a dynamic tool rather than a 
static presentation of skills and concepts. Dynamic demonstrations of concepts, ac-
cess to expert advice on problem solving methods, immediate feedback on practice 
problems, and dynamic concept exploration are just some of the possibilities. Fey, 
Hollenbeck, and Wray (2010) recognized that one most valuable contribution of 
computing technologies to mathematics is “in promoting multiple representations 
of data and relationships and connections or topics from different strands of the 
discipline.” (p. 273). These authors also envisioned embedding these functions into 
an electronic textbook. Across the range of computing technologies, e-textbooks 
should be equipped with sophisticated search engines, virtual manipulatives, dy-
namic graphing, and calculation tools. In the earlier example about exponential 
equations, students would be able model present and future values, inflation, time 
value of money, and mortgage amortizations by using a spreadsheet or graphing 
application immediately available via the e-textbook. Further, data such as yearly 
inflation rates could be downloaded from web sites directly hyperlinked in the text. 
The 21st CMC inevitably requires drastic changes from the textbook publishers and 
the design of such textbooks requires the collaboration of experts from all relevant 
disciplines.

Many mathematics classrooms have access to technology such as graphing cal-
culators and desktop computers projected onto interactive whiteboards. Both types 
of hardware allow students to interact with mathematics content, yet both have 
advantages and disadvantages. Graphing calculators are a useful exploration and 
computation tool often found in the hands of all students in a classroom. However, 
they currently lack the ability to serve as flexible teaching tools—showing videos, 
running multiple programs, and sharing content simply and efficiently. A desktop 
machine connected to a projector is an excellent demonstration tool but an entire 
class cannot use a single computer. Tablet computers or similar mobile devices of-
fer the possibility of achieving the best of both graphing calculator and desktop 
machines. A single app can turn a tablet into a graphing calculator. They are flexible 
tools able to run a variety of applications. Tablets have communication tools—text 
and video messaging, email, and wireless data networking—available for sharing of 
information between teachers and students. They can also display content through 
the projectors already in classrooms. With a lower cost than desktop or portable 
computers, they may become ubiquitous within schools.
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A cautionary note about mobile devices is that although such devices are in-
creasingly used in STEM classrooms (Scanlon, Jones, & Waycott, 2005), research 
studies are still in infancy. For example, Seppälä and Alamäki (2003) and Cortez 
et al. (2004) used mobile devices for communication only. A few studies have ex-
amined the effect of using mobile devices to deliver the content (Franklin & Peng, 
2008) or practice the skills related to a content area (e.g. Klopfer, Yoon, & Perry, 
2005; O’Malley et al., 2013; Pelton & Pelton, 2012). More sophisticated uses of 
mobile devices included functioning as a learning portal (Norris & Soloway, 2013; 
Thibodeaux, 2013) and augmenting geo-sensing reality (Huang, Lin, & Cheng, 
2010; Maldonado & Pea, 2013; Wijers et al., 2008). These attempts produced vary-
ing degrees of success in these experiments. Findings associating the use of mo-
bile technologies with academic achievement were rare. A few studies found mo-
bile technologies and modified pedagogy helped students master some important 
skills, such as self-directed learning (Klopfer et al., 2005), collaborative learning, 
and spontaneous reaction (Norris, Soloway, Tan, & Looi, 2013). More studies are 
needed about the use of mobile technologies for students to connect math learning 
with real life, other math courses and other subject areas.

 Moving Forward

Looking to the future, many of the ideas and tools needed for the 21st Century 
Mathematics Curriculum have already been envisioned. Others still need to be de-
veloped for classroom use. We recommend the development of these tools be aimed 
at mobile devices as their platform. Mobile devices are more likely than any other 
platform to follow the students from class to class and into their lives outside of 
school. We make four specific recommendations:

• Technology needs to be developed to meet the goals outlined in this chapter. 
Specific needs are for apps that allow exploration of mathematics concepts in 
all strands of the curriculum, including problem posing and problem solving. 
Further, a common standard that allows these apps to share student data must be 
developed.

• Publishers of textbooks need to differentiate their e-texts from paper versions. 
This should be done by adding the features discussed in this chapter. By mak-
ing the electronic versions of the texts more useful to teachers and students, the 
demand for e-texts will be increased.

• Secondary mathematics teachers need to add more problem-posing activities 
into their lessons—both as an introduction to the need to learn the content and as 
a means to problem-solving achievement.

• The 21st Century Skills need to become embedded within the mathematics cur-
riculum as a bridge to other subject areas as well as to students’ real lives.

When these tools for mobile devices are available and fully integrated into the class-
room, it is our belief that the three separation problems of school mathematics will 
be eliminated.
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Introduction

Formal logic is a mathematical subject that studies the forms and complexity of 
symbolic computations based on symbolic constructs, inference rules and tautolo-
gies. We use the term Informal Logic or Logical Reasoning to refer to the broader 
applications of formal logic such as inductive and deductive reasoning that are used 
in scientific methods as well as abductive reasoning as an inference to the best ex-
planation (but not necessarily valid) in everyday language. Valid logical reasoning 
patterns can be symbolically expressed as tautologies (Truth), and logic fallacies 
are contradictions (False) in formal logic. Hence, formal logic provides the theo-
retic framework for valid logical reasoning. There is not a clear line between where 
informal logic ends and formal logic begins. The two only differ in their forms of 
expression and contexts of application.

Mathematics is based on logical reasoning (Bakó, 2002). In our calculus cours-
es, we observed that an increasing number of first year college students could not 
identify the logical connections between the examples and counter-examples used 
for explaining concepts and theorems. Instead, they only focused on checking the 
calculations of the examples without paying attention to the purposes of the exam-
ples (Epp, 1987; Liu & Raghavan, 2009; Raghavan Sena, Bethelmy & Liu, 2008). 
Consequently, their learning is limited to algorithmic mimicking and demonstrates 
little understanding. Many of them did not know which one among the inverse, 
converse, and contrapositive of an if-then conditional statement is equivalent to the 
conditional statement (Epp, 2003; Hawthorne & Rasmussen, 2014). This deficiency 
in logical reasoning can seriously restrict students’ critical thinking and analytical 
thinking ability. If college graduates fail to understand deductive reasoning logic, 
we cannot expect them to comprehend complex mathematical deductions, write 
correct branching statements for their programs, or draw sound conclusions from 
scientific experiments.

According to the Common Core State Standards (CCSS) of USA K-12 curricula 
(CCSSO, 2010; Charles A. Dana Center, 2014), only one chapter of basic formal 
logic topics is covered in a Geometry course. There is no indication that the content 
is mandatory to high school students. Logic education only constitutes in a small 
component of K-12 education, but its applications crosscut almost all subjects, as 
it a foundation of critical and analytical thinking. We will argue that it is one of the 
most critical components in K-12 education based on the Common Core State Stan-
dards and the general education of college curricula for improving competences in 
21st century skills.

The authors realize that the question in our title is too fundamental, and the 
scope of the problem is too great for us to provide any convincing answers. Though 
we will provide some technical recommendations, we do not think that our rec-
ommendations can be silver bullets to help solve the macroscopic problem. In the 
following five sections, we divide the question in the title into the following five 
questions: Section “Why does logic education matter to 21st century skills?”, why 
does logic education matter to 21st century skills? Section “What is broken in k-12 
logic education?”, what is broken in logic education? Section “Why is logic educa-
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tion challenging to both students and teachers?”, why is logic education challeng-
ing to both students and teachers? Section “What logic topics should be taught?”, 
what logic topics should be taught in K-12 schools according to standards in the 
U.S. and other developed countries such as Singapore? Section “How can we use 
emerging technology to promote logic education?”, how can we use emerging tech-
nologies to promote logic education? We hope that our analysis can help the US 
K-12 educational policy makers recognize the urgency of promoting fundamental 
logical reasoning education. We also recommend using emerging technologies to 
effectively train K-12 mathematics teachers and K-12 students in making sound 
logic deductions.

 Why Does Logic Education Matter to 21st Century Skills?

21st cognitive skills include critical thinking, analytical thinking and problem solv-
ing (Finegold & Notabartolo, 2011). Logical reasoning is a common factor and 
foundation of these three skills. We will examine two dichotomous roles logical 
reasoning plays—the rigorous logical thinking that is a necessary ingredient to ju-
dicious decision making, and the logical fallacies that may lead to poor decisions. 
We will present examples to demonstrate that logical reasoning crosscuts almost 
all topics in STEAM (Science, Technology, Engineering, Arts and Mathematics). 
Difficulties with logical reasoning skills make it harder for students to adapt to the 
emerging technologies and keep pace of the changes with necessary skills for the 
21st century.

 Rational Thinking, Critical Thinking, and Analytical Thinking

Rational thinking, critical thinking, and analytical thinking are three concepts that 
are sometimes confused with one another and with logical reasoning. We would like 
to clarify these terms before we explain why we are investigating STEAM educa-
tion issues from a logical reasoning point of view.

Formal logic is a branch in mathematics, and logical reasoning is taught in math-
ematics, sciences, and philosophy (Devlin, 2000). Rational thinking, on the other 
hand, is a concept in psychology (Kahneman, 2011). Someone who is acting ir-
rationally might be considered emotional. Rigorous mathematics education can 
train students to be logical, but not necessarily rational. A math genius may make 
irrational decisions frequently based on unchecked emotions. On that other hand, 
psychological consulting services can help their clients to be rational about some 
incidents, but not necessarily make them logical. Thus, this chapter focuses on logi-
cal thinking, not rational thinking.

There are some confusing overlaps between critical thinking and analytical 
thinking, as well. While critical thinking involves dialogical short-term mental pro-
cessing, analytical thinking is a problem solving skill that takes a more systematic 



334 H. Liu et al.

research approach. Critical thinking needs to be sensitive to where the facts end and 
opinions start. Analytical thinking is derived from mathematical analysis and de-
fined as the abstract separation of a whole into its constituent parts in order to study 
the parts and their relations. The difference between critical thinking and analytical 
thinking is that the former is based on qualitative mental models, and the latter is 
based on quantitative mathematical models (Warner, 2014). For example, when a 
Boy Scout troop discusses strategies to win a competition in a national camporee, 
the boys need to use critical thinking skills to debate the pros and cons of all recom-
mended strategies. The boys may need to lay out possible competition scenarios, 
strategies and counter strategies (if, and then) based on their previous experiences 
and the possible logical sequences of activities. When the camporee organizers pro-
pose the schedule and charge of the events, they need to use analytical thinking to 
conduct basic statistical analysis so that the event may start with sufficient partici-
pants and ends with a balanced budget.

We can rank the relationships among logical reasoning, critical thinking, and 
analytical thinking according to the levels of complexity and the intensity of the 
mental effort involved. The dependent relationship of the three types of thinking 
is in reverse order: Sound critical thinking depends on valid logical reasoning, and 
rigorous analytical thinking depends on sound critical thinking. Critical thinking 
is not only the ability to reason logically but the ability to find relevant material in 
memory and deploy attention when needed. Analytical thinking further demands a 
problem solver or decision maker to have the ability to decompose complex prob-
lem to its constituent components, to find the causality of components, and to evalu-
ate the available options based on observed data and processed information.

 The “Mortar” Role of Logic in Learning, Problem Solving,  
and Decision-Making

In his book on Object-Process Methodology, Dori (2002) defined the informatics 
hierarchy from the bottom to the top as follows: data, information, knowledge, un-
derstanding, expertise, wisdom, and ingenuity. Dori’s definitions of informatics hi-
erarchy will be useful for us to measure the depth and complexity of education ma-
terials and testing problems. It can be used to assess learning from the perspective of 
the complexity and depth of content (Pirnay-Dummer, 2010; Spector, 2010). Such 
an assessment compensates the assessment of learning based on Bloom’s taxonomy 
of learning, which focuses only on the learning depth of the learner, but neglects the 
informatics complexity of the content to be learned. The first two levels of informat-
ics require only memorization, and a computer program can save and process the 
low levels of informatics. It primarily depends on human intelligence to organize 
and digest knowledge. To gain knowledge, a learner has to invoke logical thinking 
activities to identify the logic relationship of the information entities in order to 
absorb, assimilate, process, and analyse information. Understanding and expertise 
are an exclusive human mental capacity. The critical thinking activities must be in-
voked to build a mental model (Johnson-Laird, 1983) so that it can reveal the deep 
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cause and effect chains of the problem under concern, and this revelation can be 
used to predict future events. Learning is to seek understanding. A mental model is a 
sense-making framework that recognizes the qualitative relationship among constit-
uents such as data, events, cause and effects. One is called as an expert in a domain 
if one has understood relevant constituent knowledge in the domain and is capable 
of applying analytical thinking skills to solve new problems in the domain using 
good judgment and making smart decisions. In this process, it typically requires an 
expert to build mathematical models that reflect the quantitative relationship of the 
essential components (de Jong & Van Joolingen, 2008; Spector, 2010). The models 
can be evaluated and validated based on an understanding of previously solved 
problems in the domain and used to provide the justifiable solutions, judgments and 
decisions. Knowledge, understanding, and expertise are three levels of informatics 
hierarchy that are ranked by the depth and breadth of the informatics structures.

Roughly speaking, logical reasoning can transform information to knowledge; 
critical thinking can transform knowledge to understanding, and analytical thinking 
can transforms understanding to expertise. Though such strict matches are impos-
sible in reality due to the ambiguity and context sensitive nature of the terms, the 
rough matches help us to clearly illustrate the integral role of logical reasoning. 
In a metaphorical manner, let us map data and information to bricks and concrete 
blocks; knowledge, understanding and expertise to walls, rooms, and houses; and 
logic as mortar. We can imagine that logical reasoning is binding bricks or blocks 
to a wall; critical thinking is joining walls to rooms; and analytical thinking is con-
necting rooms to a house. We use logical reasoning, critical thinking and analytical 
thinking to learn, to make decisions and to solve problems. Both sound critical 
thinking and analytical thinking are based on valid logical reasoning. In conclusion, 
valid logical reasoning is a necessary condition for students to learn how to make 
judicious decisions and solve problems.

 Logic and its Interdependent Relationship to STEAM

Gries and Shneider (1994) described logic as the glue in the preface of their book A 
Logical Approach to Discrete Math:

Logic is the glue that binds together methods of reasoning, in all domains. The traditional 
proof methods—for example, proof by assumption, contradiction, mutual implication, and 
induction—have their basis in formal logic. Thus, whether proofs are to be presented for-
mally or informally, a study of logic can provide understanding.

Galileo Galilee called mathematics the language of science. In his book The As-
sayer (1623), he described mathematics as follows:

Philosophy is written in this grand book, the universe which stands continually open to our 
gaze. But the book cannot be understood unless one first learns to comprehend the language 
and read the letters in which it is composed. It is written in the language of mathemat-
ics, and its characters are triangles, circles and other geometric figures without which it is 
humanly impossible to understand a single word of it; without these, one wanders about in 
a dark labyrinth.



336 H. Liu et al.

Two attributes of mathematics make it the language of science and distinguish it 
from other natural languages: (1) it is based on valid logical inferences and (2) 
its symbols and the interpretations of its symbols must be unambiguous. Making 
sound logical inferences is the foundation of Mathematics and Sciences. Engineer-
ing and Technologies are the disciplinary fields that apply sciences and mathematics 
to solve industrial and business problems. Logical reasoning, as the foundation of 
mathematics and sciences, is also the foundation of Engineering and Technology.

In medieval universities, the seven liberal arts of classical antiquity consisted 
of the lower level trivium: Grammar, Logic, and Rhetoric, which in turn were the 
foundation for the upper level quadrivium: Arithmetic, Geometry, Music and As-
tronomy. In modern universities, liberal arts education refers to certain areas of 
literature, languages, art history, music history, philosophy, history, mathematics, 
psychology, and science. Hence, either in terms of medieval universities or modern 
universities, logic is not an only interdependent component of liberal arts education, 
but also an essential foundation of liberal arts education.

Based on the definitions of medieval and modern liberal arts education, we will 
argue that logical reasoning is also a crucial element in traditional Arts subjects. In Jo-
seph (2002), Sister Miriam Joseph thus described the Trivium of classical antiquity:

Grammar is the art of inventing symbols and combining them to express thought; logic 
is the art of thinking; and rhetoric [is] the art of communicating thought from one mind 
to another; the adaptation of language to circumstance….Grammar is concerned with the 
thing as-it-is-symbolized, Logic is concerned with the thing as-it-is-known, and Rhetoric is 
concerned with the thing as-it-is-communicated.

Euclid of Alexandria is often referred to as the “Father of Geometry.” Roughly 
2400 years ago, he wrote Elements, a collection of 13 books containing informa-
tion about algebra, number theory, perspective conics, geometry and logic. Euclid’s 
work on logic reasoning impacted not only all mathematicians and scientists, but 
also many great politicians and artists. (Nicolay & Hay, 2015). One of America’s 
greatest leaders, President Abraham Lincoln, once stated:

In the course of my law reading I constantly came upon the word “demonstrate”. I thought 
at first that I understood its meaning, but soon became satisfied that I did not. I said to 
myself, ‘What do I do when I demonstrate more than when I reason or prove? How does 
demonstration differ from any other proof?’ I consulted Webster’s Dictionary. They told of 
‘certain proof,’ ‘proof beyond the possibility of doubt;’ but I could form no idea of what 
sort of proof that was. I thought a great many things were proved beyond the possibility 
of doubt, without recourse to any such extraordinary process of reasoning as I understood 
‘demonstration’ to be. I consulted all the dictionaries and books of reference I could find, 
but with no better results. You might as well have defined blue to a blind man. At last I said, 
‘Lincoln, you never can make a lawyer if you do not understand what demonstrate means;’ 
and I left my situation in Springfield, went home to my father’s house, and stayed there 
till I could give any proposition in the six books of Euclid at sight. I then found out what 
‘demonstrate’ means, and went back to my law studies.

In his biography of Lincoln, his law partner Billy Herndon tells how late at night 
Lincoln would lie on the floor studying Euclidean geometry by lamplight. Lincoln’s 
logical speeches and some of his phrases such as “dedicated to the proposition” in 
the Gettysburg address are accredited to his understanding of the Elements.
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Grammar, Logic and Rhetoric are three necessary interdependent components of 
effective communication and all subjects of Arts depend on effective communica-
tion, which consequently depends on sound logical reasoning. In the beginning of 
the article “The History of Mental Models,” Johnson-Laird (2005) quoted from C.S. 
Peirce about deduction:

Deduction is that the mode of reasoning which examines the state of things asserted in 
the premises, forms a diagram of that state of things, perceives in the parts of the diagram 
relations not explicitly mentioned in the premises, satisfies itself by mental experiments 
upon the diagram that these relations would always subsist, or at least would do so in a 
certain proportion of cases, and conclusion their necessary, or probably, truth. (C.S. Peirce, 
1931–1958, 1.66)

The definition of (logical) deduction given by C.S. Peirce pointed out the crucial 
function of logical deduction—to make inferences in our thinking and reasoning. 
A valid logical inference makes a valid conclusion from the premises, and invalid 
logic inference makes an invalid conclusion from the premises. If college students 
cannot distinguish valid logical inferences, or if they maintain logical fallacies, they 
are building their academics on sinking sands because Logic, unlike any other sub-
ject, crosscuts all subjects in STEAM education.

 Logic Education and 21st Century Skills

Critical thinking, analytical thinking, and problem solving abilities are important 
21st century skills (Finegold & Notabartolo, 2011). Partnership for 21st century 
Skills (www.p21.org) defined Learning and Innovation Skills in terms of Critical 
Thinking, Communication, Collaboration, and Creation. Additionally, the first set 
of skills listed by the ETS CPPI (Collegiate Personal Potential Index) are Critical 
Thinking and Problem Solving. The second item is to test the ability to form opin-
ions based on logic and facts, (i.e. logical reasoning ability).

We argue that logical reasoning is a common factor and core foundation of criti-
cal thinking, analytical thinking, and problem solving skills. Improving logical rea-
soning education at the middle school level may thus help improve K-12 math edu-
cation and 21st century skills. Though we look at the issues from different levels of 
granularity and perspectives, we will argue that focusing on this core competency 
has the following benefits:

1. One may measure and compare the logical reasoning abilities of students in dif-
ferent countries based on existent data.

2. Logical reasoning is a relatively small component such that we can propose a 
feasible plan to improve it.

3. We can assess the long-term performance on STEM topics between a control 
group of students and a group of students who have taken intensive and effective 
logic education.
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Students may have difficulty with critical thinking and analytical thinking because 
they are not free from the troubles of the fundamental logical thinking. Hence, in-
stead of focusing on critical thinking and analytical thinking directly as others have 
done (Finegold & Notabartolo, 2011), we focus on foundational instructions in logi-
cal reasoning to improve STEAM education and prepare students for 21st century 
skills.

 What is Broken in K-12 Logic Education?

We begin with a literature review of difficulties people have with logical reasoning 
tasks. Then we will present our results of testing a logic task (Wason Selection) in 
four calculus classes. Lastly, we will use an example to demonstrate the chain effect 
of invalid logic education in calculus.

 Literature Review

Deductive logic appears deceptively simple if we look at it in a nutshell (Guha, 
2014). The two mathematics forms in Formal Language are: Modus Ponens (p → q, 
p; ∴ q) and Modus Tolens (p → q, ~ q; ∴ ~ p). Few people admit that they have 
any problems about the two forms of deduction. However, the British psychologist 
P. N. Johnson-Laird put it in 1975: “It has become a truism that whatever formal 
logic may be, it is not a model of how people make inferences.” (p. 7.) A com-
mon estimate is that under 5 % of people use “correct” logic spontaneously (Epp, 
1986; Johnson-Laird, 1975). Epp (1986) observed that very few of her students 
have an intuitive feel for the equivance begween a statement and its contrapositive 
or realized the converse of a true statement could be false. Futhermore, Epp (2003) 
and Bakó (2002) observed that many students of pure mathematics could not write 
proofs properly. It is mainly because they failed to see the logical moves that under-
lie the steps of a mathematical proof (Guha, 2014).

Martin and Harel, (1989) asked 39 prospective elementary teachers to judge the 
mathematical correctness of inductive and deductive verification statements. 52 % 
of the tested students accepted incorrect deductive arguments as valid for unfamiliar 
statements, and more than 33 % of the students did not understand why a coun-
terexample may satisfy the conditions of a conjecture but violate the conclusion. 
18 % believed that only one counterexample is not sufficient to disprove a state-
ment. Martin and Harel found that people consider a proof as “what convinces me.” 
(pp. 41–42).

Senk (1985) tested 1520 students on proof writing in geometry classes. Her con-
clusion was that only 30 % of the students taking geometry courses that teach proof 
were able to reach a 75 % mastery level in proof writing. Brumfield (1973) tested 52 
students that had taken accelerated geometry course in the previous year and have 
been placed in an AP Calculus course. 81 % did not attempt to write a proof, and 
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less than 10 % were correct in writing a proof. The conclusion of the testing was 
that even students in advanced courses get insufficient meaningful mathematics out 
of the traditional proof-oriented geometry course. Driscoll (1983) concluded that 
students needed to be properly instructed to understand the nature of proof, and how 
it is different from common (everyday) argumentation.

 Wason Selection Task to College Students

The Wason Selection Task (http://www.philosophyexperiments.com/wason/) tests 
the correct application of conditional statements (e.g. the equivalence of contraposi-
tive statements). Wason’s original research in 1966 indicated that not even 10 % of 
subjects found the correct solution in this task. This result was replicated in Evans, 
Newstead and Byrne (1993).

The first author gave an abstract version and an intuitive version of the Wason 
Selection Test to four calculus classes that have 112 students. Both versions are 
based on the same conditional statements and a participant can get correct answers 
if he or she can identify the original statement into its equivalent contrapostive 
statement. The abstract version is to check if the four cards follow a rule given as 
a conditional statement. When this abstract version was given, only seven students 
found the correct answer. The intuitive version is to check two people or two photo 
IDs if the law about legal drinking age is followed. Almost everybody got it cor-
rectly. The testing result confirmed the discovery in Wason (1966) and Evans et al. 
(1993) that less than 10 % of students could find the correct answer. When the same 
test was given to the college juniors and senior in an upper level elective class in 
Mathematical Modelling and Simulation (Liu & Raghavan, 2009), five out of 16 of 
them answered the abstract version correctly. The test confirms what Johnson-laird 
claimed that “correct” logic is often not spontaneously used (Johnson-Laird, 1975; 
Epp, 1986). Scientists and philosophies can make mistakes sometimes when giving 
hasty answers without pen and paper (Kahneman, 2011).

 Chain Effect of Invalid Logic Deduction in Calculus

The example given below illustrates the chain effects of invalid abductive logical 
reasoning. Similar observations about the college students’ confusion between nec-
essary and sufficient conditions can be found in Epp (1986). After students learned 
the concepts of infinite sequences and series, convergence and divergence, they 
were taught a theorem as follows:
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The theorem says that the statement B is necessary for the statement A. Students 
learned Statement B1 is a True Statement as an instance of B.

Now, we polled the classes for the question whether the Statement A1 must be true.

Unfortunately, the majority of our students agreed that the Statement A1 must be 
true. They believed that the theorems above can deduce the conclusion that the 
harmonic series must be convergent, which is not correct. This is a very typical 
case of misunderstanding where students are confused between a conditional state-
ment and its converse statement. We know that if our students are insensitive to the 
difference of sufficient conditions and necessary conditions of theorems, confused 
about the converse, inverse and contrapositive statements, it will be very hard to 
explain to them about the logical connections of theorems and concepts even when 
we give them many examples and counterexamples. This leads to a chain effect: 
if students fail to recognize the difference between deductive and abductive logic 
inferences, a valid logical inference and a logical fallacy, they cannot even un-
derstand basic calculus knowledge about the relationship between convergent se-
quences and series.

Abductive reasoning is a form of logical inference that goes from an observation 
to a hypothesis that accounts for the observation, ideally seeking to find the simplest 
and most likely explanation. In abductive reasoning, unlike in deductive reasoning, 
the premise is necessary, but probably insufficient to entail the conclusion. That 
is to say the conclusion is not guaranteed from the premise. One can understand 
abductive reasoning as “inference to the best explanation.” In summary, students 
who made the wrong conclusion applied the invalid abductive logical reasoning. 
The mistake can be more clearly illustrated by the following simplified statements 
and everyday example.

Major Premise: If A is true, then B is true.
Minor Premise: A1 is an instance of A, B1 is an instance of B, and B1 is true.
Conclusion: A1 is true.
A: It is raining in a local community,
B: The lawns in the community are wet
Theorem: If A is true, then B is true.
B1: My lawn is wet, (B1 is an instance of B)
A1: It is raining outside my house (A1 is an instance of A).

Contrary to a previous logically equivalent math problem, most students could real-
ize that my lawn can be wet (B1) because my sprinkling system is on. A1 ( it is rain-
ing) is just one of the many valid explanations of B1 (My lawn is wet) and A1 is not 
necessary true even the statement B1 is true.

: lim 1 0.nStatement B1 n→∞ =

1
: 1 (   )  .

n
Statement A1 n called harmonic series is convergent

∞

=
∑
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 Why is Logic Education Challenging to Both Students  
and Teachers?

In this section, we review why logic education is challenging to K-12 students and 
teachers. Next, we take a hard look at the status quo implementation of logic educa-
tion in the United States, and why most people do not develop valid logical thinking 
naturally. Finally, we scrutinize the negative feedback system of logic education in 
USA.

 Challenges in Teaching Proofs in Geometry

Two Dutch educators, Dina van Hiele-Geldof and Pierre van Hiele, claimed that 
their students performed poorly in secondary geometry, which focuses on deductive 
reasoning and proof, because students did not develop the required high level logi-
cal thinking during the elementary grades (Mason, 2014). They developed a model, 
known as the van Hiele levels, that identifies the “levels of thinking” and suggested 
the five recurring instructional “phases”:

1. Level 0 “Visualization”: the learners should be able to visual recognize the 
shapes by their appearance as a whole

2. Level 1 “Analysis”: the learners should be able to analyse and describe the geo-
metrical shapes by using their properties

3. Level 2 “Abstraction”: the learners start using deductive reasoning to answer 
to the question “why…”, by making logical connections and understanding the 
relationships between the properties

4. Level 3 “Deduction”: the learners should be able to combine simple proofs to 
form a system of formal proof. This is the level of understanding the Euclidian 
geometry.

5. Level 4 “Rigor”: the learners are able to work with abstract geometric systems. 
This is the level of understanding the Non-Euclidian geometry.

The van Hiele levels have five properties: Fixed sequence, Adjacency, Distinction, 
Separation, and Attainment. Van Hiele believed that the property of separation was 
one of the main reasons for failure in geometry. A teacher who is reasoning at one 
level cannot be understood by a student reasoning a lower level. Even if the teacher 
believes that they are expressing themselves clearly and logically, the teacher may 
not understand how the student is reasoning, and the learner-teacher connection is 
not established.
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 Why Doesn’t Valid Logical Reasoning Come Naturally?

In the book Thinking Fast and Thinking Slow (2011), the renowned psychologist 
and Nobel laureate Daniel Kahneman defined two types of thinking systems as 
follows: “System I operated automatically and quickly, with little or no effort and 
no sense of voluntary control. System II allocated attention to the effortful men-
tal activities that demand it, including complex computations. The operations of 
system II are often associated with the subjective experiences of agency, choices 
and concentration (p. 18.)”. System I includes some components used for everyday 
reasoning such as associative priming based on resemblance and continuity in time 
and space. Rational thinking that includes slow and deep logical reasoning is part 
of System II. A statement such as “since the lawn is wet, it must have rained” is the 
type of abductive inference System I might make based on everyday experiences 
and patterns of the converse type: “if it rained, then the lawn is wet.” However, the 
first statement is not valid logically. The lawn can be wet because the sprinkler was 
on. A student who has been effectively taught basic logic can be vigilant to the pos-
sible falsehood of a converse of a valid entailment statement. This abductive logic 
example is a typical example of System I thinking, using the wrong logic based on 
the logic converse association.

It is clear that it takes the effort of the System II thinking to identify the log-
ic mistakes of abductive reasoning. As Kahneman emphasized in this book, our 
System II is a lazy system and it does not automatically work unless we identify 
the need to invoke the system. Most mathematical problems, especially the math 
courses above college algebra, require system II thinking to gain understanding. 
However, too many students get used to the easy learning style such as simply 
checking calculations between steps, remembering formulas, and mimicking pro-
cedures, with little to no conceptual understanding. An important question for us is: 
can we make our students respond to our teaching and queries with more “surprise” 
in classes and cultivate them to ask more “why” questions? The students who are 
trained to observe everything under a logical reasoning lens will certainly ask why 
frequently.

 Negative Feedback Loop Discourages Logic Learning

Several factors may discourage the effective teaching and learning of logical think-
ing skills in K-12 schools and universities:

1. Many students and many teachers cannot identify typical logical fallacies.
2. Treating student feedback as a customer satisfaction score discourages teachers 

from teaching topics that are more difficult and require more logical thinking 
effort on the part of students.

3. Teachers have to “teach to the test,” and the tests may not adequately assess logi-
cal thinking and other critical reasoning skills.
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A negative feedback system develops in which the poorer a student is in logical 
reasoning, the more likely he or she will choose subjects that require little logical 
reasoning to succeed in the courses. The more students are poor in logical reasoning 
in a school, the more likely the teachers in the school will teach shallow knowledge 
that has little challenges in logical reasoning.

When students take a calculus course with deficiency in algebra (e.g. do not 
know how to solve quadratic equations), they may eventually catch the miss-
ing knowledge in calculus course. However, it is not likely that they can au-
tomatically catch their logical fallacies in an upper level course that requires 
sophisticated logical reasoning. The ability to conduct logical reasoning in daily 
life reflects the competences of the person. This ability is deep rooted in one’s 
thinking habit. It has to be cultivated gradually in school, in family, and in other 
learning environments.

 What Logic Topics Should be Taught?

In this section, we will inspect the logic education components of several curricula 
based on the USA Common Core State Standards (CCSS) and the Core Plus Math-
ematics of CCSS, and then compare the topics with those in Singapore curricula. 
Based on the inspection of CCSS and Singapore curricula, we will make some sug-
gestions.

 Logic Education Based on the Common Core Standards in USA

The High School Integrated Model Course Sequence Alignment to Core-Plus Math-
ematics by Achieve, Inc. (CPMP, 2008) described the objectives covered in section 
C of Fundamentals of Logic as follows:

This relatively short unit formalizes the vocabulary and methods of reasoning that form the 
foundation for logical arguments in mathematics. Examples should be taken from numeric 
and algebraic branches of mathematics as well as from everyday reasoning and argument. 
While this unit emphasizes the application of reasoning in a broad spectrum of contexts, the 
following unit will mainly apply logical thinking to geometric contexts.

These two logic education objectives of CPMP, 2008, their corresponding learning 
outcomes and covered course units are given in table 1:

Core Plus Mathematic of CCSS (CPM CCSS, 2011) provides the main page 
references in Core-Plus Mathematics Courses 1–3 and Course 4: Preparation for 
Calculus for each of the CCSS mathematical content standard. The CMP CCSS, 
2011 emphasizes that the students should be capable of reasoning abstractly and 
quantitatively, constructing viable arguments and critiquing the reasoning of others.
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 Comparison with Singapore Curriculum

We compare how logic topics are taught in Singapore and several states in the Unit-
ed States. The PISA test of Reading, Mathematics, and Science Literacy (Fisher, 
2010) showed the U.S. now ranks 25th in math, 17th in science, and 14th in reading, 
while Shanghai China ranks number one, and Singapore ranks number two in all 
three categories (also see Carnoy & Rothstein, 2013).

The Singapore curriculum aligns with US standards but has different teaching 
methods (Singapore Academy, 2011). In the US Curriculum, a large number of 
math concepts are covered and revisited each year. In this way, the students that did 
not acquire mastery in a concept would have the chance to understand the topic in 
the next year. Unfortunately, this creates differences in the level of understanding 
of a concept, and in the same grade level there are students which do not fully in-
ternalize the concepts and see this spiralling process only as a repetition and do not 
sense the full complexity of it. By contrast, the Singapore Math Curriculum covers 
a less number of concepts each year, but allocates a greater amount of time per each 
concept to be taught. They are taught to an increasing depth and give students the 
possibility to reach mastery before introducing new concepts.

Barry Garelick described some other unique features of Singapore Math in the 
San Diego Jewish Journal (2011) as follows:

… the books (referring to Singapore textbooks) are noticeably short on explicit narrative 
instruction. The books provide pictures and worked out examples and excellent problems; 
the topics are ordered in a logical sequence so that material mastered in the various les-
sons builds upon itself and is used to advance to more complex applications. But what 
is assumed in Singapore is that teachers know how to teach the material—the teacher’s 
manuals contain very little guidance. Singapore’s strength is the logical consistency of the 
development of mathematical concepts. And much to the chagrin of educators who may 
have learned differently, mastery of number facts and arithmetic procedures is part and 
parcel to conceptual understanding.

Besides the math curricula in Singapore, we also compared the math curricula of P. 
R. China with that of the United States. There are no significant differences about 
which logical reasoning topics are included in the curricula and textbooks among 
the three countries. However, we found that whenever it is proper to apply, the 
Chinese textbooks include mathematics proofs in both lessons and homework exer-
cises. We checked the sample test problems from some Singapore schools as well as 
Chinese schools and found that their tests emphasize mathematics proofs far more 
than those in the United States. But for the most part, the differences between the 
three countries are not about what should be taught, but how it is taught.

We propose to start logic education in early grades and insert small logic educa-
tion modules for middle school (Bakó, 2002). Similar to the Singapore curriculum, 
each module takes about 2–3 weeks and offers adequate drills and exercises to as-
sure deep learning. We need to increase mathematical proof exercises in homework 
and add more weight of mathematical proofs in math exams. In addition, logic 
should be taught by a combination of intuitively visual expressions and rigorous 
formal expressions.
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 Critical Topics for Logical Reasoning Education

Geometry provides a rich context for the early development of mathematical think-
ing. It builds up the thinking process progressively: starting with lower order think-
ing processes, such as identifying the shapes, and advancing to higher level thinking 
processes, such as investigating properties of shapes and then solving geometric 
problems and creating patterns. In addition to the relevant topics of logic educa-
tion included in K-12 Common Cores above and State standard in appendix 1–4, 
we would like to recommend and emphasize the following three components as 
mandatory:

1. Learn how to justify each step of deduction either in algebra and geometry and 
give plenty of exercises that apply deductive reasoning, for example, direct and 
indirect (proof by contradiction) proves in Euclidean Geometry and algebra 
(Agile Mind, 2011; Moore, 1994; Gift of Logic, http://www.giftoflogic.com/faq.
html)

2. Identify logical fallacies (https://en.wikipedia.org/wiki/List_of_fallacies).
3. Learn abductive reasoning in a basic statistics context (http://en.wikipedia.

org/w/index.php?title=Abductive_reasoning&oldid=636486476).

 Critical School Years for Logical Reasoning Education

A critical transition in a child’s cognitive development occurs during the middle 
school years. According to Piaget’s four stages of cognitive development, children 
at age 11 or 12 enter the fourth and final stage of cognitive development, called the 
formal operational stage. Children at pre-adolescence age from 7 to 11 are at the 
third stage of cognitive development called concrete operational stages. At the third 
stage, children mostly use inductive reasoning, drawing general conclusions from 
personal experiences and specific facts, adolescents become capable of deductive 
reasoning, in which they draw specific conclusions from abstract concepts using 
logic. This capability results from their capacity to think hypothetically. Children at 
the third stage are able to incorporate inductive reasoning, but struggle with deduc-
tive reasoning, which involves using a generalized principle in order to try to pre-
dict the outcome of an event. During the final stage at middle school years, children 
show significant growth in their ability to think abstractly, use advanced reasoning 
skills, make hypotheses and inferences, and draw logical conclusions. Ideally, the 
middle school years provide educators with great opportunities to foster good logi-
cal thinking and mathematical practices.

http://www.giftoflogic.com/faq.html
http://www.giftoflogic.com/faq.html
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 How can we Use Emerging Technology to Promote Logic 
Education?

Logical thinking crosscuts all disciplinary fields in STEAM. Applying rigorous 
logical reasoning to prove mathematics theorems, draw scientific conclusions, and 
make sound arguments in debate is one of most important 21st century skills for 
future American workforce. We argued in Section “What logic topics should be 
taught?” that the middle school years are the critical time for foster the children in 
sound logic education. In this section, we will focus on the training of both middle 
school mathematics teachers as well as middle school students directly. We selected 
the following three tasks as our top list to promote logical reasoning education.

1. Develop innovative training materials for formal logic education and mathemat-
ics proofs, including high tech virtual classroom simulations to train pre-service 
and in-service K-12 math teachers.

2. Design different logic training games for middle school boys and girls that are 
not only attractive to them according to their gender differences, but also seam-
lessly synergize visual intuitiveness and mathematics rigor to foster logical 
thinking. For example, design games that analyse and using one given concept 
in its algebraic form, geometric (visual) form, application form, etc. Exposing 
the player to different angles towards the same concept builds connectivity.

3. Offer short-term summer workshops and online training to help K-12 teachers 
and students improve their logical reasoning skills.

Many colleagues in K-12 education research or practice have probably been work-
ing on those tasks for years or decades. Our perspective of the following discussion 
is how emerging technology can be used to make the teachers’ training more effec-
tive and students’ learning more engaged.

 Use Education Technology to Offer Easily Accessible Logic 
Courses for Middle School Teachers

The quality of teacher training will be crucial to the success of the teaching logical 
reasoning to achieve new CCSS in math. If we cannot assure that our math teachers 
are well trained in logical reasoning and mathematics proofs, it will be in vain to 
promote logical reasoning education for the students in K-12 schools. As we argued 
in the section above, middle school years are the most critical time to properly train 
the students in logical thinking, and the training for middle school mathematics 
teachers is paramount. However, three conditions are necessary to make the train-
ing or retraining of middle school math teachers successful: (1) Grants and other 
resource for covering the cost of the training including the stipends to teachers; (2) 
Training materials in formal logic and mathematics proofs that have been proven 
effective and feasible; (3) Facility and proven education technology to be used to 
train and test the readiness of the teachers to teach real middle school students.
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It requires an interdisciplinary team of mathematicians, cognitive scientists, ex-
perts in pedagogy and teacher education to work together to develop quality train-
ing materials and offer effective training programs to middle school teachers. Fed-
eral and state government grants (NSF, NIH, HHMI, etc.) are the primary sources 
of funding to support these types of projects. Those grants have attracted many 
college teachers in to collaborate with K-12 teachers to train new K-12 teachers 
and provide summer STEAM workshops for K-12 students. The sponsored proj-
ects have already made noticeable impacts to motivate college bounded students, 
especially minority students to make STEAM career choices. We observed that the 
government grants helped to make abundant STEAM education materials, mostly 
online multimedia materials freely available to K-12 teachers. Unfortunately, those 
materials are underused because there is inadequate training and incentive for K-12 
teachers to use them.

 Design and Develop Attractive Games for Middle School Boys and 
Girls to Foster Logical thinking

We all know that computer games are popular with the post-millennial generation. 
Most children in this generation have learned how to play computer games before 
they learned how to write. The testing results from two different versions of Wa-
son Selection Tasks (one concrete version and the other abstract version) indicate 
that we can effectively teach logical reasoning by offering intuitive examples to 
help students understand equivalent abstract examples. Visual animations in video 
games can scaffold learning to abstract mathematics ideas if the game is properly 
designed. If the education content can mix seamlessly with the entertainment, the 
game can both attract the children and learn valuable knowledge.

There are so many different games to attract the different age groups of boys 
and girls. An interesting research problem is to find how many effective educa-
tional games were designed for middle school geometry and algebra and how much 
(if any) content was targeted at formal or informal logic education. We divide the 
education games into two basic categories in terms of the targeted users: the first 
category is for unsupervised learning that targets massive independent student us-
ers; and the second category is supervised learning that targets primarily to trained 
instructors besides students. We found that most of logical educational games of the 
first category are bipolarized: one subtype is the game oriented websites that have 
the fun of games but lack of rigorous educational contents; the other subtype is 
education-oriented websites that have the rigorous educational lessons, but are short 
of the attraction of real games. The contents of game-oriented websites (http://www.
mathsisfun.com/ and www.learninggamesforkids.com) are mostly puzzles. On the 
contrary, the contents of the education-oriented websites (https://www.brainpop.
com/ and www.shmmoop.com) include formal lessons for logical reasoning and 
proofs. Those websites use some funny animations and stories relevant to middle 
school kids to attract their attention. This approach, unfortunately, has only limited 
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success to attract students like real games. The problem of the second category 
of educational games is their limited accessibility due to the instructional costs. 
For example, the SUCCEED workshops of Shodor (www.shodor.org) provide K-12 
students the opportunities to investigate forensics and scientific computing through 
logical reasoning and discovery. The program emphasizes hands on investigations 
and agent-based simulations (Agentsheets and NetLogo). GUTS (code.org/curric-
ulum/mss), another computer science education program provides logic training 
lessons to middle kids by using the agent-based programming platform StarLoGo 
(http://education.mit.edu/projects/starlogo-tng). The learning environment of peers, 
the context of intuitive applications and the timely feedback of these programs con-
tribute to the success of engaged learning.

It is much more challenging and expensive to design and develop effective edu-
cation games for unsupervised student users than those for trained instructors. The 
former requires the collaboration of mathematicians, cognitive scientists, experts 
in pedagogy and teacher education, computer programmers and software engineer-
ing. However, the impact of the former is much broader than that of the latter in 
terms of the number of users. A successful education game of the first category can 
potentially help millions of middle school children to use deductive correct logic 
correctly. We cannot understate its impact to STEAM education.

 Offer Problem-Based Learning Summer Programs and After 
School Programs to Foster Logical Thinking

Educational technologies and online and blended courses have started to transform 
the paradigm of education in both colleges and K-12 schools (New Media Consor-
tium, 2014). The Florida Virtual School has become an attractive option for K-12 
students to take their favourite subjects online. Now, K-12 students can access thou-
sands of video tutorials for their math and science courses through websites such as 
the Khan Academy. At the current stage of educational technology, we do not think 
that most of middle school children can gain valuable education from online mate-
rial without adult supervision.

Parents play a paramount role in their children’s education, and they should be 
the owners of their own children’s education. If parents cannot schedule time to 
serve as tutors or hire tutors, there are plenty of free or inexpensive after school 
academic enrichment programs to help children. Other education technologies such 
as adaptive learning environments, intelligent tutoring programs, etc. can be used to 
reduce the cost of personalized learning. Courtney (2014) predicted that intelligent 
computer aided education systems can make personalized education available to 
more and more students in the next 10 years.

Many prestigious research universities offer summer academic enrichment pro-
grams (see Duke TIP Talent Search, http://tip.duke.edu/) to talented K-12 students. 
Those summer programs provide excellent problem-based learning opportunities 
for the participants. Many of them provide effective logical reasoning training un-



350 H. Liu et al.

der fun application context. Unfortunately, those programs are very selective based 
on the applicants’ academic competence and only small percentage of families can 
afford. We hope more regional universities, liberal arts colleges, and community 
colleges offer similar problem-based summer programs with focus on logical rea-
soning education to middle school children in their local communities. In order 
to provide equal learning opportunities, those summer programs should apply for 
government grants to subsidize partial or total tuition so that children from low 
income families can participate. The United States has about 5000 colleges. If most 
of those colleges will contribute their spare facilities and faculties to offer summer 
academic camps, the collective impact to US K-12 education, especially CCSS, is 
immeasurable.

In the summer of 2013, Dr. Andrei Ludu and the first author offered a summer 
SeaPerch underwater robotics camp to 22 commuting middle school kids. Computer 
Animation and hands-on experiments were used to illustrate how Archimedes used 
physics principles and logic to discover the crown mystery. The kids first learned 
if the crown is made of pure gold, then its volume should the same as the original 
gold bar that the king gave. They understood that the same amount of water should 
flow out when the gold bar and crown were submerged into two equal-sized ves-
sels full of water. The students got a sense of eureka when they saw that the crown 
expelled more water out of the vessel. They instantly identified the contrapositive 
logic claim. Since the volumes of the crown and gold bar are not equal, the crown 
is not made of pure gold.

 Conclusion

In summary, this book chapter analysed the relationship between logical reasoning, 
critical thinking and analytical thinking. We argued that the soundness of upper 
level critical thinking and analytical thinking depends on valid logical reasoning. To 
address the problem of logic education deficiencies, we investigated the issue from 
a microscopic level based on our first-hand observations in our own math classes. 
In order to find feasible remedies, we also compared how logic is taught in the K-12 
math curricula of other countries, especially Asian countries such as Singapore and 
P.R. China. We found that the difference is not about what logical reasoning topics 
should be taught, but how those topics are taught. Our observation is that inadequate 
logical reasoning education is at the root of unsatisfactory overall USA K-12 math-
ematics education. The question in our title is fundamental and the scope of the 
problem is nationwide. It is beyond the scope of this book chapter and our ability 
to provide any convincing answers to the questions that we brought forth. We hope 
that our analysis may shed light on the difficult problem in reforming American 
math education and promoting 21st century skills in the American workforce.
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 Introduction

Emerging mathematics learning technologies challenge traditional views and prac-
tices of mathematics education and provide opportunities to transform the teaching 
and learning of mathematics in accordance with new standards, addressing both the 
intellectual and the aesthetic aspects of mathematical experiences. Let’s consider a 
case in prospective teacher education for a glimpse of the dynamic interactions be-
tween mathematical exploration and new digital technologies. Matt (pseudonym) is 
a second-year prospective teacher in elementary teacher education. When requested 
to explain the mathematical processes behind an everyday optical phenomenon in-
volving geometric reflection, he responded using a sketch and verbal descriptions 
(Fig. 1). Matt explained the sketch in front of his classmates: There is light in the 
environment, which shines on Mary and her yo-yo. The yo-yo reflects the light, 
at some angles, to the mirror which then reflects it into Mary’s eyes. He further 
explained how the eyes perceive the incoming light through its rods and cones and 
send messages to the brain. Matt was not alone. A survey of his classmates’ work 
showed much similarity across their responses, which are mathematically incom-
plete but contain significant ideas about the problem situation. In a traditional set-

Fig. 1  A prospective teacher’s initial response to a real-world problem
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ting, however, Matt’s ingenuous response would have been quickly corrected by the 
instructor using standard solutions from a textbook. Decades of research in math-
ematics education has clearly shown the detrimental effects of product-oriented 
mathematics instruction and the crying need to balance the processes and products 
of mathematical problem solving or, in other words, to emphasize the interplay be-
tween procedural and conceptual mathematical knowledge (cf. National Council of 
Teachers of Mathematics [NCTM], 2000; National Research Council [NRC], 1989, 
2001, 2005; Silver, 1986; Silver, Mesa, Morris, Star, & Benken, 2009).

Through cognitive lenses, however, we find a rich variety of illuminating ideas in 
Matt’s responses. First, he had a sketchy knowledge of the behavior of light rays, in-
cluding its wave nature and its reflection. Second, he recognized that there were mul-
tiple light rays in the environment participating in the process of multiple reflections. 
Third, he seemed to know the mirror image was the outcome of brain perceptions. In 
short, Matt’s sketch and explanation gave us a snapshot of his initial mental model 
of the problem situation and how he used the mental model to represent and reason 
about the problem. Indeed, what Matt presented is his mental model, which, on the 
one hand, captures the basic structure of the problem situation as he saw it at that 
moment, and on the other hand, allows him to simulate the dynamic processes and 
formulate his explanation, albeit incomplete (Johnson-Laird, 1983; Norman, 1983; 
Seel, 2003, 2014). Mental model, as a theoretical construct for understanding human 
reasoning, has gained recognition in education as a way to accept, analyze, and build 
upon students’ prior knowledge such as preconceptions and misconceptions.

If we recognize the meaningfulness of Matt’s mental model, what might be 
the next step to intervene with his existing model of the problem and bring about 
conceptual changes and enhancements? Using a model-based approach, we could 
engage Matt and his classmates to take advantage of the new learning technologies 
to construct a dynamic model of their internal ones and to further debug and alter 
their dynamic models as a way to solve the problem and foster the development 
of a mathematically complete and robust mental model (Jonassen, 2006; Milrad, 
Spector, & Davidsen, 2003). The modeling process, as expected, is not straight 
forward. It is full of twists and turns, both cognitively and technologically, where 
Matt was learning progressively about the problem space, his own conceptions, his 
classmates’ diverse perspectives, the technological utilities, and the mathematical 
simplicity of the problem as well as its complexity, ultimately reaching an insightful 
understanding (see Fig. 2).

Didactically, the resulting dynamic model serves to situate a range of mathe-
matical ideas in a context that provides a conceptual framework for mathematical 
meaning. After critique and modification, the dynamic model amounts to a shared 
conceptual model (Norman, 1983; Seel & Blumschein, 2009) as a learning goal or a 
new starting point for further problem inquiry. A model-based approach to a routine 
problem has thus addressed all the core learning principles recommended by the 
National Research Council (NRC) (2005), including students’ preconceptions, in-
tegration of mathematical facts within a conceptual framework, and metacognition.

Mathematics has generally been considered difficult by school students, includ-
ing elementary and middle school teachers. When given a real-world problem, they 
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tend to ask for a formula. When a formula is given, they tend to use it for the wrong 
purposes. There is plenty of evidence that the formula is merely memorized as a mne-
monic or recited by many students as an abstract object without a conceptual frame-
work to enable its meaning making. Among various reasons, research in the past three 
decades has pointed to the striking lack of generative conceptual models on the part 
of students who struggle with school mathematics (Perkins, 1986; Ryan & Williams, 
2007; Schwartz, 2007; Silver, 1986). Meaning, in general, arises from a network of 
mathematical ideas or a conceptual model, which embodies the dynamic connections 
among related concepts and operations in one’s mathematical experience.

Modeling, however, is a demanding endeavor requiring both cognitive and tech-
nological resources. Traditionally, it is accessible only to students who are math-
ematically experienced, thus empowering them on a healthy cycle of mathematical 
achievements. Unfortunately, those who struggle with the mathematical concepts 
are frequently asked to repeat the same meaningless practice without addressing the 
underlying models. In Everybody Counts: A Report to the Nation on the Future of 
Mathematics Education, the National Research Council (1989) emphatically point-
ed out, “Repetition rarely works; more often than not, it simply reinforces previous 
failure.” (p. 13). The 21st century, however, has ushered in a growing collection 
of mathematics learning technologies, including both open-source and commercial 
environments on both computers and mobile devices. These new learning technolo-
gies have, on an unprecedented scale, changed the representational infrastructure 
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Fig. 2  A progression of dynamic models of the mirror reflection problem
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of mathematics teaching and learning as well as professional mathematical prac-
tices (diSessa, 2007; Kaput & Schorr, 2008; Kaput, Hegedus & Lesh, 2007). Being 
rich in representation resources and intrinsically interactive and dynamic, they have 
also challenged the very nature of mathematical practices and mathematics teach-
ing, calling for a reconceptualization of both traditional and applied mathematics 
and promising a democratic access to genuinely powerful mathematics (Kaput & 
Schorr, 2008; Kaput et al., 2007). Modeling, whether as a mathematical practice or 
a didactical means to foster mathematical understanding, has become an affordable 
and worthwhile endeavor in mathematics teaching and learning. In what follows, 
we present an overview of the emergent mathematics learning technologies, the 
theoretical foundation of model-centered learning, and further illustrate feasible 
model-based teaching-learning progressions in our effort to reconceptualize school 
mathematics for understanding.

 Understanding, Modeling, and Dynamic Learning 
Technologies

 Understanding and Mental Models

Understanding has been the single most resounding voice in the ongoing math-
ematics education reform across both school mathematics and mathematics teacher 
preparation and professional development (Council of Chief State School Officers 
[CCSSO], 2010; Darling-Hammond et al., 2008; NCTM, 2000). In Principles and 
Standards for School Mathematics (NCTM, 2000), there are 928 instances of the 
term understand or understanding across its 419 pages. Similarly, in the Common 
Core State Standards for Mathematics (CCSSO, 2010), there are 260 instances 
through its 93 pages where the term understand or understanding is used to describe 
expectations of students’ mathematical performance. But what constitutes math-
ematical understanding? NCTM (2000) characterizes mathematical understanding 
as the integration of a student’s procedural and conceptual knowledge in a way that 
empowers him or her to make connections among diverse representations and also 
feel competent in problem solving, reasoning, and communication. The Common 
Core State Standards for Mathematics (CCSSO, 2010) follows the same line of 
criteria for mathematical understanding, placing emphasis on students’ awareness 
of the connections across conceptual origins, procedural skills, and applications 
as well as their ability to justify mathematical ideas in a way appropriate to their 
mathematical maturity.

Mathematical understanding, as characterized by NCTM (2000) and CCSSO 
(2010) in their influential standards, is in fact grounded in cognitive research about 
the nature of human learning and positioned to redress the alarming lack of un-
derstanding among large numbers of school students, particularly in mathematics 
(NRC, 1989, 2000, 2001, 2005, 2010). Since the early 1980s, research in cognitive 
sciences has given prominence to mental models as a theoretical construct to make 
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sense of human reasoning (Johnson-Laird, 1983; Norman, 1983; Seel, 2005, 2008, 
2014). When faced with a novel problem situation, humans instinctively construct 
a mental model to represent its perceived structure and simulate its dynamics for 
reasoning and decision-making (Perkins, 1986; Spector, 2009). Such mental models 
may be either consistent with or incompatible with a domain-specific conceptual 
model. From the viewpoint of mental models, we see mathematical misconceptions 
or mistakes as intelligent, albeit frequently incomplete or even wrong, constructions, 
which ought to be valued and utilized as existing resources or as points of entry and 
engagement in subsequent instructional interventions, however incorrect as they are 
with respect to the instructional goals (Ryan & Williams, 2007; Vygotsky, 1997). In 
spite of different nuances in its definition, mental model, as an underlying construct 
to approach human understanding is cited by numerous researchers to analyze cases 
of understanding or the lack thereof in various disciplines (Battista, 2008; Bruner, 
1991; Ifenthaler & Seel, 2010; Jonassen, 2011; Merrill, 2000; Minsky, 2006;  
Nickerson, 1985; Perkins, 1993, 2009; Resnick & Ford, 1981; Spector, 2008).

 Modeling for Understanding

Why has school mathematics been taught in so many classes in a model-less and ac-
cordingly meaningless way? Before addressing the question, we invite our readers 
to think about the following problem and, better yet, try it with a group of school 
students or prospective teachers. Markus followed a certain route from Kansas City 
to St. Louis Airport. His car averaged 60 miles per hours (mph) on his trip to St. 
Louis Airport. It averaged 40 mph on the way back to Kansas City because of the 
bad weather conditions. What was the average speed for his round trip? How would 
you respond to the problem? How would your students respond to the problem and 
why? The vast majority of students, including prospective teachers who have not 
seen the problem before, would instinctively carry out (60 + 40)  2 = 50÷ , feeling 
somehow confident about their answer, “It must be correct; what else?”

Indeed, it is an intelligent response, building upon an existing schema about the 
formula for arithmetic average: ( ) 2= + ÷m a b . However, the formula does not cap-
ture the structure or the processes of the problem situation, leading to an innocent 
mistake. As a matter of fact, that formula is meaningless in this specific context; 
its meaning can be traced back to its mathematical origins. There are countless 
examples in school mathematics, where formulas or theorems take the misleading 
role of an object, which, if not grounded in the intended conceptual framework, 
tends to have a life of its own and causes learning difficulties. As another example 
from school geometry, consider the area of a triangle, which is typically given in 
a textbook as (1 2)=A bh  without a complete picture about the rationale or the 
problem space, mathematically and cognitively. Why does one multiply the base 
by the height and then by one-half? Which side is the base? What does the height 
mean? Used as an instrument, the formula can get the right answer in most, if not 
all, typical cases but will eventually lead to conceptual mistakes in a non-standard 
problem situation (see Fig. 3).
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Not surprisingly, many students and mathematics teachers tend to attach math-
ematical understanding to such instrumental use of rules and formulas and fail to 
construct a relational foundation for such formalism (Skemp, 1976, 2006). In his fa-
mous reflection about mathematics teaching, Skemp reflected on his own experience 
and remarked, “I used to think that math teachers were all teaching the same sub-
ject, some doing it better than others. I now believe there are two effectively differ-
ent subjects being taught under the same name ‘mathematics’” (1976, 2006, p. 91). 
Skemp’s two subjects refer to instrumental mathematics, where understanding is 
attached to the instrumental use of mathematics, and relational mathematics, where 
understanding is grounded in mathematical relations in a conceptual framework.

A mathematical idea is thus grounded in an intricate relational network between 
its simplistic surface structure and its complex underlying processes. Gravemeijer 
(1994, 2008), from the theoretical perspective of Realistic Mathematics Education 
(Freudenthal, 1978; Streefland, 1991; Treffers, 1987), calls for increased attention 
to the historical and contextual origins of mathematical concepts and a modeling 
approach to connecting the abstract knowledge of teachers and the experiential 
knowledge of students. By situating mathematical development in real-world or 
realistic contexts, students can progressively construct a model of the problem situa-
tion and further reconceptualize it as a model for the targeted mathematical concept 
(Gravemeijer, 2008; Gravemeijer, Cobb, Bowers, & Whitenack, 2000; Gravemeijer 
& van Galen, 2003).

In fact, modeling is nothing new in the teaching and learning of mathematics 
with many connotations in practice. On the one hand, mathematical modeling is 
frequently a goal of itself in mathematical practices where mathematicians con-
struct, test, prove, and extend purposeful mathematical representations of a real-
world situation as a way to solve the problem or generate new knowledge (Mooney 
& Swift, 1999). Pollak (2003), after reviewing the history of the teaching of model-
ing, concludes, “modeling is one aspect of mathematics that all students can share 
throughout their schooling and that can unify the school mathematics experience” 
(p. 668). From a curricular point of view, Pollak (2003) further points out that “a 

Fig. 3  A formula does not capture the mathematical or cognitive complexity
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curriculum that emphasizes modeling can perhaps keep students together through 
most, if not all, of their elementary and secondary school mathematics education” 
(pp. 668–669). On the other hand, modeling is increasingly employed as a didacti-
cal tool to situate, motivate, animate, or analyze the development of mathemati-
cal ideas (Freudenthal, 1983; Goldin, 2007; Gravemeijer, 1994; Schwartz, 2007; 
Van den Heuvel-Panhuizen, 2003; Zbiek & Conner, 2006). Recent development has 
shed light on the mutually mediating connections between modeling, mental mod-
els, and affect in learning and instruction. As students engage in modeling activities, 
either explanatory or exploratory, they also construct a model of themselves, as an 
intrinsic component of their mental models, with respect to the modeling activity 
(Goldin, 2007; Ifenthaler & Seel, 2011; Seel, 2014).

 Modeling with Technology: GeoGebra

Modeling is essentially a cultural process supported and constrained by the cultural 
tools available, including language, semiotic systems, and technologies. The tra-
ditional tools, such as paper and pencils, have until recently given prominence to 
verbal descriptions, abstract notations, and static and inert imagery in mathematics 
teaching and learning (Moreno-Armella, Hegedus, & Kaput, 2008), leaving much 
of mathematical understanding to the imagination and reflection of the learners. 
Subsequently, the advent of hand-held calculators and personal computers in the 
last three decades of the 20th century took over the tedious computations and graph-
ing in school mathematics, contributing further to the perplexing nature of school 
mathematics. Calculators and computers, however, are not solely to blame for the 
lack of understanding in mathematics instruction. They may have just exposed the 
limitations of traditional mathematics teaching, which has largely focused on the 
instrumental aspects of mathematics (Fey, 2006; Skemp, 1978). Fey (2006), in re-
viewing three decades of empirical research on the benefits and risks of technol-
ogy use in mathematics education, concludes that there is consistent finding that 
“thoughtful use of such tools tends to enhance student understanding and problem-
solving ability, with no significant diminution of learning traditional computational 
skills” (p. 350). Technology changes the very nature of school mathematics and the 
methods of mathematic teaching (NCTM, 2000).

The 21st century ushered in another round of technological innovations in math-
ematics teaching and learning—the next generation of hand-held calculators and 
dynamic and interactive mathematics learning environments (DIMLE) such as TI-
nspire™, Geometer’s Sketchpad™, Cabri™, and open-source environments like 
GeoGebra™ (Martinovic & Karadag, 2012). Grounded in decades of empirical 
research and theorizing in mathematical cognition, these 21st-century technolo-
gies pride themselves on dynamically linked multiple representations, interactivity, 
computation and programming tools, modeling and simulation utilities, assessment 
tools, computer algebra systems (CAS), and user customizable tools. Most of the 
DIMLEs have a consistent user interface across diverse hardware and software 
platforms, offering web accessibility and mobile apps. The rapid growth of these 
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DIMLEs has proven, to a large extent, the transformative evolution of the represen-
tational infrastructure from traditional static media to new dynamic and interactive 
media in school mathematics, affording widespread access to powerful mathemat-
ics (Hegedus & Moreno-Armella, 2009; Kaput & Thompson, 1994; Kaput, Noss, 
& Hoyles, 2002; Kaput et al., 2007). The time has arrived for the mathematics 
education community to reconceptualize mathematics teaching and learning in ac-
cordance with the ongoing cultural needs and the affordances of the new DIMLE 
systems. Modeling with technology promises to be a strategic fit between the cur-
rent cultural trends in Science, Technology, Engineering, and Mathematics (STEM) 
Education and the diverse representational infrastructure in mathematics education 
as an effort to promote mathematical understanding.

While all the DIMLE systems are worthwhile in theory development and class-
room deployment, we choose to review the features of open-source GeoGebra (www.
geogebra.org), in part because of our own experiences in research and classroom 
teaching, as a case study to discuss the implications of a model-based approach to 
mathematics teaching and learning. GeoGebra was initiated by Markus Hohenwart-
er and first released in 2002 at www.geogebra.org, featuring an integrated environ-
ment of dynamic algebraic and geometric objects and tools. In its subsequent de-
velopment, GeoGebra has been supported by a dedicated international team, who, 
in response to feedbacks of the international users across all levels of mathematics 
and mathematics education, has continuously extended GeoGebra’s mathematical 
coverage and functionality (Hohenwarter & Preiner, 2007). By November 2014, 
GeoGebra, in its version 5.0.44, has four interlinked views—algebra, spreadsheet, 
CAS, and 2-D and 3-D geometries in addition to a variety of web-friendly exporting 
tools. A growing number of researchers and teachers in mathematics education have 
taken interest in GeoGebra in mathematics education and explored its practical and 
theoretical implications (Bu & Schoen, 2011). Not surprisingly, GeoGebra, along 
with other similar DIMLEs, has not made mathematics easier; rather it has brought 
meaning to the center stage of mathematics education and fundamentally changed 
the nature of traditional mathematical tasks. It has been gradually contributing to 
the realization of futuristic visions for a new era of mathematics teaching and learn-
ing, which includes modeling and simulations (Kaput et al., 2007; Schwartz, 2007), 
worldwide connectivity, dynamic and interactive representations, experimental 
school mathematics (Borwein & Devlin, 2009), co-actions between tools and learn-
ers (Moreno-Armella & Hegedus, 2009), partnerships in learning (Jonassen, 1996; 
Salomon, Perkins, & Globerson, 1991), systematic exploration of representational 
conversions (Duval, 2006), synergy between mathematical content and technology 
(diSessa, 2007), and generative designs (Stroup, Ares, & Hurford, 2005; Stroup, 
Ares, Hurford, & Lesh, 2007).

Among the numerous examples, we consider the construction of an ellipse—a 
planar locus of all the points with a constant sum of distances to two other points 
called the foci. Using two pins, a string, and a pen, one could easily construct an 
example (Fig. 4), leaving the problem space to further mathematical analysis and 
one’s imagination. Within a dynamic DIMLE such as GeoGebra, however, the  
ellipse task assumes a new character both cognitively and technologically. If one 
point of the ellipse is given, how could we construct all the other points of the 
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curve? How could we fix the sum of the two distances? The construction task thus 
becomes mathematically challenging and immensely interesting, embedding quite 
a few geometric concepts such as circles and perpendicular line bisectors (Fig. 4). 
Almost necessarily, students are going to make mistakes in the construction process 
while getting acquainted with both the cognitive demands of the task and the sup-
ports and constraints of the DIMLE environment. Most probably, they are going 
to discover alternative pathways toward the construction using the DIMLE tools. 
The constructed ellipse, because of its dynamic and interactive nature, becomes a 
mathematical toy with a personal affective attachment, which students can manipu-
late for systematic exploration. The endpoint of a construction naturally becomes 
a new starting point, generating more questions and answers for exploration and 
reflection. So what is an ellipse? A verbal description of all the qualifying points 
or a visual object that has an oval shape or a dynamic life-like mathematical object 
that plays out according to the specific context? Or perhaps it comprises all of the 
above. Indeed, a robust understanding of the mathematical idea of an ellipse resides 
in the process of dynamically coordinating these different semiotic representations 
(Duval, 2006; Sfard, 1991).

 Modeling for Mathematical Aesthetic Experience

Mathematics is beautiful. Those who have managed to experience the appealing and 
motivating order and power of mathematics would not hesitate telling their audi-
ence about their personal feelings about mathematics. Indeed, one of the primary 
goals of mathematics education, especially in the schools, is to engage students in 
a way so that they could appreciate the power and beauty of mathematical thinking 
(Dreyfus & Eisenberg, 1986; Sinclair, 2006). In this regard, however, we have col-
lectively failed miserably (Dreyfus & Eisenberg, 1986). To a large portion of school 

Fig. 4  Dynamic technology changes the very nature of a mathematical task
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children as well as adults, mathematics remains quite the opposite of beauty and 
power, causing insurmountable anxiety and fear (Ashcraft, 2002; Gresham, 2007; 
Tobias, 1993). While the causes of math anxiety are not well understood, some 
traditional teaching styles could have played a role in perpetuating students’ anxi-
ety about mathematics (Ashcraft, 2002). Mathematical aesthetics, though hard to 
define in everyday language, has always been a concern of mathematics educators. 
Dreyfus and Eisenberg (1986) contended that mathematical aesthetics was “terribly 
amiss in the mathematics curriculum” and that was “a tremendous mistake” (p. 9). 
After almost 30 years, NCTM president Linda Gojak (2014), in her reflection on 25 
years of standards-based mathematics education, reiterated the same concern and 
called on the mathematics education community to teach for an aesthetic apprecia-
tion of mathematics:

As mathematics educators, … we should not just teach mathematics, we should teach a 
love of mathematics. Knowing the content of some mathematics is a trivial achievement. 
Being inclined to see the beauty in mathematics and to go on doing mathematics are great 
achievements. (para. 14)

We agree with Gojak about teaching for a love of mathematics, which could well be 
the single most generative factor in mathematics learning. With the diverse technol-
ogies at hand, it is indeed trivial to solve traditional mathematical problems, even 
complicated ones involving logarithms, trigonometry, and systems of equations. 
Free tools such as wolframalpha™ and Android™- or iOS™-based Myscript Cal-
culator™ can not only provide immediate answers but also use multiple represen-
tations or even allow finger-drawn script input or voice recognition. Without any 
doubt, more advanced and convenient technologies are under development, which 
will further trivialize the algorithmic aspects of school mathematics. With tedious 
procedures taken over by technologies, we may eventually have an opportunity or 
be compelled to reconsider the aesthetic aspects of mathematics, which have been 
neglected for too long. Surrounded by powerful computers and mobile devices, we 
are reminded once more of G. H. Hardy (1940/1967), who wrote in A Mathemati-
cian’s Apology about a mathematician’s work:

A mathematician, like a painter or a poet, is a maker of patterns. If his patterns are more 
permanent than theirs, it is because they are made with ideas. A painter makes patterns with 
shapes and colours, a poet with words…. The mathematician’s patterns, like the painter’s 
or the poet’s, must be beautiful; the ideas, like the colours or the words, must fit together in 
a harmonious way. Beauty is the first test: there is no permanent place in the world for ugly 
mathematics…. It may be very hard to define mathematical beauty, but that is just as true 
of beauty of any kind—we may not know quite what we mean by a beautiful poem, but that 
does not prevent us from recognizing one when we read it. (1967, pp. 84–85)

Research in cognitive sciences in the 21st century sheds fresh light on Hardy’s re-
flection and the critical significance of feelings, emotions, and whole-mindedness 
in human cognition (Groff, 2013; Johnson, 2007; Minsky, 2006). There is growing 
evidence from cognitive sciences, mathematicians, and child educators that STEM 
education benefits from a penetrating component of arts or aesthetics in what can 
be labeled as STEAM education. Mathematical aesthetics is generally conceived 
to be the characteristics of one’s meaningful mathematical experience, including 
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simplicity, conciseness, clarity, elegance, pattern, order, and beauty, all of which 
have a personal touch as well as a historical dimension in the system of mathemat-
ics ideas.

About the pedagogical implications of mathematical aesthetics, Sinclair (2006) 
identified three roles—motivational, evaluative, and generative — in mathematics 
teaching and learning. As an example, Sinclair referred to the rhythmic approach of 
Somervell (1906/1975) and the string-parabola problem (Fig. 5a) for its mathemati-
cal appeal and expressive power. In a modeling environment such as GeoGebra, 
the problem becomes more intellectually appealing and visually expressive, further 
allowing one to pose explorative questions. How does one model the progressive 
unfolding of the lines while coordinating the two endpoints? What if one changes 
the density of the lines? What if one splits the common point into two points? What 
if one allows the two initial lines to intersect each other? While the dynamic pro-
cess cannot be presented on paper, Fig. 5 captures a few snapshots of the intriguing 
simulation. A seemingly intractable problem assumes a new life and a visual appeal 

Fig. 5  A dynamic model of the string problem and its aesthetic appeal
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in the process of modeling and simulations. It makes one wonder about the problem, 
the underlying structure, and other possibilities. There are in fact a rich variety of 
classic problems in mathematics which, with strategic instructional planning, afford 
generative aesthetic experiences for students (Dreyfus & Eisenberg, 1986; Sinclair, 
Pimm, & Higginson, 2006).

Beyond intellectual and visual appeal, mathematics learning is full of motivating 
discontinuities and surprises (Freudenthal, 1978; Polya, 1981). These unexpected 
surprises may cognitively counteract the unavoidable anxiety associated with genu-
ine problem solving, which requires the construction of a context-specific mental 
model on the part of the problem solver (Seel, 2014). Again, there are numerous 
classic problem situations that provide cognitive surprises to students of mathemat-
ics. However, few students have the perseverance to sustain such mathematical 
exploration over a long period of time in order to experience the surprises before 
giving up their effort. New DIMLE systems like GeoGebra provide the tools for 
students to model mathematics from either real-world situations or existing math-
ematical ideas to seek insight and surprises.

Figure 6 represents a dynamic approach to the classic problem which involves 
inscribing a square within an arbitrary triangle (Polya, 1945/2004; Schoenfeld, 
1985). The problem is not only a classic example of strategic problem solving but 
also comes with an elegant surprise. Initially it may be intractable. When one relax-
es the conditions by allowing a fourth point to be free (Fig. 6b), the solution gradu-
ally takes shape, since the free point seems to be travelling on a line (Fig. 6c). The 
linear conjecture suggests a final solution (Fig. 6d), which could be dynamically 
explored and tested in GeoGebra (Fig. 6e). After exploring the problem place, one 
is convinced to a large extent that the free point may indeed follow a line. A proof, 
at the appropriate level, thus follows, revealing more mathematical insight into the 
original problem (Fig. 6g). Aha, what a surprise!

The solution in Fig. 6 is indeed simple and beautiful, after one eventually comes 
to understand the deep structure of the problem. It also makes one wonder if there 
are other alternative solutions. Those who come to understand and excel in math-
ematics at any level could readily give a few examples. Under a modeling perspec-
tive, those problems become potentially accessible to all students of mathematics 
using the tools of GeoGebra. In mathematical practices, such surprises come as 
a result of deep reflection and frequently multiple iterations of problem solving 
and exploration (Dreyfus & Eisenberg, 1986). However, they have profound aes-
thetic implications and may indeed become an integral part of a conceptually sound 
mental model. About the aesthetic power of surprises in education, Eisner (2002) 
contends:

Surprise is itself a source of satisfaction. Familiarity and routine may provide security, but 
not much in the way of delight. Surprise is one of the rewards of work in the arts. In addi-
tion, it is from surprise that we are most likely to learn something. What is learned can then 
become a part of the individual’s repertoire, and once it is a part of that repertoire, new and 
more complex problems can be generated and successfully addressed. (pp. 7–8)

In summary, there exists a general consensus about the pedagogical power of math-
ematical aesthetics among mathematicians, educators, and cognitive scientists. In 
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reality, mathematical aesthetics may well be an essential characteristic of math-
ematical understanding, which builds on students’ long-term meaningful experience 
with mathematics and sustains their mathematical curiosity. Modeling with DIMLE 
technologies provides a theoretically sound and pedagogically rich environment for 

’ and 

Fig. 6  Inscribing a square in a triangle: a beautiful surprise
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students to experience genuine mathematics. Again, we would like to quote Eisner 
(2002) who reminds us that “[i]deas, whether in the abstract forms we call math-
ematics or in the qualitative forms we call the visual arts, can be beautiful entities, 
but for them to be experienced as beautiful requires an attentive and constructive 
mind” (p. 207).

 Model-Centered Learning for Dynamic Mathematics

Dynamic mathematics has for long been a vision or a dream of pioneering math-
ematics educators, who are committed to bringing meaningful and powerful math-
ematics to all students through a synergy of flexible representations, interactive 
communication technologies, and social networking (diSessa, 2007; Kaput, 1992; 
Kaput et al., 2007; Stroup et al., 2005). In a sense, dynamic mathematics is what has 
been cherished by mathematicians and mathematics educators as well as students 
who understand mathematics (e.g., Freudenthal, 1973; Lesh & Doerr, 2003; Polya, 
1981). The advent of DIMLE technologies has finally given democratic access to 
the life of a mathematical idea, which, in addition to their abstract symbolism and 
static images, has a host of dynamic processes that define its identity and meaning-
fulness. The notion of dynamic mathematics is a synthesis of learning and instruc-
tional theories, mathematics, and computational technologies, especially object-ori-
ented programming (Booch, 1994). In essence, it is a social, cultural, and historical 
development, whose profound influences are still unfolding, leading to both hopes 
and uncertainties. Among other alternative DIMLEs, GeoGebra stands out. The fact 
that GeoGebra, in early 2014, has more than 20 million active users across the 
world, half of whom being adolescents, is educationally significant. There is little 
doubt that dynamic mathematics is here to stay and will continue to challenge tradi-
tional views of school mathematics and the ways of mathematics teaching. We have 
no other choices but strive to reconceptualize school mathematics and mathematics 
teaching (cf. Kelly, 2003).

As dynamic mathematics takes shape through commercial and open-source en-
deavours, research communities in instructional sciences and mathematics educa-
tion have renewed their interest in modeling as an effort to go beyond constructivist 
perspectives on mathematics teaching and learning and further integrate diverse 
views on mathematics problem solving and inquiry (Doerr & Pratt, 2008; Lesh 
& Doerr, 2003; Milrad et al., 2003; Zbiek & Conner, 2006). Modeling involves a 
variety of mathematical orientations and pedagogical focuses. There are modeling 
activities that are largely exploratory, allowing students to get acquainted with the 
targeted mathematical object (Doerr & Pratt, 2008). There are also modeling activi-
ties that allow students to express their mathematical thoughts and further diagnose 
and improve their mathematical understanding. There are modeling activities that 
start with a real-world problem and ask students to gradually construct a mathemati-
cal solution in a process called horizontal mathematization (Treffers, 1987; Van den 
Heuvel-Panhuizen, 2003). There are modelling activities that build on an existing 
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mathematical idea and allow students to move on to a higher level of understanding 
in a process called vertical mathematization. In teaching practices, mixed methods 
are frequently used to support the diversity of student needs in mathematics teach-
ing and learning. A modeling perspective, however, does highlight a systems ap-
proach to a mathematical idea, seeking to coordinate both students’ (externalized) 
mental models and the domain-specific conceptual models.

In field practices, teaching dynamic mathematics to mathematics teachers and 
their students involves several layers of complexities—the mathematics content, the 
DIMLE system, the socio-mathematical dynamics of the classroom (e.g., Yackel & 
Cobb, 1996), and the mathematics standards. In terms of instructional design, we 
are informed by the principles of Model-Facilitated Learning (MFL) (de Jong & 
van Joolingen, 2008; Milrad et al., 2003). MFL is compatible with the theoretical 
tenets of Realistic Mathematics Education (Freudenthal, 1983; Streefland, 1991; 
Treffers, 1987) with specific guidelines for learning in a DIMLE system—man-
aging cognitive complexity and maintaining content transparency. Under MFL, a 
learning cycle starts with a real-world or realistic problem situation that lends itself 
to the diverse mathematical representations and modeling utilities. During problem 
orientation and exploration, technological modules will be called on to manage the 
cognitive complexity and maintain the mathematical transparency according to the 
specific needs of the students. Given the intrinsic conflict between complexity and 
transparency, strategic pairing of mathematical tasks and technology tools is con-
ducted to enable student learning. The ultimate goal of MFL learning is to develop 
insight, including aesthetic experiences, frequently through iterative cycles and 
model modifications, into the mathematical structure of the problem.

While the MFL framework informed us about the needs to manage cognitive com-
plexity and maintain mathematical transparency in mathematics teaching in a DIMLE 
system, we learned through years of field experience about the daunting complexity 
of a classroom socio-mathematical environment. The integration of a DIMLE system 
such as GeoGebra brings the socio-mathematical complexity of the classroom to a 
new level—excitingly complex. The instructor is faced with an enormous variety of 
misconceptions, incomplete solutions, diversely correct solutions, and many unex-
pected solutions. It is an exciting mix of challenges and opportunities, calling for 
strategic management. To coordinate such productive mathematical practices, we find 
Smith and Stein’s (2011) work on the five mathematics teaching practices particularly 
informative for dynamic mathematics teaching under a model-centered perspective. 
The instructor needs to “anticipate” likely student responses during the instructional 
design stage through what could be called a thought experiment. During classroom 
instruction, the instructor needs to continuously “monitor” students’ diverse responses 
in individual or small-group settings, and “select” a few particular students’ artefacts 
for whole-class discussion, and then “sequence” diverse student responses according 
to the learning goal, and finally “connect” students’ diverse responses to make a case 
for the focal mathematical idea. It is expected that in a real classroom setting, these 
five practices will move back and forth or overlap in response to the ongoing activi-
ties of the students. Nonetheless, they go hand in hand with the MFL framework. If 
the MFL framework addresses the cognitive development in mathematics teaching, 
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Smith and Stein’s (2011) five practices constitute the social fabric that moves the 
classroom community forward, taking advantage of the existing cognitive resources 
and achieving a common goal in mathematics learning. Figure 7 is a synthesized 
framework of model-centered learning for dynamic mathematics.

 Teachers’ Perceptions About Dynamic Technology

Under the framework of Model-Centered Learning for Dynamic Mathematics, Geo-
Gebra was fully integrated into an online professional development course on math-
ematics problem solving with two cohorts of inservice elementary (K-8) teachers 
in 2010 and 2012, respectively, in a rural region of the US Midwest. Fifty-three 
classroom teachers, who were either generalist teachers or mathematics or science 
specialists, were engaged in 45 hour of intensive mathematical inquiry in the form 
of modeling and problem solving across a wide range of topics in school math-
ematics. The instruction was primarily delivered online through a university course 
management system, which provided instructional videos, interactive instructional 
modules, discussion forums, and web-exported dynamic GeoGebra worksheets. As 
expected, GeoGebra was particularly effective and efficient for offering partial or 
complete dynamic artefacts to support ongoing discussions of the online learning 
community—among participants and between the instructional team and the teacher 
participants. Dynamic modeling instilled a new life to otherwise dry and formulaic 
mathematics and scaffolded and sustained the progress of the learning community 
within an online environment (cf. Eseryel, Ge, Ifenthaler, & Law, 2011; Ge & Land, 
2004). Dynamic modeling did not make the mathematics easier but certainly made 
it more meaningful. Most teachers, after rounds of frustrations, emotional fluctua-
tions, and pleasant findings, came to appreciate the complexity and intellectual ap-
peal of even the elementary mathematics they had been teaching for years.

Toward the end of their course work, the teacher participants were surveyed 
on 25 questions about their involvement with modeling and dynamic mathematics 

Fig. 7  A framework of model-centered learning for dynamic mathematics
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along the four dimensions of attitudes, curriculum, mathematical content, and peda-
gogy (Bu, Mumba, Henson, & Wright, 2013). First, in terms of teachers’ attitudes 
toward dynamic mathematics with GeoGebra, the majority thought of their experi-
ence as meaningful and almost all the teachers spread words about GeoGebra with-
in their local community. The vast majority indicated that GeoGebra did not make 
mathematics more difficult to learn or teach and would continue to use GeoGebra. 
Second, about the curricular implications of dynamic mathematics, more than half 
of the teachers felt that GeoGebra challenged their existing conception of mathe-
matics. The vast majority, however, felt that they could adapt instructional materials 
for teaching dynamic mathematics and that they would face challenges from their 
students. Most importantly, all the teachers believed that GeoGebra helped their 
students create their own mathematics ideas. Third, regarding the mathematical 
content, the majority felt that they relearned some mathematical ideas which would 
otherwise have been hard to reach and that dynamic mathematics was distinctively 
different than traditional views of mathematics. Finally, about the pedagogical im-
plications of GeoGebra, the majority felt that GeoGebra helped them make connec-
tions among mathematical ideas, reach out to diverse children, rethink about teach-
ing methods, and provide meaningful feedback to students. They also indicated that 
their students generally like GeoGebra and that they would be willing to learn about 
dynamic mathematics with their students.

 Conclusion

The ubiquitous presence of dynamic mathematics learning technologies has pushed 
mathematical understanding to the forefront of mathematical education practice, 
research, and development. The human nature of mathematical understanding calls 
for a holistic perspective on mathematics teaching and learning, integrating a vari-
ety of cognitive, social, cultural, aesthetic, and technological resources and innova-
tions. A model-centered approach holds encouraging promises in bringing meaning 
and understanding into the practices of mathematics education while utilizing pow-
erful dynamic mathematics environments. On the one the hand, we must recognize 
and tap into the natural power of the human brain-mind for model construction, 
albeit frequently incomplete or flatly mistaken, and further support students’ expe-
rience with and construction of conceptually robust and generative mathematical 
models. On the other hand, we must attend to the emotional and aesthetic dimension 
of mathematical learning in order to promote student’s mathematical ownership and 
personal feelings about mathematics and its intellectual appeals. There is reason to 
be optimistic about the future possibilities along both directions, particularly on 
account of the rapid advances of open-source technologies such as GeoGebra and 
the converging research findings in cognitive sciences and mathematics education 
(Eisner, 2002; Groff, 2013; Johnson, 2007; Lesh & Doerr, 2003; Pimm & Sinclair, 
2006; Sinclair et al., 2006). Citing specific examples from school mathematics and 
teacher development, this chapter surveyed the theoretical implications and prac-
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tical implementations of model-centered learning for mathematics teaching and 
learning in a technology-rich environment. We conclude that modeling with dy-
namic technology is a pedagogically powerful approach to mathematics education, 
which empowers students and their teachers to experience genuine mathematics in 
the real world and across the STEAM domains, allowing them to construct, diag-
nose, evaluate, and appreciate mathematical meaning in a thoughtful, emotional, 
and ultimately aesthetic manner.

Looking into the future, we see an exciting era of mathematics teaching and 
learning when school students and their teachers come face to face with power-
ful mathematics far beyond the burdensome memorization of rules, formulas, and 
theorems. Yet we also feel uncertain about the uncharted territory of technology-
infused mathematics teaching and learning. Education, and mathematics education 
in particular, has been disappointingly slow in responding to the advancement of 
the digital technologies. Fey (2006) remarked that “if one were to compare syl-
labi, teaching, and examination in many high school and early college mathematics 
courses today with those of half a century earlier, there would be remarkable simi-
larities in expectations for student learning and in classroom practices” (p. 348). 
Indeed, there is a rich variety of teaching tools in today’s mathematics classrooms 
with powerful touch technologies alongside paper-pencils and chalkboards. Fre-
quently we find ourselves with a piece of chalk in the left hand and a digital stylus 
in the right hand, staging a choreography of the old and the new in teaching and do-
ing mathematics, feeling the tension from both sides. Students are adapting to new 
representational media at such a high rate that researchers can barely catch up. We 
simply do not have the luxury of time for a two-year control-treatment experiment 
before allowing students to have access to the new technologies. Or rather, should 
we adult educators and researchers adapt to the new technologies in our methodol-
ogy and philosophy of mathematics education? The same can be said of traditional 
textbooks, which have struggled to catch up with the dynamic mathematics tech-
nologies. As our personal reflection on writing this chapter, we struggled painstak-
ingly to present some dynamic mathematical processes on paper. Interestingly, the 
GeoGeba community, through its online GeoGebraTube, has launched a GeoGebra 
Math Book, which seeks to transform the traditional notion of a mathematics text-
book into a book of dynamic mathematics. Little research has been conducted about 
the impact, both curriculum-wise and cognitively, of such dynamic mathematics 
resources on student learning, teacher development, and assessment. Are there any 
mathematical ideas that are better explored using traditional tools and media? If 
so, how do we pair up existing technology tools and mathematical tasks (Doerr & 
Pratt, 2008)? Furthermore, how do students and mathematics teachers adapt to and 
evaluate the validity of emerging dynamic mathematical objects across the STEAM 
disciplines?

Indeed, the mathematics education of school students is at a crossroads. Techni-
cally, emerging and pervasive digital technologies have trivialized traditionally val-
ued complex mathematical computations and procedures, leaving little for paper-
and-pencil manipulation. Politically, new national and state standards have shifted 
the curricular focus onto understanding, problem solving skills, and productive 
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dispositions toward mathematical reasoning. A natural tension thus exists between 
the growing public expectations and the traditional mathematics curricula, calling 
for innovative instructional designs that suit the changing needs of students and the 
evolving visions for 21st century mathematics education and quantitative literacy. 
It is within such a context that we call for the reconceptualization of school math-
ematics from a model-centered perspective to foster mathematical understanding, 
promote ownership, and infuse aesthetic experiences into students’ mathematical 
experiences. In light of the enormous complexity of technology, mathematics, and 
human cognition, we acknowledge the relevancy of the uncertainty principle (Spec-
tor, 2000; Streefland & van den Heuvel-Panhuizen, 1998) in dynamic mathematics 
teaching and learning. Ultimately, mathematics learning, as well as mathematics 
teaching, is as much as an art as it is a science, where we must remain “flexibly pur-
posive” (Eisner, 2002, p. 205) and make meaningful connection across the STEAM 
disciplines in our instructional design and ensuing teaching practices. We call on 
our colleagues and mathematics teachers to contribute to the ongoing technology-
integrated reconceptualization of mathematics and mathematics teaching and revi-
talize the role of mathematics as a driving force in STEAM education.
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Part VII
Epilogue



Abstract In this concluding chapter, the importance of STEAM education in 
supporting the 21st century skills is again emphasized. We have analyzed three 
themes that emerged from the chapters included in this book: (1) different perspec-
tives towards STEAM education and the role of Arts, (2) the role of technology in 
STEAM education, and (3) the pedagogy and curricula development in STEAM 
education. Based on our literature review and the scholarly work contributed by the 
authors of this book, we have identified a number of areas that need to be focused 
on as we move forward with research, development and practice in the broad area 
of STEAM education. The chapter concludes with a discussion of future directions 
for research and practice.

Keywords Science, Technology, Engineering, Art, and Mathematics (STEAM) 
education · 21st century skills · The Arts · The role of technology · Competence-
based learning · Well-rounded individuals · Reconceptualizing curricula · STEAM 
pedagogy

 Introduction

With much interest and excitement, we have read, reviewed, and reflected on the 
previous 19 chapters that are included in this book. We were amazed by the vari-
ous creative ideas the authors shared, the innovative efforts they made, the multiple 
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perspectives they offered, and the scientific principles they applied to their STEAM 
projects. We conclude this book with this chapter by presenting our analysis of the 
themes that emerged from the chapters, as well as our editorial comments for future 
directions with STEAM research and practice. We hope this chapter will serve to 
invite further dialogues among the authors and professionals in the larger commu-
nity of educational research and practice about STEAM education.

Following an introduction, this chapter provides a brief background of the key 
concepts, including STEM education, STEAM education, 21st century skills, and 
the relationships among these concepts. Then, three major themes that emerged 
from the 19 chapters are discussed. The first theme is the different perspectives 
of STEAM education in relation to the role of the Arts, design disciplines, and the 
humanities (hereafter referred to more simply as the Arts) and the goals of STEAM 
education. The second theme is STEAM education and the role educational 
technology plays in various contexts. The third theme focuses on various pedagogi-
cal approaches and models as well as curricula design. After analyzing the main 
themes generated from the chapters, we discuss the implications for future research, 
particularly how the research on STEAM education can move forward based on our 
understanding of the current status of STEAM education.

 STEM, STEAM, and Partnership 21st Century Skills

The 21st century is an exciting age for innovations and technology advancement. It 
is also a challenging time for educators, as well as for those who are concerned with 
education; the challenge is to ensure that students are ready for an ever-changing 
world and fully capable of becoming tomorrow’s progressive leaders, productive 
workers, and responsible citizens. In 2002, The Partnership for 21st Century Skills 
(P21) (http://www.p21.org/) was founded as a coalition bringing together the busi-
ness community, education leaders, and policymakers to position 21st century 
readiness at the center of U.S. K-12 education and to kick-start a national conversa-
tion on the importance of 21st century skills for all students. In 2006, President Bush 
announced the American Competitiveness Initiative (http://en.wikipedia.org/wiki/
STEM_fields) to address shortfalls in federal government support of educational 
development and progress at all academic levels in the Science, Technology, 
Engineering, and Mathematics (STEM) fields and prepare a pipeline of secondary 
school and college students ready to major in STEM disciplines and choose STEM 
fields as their future careers.

Since then, the U.S federal government has poured in a lot of funding to support 
educational research in K-12 education and college education in the STEM disci-
plines; the same is occurring in many other developed countries. During the same 
period, a few educational leaders and researchers began exploring how to integrate 
the Arts into STEM education. For example, the Rhode Island School of Design 
in Providence (RISD; see http://www.risd.edu/about/STEM_to_STEAM/) has an 
initiative to include art and design in STEM education. The National Technology 
Leadership Coalition (see http://www.ntlcoalition.org/) holds an annual summit that 
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since 2012 has had an emphasis on STEAM education. These educators believe 
that STEAM education will not only facilitate STEM education, but also bring 
about additional benefits for learners. There have been other movements in the 
U.S. and other parts of the world to motivate students in STEM disciplines through 
Arts and Design. Examples can also be found at the University of Minnesota (see 
https://www.kutztown.edu/academics/visual_arts/arted/PDF/APlaceFor.pdf), at the 
MC2STEM High School in Cleveland (see http://www.mc2stemhighschool.org/), 
the University of Virginia’s Center for Technology & Teacher Education (see http://
curry.virginia.edu/research/labs/engineering-design-initiative), and the European 
KiiCS (Knowledge Incubation in Innovation and Creation of Science) project (see 
http://www.kiics.eu/en/). Along with these and other initiatives are the pedagogy 
and specific strategies for conducting STEAM education.

Those who support the STEAM initiatives recognize a number of perceived 
values of integrating Arts into the curricula. Particularly, the integration of Arts 
promotes not only students’ cognitive growth, but also emotional and psychomo-
tor growth, strengthens their critical thinking and problem solving, cultivates their 
creativity and encourages self-expression. As we examine the stated advantages of 
Arts integration and refer to the 21st century skills, STEAM education seems to 
make perfect sense. First of all, language and arts are core subjects and 21st century 
themes (http://www.p21.org/). Secondly, 21st century skills include some essential 
skills, such as learning and innovation skills, which further break down into cre-
ativity and innovation, critical thinking and problem solving, communication and 
collaboration. Therefore, STEAM education seems to be a promising pedagogical 
approach that may effectively help students to achieve the goals in STEM disci-
plines while at the same time developing 21st century skills that will prepare them 
to lead and take on the challenges.

 STEAM Education and Role of Arts: Different 
Perspectives

Several different perspectives about STEAM education have emerged from 
the chapters of this book: (1) Arts supports learning in STEM domains, (2) Arts 
cultivates well-rounded individuals, (3) STEAM supports Arts education. In order 
to understand the first two perspectives, we need to examine the role of Arts and 
understand their perceived benefits for learners.

 Arts Support Learning in STEM Domains

There are different views about the role of the Arts. The first view reflects the 
utility perspective of Arts, that is, Arts are tools to learn STEM subjects. Sousa and 
Pilecki (2013) argue that many scientists, mathematicians, and engineers use skills 
borrowed from the arts as scientific tools. Those skills include observing accurately, 
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perceiving an object in a different form, constructing meaning, expressing one’s 
observations accurately, working effectively with others, thinking spatially, and 
perceiving kinesthetically.

Sousa and Pilecki also contend that arts develop cognitive growth, such as devel-
oping learners’ critical thinking, creativity, problem-solving and decision-making 
skills, as well as communications and collaboration skills. A study suggested that 
students who played instruments had higher math scores than those who did not 
(Haley, 2001). Another study indicated that Arts improve long-term retention of 
content (Rinne, Gregory, Yarmolinskaya, & Hardiman, 2011). Additionally, some 
other studies demonstrated a strong relationship between music education and aca-
demic achievement (e.g., Fitzpatrick, 2006; Johnson & Memmott, 2006).

Arts also seem to promote creativity. Encouraging students to participate in the 
Arts-related activities can foster spontaneity and self-expression, which lead to 
creative results (Sousa & Pilecki, 2013). The Arts-related activities are effective 
ways of introducing children to some basic concepts in science and mathematics. 
They allow students to work collaboratively and engage in group planning, prob-
lem-solving, and decision making. These are some essential 21st century skills.

All these advantages about the Arts suggest appropriate alignments with the 21st 
century skills and that integrating Arts in STEM can help students to achieve 21st 
century skills and promote learning in STEM domains. This perspective reflects 
a focus on competence-based skill development, which is discussed in Chapter 
“The Language Arts as Foundational for Science, Technology, Engineering, Art, 
and Mathematics” (Baines) and Chapter “Education, Training, Competencies, 
Curricula and Technology” (Spector). While indicating that communication is an 
important 21st century skills, Spector argues that those who can speak clearly natu-
rally migrate to leadership and management positions. In fact, most of the chapters 
share the competence-based perspective in practicing STEAM education, includ-
ing Chapter “Active Learning Approaches to Integrating Technology into a Middle 
School Science Curriculum Based on 21st Century Skills” (Christensen & Knezek) 
and Chapter “Preparing Students with 21st Century Skills: Integrating Scientific 
Knowledge, Skills, and Epistemic Beliefs in Middle School Science Curricula” (Gu 
& Belland), focusing on the competencies that will help students to be successful in 
their science learning, such as creativity, critical thinking, communication and col-
laboration. Gu and Belland (Chapter “Preparing Students with 21st Century Skills: 
Integrating Scientific Knowledge, Skills, and Epistemic Beliefs in Middle School 
Science Curricula”) argue how effective integration of engineering and art design 
into science curriculum can help to promote middle school students’ argumenta-
tion abilities in science learning. Chapter “Critical Support Systems to Enhance the 
Development and Assessment of 21st Century Expertise in Engineering Students” 
(Palou et al.) imply how Arts help to facilitates learning by supporting students’ 
critical and creative thinking in engineering education.

In the same manner, Gogus (Chapter “Reconceptualizing Liberal Education in 
the 21st Century the Role of Emerging Technologies and Steam Fields in Liberal 
Education”) maintains that liberal arts lead to competency development and prepare 
them to deal with complexity, diversity, and change. The author argues that a liberal 
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education helps students develop a sense of social responsibility, as well as strong 
and transferable intellectual and practical skills such as communication, analytical 
and problem-solving skills, as well as a demonstrated ability to apply knowledge 
and skills in real-world settings. Apparently, enhancing Arts in the curriculum en-
ables individuals to develop their competencies needed for their future careers.

 Arts Cultivate Well-Rounded Individuals

The second perspective reflects a humanistic view about developing a whole person. 
This view holds that the Arts provide the very foundation upon which knowledge 
in STEM is created (see Baines, Chapter “The Language Arts as Foundational for 
Science, Technology, Engineering, Art, and Mathematics”). However, Spector 
(Chapter “Education, Training, Competencies, Curricula and Technology”) has a 
slightly different perspective from Baines (Chapter “The Language Arts as Founda-
tional for Science, Technology, Engineering, Art, and Mathematics”), which places 
an emphasis on striking a balance between individual and societal interests and 
needs. Spector proposes integrating liberal arts and humanities into STEM educa-
tion to emphasize the development of abilities associated with esthetics, innovation, 
and creativity.

According to Sousa and Pilecki, (2013), the Arts provide a higher quality of 
human experience throughout a person’s lifetime. This view also supports 21st cen-
tury mission to prepare all students for the challenges of work, life, and citizen-
ship today and beyond, as well as ensure ongoing innovation in our economy and 
the health of our democracy. In fact, developing well-rounded individuals helps to 
develop the fine qualities and attributes that are needed for STEM disciplines. Liu, 
Ludu, and Holton (Chapter “Can K-12 Math Teachers Train Students to Make Valid 
Logical Reasoning? A Question Affecting 21st Century Skills”) argue that everyone 
needs to acquire logic education, which they regard as an essential component of the 
curriculum that is necessary to develop critical thinking and problem solving skills.

 Arts Development Supported by STEAM Education

A totally opposite but interesting perspective is that humanities can be understood 
through STEAM, and certain types of knowledge and learning within the liberal 
arts can be cultivated through STEAM. Lewis (Chapter “Putting the “H” in Steam: 
Paradigms for Modern Liberal Arts Education”) argues that STEAM education is an 
emerging K12 approach that infuses the liberal arts with design thinking, collabora-
tion, creative thinking, and critical thinking associated with humanistic inquiry. She 
illustrates with examples how the STEAM paradigms, that is, inquiry, interactiv-
ity, and innovation can be incorporated into the liberal arts curriculum to promote 
metacognition, active learning, and other 21st century skills.
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Interestingly, Shen, Liu, and Jiang (Chapter “Reconceptualizing a College Sci-
ence Learning Experience in the New Digital Era: A Review of Literature”) be-
lieve that the learning of sciences and arts can mutually support each other. On 
one hand, the students apply their scientific understanding of light to create artistic 
products, and on the other hand students use visual aids as a means to communicate 
their scientific ideas and findings both informatively and aesthetically, which also 
fuel their creative thinking. Based on these chapters, we contend that when the Arts 
are strengthened and developed, it will result in nurturing well-rounded individu-
als with essential qualities, which allow them to develop complex and transferable 
skills and abilities to deal with complex problems innovatively and creatively.

 STEAM Education and the Role of Technology

Technology plays several important roles in STEAM education. First, information 
literacy, media literacy, and information and communication technology literacy are 
listed among some of the most important 21st century student outcomes. Therefore, 
it is a subject area to be studied by students and a skill set to be measured as a learn-
ing outcome. Secondly, technology is viewed as a tool to support students’ learning 
and a vehicle for teachers to support their instructional activities as they integrate 
technology in their instruction. For example, in Biin and Weston’s chapter (Chapter 
“An Indigenous Learning Approach to Computer Science Education 21st Century 
Skills for Middle and High School Aboriginal Children on British Columbia’s West 
Coast”), technology was a subject area for students to learn computer programming, 
yet it was also a vehicle for students to learn the values of indigenous language and 
culture and the appreciation of their natural environment. Milner-Bolotin (Chapter 
“Technology-Enhanced Teacher Education for 21st Century: Challenges and Pos-
sibilities”) shares her experience of engaging teacher-candidates in learning how 
to use technology while engaging in the process of technology integration in their 
instructions.

In some other chapters, technology is described as tools to carry out or support 
education in STEAM disciplines. For example, Baines (Chapter “The Language 
Arts as Foundational for Science, Technology, Engineering, Art, and Mathematics”) 
indicates that technology has always been integrated as a vehicle or tool in teaching 
language, which is a view shared by many other authors in the book. Grant (Chapter 
“Using Mobile Devices to Support Formal, Informal and Semi-Formal Learning”) 
summarizes the usefulness of mobile devices as a form of technology in supporting 
learning and instruction with STEAM disciplines, including creating representa-
tions of knowledge, supporting performance and decision-making, and enabling 
personalized learning.

Moreover, technology is also illustrated as cognitive tools not only to support 
visualization in science education (e.g., Shen, Jiang, & Liu, Chapter “Reconceptual-
izing a College Science Learning Experience in the New Digital Era: A Review of 
Literature”) and provide mental modeling in mathematics (e.g., Bu & Hohenwarter, 
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Chapter “Modeling for Dynamic Mathematics Toward Technology-Integrated Aes-
thetic Experiences in School Mathematics ”), but also to enhance STEAM educa-
tion by developing students’ aesthetic understanding, appreciation, and expression 
while engaging them in STEM learning activities.

STEAM Education: Pedagogy and Curriculum Development

Some useful instructional strategies, models and tools are identified in support 
of STEAM education, including visual representation, model-centered learning, 
community-based learning, and storytelling. In addition, several chapters discuss 
reconceptualization of STEAM curricula guided by various pedagogical frame-
works aligned with Framework for 21st Century Learning (http://www.p21.org/).

 Instructional Strategies, Models, and Tools to Support STEAM 
Education

The contributors of this book used a variety of strategies to scaffold students’ cog-
nitive and metacognitive processes in STEAM disciplines while stimulating their 
interest and engaging them in deep learning. One of the effectives strategies be-
ing discussed is visual representation. Visual representation is the representation 
of knowledge that facilitates information processing, knowledge construction, and 
problem solving. Shen, Jiang, and Liu (Chapter “Reconceptualizing a College Sci-
ence Learning Experience in the New Digital Era: A Review of Literature”) discuss 
how computer visualization and simulations support science education. One of the 
examples is the PhET Interactive Simulation, in which abstract and complex scien-
tific phenomena are visually represented to provide students with specific scenarios 
and allow the opportunity for them to interact with visual objects. Visual represen-
tation not only draws students’ attention, but also helps to identify misconceptions 
and facilitate deeper conceptual understanding.

Further, Castrol-Alonso and his colleagues (Chapter “The Potential of Embod-
ied Cognition to Improve Steam Instructional Dynamic Visualizations”) elabo-
rate on the potential of using the embodied system, an emerging technology, to 
augment or extend the dynamic visualization demonstrated through videos and 
animations. The embodied dynamic visualization systems can address the issue of 
transiency, as found in conventional dynamic visualization systems, and improve 
instruction to support STEAM education through human manipulations and ges-
ture interactions.

Bu and Hohenwarter (Chapter “Modeling for Dynamic Mathematics Toward 
Technology-Integrated Aesthetic Experiences in School Mathematics”) present a 
model-centered approach to middle and high school mathematics education. This 
approach not only enhances students’ mathematical understanding and self-assess-

http://www.p21.org
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ment, but also allows students to experience the aesthetic dimension of mathemati-
cal inquiry in the broad context of STEAM education.

Storytelling is another strategy used to support STEAM education. Biin and 
Weston (Chapter “An Indigenous Learning Approach to Computer Science Educa-
tion 21st Century Skills for Middle and High School Aboriginal Children on British 
Columbia’s West Coast”) developed the ANCESTOR computer program and used 
digital storytelling as a means to learn computer science while promoting students’ 
interest in computer science for Aboriginal youth and adult learners and fostering 
their understanding of natural environments. Storytelling was incorporated into the 
program as a way to bridge the mainstream curriculum. Through working on digi-
tal storytelling projects, the secondary school students developed digital literacy, 
learned about cultural values, and collaborated with peer students to create Indi-
genized materials and practices for computer science education. In this example, 
the digital storytelling project became a means to integrate science learning with the 
Arts.

 Reconceptualizing STEAM Curricula

To meet the needs and challenges of the 21st century, a number of authors have 
reconceptualized and reconstructed curricula in STEAM disciplines following 
various pedagogical frameworks. For example, Palou and his colleagues (Chapter 
“Critical Support Systems to Enhance the Development and Assessment of 21st 
Century Expertise in Engineering Students”) reconceptualized their “pillar” courses 
in food, chemicals, and environmental engineering by creating a student-centered 
learning environment based on the frameworks of 21st Century Learning and How 
People Learn, emphasizing metacognitive awareness, critical thinking, and creativ-
ity. The How People Learn framework consists of four components of a learning 
environment, which are knowledge-centered, learner-centered, community-cen-
tered, and assessment-centered, based on Bransford, Brown, and Cocking’s (1999) 
works (also see http://www.nap.edu/openbook.php?isbn=0309070368). Similarly, 
Christensen and Knezek (Chapter “Active Learning Approaches to Integrating 
Technology into a Middle School Science Curriculum Based on 21st Century 
Skills”) propose adopting an active learning framework to positively influence stu-
dents’ academic achievement as well as their attitudes toward science and related 
fields.

Coffland and Xie (Chapter “The 21st Century Mathematics Curriculum: A Tech-
nology Enhanced Experience”) reconceptualized a secondary mathematics curricu-
lum to what they call 21st Century Math Curriculum (21st CMC), which (1) em-
bodies and stresses the messiness of real life, (2) enables learning progression, and 
(3) emphasizes an interdisciplinary approach. The CMC curriculum was designed 
to connect mathematics course content with real life, connect related topics within 
mathematics, and connect math to other subjects in the mathematics curriculum.

Ifenthaler, Siddique, and Mistress (Chapter “Designing for Open Innovation: 
Change of Attitudes, Self-Concept, and Team Dynamics in Engineering Education”) 

http://www.nap.edu/openbook.php?isbn=0309070368
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presented a case study investigating the effects of a Learning Organization model 
on engineering students’ attitude changes toward engineering, self-confidence, and 
team dynamics. This new curriculum emphasized the development of personal com-
petencies in a collaborative learning framework and environment. In this model, 
learning was achieved at three levels: individual learning, team-based learning, and 
community-based learning. Although many of these curriculum frameworks were 
designed to support STEM education, they can well be adapted to and integrated 
with STEAM education.

In light of the Framework for the 21st century skills, the traditional curricula for 
STEAM no longer meet the current demands of the 21st century. Gogus (Chapter 
“Reconceptualizing Liberal Education in the 21st Century”) argues that the lib-
eral education curriculum needs to focus on learning how to think and learning 
how to learn, and we believe that these emphases should also be integrated in the 
curricula of other disciplines. Although not every chapter explicitly makes a link 
to the Arts, the authors’ effort to integrate the Arts in different disciplines is self-
evident in their chapters. Apparently, the curricula are gradually moving away from 
subject- or content-centered approaches. Instead, increasing emphases have been 
placed on non-content components, that is, essential competence for 21st century 
skills, such as metacognitive awareness, affect, self-confidence, self-concept, and 
team-building. As can be seen from the chapters discussed above, a number of curri-
cula have been re-conceptualized to include knowledge-centered, learner-centered, 
community-centered, and assessment-centered approach (Bransford et al., 1999; 
Collins, Brown, & Newman, 1987). These curricula take into consideration both 
competence development as well as the arts, design and the humanities.

 STEAM Education: Moving Forward

Although STEAM education is not a novel concept, it has been reexamined in 
recent years in the context of promoting 21st century skills and the digital age of 
technology-rich learning environments. The research in this area has been some-
what limited. We have found many assumptions but a lack of empirical studies in 
the research reported herein and elsewhere. There is not a lot of empirical research 
to support any of the themes associated with STEAM education, and much territory 
remains to be explored and charted. We need more empirical evidence to support 
assumptions and hypotheses if systematic and sustained progress in learning and 
instruction is expected. Based on our literature review and the scholarly work con-
tributed by the authors of this book, we have identified a number of areas that need 
to be focused on as we move forward with research, development and practice in 
the broad area of STEAM education.

First of all, we need more research and empirical evidence to help us under-
stand the architecture of cognition and the relationships between the Arts and vari-
ous STEM domain areas (Anderson, 1983). Particularly, we need to draw upon the 
research evidence from cognitive psychology, educational technology, instructional 
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design and neuroscience to help us understand the interrelationships in language 
ability, Arts education, and the progressive development of knowledge and ability 
in science, mathematics, and engineering. We hope that research in these areas, 
especially in neuroscience concerning how the human brain works in various learn-
ing and performance situations, will help to explain or confirm assumptions people 
have about the mutual benefits of learning Arts and STEM and provide insight to 
how critical thinking, creative problem-solving, innovation are developed over 
time. Empirical evidence will also help to inform not only educators and research-
ers, but also policymakers, administrators, curriculum developers, and instructional 
designers about the importance of Arts and integration of Arts in school curricula.

A couple of chapters in this book (e.g., Chapter “Reconceptualizing a College 
Science Learning Experience in the New Digital Era: A Review of Literature” and 
Chapter “The Potential of Embodied Cognition to Improve Steam Instructional 
Dynamic Visualizations”) discuss the use of visualization tools or providing dy-
namic modeling to facilitate students’ articulation, argumentation, problem repre-
sentation, and communication, as means to develop students’ scientific understand-
ing and reasoning, as well as critical thinking and problem solving in other areas.  
We need to continue this line of research in the context of STEAM education, tapping 
the potential of technology as cognitive tools to support the development of 21st 
century skills, for the purpose of either competence-based education or humanity 
education. Jonassen and Carr (2000) categorized cognitive tools into various types 
to support multiple knowledge representations, such as visualization tools, dynamic 
modeling tools, semantic organization tools, and socially shared cognitive tools. 
Our research needs to continue to examine the impact of these various mindtools on 
STEAM education, for example, the cognitive and metacognitive functions of each 
type of tools, and in what ways, under what conditions, and during which learning 
processes each tool provides support for knowledge representation, argumentation, 
problem solving, and metacognitive processes (Camilla & Cooper, 2014).

We also need various types of research, including quantitative studies, qualitative 
studies, design-based research, and program evaluation to investigate and evaluate 
the impact of various STEAM education curricula and learning environments, as 
well as the effectiveness of instructional approaches and strategies (Merrill, 2013). 
It is also desirable to conduct longitudinal studies to gain an in-depth understanding 
of the impact of STEAM education on students’ 21st century skill development, 
such as measuring learners’ mental models at different times in their learning expe-
riences and job careers (Ifenthaler, 2014; Ifenthaler & Seel, 2011, 2013).

Furthermore, either for the purpose of understanding the impact of STEAM edu-
cation on students’ competence acquirement and skill development, or examining 
students’ attitude and affect in becoming well-rounded individuals, either short-
term or long-term, we cannot go without conducting research in developing and 
validating effective instruments. We need to have strong, robust and validated mea-
surements to assess students’ cognitive and metacognitive gains in order to under-
stand the effects of STEAM education (Ifenthaler, Pirnay-Dummer, & Seel, 2010).

As an educational research community, we need to continue to use research-
based evidence to inform policymakers and administrators about the importance 
of STEAM education to prepare all students for the challenges of work, life, and 
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citizenship in the 21st century and beyond. Additionally, we need to continue the 
dialogue about how to strike a balance between competence-based education and 
well-rounded education, as well as how to develop and implement STEAM curricu-
lum that reflects that balance. As implied by 21st century skills, education is not all 
about pursuing economic benefits and job careers, but also to grow future leaders, 
responsible citizens, and innovative creators of the society. In order to help our stu-
dents to achieve the goals laid out in the 21st century skills, we need to move away 
from the test-driven curricula and promote 21st century learning through STEAM 
education.

 Conclusion

This book consists of a great collection of scholarly works or practice from the 
fields illustrating the current state of STEAM education practice and research. We 
have learned a lot from the multiple perspectives, various experiences, and research 
findings contributed by the authors in the process of editing this volume. We realize 
that even though people use the term “STEAM,” their interpretations, perspectives, 
and intentions can be different. Regardless, contributors share common goals and 
aspirations of helping students reach 21st century skills through STEAM educa-
tion. Throughout this book, we can see that educational researchers and practitio-
ners have been making efforts to research STEAM education, design and develop 
STEAM curricula, and integrate technology to support STEAM learning envi-
ronments. Meanwhile, we also notice that there is a lack of empirical research in 
STEAM education, and there are more assumptions than empirically-tested theories 
and scientific evidence in this book. Thus, we have identified the areas that need to 
be worked on as we move forward. We understand that we need to work not only 
with educators and researchers, but also policymakers, administrators, curriculum 
developers, and instructional designers if we want to promote STEAM education 
and affect changes focusing on 21st century skills. It takes effort and time for the 
change to take effect. We hope this book serves to start the conversation on STEAM 
education toward that effort.
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