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Chapter 1
Reimagining STEM Education: Critical, 
Transdisciplinary, and Embodied 
Approaches

Pratim Sengupta, Marie-Claire Shanahan, and Beaumie Kim

Abstract This chapter presents a critical overview of the contributions in this book, 
that re-imagines STEM education along two themes. The first theme offers hetero-
geneous illustrations of transdisciplinarity, and the second theme illustrates the 
complex relationship between the body, hegemony and decolonization. Overall, we 
argue that this book advances critical, transdisciplinary, and embodied approaches 
in STEM education by illustrating the following: (a) how pedagogical design of 
transdisciplinary activities can lead to the creation of new representational genres 
where multiple disciplines meet and coexist, and (b) when learners’ bodies and our 
collective and colonial histories become part of such investigations, we can chal-
lenge cultural and disciplinary hegemonies in K-12 and teacher education.

Keywords STEM education · Critical theory · Transdisciplinarity · Embodied 
cognition · Decolonization

1.1  Motivation and Overview

Over the past decade, integrated STEM education research has been identified inter-
nationally as an essential area for growth at the K-16 levels. The ever-increasing 
centrality and ubiquity of technological innovation and computing within and across 
the STEM disciplines, and a global resurgence of interest in teaching and learning 
to code at the K-16 levels are visible forces that are significantly shaping this emerg-
ing field of research. This, in turn, is driven both by policy guidelines that highlight 
workforce needs and by a greater emphasis on innovation in public education and 
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professional practice. At the same time, issues of democratization, equity, power, 
and access—including recent decolonizing efforts in public education—are also 
beginning to be acknowledged as legitimate issues in STEM education. This book 
presents a collection of chapters that make theoretical advances at the intersection 
of these two dimensions.

The images of STEM education presented in the following chapters can be 
grouped under two broad themes: transdisciplinary approaches (Theme 1) and bod-
ies, hegemony, and decolonization (Theme 2). Chapters in each theme offer hetero-
geneous (Rosebery et al., 2010) imaginations of disciplinary boundaries and 
phenomena that can take us beyond disciplinary myopia. They present illustrations 
of reflexive formations and practices, where learning in one discipline can be deep-
ened through experiencing that discipline through other disciplinary lenses. 
Chapters in Theme 2 also offer insights into how we can design such reflexive for-
mations through centering critical and historical perspectives, revealing a complex 
relationship between bodies, hegemony and decolonization in the context of STEM 
education.

In the following sections, first, we elaborate on each theme by illustrating the 
images of STEM education research and praxis in each chapter. We then highlight 
the design guidelines for STEM integration that emerge from these contributions. 
Finally, in light of these contributions, we argue for an emancipatory imagination of 
STEM education, that can challenge technocentrism (Papert, 1987) the problematic 
discourse of efficacy and employability.

1.2  Theme 1: Transdisciplinary Approaches in STEM 
Education

The emphasis on “integration” of STEM disciplines implies an emergence of big 
ideas and representational practices that unify or transcend specific disciplines 
(Berland, 2013; Nathan et al., 2013; Sengupta & Shanahan, 2017a). But what is the 
nature of this emergent field of knowledge and practice, particularly in K-12 and 
college classrooms? To this end, the chapters along this theme offer new imagina-
tions of technological infrastructures, multidisciplinary contexts of inquiry, class-
room activities, and researcher–practitioner partnerships where multiple disciplines 
come together in a seamless fashion. In this section, we briefly describe the 
contributions.

Davis, Chandra, and Bellochi (Chap. 2) begin with an ontological stance where, 
rather than positioning STEM as “knowledge,” STEM is positioned as a confluence 
of different “ways of knowing” (Markauskaite & Goodyear, 2016). They argue that 
learning integrated STEM requires epistemic fluency (Markauskaite & Goodyear, 
2016), further developing the notion by situating it in the literature on innovation 
and entrepreneurship (Von Hippel, 2017). Specifically, they argue that introducing 
learners (in their case, pre-service teachers) to “wicked” problems (Jordan, 
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Kleinsasser, & Roe, 2014; Rittel & Webber, 1973), i.e., problems involving a social 
dimension, where the problem definitions and their solution are context dependent 
and subject to re-evaluation over time, can serve as a productive pedagogical 
approach for fostering epistemic fluency. The authors then ground their arguments 
in praxis by presenting hermeneutic, reflective analyses (Van Manen, 1977) of their 
own experiences of teaching integrated STEM education courses to pre-service 
teachers at the Queensland University of Technology. What emerges from their 
analysis is the importance of pre-service teachers struggling with problem defini-
tion—i.e., answering the question “what kind of a problem is this”—both in the 
context of working with structured and ill-structured problems—for developing 
their epistemic fluency.

Alonzo-Yanez Thumlert, de Castell, and Jenson (Chap. 3) argue that the narra-
tives of STEM “crisis and salvation” can be productively challenged and disrupted 
by pedagogical approaches that do not ignore pressing ecological, ethical, and 
social justice exigencies. Instead, they position these issues as sites of multidisci-
plinary inquiry in the classroom. In this pedagogical approach, learners and teachers 
jointly conduct inquiry on critical sustainability. Here the goal is to develop a deep 
understanding of the deterioration of natural physical and biological systems and 
their relationship to technological, social, and economic states of affairs, and to 
design potential solutions to such problems. Critical sustainability acknowledges 
that current socio-environmental problems are dependent on the uneven distribution 
of environmental costs, inequitable access to environmental resources by various 
groups and nations, and vulnerable groups’ inadequate access to decision-making 
power and governance positions. Such a problem framing and associated curricular 
redesign has two advantages: (a) they can provide students and teachers opportuni-
ties for conducting inquiry that will necessarily integrate STEM disciplines and (b) 
by centering social action, they can help students and teachers challenge neoliberal 
economies and ideologies of innovation and performativity that have co-opted pub-
lic education.

Kim, Rasporich, and Gupta (Chap. 4) provide an example of what critical sus-
tainability might look like in a classroom. They report a classroom study grounded 
in a research–practice partnership. In this semester-long study, ninth grade students 
worked on designing sustainable villages in Minecraft. This study explores trans-
disciplinarity between social sciences, sciences, and language construction in a 
Canadian school, whose curricula integrate arts in all aspects of student learning. 
The authors position this as a self-study in which the teacher (Rasporich) reflects on 
his journey through the scholarly conversation with the university researchers (Kim 
and Gupta). They discuss how Rasporich supported his students in reflecting on 
their own assumptions about who and what we look like, how we communicate, and 
how we live and interact with others and the environment, through designing and 
creating new virtual worlds. Interesting findings include how the students’ emerg-
ing consciousness and appreciation of indigenous perspectives and relationships 
with their land shaped their creative work, in terms of both designing their virtual 
worlds for sustainability and designing the languages that would be used for com-
munication in these worlds.

1 Reimagining STEM Education: Critical, Transdisciplinary, and Embodied Approaches
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Li and Chiang (Chap. 5) report Chinese pre-service teachers’ perception of 
STEAM education. This chapter is particularly poignant given the current national 
educational policy in China, which mandates STEAM education as a key direction 
in public education. The central agenda is to foster innovation as a way of knowing 
and learning at the K-12 levels across disciplines. In response to such policy man-
dates, leading universities in China have adopted problem-based learning as a peda-
gogical approach in their pre-service teacher education courses. However, Li and 
Chiang report that pre-service teachers, despite taking these courses, experienced 
difficulty in identifying deep, unifying contexts and problems that could potentially 
bring together different disciplines, even when they were able to make superficial 
claims about the interrelatedness of STEAM disciplines. The findings of this study 
show that the adoption of problem-based learning as a pedagogical approach for 
STEAM integration in pre-service teacher education may require more explicit and 
careful attention to how Art can be integrated with STEM education.

Clark and Pearson (Chap. 6) argue that transdisciplinarity in STEM education 
can be fostered through designing and using educational games where computa-
tional modeling, as part of the central game play, can integrate second language 
learning with computational thinking and science learning for emergent bilinguals. 
Their work is premised on the genre of games known as disciplinarily-integrated 
games (DIGs) proposed by Clark, Sengupta, and colleagues (Clark, Sengupta, 
Brady, Martinez-Garza, & Killingsworth, 2015; Krinks, Sengupta, & Clark, 2019; 
Sengupta & Clark, 2016). DIGs are grounded in the “science as practice” perspec-
tive (Lehrer, 2009; Pickering, 1995; NRC, 2007). In this perspective, modeling is 
positioned as central to scientific expertise and as a “language” of science (Lehrer, 
2009), where manipulating, interpreting, and translating across formal representa-
tions are seen as a key form of expertise. Taking advantage of this synergy between 
science and language learning, the authors propose collaborative DIGs as a rich 
context in which emerging bilinguals can leverage a broad range of resources and 
representations, grounded in Goodwin’s (2017) cooperative action framework.

O’Neil (Chap. 7) situates transdisciplinarity as a problem of transfer, particularly 
in the context of emphasizing coding and computational thinking as a cross- 
curricular competency. O’Neil presents a critique of the emphasis on coding and 
computational thinking especially for young children—popularly known as the “kid 
coding” movement—as being grounded in a “functional rationality” and lacking in 
focus on “substantive rationality” (Mannheim, 1940). The author then presents the 
issue of transfer as central to the development of a deep and substantial expertise in 
coding and computational thinking and reminds us of the lessons that can be learnt 
from the studies of LOGO programming language in elementary classrooms during 
the 1980s and 1990s. O’Neil situates his arguments in light of popular reports of 
children’s coding, as well as research studies on teaching children’s computational 
thinking. This is an important chapter because it presents arguments for why disci-
plinary depth does not stand in opposition to transdisciplinarity, and in fact, can 
support the latter in the context of integrated STEM education.

Dickes and Farris (Chap. 8) further the position presented by O’Neil by illustrat-
ing how computational thinking and modeling can become meaningfully situated 
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within the K-12 science and mathematics curricula through deepening engagement 
with disciplinary practices and cultures. This work arises from the concern that 
investigations into children’s computing have largely focused on coding and pro-
gramming as isolated competencies. Adopting a phenomenological approach to 
supporting and integrating computational thinking in K-12 STEM (Sengupta, 
Dickes, & Farris, 2018), the authors demonstrate how teachers, in long-term 
 partnerships with researchers, can position coding and computational thinking as 
epistemic practices that become essential tools in the work of their students for 
modeling scientific phenomena. They discuss the importance of designing mathe-
matical measures as a key form of activity that can bring together multiple STEM 
disciplines, while at the same time, deepening scientific engagement.

Hladik, Behjat, and Anders (Chap. 9) provide a new illustration of a phenomeno-
logical approach to computational thinking (Sengupta et al., 2018) by adapting the 
Conceive-Design-Implement-Operate (CDIO) pedagogical framework from the 
field of engineering education (Hilton & Bracy, 2015). Using this approach, they 
designed a set of activities that involve computational thinking and modeling with 
the goal to integrate STEAM disciplines. Hladik and colleagues discuss how the 
CDIO framework guided their design of four creative computing activities that 
leverage representational practices from disciplines such as mathematics, physical 
education, language, and art. These activities were implemented in two settings: in 
elementary classrooms and in a professional development workshop for pre-service 
teachers. They argue that the use of the CDIO design framework makes space for 
the design of activities that can engage even elementary students in computing prac-
tices that challenge a technocentric approach to computing in the classroom (Papert, 
1987; Sengupta et al., 2018).

In the final chapter along this theme, Sengupta, Kim, and Shanahan (Chap. 10) 
further the phenomenological stance on educational computing in the context of 
pre-service teacher education. The authors investigate how pre-service science 
teachers can be introduced to computational thinking and modeling through play-
fully designing computer simulations and games for modeling kinematics and eco-
logical interdependence. The notion of play challenges the expectations of 
disciplinary rigidity that often keep newcomers from participating in scientific 
inquiry (Kim & Ho, 2018; Sengupta & Shanahan, 2017a). This is particularly 
important given that many pre-service teachers may not have prior experience with 
programming (e.g., Yadav et al., 2017). This chapter presents a pedagogical approach 
that builds upon (instead of ignoring) pre-service science teachers’ interpretive 
dilemmas as they engage with computational science. They illustrate three episte-
mological and pedagogical stances that the pre-service teachers adopted through 
their playful engagement with computational science. Science educators have now 
started paying attention to supporting teachers’ productive uncertainty in the con-
text of modeling in the science classroom (Duschl, 2008; Manz & Suárez, 2018; 
Farris, Dickes, & Sengupta, 2019), and to this end, this chapter shows how playful 
engagement with computational models and simulations can support such peda-
gogical approaches in the pre-service classroom.

1 Reimagining STEM Education: Critical, Transdisciplinary, and Embodied Approaches
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1.3  Theme 2: Bodies, Hegemony, and Decolonization

Takeuchi and Dadkhahfard (Chap. 11) further deepen O’Neil’s critique of func-
tional rationality as the paradigm of STEM education from the perspectives of criti-
cal race theory and queer theory. They ask the following question: what images of 
STEM education can we visualize if we place human capabilities (Sen, 1997)—not 
capital—at the center? Their work challenges the dominant paradigm of reducing 
learners as disembodied vehicles for knowledge consumption and learning for the 
production of human capital in our classrooms and instead centralizes learners’ 
bodies as socio-historical sites of learning in STEM disciplines. By integrating per-
spectives of sociocultural theory with queer theory and critical race theory, they 
conceptualize learners’ bodies as the locus of negotiating disciplinary norms, emo-
tions, and desires and view them as fundamentally cultural and historical. Utilizing 
counter-storytelling practices framed by critical race theory and queer theory, 
Takeuchi and Dadkhahfard introduce the stories of two learners, both recent immi-
grants to Canada learning mathematics in context of a second language classroom. 
The cases highlight (a) how learners’ bodies are subjugated through formal school 
curriculum and pedagogy and (b) how personal and unsanctioned embodied enact-
ments may queer normative disciplinary representations and can facilitate shifts in 
learners’ participation and positional identities in mathematics learning.

Lee (Chap. 12) also positions learners’ bodies as sites and tools for developing 
scientific and mathematical expertise. Lee presents a case study of sixth-grade stu-
dents in a low-income, rural school in the western United States who used step data 
obtained from commercial wearable activity trackers to substantively interpret and 
discuss distributional shapes produced by their physical activities. The students 
investigated how their walking activities shaped their data and then designed new 
forms of mathematical representations for modeling statistical distributions in their 
embodied data. Lee’s analysis demonstrates how leveraging, as opposed to ignor-
ing, the learner’s body as integral to the curriculum can re-position the learner to a 
place of power in relationship to complex, disciplinary knowledge.

Bobis (Chap. 13) argues that while the visions and practices of past reform-based 
approaches have consistently proven difficult for beginning STEM teachers to 
incorporate in their classroom practice, embodied enactments and re-enactments 
can be helpful a pedagogical approach to address this issue. Taking enactivist and 
embodied perspectives on mathematics learning, Bobis presents findings of a study 
that explored prospective primary teachers’ enactment of targeted practices for 
teaching mathematics in innovative ways. The opportunities to approximate such 
practices were provided across university and school settings. The participants in 
this study were pre-service elementary teachers in their first mathematics methods 
course and at the end of their first professional experience. Results indicate that 
pedagogies employed in the course, namely rehearsals, videos, and teacher educator 
modeling of practices and coaching during co-planning and co-teaching opportuni-
ties in a range of designed settings, were considered by novice teachers to be effec-
tive in supporting the enactment of targeted practices during their field placements.
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Gupta, Turpen, Philip, and Elby (Chap. 14) expand and deepen criticality in 
STEM education beyond learners’ bodies and position social constructivism as a 
missing element in theorizing K-12 and college-level engineering education. They 
present a pedagogical framework grounded in social constructivism (Bijker, 2015), 
where issues of power, privilege, policy, and politics in a globalized world shape 
and are shaped by technology. They contrast this approach with common narratives 
and pedagogical approaches in engineering education, which assume that engi-
neers are ethically “walled off” from the complex, long-term effects of their work. 
The authors present a case study that illustrates how focusing on the macro-ethics 
of engineering and technology, grounded in social constructivism, can facilitate 
transdisciplinarity in engineering education. Such focus encourages and facilitates 
the convergence of technical elements of engineering and technology design on 
one hand, and critical theoretical and historical perspectives on militarization and 
colonization on the other. Their work challenges common notions of design 
 thinking that are grounded in uncritical, ahistorical, and simplistic definitions of 
empathy.

Rahm (Chap. 15) situates STEM education socio-historically in terms of the cur-
rent geo-political situation, central to which are issues such as movement, uncer-
tainty, and globalization. Rahm reminds us of neo-liberal ideologies that undergird 
common approaches in STEM education, positions the youth as agents of their 
learning and identity in science, and reports ethnographic case studies of joint video 
production projects in two different contexts: a Saturday Art-Science club in a 
school with immigrant student participants and a longitudinal study of six young 
women who were high school students conducted over a span of 7 years. Building 
on the work of Furman and Barton (2006), Rahm sought to understand in what ways 
videos can become a means for youth to tell stories about science and reconfigure 
their relationship with science. Based on the findings, Rahm argues for reposition-
ing informal learning programs as sites of critique and transformations, and 
researchers as co-constructors of change-making over time.

Urban Environments and Education Research Coven (Featuring Das and Adams, 
Chap. 16) also presents an investigation at the intersection of critical theory and 
transdisciplinarity in the context of critical numeracy (Strong et al., 2016). Critical 
numeracy emerges from experiences, reflections, politicization, and research into 
public schooling as a site of tracking (Oakes, 2005), exploration (Dewey & Small, 
1897), death (DeJesus, 2016), and possibilities (Giroux, 2000), indicating an 
urgency to organize, teach, and practice toward human emancipation particularly as 
state violence continues to intensify forms of occupation in a settler colonial and 
anti-Black society (Hudson & McKittrick, 2014). Similar to Rahm (Chap. 15), they 
argue that STEM education should be centered on the lives and geographies of 
learners, their local knowledge, and place experiences and accentuate critical, 
decolonizing, and desettling frameworks to provide learners and educators tools 
necessary for critical civic participation in STEM.
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Paré, Sengupta, Windsor, Craig, and Thompson (Chap. 17) investigate the rela-
tionship between gender and sexual identities and the design of immersive, virtual 
reality environments for STEM education. Their work arises from the concern that 
the assumed “naturalness” of male/female binary categories in biology is often at 
the center of the queer, trans, and intersex panics in public education. They present 
a reimagination of how gender and sexuality can be experienced as critical literacies 
using 3D sculpting in VR environments. They argue that when engaging in such 
computational modeling activities in collaboration with their close friends, a safe 
space can be created for deep and critical engagement with complex narratives and 
marginalized experiences of gender and sexuality. Epistemologically, this chapter 
brings together scholarship on critical and queer theory, computational thinking, 
and the design of VR learning environments in the context of STEM education and 
highlights the roles that desire and intimacy can play in shaping and deepening 
transdisciplinary engagement in STEM.

Finally, Lam-Herrera, Ixkoj Ajkem Council, and Sengupta (Chap. 18) argue for 
integrating STEM disciplines in the context of K-12 education by bridging scholar-
ship in complex system education, computational thinking, design of learning envi-
ronments, indigenous studies, and decolonization. They present the design of an 
immersive learning environment—Grafemos—for learning about complex systems 
in a manner that integrates indigenous perspectives on design and complexity and 
Western scientific and technological perspectives on computational modeling and 
complexity. The authors present an example of a partnership with the Ixkoj Ajkem 
Council in Xenacoj, Guatemala, that illustrates how working with Grafemos draws 
upon both indigenous practices of storytelling in the context of Mayan women’s 
fabric design and Western scholarship on computational modeling and thinking in 
order to represent learners’ personal, relational narratives, as well as ecological 
interdependence.

1.4  Design Guidelines for STEM Integration: Some 
Emergent Coherences

The chapters in this volume, collectively, make two forms of contributions in terms 
of design guidelines for STEM education. First, they suggest domains of knowledge 
and practice that can create opportunities for transdisciplinarity in STEM education. 
These domains are not typically parts of K-16 education in the STEM disciplines, 
and the proposal here is that focusing on these domains can bring disciplines 
together as well as support a critical perspective on STEM education. Second, the 
contributions of the chapters can also be organized thematically in terms of a few 
but important epistemic and representational anchors for designing such learning 
environments. We discuss both these forms of guidelines in this section.
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1.4.1  Toward New Transdisciplinary Domains for STEM 
Integration

1.4.1.1  Critical Sustainability

One of the key coherences that emerged from the chapters is how powerful sustain-
ability can be as a context and domain of investigation for a critical and transdisci-
plinary approach for STEM integration. Alonzo-Yanez and colleagues (Chap. 3) 
argue that focusing on urban and environmental sustainability offers teachers a 
pedagogical opportunity to foster students’ deep understanding of the complexity of 
integration across disciplines and divergent perspectives by taking a problem- 
oriented approach rather than a discipline-driven one. Kim, Rasporich, and Gupta 
(Chap. 4) illustrate how creating and designing sustainable villages in virtual worlds 
can be interwoven with learning about critical histories of physical environments, 
languages, people, and the land. Both these chapters argue how the deeply inter-
twined relationships between individuals and environmental, ecological, and urban 
sustainability can be modeled from a social justice perspective. Davis et al. (Chap. 
2) posit that it is at such intersectional worlds that risk-taking should be encouraged 
in STEM classrooms. Dickes and Farris (Chap. 8) further demonstrate that even for 
much younger students (third- and fourth-grade students), ecological sustainability 
can also serve as a reflexive disciplinary context for supporting and deepening com-
putational thinking. And finally, Lam-Herrera, Ixkoj Ajkem Council, and Sengupta 
(Chap. 18) illustrate how issues of critical sustainability are also important to attend 
to from the perspective of decolonizing complexity education.

1.4.1.2  Macro-Ethics

In their chapter, Gupta and colleagues (Chap. 10) introduce macro-ethics as a poten-
tially new domain for deepening disciplinary understandings in the field of engi-
neering education. Using the lens of social constructivism, they situate macro-ethics 
at the intersection of the militarization of technologies in the USA, ideological and 
gendered stances in professional and educational contexts in STEM and user- 
centered design. The emergent learning experience is one where professional expec-
tations—both epistemological and performative—are re-examined as more nuanced, 
highly complex for an increasingly diverse world. For example, the notion of the 
“hypothetical” user is no longer viewed as colorless or ahistorical; students begin to 
situate users and contexts of use as shaped not only by personal expectations and 
histories but as sociopolitical and historical constructions. This is, of course, an 
introductory investigation, and the authors argue that the unavoidably emotional 
nature of some of these conversations in the classroom calls for more research on 
the pedagogy and analysis of student learning in such contexts.
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1.4.2  Epistemic and Representational Anchors for Design

1.4.2.1  Modeling and Play

Modeling is a theme that is common across all the empirical chapters in this book. 
For example, the chapters by Takeuchi and Dadkhahfard (Chap. 11), Lee (Chap. 
12), Paré, Sengupta, and colleagues (Chap. 17), and Hladik and colleagues (Chap. 
9) highlight the role that embodied modeling can play in bringing together STEM 
disciplines. Sengupta, Kim, and Shanahan (Chap. 10) illustrate how agent-based 
computational models of scientific phenomena can become rich sites for computa-
tional, scientific, and pedagogical inquiry for pre-service science teachers, even 
without any prior experience in coding, through playful conversations and interac-
tions. Dickes and Farris (Chap. 8) and Hladik and colleagues (Chap. 9) present 
arguments about how framing computational thinking and programming as model-
ing can meaningfully integrate computing within the K-12 science curricula. It is 
then perhaps not too far a stretch to say that integrated STEM education could be 
conceptualized as a rich imagination for modeling disciplinary practices, making it 
possible for multiple forms of knowledge and knowing—both within and across 
disciplines—to come together.

This coming together of different forms of knowing and knowledge should 
essentially be playful in nature, in terms of the experiences of the learners. Bobis 
(Chap. 13) illustrates this through a different type of embodiment and modeling, 
where the teacher positions herself as the learner and thus plays the role of the 
learner to enact possible disciplinary figured worlds. “Playing” these roles involves 
sharing and enacting moments of vulnerability creating room for making mistakes 
and building an inviting environment where beginning teachers are more likely to 
share their concerns and their own vulnerabilities. We found this to be an important 
commonality, especially because, as Kim and colleagues have argued elsewhere, 
playful learning environments encourage risk-taking, persistence, and problem- 
solving not only for children but also for learners of all ages (Kim, Tan, & Bielaczyc, 
2015). Shanahan, Burke, and Francis (2016) and Sengupta and Shanahan (2017a) 
have similarly argued that STEM education should be imagined as boundary objects 
and boundary play, where multiple disciplinary worlds come in contact with each 
other as well as with personal histories and interpretations of the learners and pub-
lic. As Alonzo-Yanez and colleagues (Chap. 3) and Gupta and colleagues (Chap. 14) 
argue, as we move away from a pedagogical approach that emphasize reproduction 
of disciplinary forms, grounding transdisciplinary inquiry in complex, real-world 
problems calls for creative work on the part of learners where risks, vulnerabilities, 
and the ability to take myriad perspectives on the same objects and issues constitute 
central elements of the experience.

Play challenges ontology and thus encourages boundary-making, breaking, and 
re-making. For example, Kim and colleagues (Chap. 4) illustrate how playfully cre-
ating virtual societies led learners to challenge what should count as “language” and 
invent new, hybrid forms of communication where language is not merely  embodied 
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in speech and gesture, but also in the form of deeper physiological properties, 
designed with reducing social inequalities in mind. Hladik and colleagues  
(Chap. 9), Lee (Chap. 12), and Farris and Dickes (Chap. 8) present different forms 
of playful engagement with computational modeling, where “code” and “data” are 
reimagined as physical objects as well as embodied actions and interactions. Playful 
engagement is therefore an invitation to reimagine disciplinary work and practices 
as transdisciplinary, and playful modeling therefore emerges as a powerful mode of 
engagement for learners in STEM education.

1.4.2.2  Making Hegemony Visible: Unearthing Histories, Desire, 
and Bodies

Many of the chapters, especially those along Theme 2, have explicitly attempted to 
make visible the hegemonic structures and histories that underlie disciplinary prac-
tices. Several of these chapters also positioned this historical reimagination of dis-
ciplinary work as a place for transdisciplinarity. For example, Gupta and colleagues 
(Chap. 14), Rahm (Chap. 15), and Das and Adams (Chap. 16) illustrate that delving 
deeper into our individual and collective histories has implications for reimagining 
what should constitute scientific work (Rahm, Chap. 15), engineering practice 
(Gupta et al., Chap. 14), and mathematical literacies (Das and Adams, Chap. 16).

Arguments to reimagine scientific literacy by connecting science to lives of pro-
test and resistance are not new (e.g., Weinstein, 2009, 2016). Several chapters in this 
book echo this sentiment. However, Paré and colleagues (Chap. 17) further argue 
that desire and intimacy can also be a form of pedagogical resistance against hege-
mony. They illustrate how the hegemony of cisheteronormativity, which has pre-
dominantly shaped gender and sexuality education in K-12 biology and social 
studies curricula, can be countered by creating spaces where learners’ desires and 
narratives about their gender and sexuality can become contexts of both interper-
sonal and disciplinary inquiry through a form of 3D computational modeling 
(sculpting) in VR worlds.

Other authors also argue for recognizing the role that bodies can play as contexts 
and tools for making hegemony explicit. As mentioned earlier, Takeuchi and 
Dadkhahfard (Chap. 11), Lee (Chap. 12), Paré and colleagues (Chap. 17), Dickes 
and Farris (Chap. 8), Hladik and colleagues (Chap. 9), and Bobis (Chap. 13) illus-
trate the role that embodied modeling can play in bringing together STEM disci-
plines, in both computational and non-computational contexts. However, these 
chapters also highlight how intricately learners’ agencies (and their personal histo-
ries, as reported by Takeuchi and Dadkhahfard, Chap. 11) are connected to their 
bodies. Rahm (Chap. 15) further argues that it is not only the learners’ bodies but 
also their mobilities of their everyday practices in relation to professional disci-
plines that have implications for the development of their disciplinary identities in 
professional STEM worlds. Rahm’s argument echoes similar calls issued by 
Leander, Phillips, and Taylor (2010) in the context of new media and literacy.

1 Reimagining STEM Education: Critical, Transdisciplinary, and Embodied Approaches

https://doi.org/10.1007/978-3-030-29489-2_9
https://doi.org/10.1007/978-3-030-29489-2_12
https://doi.org/10.1007/978-3-030-29489-2_8
https://doi.org/10.1007/978-3-030-29489-2_14
https://doi.org/10.1007/978-3-030-29489-2_15
https://doi.org/10.1007/978-3-030-29489-2_16
https://doi.org/10.1007/978-3-030-29489-2_15
https://doi.org/10.1007/978-3-030-29489-2_14
https://doi.org/10.1007/978-3-030-29489-2_16
https://doi.org/10.1007/978-3-030-29489-2_17
https://doi.org/10.1007/978-3-030-29489-2_11
https://doi.org/10.1007/978-3-030-29489-2_12
https://doi.org/10.1007/978-3-030-29489-2_17
https://doi.org/10.1007/978-3-030-29489-2_8
https://doi.org/10.1007/978-3-030-29489-2_9
https://doi.org/10.1007/978-3-030-29489-2_13
https://doi.org/10.1007/978-3-030-29489-2_11
https://doi.org/10.1007/978-3-030-29489-2_15


14

1.4.2.3  Art and Aesthetic Experience

Several authors in this volume highlight the importance of art in bringing together 
STEM disciplines. It is interesting to note that some of these chapters highlight how 
learners and participants created art within virtual environments, either through 
coding (Hladik et al., Chap. 9) or through designing and modeling using computa-
tional platforms for creating virtual worlds, such as Minecraft (Kim et al., Chap. 4) 
and 3D sculpting in VR using Occulus Medium (Paré et al., Chap. 17). At the same 
time, Lam Herrera, Ixkoj Ajkem Council, and Sengupta (Chap. 18) suggest bringing 
together Western and indigenous perspectives on complexity and computation and 
identify how indigenous fabric design can become an inspiration for reimagining 
computational thinking and modeling in ways that can challenge the hegemony of 
Western perspectives on STEM and STEM education.

In these studies, art is not simply a context for STEM integration. These chapters 
show how art can fundamentally shape the nature of experience of STEM for stu-
dents, in a manner akin to Dewey’s notion of aesthetic experience (Dewey, 1934; 
Farris & Sengupta, 2016; Higgins, 2008). The experience of creating art, particu-
larly in contexts that involve modeling science computationally, can be fundamen-
tally synthetic and transformational (Farris & Sengupta, 2016). It is synthetic in the 
sense that such experiences invite the learner to bring together experiences from 
their lifeworlds outside the classroom alongside computational thinking and disci-
plinary practices. For example, 3D sculpting provided the participants in Paré et al.’s 
study opportunities to reflect deeply on their experiences of gender- and sexuality- 
based marginalization. Such experiences are transformational in the sense learners 
transform “materials” (e.g., modeling tools in Oculus Medium) into expressive 
media (e.g., 3D sculptures in VR that symbolize participants’ gender and sexual 
identities). But, such experiences are also transformational in a more critical theo-
retical sense, in that they can create opportunities for challenging disciplinary hege-
monies. This can happen by centering the activities around experiences of oppression 
and marginalization that have been historically been left out of curricular contexts 
(e.g., learning about plastic contamination due to urbanization in local communities 
in Lam Herrera et al.’s study), as well as by challenging hegemonic norms as a way 
to learn about issues such as gender and sexuality (e.g., youth redesigning gender 
norms in their virtual worlds in Kim et al.’s study). Thinking computationally is 
then no longer limited to thinking about computational abstractions, and as Lam 
Herrera et al. (Chap. 18) illustrate, neither does computing need to involve a com-
puter. When viewed in this light, aesthetic experience as part of the STEM curricu-
lum can challenge disciplinary and technological hegemony, as well as hegemonic 
norms in society.

We believe that this has significant entailments for both the design of learning 
environments as well as for pre-service teacher education. The survey reported by 
Li and Chiang (Chap. 5) shows that even when pre-service teachers intuitively 
understand that “art” can be a synergistic domain of practice for STEM education, 
in the absence of meaningful experiences of integration, such intuitive understand-
ing remains removed from their classroom practices. Li and Chiang’s work  therefore 
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suggests that rather than asking the question “Can Art be integrated with STEM 
education?” we need to think more deeply about how such integration can be 
brought about. The chapters in this volume provide several examples of learning 
environments and experiences where such integration can be brought about by urg-
ing us to think beyond superficial definitional issues of Art and STEAM education. 
Instead, they illustrate the importance of considering more deeply the underlying 
epistemological orientations and implications—i.e., the nature of aesthetic experi-
ence—that can be supported as learners engage in art in the context of STEM 
education.

1.5  Epilogue: What Form of Literacies Can STEM Become?

Simply put, professional practice takes the form of literacies in public education. 
Currently, most of the national and international standards and guidelines situate 
literacies in each of the STEM disciplines in terms of professional practice in these 
disciplines, which are at once representational and epistemic in nature. For exam-
ple, modeling is well-accepted as the “language” of science (Lehrer, 2009; National 
Research Council, 2007), and unsurprisingly, it is also a key element of US Next 
Generation Science Standards (NRC, 2013). Even more recently, Sengupta and 
Shanahan (2017b) argued for reimagining scientific literacy as a public experience 
by centralizing the notion of practice. They argued that rather than making public 
the results of science, researchers and research institutions should also work toward 
designing opportunities for the public to engage with directly in scientific modeling 
practices.

The chapters presented here, collectively, argue for a different imagination of 
practice, in which practice ceases to belong to a discipline. They also illustrate that 
multidisciplinarity should no longer be considered a trade-off for disciplinary depth, 
and neither should transdisciplinarity imply that practices must necessarily span 
across disciplines. Rather, the images of transdisciplinarity presented here show that 
different practices from different disciplines can work together in a reflexive man-
ner. This position is similar to the notion of reflexivity as put forward by Harel and 
Papert (1991) and Sengupta, Kinnebrew, Basu, Biswas, and Clark (2013), who have 
argued that learning programming (in specific forms and with appropriate scaffold-
ing) can further deepen the experience of learning mathematics and science. The 
emergent learning experience then cannot belong to a single discipline, even though 
different elements of these experiences, at times, might belong to different disci-
plines. Epistemologically, this is similar to the images of influx of senses (Vygotsky, 
1980) and agglutination (Bakhtin, 1983), where the meaning of a word emerges 
from a multitude of meanings that surround the word.

The authors of this edited volume illustrate examples of such agglutinated forms 
of transdisciplinarity in and as STEM education, and further suggest the following: 
(a) the pedagogical design of such transdisciplinary activities can lead to the cre-
ation of new representational genres where multiple disciplines meet and co-exist; 
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and (b) when learners’ bodies and our collective and colonial histories become part 
of such investigations, we can challenge cultural and disciplinary hegemonies. For 
example, learning mathematics can become learning critical numeracy, where learn-
ers begin to see the history of slavery in the USA as relevant to learning in the 
mathematics classroom (Das and Adams, Chap. 15). Similarly, learning biology 
from a critical theoretical perspective can happen through computational sculpting 
and gender play with close friends in VR (Paré et al., Chap. 17); and jumping around 
with friends in the school yard can become data for statistical, scientific, and math-
ematical models (Lee, Chap. 12). This book therefore calls for viewing STEM as 
emergent literacies where multiple disciplines meet and co-exist in reflexive ways, 
and social and historical injustices and hegemonies become legitimate elements of 
and integral to STEM education.

This does not mean that such curricula should be free form or free choice, and 
neither should the commitment to disciplinary depth be at stake here. To this end, 
we have identified some disciplinary, epistemic, and representational anchors for 
designing such learning environments in the previous section. In viewing integrated 
STEM as an influx of senses where meaning arises from heterogeneity, we believe 
that we can begin to realize Dewey’s vision of learning as aesthetic experience 
(Dewey, 1934). As Higgins (2008) argued, the metaphor here is that of learning as 
“seeing more,” rather than barely “seeing as,” The distinction here is between a 
rudimentary form of recognition, for example, when we simply see something as an 
instantiation of a category or in service of a specific purpose (seeing as), as opposed 
to experiencing the richness and complexity of that object (seeing more). Seeing as, 
Higgins (2008) argues, is a case of arrested perception, which can “insulate us all 
too fully from the thorny, the surprising, the complex” (p. 14). Several chapters in 
this book illustrate that “seeing more”—i.e., experiencing the thorny, the surprising, 
and the complex—should involve seeing more critically and historically, echoing 
similar calls issued by Philip, Bang, and Jackson (2018).

This expansive reimagination of STEM also has implications for the design of 
learning technologies such as programming languages, digital games, virtual 
worlds, and virtual reality environments. A common theme across the chapters is 
the importance of reimagining these technologies as experiences, especially in 
terms of the heterogeneity of the learners’ experiences: emphasizing materiality, 
embodied interactions, and playful engagement with complex and historically situ-
ated, transdisciplinary phenomena. Furthermore, when these experiences are 
grounded in the learners’ voices and communities that have been historically 
oppressed and marginalized, they can fundamentally alter both the disciplinary dis-
course and technological infrastructure. These forms of heterogeneity are particu-
larly important for breaking the trope of technocentrism (Papert, 1987) that largely 
colors and shapes our experiences with technologies in educational settings 
(Sengupta et al., 2018), where too often, narrowly defined forms of technological 
work become the centerpiece of STEM education.

In its most emancipatory imagination, going beyond and even countering the 
problematic discourse of efficacy and employability, STEM education can help us 

P. Sengupta et al.

https://doi.org/10.1007/978-3-030-29489-2_15
https://doi.org/10.1007/978-3-030-29489-2_17
https://doi.org/10.1007/978-3-030-29489-2_12


17

reimagine the work of disciplining our bodies and minds as practices that offer 
learners and teachers opportunities to challenge hegemonic discourses. Hegemony, 
like marginalization, is also heterogeneous in form, but it has a central and defining 
characteristic in all of its instantiations: hegemony always results in the silencing of 
voices that can disrupt the disciplinary core. The chapters in this book offer hetero-
geneous visions that can challenge disciplinary hegemonies in different ways, thus 
offering new imaginations of STEM education as critical and transdisciplinary 
practice, with an open invitation to the field to continue this work.
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Chapter 2
Integrated STEM in Initial Teacher 
Education: Tackling Diverse 
Epistemologies

James P. Davis, Vinesh Chandra, and Alberto Bellocchi

Abstract Science, Technology, Engineering, and Mathematics (STEM) each have 
distinct epistemological foundations for the production of knowledge, yet a recent 
international trend in education is to integrate these fields as an approach to teaching 
and learning. According to the literature, integrated STEM education involves con-
current teaching of two or more knowledge domains from the collection of tradi-
tional knowledge silos that constitute STEM. The rationale for integrated STEM 
education is grounded in a perceived need to simulate the complexity of real-world 
situations, where examples of integrated STEM tend to evolve over time, through 
the need to solve problems in naturalistic contexts by teams of researchers with dif-
ferent disciplinary expertise. In educational settings, each school STEM discipline 
has evolved with pedagogical responses to simulate real-world contexts such as 
science inquiry or mathematical problem solving, however, the notion of integrated 
STEM adds layers of complexity to pedagogical responses. Our aim in this chapter 
is to address this complexity from the perspective of integrated STEM in initial 
teacher education programs, based on critical reflections of our recent teaching 
experiences and learning experiences of our students. We explore the demands on 
initial teacher education STEM students in terms of the diversity of analytical epis-
temological orientations, and we consider possible strategies for understanding syn-
thetic epistemological orientations that may inform better our understanding of 
learning through integrated STEM.
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STEM, as an acronym, gives recognition to a way of emphasizing the importance of 
each disciplinary element of Science, Technology, Engineering, and Mathematics 
within educational contexts (English, 2016). Lyn English (2016) highlights the 
challenge that STEM introduces for researchers and educators, which is evident in 
diverse interpretations of what is meant by STEM education or the integration of 
STEM. Defining integrated STEM opens a new level of complexity from educa-
tional perspectives due to its conceptualization across a diverse range of interna-
tional contexts, and the different ways that individual disciplines are represented 
through integration (English, 2016). For example, the phrase integrated STEM in 
education may be defined as the concurrent teaching of two or more knowledge 
domains from the collection of traditional knowledge silos that constitute STEM 
school subjects (Kelly & Knowles, 2016). That phrase may also apply to the inte-
gration of STEM elements with real-world contexts (STEM Task Force Report, 
2014). The common catchphrase real-world is an educational reaction to past school 
instruction that had students engaging in problems (e.g., solving an equation) with 
no connection between these activities and the situations in which STEM discipline 
experts apply such practices. Effectively what real-world refers to is situations and 
scenarios where STEM experts apply their disciplinary knowledge to explain phe-
nomena or solve problems (Bellocchi, King, & Ritchie, 2016). Integration of STEM 
with real-world contexts introduces new complexities such as ill-structured prob-
lems and innovation (Nadelson & Seifert, 2017), and notions of interdisciplinary, 
multidisciplinary, or transdisciplinary collaboration (English, 2016). This complex-
ity within the field of STEM education is evident through inconsistencies in defini-
tions of integrated STEM, especially in the use of terminology such as inter-, multi-, 
or transdisciplinary (cf. Shernoff, Sinha, Bressler, & Ginsburg, 2017).

The complexity that we, James, Vinesh, and Alberto, recognize in integrated 
STEM education prompts us to describe this field as transdisciplinary, and to 
acknowledge integrated STEM investigations as a form of complexity research (cf. 
Davis & Sumara, 2006). In this sense, we recognize the possibility for diverse meth-
ods, methodologies, and ways of knowing (i.e., epistemologies) through adaptive, 
integrated STEM learning as distinct from discrete STEM learning. Such epistemo-
logical diversity may be influenced by the particularities of specific objects of 
inquiry (Davis & Sumara, 2006) and the instruments applied by particular investi-
gators as learners (cf. Allchin, 1999a). Our aim in this chapter is to explore the 
epistemological complexity of integrated STEM in an initial teacher education 
program.

2.1  Theoretical Framework

This exploration is based on critical reflections of our recent teaching experiences 
and the learning experiences of some of our preservice teachers. We have structured 
our exploration by recognizing the notion of analytical and synthetic orientations 
toward thinking and ways of knowing (Wickman, 2017). Analytical orientations, 
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also called formal analysis (Liberman, 2007), suggest that we reach a position of 
knowing based on an inherent nature of things derived through clear processes of 
rationality, logic, or dichotomous categorizations such as “mind-world, inner-outer, 
value-fact” (Wickman, 2017, p. 10). In contrast, a synthetic orientation produces 
knowledge that is contingent upon localized performances of practice and lived 
experiences of those practices. These practices unfold over time, and are used by 
people to produce reference points for justifying localized knowledge and their 
sense of social order. For example, in a school science inquiry, the act of students 
mutually aligning their bodies, faces, and eye gaze toward a common object, and 
then making utterances in conversation to describe the object at the focus of their 
shared gaze would typically become a formal reference point in scientific practice 
called observation. Observation would be the formal analytical way of knowing the 
focal object that students and science teachers may refer to when explaining the 
production of scientific knowledge. In contrast the detailed description of how 
observation unfolded over time through bodily actions and verbal utterances would 
be a synthetic way of knowing how knowledge was produced on a particular occa-
sion of scientific observation (cf. Davis & Bellocchi, 2018).

2.1.1  Analytical Ways of Knowing in STEM

We preface this section with the notion of epistemic fluency to describe a capability 
of being flexible and adept in problem-solving situations that require diversity in 
thinking across different ways of knowing (Markauskaite & Goodyear, 2016). 
Epistemic fluency is described by Markauskaite and Goodyear (2016) as a skill to 
be learned by professionals, such as teachers, so that they may become effective in 
working across different ways of knowing in contemporary workplaces. This is an 
important notion when considering the analytical orientations of the discrete fields 
of STEM that are currently being integrated in educational contexts.

Definitions of integrated STEM in the education literature tend to address inte-
gration by referring to connectivity between knowledge domains via the recognition 
of conceptual links (cf. Nadelson & Seifert, 2017). That approach to defining inte-
grated STEM education may be interpreted as treating knowledge as an object 
(Markauskaite & Goodyear, 2016) possessed by particular disciplines. What we 
have found in the integrated STEM education literature is a lack of focus on differ-
ent ways of knowing or epistemologies to explain how knowledge is produced dif-
ferently across the sciences, technology, engineering, and mathematics, and how 
these are interpreted in educational contexts. As a start point in understanding inte-
grated STEM education, we suggest that researchers should consider the different 
epistemologies contributing to STEM. This is an alternative to focusing on the prod-
ucts of epistemology in terms of disciplinary concepts and connectivity across 
knowledge domains (cf. Shernoff et al., 2017). We point to a need for understanding 
better, how STEM concepts may be generated in educational contexts through vari-
ous epistemological orientations or ways of knowing.
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To illustrate these different ways of knowing briefly, we start by considering the 
mathematics element of STEM. The analytical orientations of mathematical episte-
mologies may be collectively referred to as an implicit assumption about the “exis-
tence of a ‘mind-free’ mathematics” (Núñez, Edwards, & Matos, 1999, p. 61). That 
is, an assumption that rational and logical pathways for mathematical reasoning 
exist independent of thought, waiting to be mapped, discovered, unlocked, explored, 
or understood by our human minds. As an example, we may consider the use of 
proof, where the logic of the analytical method is justified as a form of deductive 
reasoning about mathematics. In mathematics this may be understood as a primary 
means for producing what people commonly regard as objective mathematical 
knowledge (Buldt, Lowe, & Muller, 2008). In that context, objectivity is referred to 
in its analytical form suggesting a Baconian independence of mathematics, dis-
tanced from the subjectivity of the mind (cf. Davis & Bellocchi, 2018). This is one 
way of thinking about mathematics as a way of knowing, and it is the way mathe-
matics is typically portrayed via textbook approaches where mathematical problem 
solving is taught in an instrumental or procedural manner (Fan & Zhu, 2007). The 
application of this formal, analytical, mathematical reasoning extends into science 
where modeling may be used to understand phenomena. The use of science models 
often involves mathematical models as well as physical models, and both forms of 
modeling may be classified as deductive reasoning (Valiela, 2001). For example, in 
the earth sciences students may study the impact of waves on sand formations using 
a wave tank in a laboratory. Conclusions made from a study of the wave tank model 
may then be translated by students to real-world contexts such as oceans and 
beaches, which would be a form of deductive reasoning. Such deductive modeling 
may also involve mathematics where an algebraic relationship between force 
applied and wave size may be represented mathematically, and applied to under-
stand wave actions in an actual ocean. In this sense, both mathematics and deductive 
science produce knowledge by developing a priori models as a formal analytical 
method for understanding real-world phenomena, beyond the classroom laboratory.

In contrast to mathematics and deductive science in education contexts, empiri-
cal science is less dependent on a priori models and theory, as it places greater 
emphasis on collecting and analyzing data direct from observable phenomena 
(Valiela, 2001). Through observation of phenomena, the empirical sciences rely on 
scientists’ perceptual experiences of reality to be a primary source of data (Chalmers, 
2013). However, to transform data from perceptual experience into knowledge, 
empirical scientists engage with each other, socially, by describing perception 
through language and preexisting and/or unfolding conceptual lenses (Allchin, 
1999b). Empirical science is therefore not value free, or theory free, but it is less 
explicitly dependent on preexisting theory as a formal analytical way of knowing 
(Chalmers, 2013) compared with the deductive sciences.

It is also important to recognize the diverse ways of knowing within the empiri-
cal sciences. For example, Valiela (2001) identifies empirical science inquiry meth-
ods such as descriptive, correlational, comparative, perturbation, and controlled 
experiments. While highlighting the epistemological implication of these inquiry 
methods, Valiela (2001) then explains how knowledge about cause–effect 
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 relationships is possible only with the use of controlled experiments. Controlled 
experiments involve scientific methods (i.e., practices) where the majority of vari-
ables unlikely to be involved in a causal relationship with a phenomenon can be 
controlled. This enables scientists to manipulate just one variable (the independent 
variable) and observe any impact on one other variable (the dependent variable). 
From an empirical sciences perspective, this is the only way of producing knowl-
edge about the categories of cause and effect between two variables.

Other scientific practices, such as exploration or observation, do not involve the 
establishment of causal relationships, and for this reason the practices involved in 
those areas of empirical science produce different forms of empirical scientific 
knowledge. These different forms of empirical scientific knowledge are often 
described as producing knowledge with different degrees of certainty or uncertainty, 
evidencing complexity (Valiela, 2001). From the perspective of integrated STEM in 
education, we can therefore identify a high degree of epistemological diversity, or 
diverse ways of knowing, by simply understanding how knowledge may be pro-
duced through mathematics, deductive science, and empirical science. If we now 
consider technology and engineering, the diversity of epistemological approaches 
broadens even further.

Engineering is typically associated with design process in the STEM education 
literature (King & English, 2016). In a K-12 educational engineering context, the 
process of design starts with a problem, and it engages investigators in an iterative 
process of construction, testing, reconstruction, and re-testing until a technological 
solution to the problem is produced (King & English, 2016). As a way of knowing, 
epistemological outcomes of engineering design processes experienced by students 
and teachers are problem specific, the outcome of which may be represented in the 
form of a concrete technological artifact, as distinct from the abstract concepts and 
ideas of scientific and mathematical knowledge.

As experienced by students and teachers, the fields of technology tend to be 
broader in their approaches to design process, compared with engineering, and typi-
cally embrace the notion of design thinking (Hong & Choi, 2011). Examples of 
further epistemological diversity through the technology element of STEM include 
technologies produced through creative processes such as the Arts (Watson, 2015). 
For example, Andrew Watson (2015) claims to adopt a STEM design process for an 
arts technology project and modifies this as design thinking, by including creativity 
through imagining as part of the practices of technology production. A further 
example is the application of design thinking to produce technological innovation in 
fields such as entrepreneurship (Huq & Gilbert, 2017). As a formal, analytical way 
of knowing in STEM, design thinking provides a pathway for integrating STEM 
education with entrepreneurship and enterprise education where creativity and 
problem definition in real-world contexts are foregrounded (Quality Assurance 
Agency, 2018).

In contrast to looking for conceptual connections (Nadelson & Seifert, 2017) 
across S.T.E.M. silos (Kelly & Knowles, 2016), our description of different analyti-
cal orientations attributable to integrated STEM offers an innovative way to think 
about this field. Contemporary thinking tends to be focused on the content  knowledge 
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of S.T.E.M. domains, rather than the foundations upon which different knowledge 
are produced. We believe that understanding a variety of epistemologies contribut-
ing to integrated STEM is an important way to understand the complexity of this 
field, particularly if preservice teachers are to become proficient in epistemic flu-
ency. However, what we have touched upon so far, points to the need for epistemic 
fluency as an analytical skill for teachers to learn. If we are to consider synthetic 
ways of knowing through integrated STEM practices, we may also need to recon-
sider epistemic fluency as part of the lived experiences of teachers. What this may 
look like is considered next.

2.1.2  Synthetic Ways of Knowing in STEM

Synthetic ways of knowing in STEM may enable us to understand epistemic fluency 
and analytical epistemologies as and through the contingencies of situated practices 
and lived experiences. In this section, we will highlight some examples of what we 
are categorizing as synthetic orientations that have been previously applied in math-
ematics and science education. In a study of mathematics education (Núñez et al., 
1999), synthetic orientations are considered through the field of embodied cogni-
tion, where cognition is viewed as being grounded biologically in individuals. 
Because individuals interact with others, it is claimed that embodied cognition pro-
duces a foundation for a socially situated dimension to understanding how mathe-
matical knowledge may be generated. From this perspective, understanding the 
formation of mathematical knowledge may be achieved by studying bodily and 
social practices as constituents of a conceptual system as the basis for embodied 
cognition. In the context of learning through integrated STEM this means under-
standing observable situated practices as evidence of the embodiment of mathemat-
ical reasoning. In this way embodied cognition adopts a constructivist approach to 
understanding how conceptual schemata are formed as knowable objects. This is 
different from some of the other synthetic orientations in this paper that we will now 
consider.

Another synthetic approach for understanding the formation of mathematical 
knowledge is evident in the work of Noble, DiMattia, Nemirovsky, and Barros 
(2006) who study the use of a mathematics tool they call a drawing machine. That 
study is informed by phenomenology and evidences how knowledge is generated 
about the tool, and related mathematics, through the lived experiences of using the 
tool. This way of thinking is important as a form of epistemology. For example, if 
we broaden our notion of tools from the physical instrument applied in that study 
we may find it possible to regard mathematical, scientific, or design methods as 
knowable through their use, rather than in an a priori sense. That is, we may under-
stand the performance of the analytical methods of STEM reasoning where the in- 
the- moment performance of analytical epistemology, such as a scientific method, is 
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itself a lived epistemological phenomenon. Like the notion of embodied cognition, 
this phenomenological approach has implications for the way knowledge is 
 understood in an integrated STEM learning context that is different from analytical 
traditions.

A further, different approach to the study of ways of knowing through practices 
is evident in the work of Miwa Aoki Takeuchi (2016) who explored friendship and 
the influence of social relationships on the formation of knowledge about the self 
and mathematics in a linguistically diverse classroom. That study examines agency 
and the circulation of power through relationships that influenced student actions by 
acting through opportunities to learn. Unlike the earlier two approaches for know-
ing in STEM, Takeuchi’s (2016) approach evidences the interplay between the for-
mation of self-knowledge as student identity and the formation of localized and 
personalized knowledge of mathematics. This has implications in the present study 
where we expect preservice science and mathematics teachers to embrace epistemic 
fluency and integrated STEM which may be viewed as something that challenges 
disciplinary professional identity.

Finally, in this overview of synthetic approaches to epistemology we consider 
ethnomethodological (Liberman, 2013) and micro-social studies (Collins, 2004) of 
learning in science classrooms. We refer here to studies that adopt a social ontologi-
cal position (Davis, 2017) and a social epistemology (Bellocchi, 2017) informed by 
the work of Émile Durkheim (1912/2008) and the phenomenon of emotional energy 
(Collins, 2004). One example of this approach by Davis and Bellocchi (2018) fore-
grounds students’ performing objectivity in a school science inquiry as an occa-
sioned and particular collection of situated cultural practices. In that study, the 
analysis of objectivity as a social phenomenon enables an understanding of its for-
mation, giving order to situations as meaning, which unfolds through the emotion-
ality of subjective experience (Davis & Bellocchi, 2018). As a synthetic approach to 
possible understandings of integrated STEM, Davis and Bellocchi’s (2018) study of 
objectivity highlights the interplay between emotion and cognition as and through 
contexts of learning at sites of localized knowledge production.

The collection of synthetic orientations, described so far, as possible ways of 
knowing in learning contexts of integrated STEM education are important for teach-
ing and learning. They provide a means for working across the analytical episte-
mologies of integrated STEM. In learning contexts where preservice teachers do not 
just learn about STEM but they actually enact practices to learn through STEM, it 
may be possible to observe a dialectical relationship between analytical traditions 
and synthetic orientations, as demonstrated in the study of objectivity in school sci-
ence inquiry (Davis & Bellocchi, 2018). This is important because the synthetic 
epistemologies we have pointed to in this chapter draw on social and cognitive 
resources that are important for understanding in-the-moment epistemological per-
formances and experiences. We now consider these thoughts in the context of some 
reflective, empirical data from the STEM classes of Vinesh and James.
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2.2  Method of Data Production and Analysis

In this section, James (author 1) and Vinesh (author 2) adopt a reflective protocol 
(van Manen, 1997) to describe briefly the STEM courses they teach, and to docu-
ment their most prominent experiences. The documented experiences relate to 
teaching and learning issues that we later analyze from the perspective of our con-
ceptual framework. James has also included some data from a recent study of pre-
service teacher learning experiences during their participation in his integrated 
STEM investigation course. Both James and Vinesh teach STEM to preservice 
teachers across Bachelor of Education programs at the Queensland University of 
Technology, a large city university located in South East Queensland, Australia.

2.3  Findings

2.3.1  Teaching Real-World STEM in Education: Vinesh’s 
Story

I teach a 9-week elective course within the Bachelor of Education program designed 
for preservice teachers across early childhood, elementary, and high school settings. 
Some of these preservice teachers undertake several courses in a specialist disci-
pline such as physics, chemistry, biology, earth sciences, or mathematics, but many 
have not formally studied science or mathematics since elementary school or high 
school. The purpose of the course I teach is to develop preservice teachers’ knowl-
edge and skills on teaching integrative STEM in their future classrooms (Sanders & 
Wells, 2010). Integrative STEM is a variation to integrated STEM, used to describe 
further integration of STEM with other school subjects such as languages and the 
arts, often referred to as STEAM. Students are presented with real-world problems 
informed by technological/engineering design-based learning approaches. These 
approaches intentionally integrate the content and processes of science, technology, 
engineering, and mathematics—either in whole or in parts. In this course, project- 
based learning is adopted as one of the key pedagogical strategies (Darling- 
Hammond et  al., 2015). I teach by modeling STEM pedagogy that facilitates 
practical engagement, promotes the 4C’s (critical and creative thinking, collabora-
tion, and communication) and leads to the development of concrete (i.e., physical) 
artifacts in response to real-world problems. The sequence of teaching and a sum-
mary of my experiences are shown in Table 2.1.

In the first half of the course, the preservice teachers were presented with weekly 
design challenges that led to the creation of products (e.g., paper planes, model 
houses). As part of their portfolio tasks, preservice teachers had to demonstrate their 
understanding of design and engineering processes and their conceptual connec-
tions with STEM. These weekly projects also enabled preservice teachers to engage 
with a real-world problem and student entrepreneurs who visited the class. These 

J. P. Davis et al.



31

Table 2.1 Real-world STEM in education

Timeframe Course sequence Teaching issues

Weeks 1–5 Engaging in real-world activities through the 
application of project-based learning strategies

Developing a culture of 
integrative STEM in preservice 
teachers who were accustomed 
to thinking in silos

Integrating STEM knowledge and skills Activities were well-defined and 
lacked complexity in these early 
weeks

Exploring entrepreneurship in STEM through 
experienced entrepreneurs
Disrupting education: Multidisciplinary 
innovation workshop with an entrepreneurship 
focus
Assessment 1: Portfolio activities

Weeks 6–9 Brainstorming ideas in teams on possible 
activities modeled on project-based learning 
underpinned by the Australian Curriculum that 
adopted integrative STEM for their future 
classrooms

In a very small number of cases, 
preservice teachers enrolled in 
the Bachelor of Education 
(Secondary) found it difficult to 
think outside their disciplinary 
boundariesAssessment 2: Designing and developing a 

paper for a teacher professional journal

visitors presented structured problems that the preservice teachers needed to solve. 
The preservice teachers were also introduced to the application of STEM in an 
entrepreneurial context where they were required to define and solve problems from 
an ill-structured context entitled Disrupting Education. This was a cross-faculty 
workshop aimed at defining problems and developing solutions to improve educa-
tion. In the second half of the course, as part of their assessment, the PSTs had to 
write a paper that could be published in a teacher professional journal. In this sub-
mission, they outlined their ideas on how integrative STEM could be taught to a 
cohort of students using the Australian Curriculum (see https://www.australiancur-
riculum.edu.au/). The course sequence and issues arising from my teaching experi-
ence are shown in Table 2.1.

The major challenge to my expectations in teaching integrated STEM education 
related to the lack of willingness or the lack of capacity for preservice teachers to 
think beyond the disciplines that defined their formal education. This was an issue 
that I called the silo mentality (Kelly & Knowles, 2016), and it was most prominent 
with secondary preservice teachers as they had specific educational experiences 
across physics, chemistry, biology, earth sciences, or mathematics. To do away with 
a silo mentality, I maintained a concrete focus in my teaching, meaning that design 
and production of artifacts were emphasized together with concepts of technology, 
science, and mathematics. Initially contexts were very much simulated and problems 
well-defined, meaning that preservice teachers were not exposed to complex con-
texts. Overtime, the complexity of the tasks increased. The opportunity to involve 
preservice teachers with entrepreneurs and in the entrepreneurship workshop was one 
way to introduce complexity, and further experiences in real-world problem solving.

2 Integrated STEM in Initial Teacher Education: Tackling Diverse Epistemologies
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2.3.2  Teaching Through Integrated STEM Investigations: 
James’s Story

Teaching through integrated STEM investigations is an approach adopted by James 
during a 13-week course taught in a Bachelor of Education program for preservice 
teachers specializing in secondary school science and/or mathematics teaching. 
Before this course, preservice teachers undertake several courses in a specialist dis-
cipline as a major area of study in physics, chemistry, biology, earth sciences, or 
mathematics. They also undertake a shorter sequence of courses to achieve a minor 
in a second discipline area. The purpose of this STEM course is to engage preser-
vice teachers in applying critical and creative thinking, and problem-solving skills. 
They are encouraged to explore transdisciplinary approaches to define, investigate, 
produce knowledge, and/or solve an authentic problem drawing upon STEM as a 
collection of analytical tools.

I, James, taught the course via workshops that included a mix of short tutorials, 
practical STEM investigation activities, and mentoring of groups and individuals. 
The first 4 weeks focused on idea and problem definition, and the preparation of a 
research proposal that formed the first assessment item. Students then implemented 
their investigations with ongoing mentor support from me, and my co-teacher, a 
professor of mathematics education. To foreground the learning experience of doing 
a STEM investigation, students maintained an individual reflective journal during 
the course, and this forms part of the assessment, along with a formal report written 
by each group. The voices of students (i.e., preservice teachers) presented in this 
section draw upon individual reflective journals that are part of a formal study of 
preservice teachers learning experiences. That study is funded by my university, 
with ethics approval and participant consent. Preservice teachers are referred to in 
this chapter using the pseudonyms Sabrina, Mike, and Emma. These three preser-
vice teachers were selected for the present study because their reflective journals 
explored personal experiences in-depth, and their journals illustrate diversity across 
their experiences. Diversity was important because it shows how different preser-
vice teachers respond to the epistemic challenges of a transdisciplinary environ-
ment. The course sequence and issues arising from my teaching experience are 
shown in Table 2.2.

The use of an individual reflective journal was important to foregrounding the 
learning experiences for my preservice teachers, so that they would appreciate just 
how they were learning by engaging in the practices of STEM. Out of their journals, 
a number of issues are evident that inform our understanding of this emergent field 
of integrated STEM education and possibilities for ways of knowing. To consider 
some of these issues, I provide a series of journal extracts from three preservice 
teachers in different project groups. See Table 2.3.

From the perspective of the journal extracts in Table 2.2, the preservice teacher 
experiences and interpretations of their integrated STEM investigations are quite 
different. For me, what is most interesting about these preservice teacher experi-
ences, evident in Table 2.3, are their approaches to the STEM investigation task, 
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Table 2.2 STEM investigation project

Timeframe Course sequence Teaching and learning issues

Weeks 1–4 Weekly workshops with explicit 
teaching on transdisciplinary teamwork, 
problem definition and validation, 
research design, design thinking and 
writing a proposal; Mentoring groups

Defining an authentic real-world 
problem and seeing STEM 
connections
Formulating questions to investigate 
a problem from different disciplinary 
perspectivesAssessment 1: Research Proposal

Weeks 5–11 Group project work and brief tutorials 
focused on topics such as data analysis 
and report writing

Teamwork
Understanding own learning 
experiences through STEM
Identity as a STEM Teacher

Weeks 12–13 I mentored individuals on writing their 
manuscripts Contributing to transdisciplinary 

work
Assessment 2: Reflective Journal Recognizing connections between 

different STEM perspectives
Assessment 3: Report

Table 2.3 Extracts from preservice teacher journals

Pseudonym and 
timeframe Journal notes

Sabrina Week 2 “I still have trouble trying to comprehend the approach promoted within this 
unit [course]; the idea of wicked problems especially, although not in any 
way confusing or revelatory, is repellent to me as a maths major, as wicked 
problems are so deliberately avoided in most maths subjects. Controlled 
experiments with all factors accounted for (or else dismissed from the 
discussion for ease) are my strong preference, but I wonder if they [controlled 
experiments] should be avoided for that very reason”

Sabrina Week 3 “This week we added another group member (Agnes), which balances out 
our maths major/science major split; lucky for us, as this experiment seems 
much heavier on biology than maths…”

Sabrina Week 6 “Not that I don’t like science, but I hate science”
Mike Week 2 “This misconception evoked feelings of discomfort and made me feel 

disinterested as I hadn’t previously been allocated this much flexibility”
“Although we didn’t have as much transdisciplinary diversity as some of the 
other groups, we did however bring forth differing personalities, experiences 
and views which I deemed integral to our success”

Emma Week 2 “This week we had to form our groups and start planning our project. While 
groups are supposed to be as interdisciplinary as possible my group of 
consists of all Maths majors, however Jean has an English minor, Sally has a 
Geography minor and I have a Science minor which we feel will bring some 
different perspectives to our project regardless of the topic. Something that 
we all wanted to do regardless of our project plan was to design something 
that mattered. For me, what’s really important to consider at the moment is 
rubbish in our oceans and finding small ways we can reduce that”
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their interpretation of the notion of transdisciplinary inquiry, the influence of their 
own disciplinary identities, and the recognition of what they bring to the task from 
personal perspectives. For example, Sabrina questions the purpose of engaging in 
complex, authentic problems that I described during a tutorial by introducing the 
notion of wicked problems (Rittel & Webber, 1973). Wicked problems are complex, 
ill-structured problems that may change over time, even after preliminary solutions 
have been developed. For Sabrina, the idea of wicked problems was not “confusing 
or revelatory.” As her teacher, I would agree with this, but I would also suggest that 
there is a difference between thinking about something as an idea or concept, and 
engaging in it as a real phenomenon via enacted and lived experiences. For Sabrina, 
the idea of engaging in a wicked problem was not relevant to her because she was 
Mathematics major and “wicked problems are so deliberately avoided in most 
maths subjects.” In the context of an integrated STEM investigation, Sabrina seems 
to interpret the project as requiring different discipline experts to contribute from 
their discipline only. This reflects a multidisciplinary rather than a transdisciplinary 
interpretation of integrated STEM. In addition, her interpretation of mathematics as 
a discipline that avoids the complexity of wicked problems may reflect experiences 
of procedural and decontextualized pedagogies in her own learning of mathematics 
as a discipline.

Sabrina’s avoidance of the complexity of authentic problems that I had encour-
aged groups to engage with was further evident in her contentment to do a “con-
trolled experiment,” despite the fact that it “seems much heavier on biology than 
maths.” In the context of this course where students could determine any problem 
they desire, Sabrina seemed satisfied at week 3 with being part of what she per-
ceived as a simple “controlled experiment.” However, by week 6 Sabrina had 
reached a point where she was learning about the complexity of controlled experi-
ments. This complexity was enhanced by the learning context of a high school-style 
laboratory investigation with rudimentary and very dated equipment. Doing an 
inquiry in this context meant that students would become aware of the difference 
between disciplinary idealizations of control in a “controlled experiment,” and what 
is actually possible in the lived reality of a school setting. Such differences also 
occur in real-world scientific research where science is commonly described as 
messy (McLaughlin & MacFadden, 2014). Sabrina’s realization of this complexity 
was evident to me in her frustration during the workshops, where I recall during our 
interactions that she expressed her dislike for science because scientific methods 
were tedious and time consuming. She also wrote about this in her journal, evident 
with her week 6 response, “Not that I don’t like science, but I hate science.” Despite 
these emotional experiences, Sabrina and her group engaged with this project at an 
exceptional level. The technologies they developed as part of their emergent scien-
tific methods involved an array of design subprojects to achieve scientific outcomes 
acceptable to the group. Sabrina’s experience illustrates the complexity of learning 
through an integrated STEM investigation and how learning is not simply about 
applying formal analytical epistemologies drawn from idealized disciplines. To 
understand the localized site of knowledge formation where Sabrina was located, 
we would need to understand much more about the social interaction and the emo-
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tional and cognitive experiences that took place. This may be best analyzed using 
synthetic philosophical orientations.

A different approach to this project was adopted by Mike, who identified as a 
mathematics major and science minor preservice teacher. In his week 2 entry Mike 
refers to his “misconception” about how to proceed in this course, because as his 
teacher, I had not given any topics or problems to address. Instead, I taught an entre-
preneurial technique for defining and validating their own issues or problems of 
interest (cf. Ries, 2014). Mike noted how this “evoked feelings of discomfort and 
made me feel disinterested as I hadn’t previously been allocated this much flexibil-
ity.” This is an important reflection because it indicates a source for disengagement 
from STEM because of the complexity introduced by the open-endedness of this 
project. Having designed the course for students to experience complexity by evok-
ing these learner emotions, I would have been disappointed if Mike had responded 
differently. As the teacher, I addressed these feelings with Mike and other students 
by actively discussing how they felt, and explaining that such feelings are normal. I 
also discussed how they would need to be aware of this as part of their learning to 
become future STEM teachers. Having the reflective journal as part of their assess-
ment was an excellent tool in this project, because I was able to direct students to 
reflect actively on their feelings as part of the learning experience. Managing their 
feelings and persevering with the project was part of the epistemic fluency preser-
vice teachers experienced by learning through their authentic and complex inte-
grated STEM investigation. In this way I was engaging them in a synthetic 
epistemological experience through an integrated STEM investigation involving an 
array of analytical epistemological traditions.

The second part of Mike’s reflection in Table 2.3 addresses his understanding of 
transdisciplinarity and diversity in his group. Most of Mike’s group was mathemat-
ics majors or minors and on his assessment of their formal disciplinary education he 
stated that, “We didn’t have as much transdisciplinary diversity as some of the 
groups.” He then continues with, “We did however bring forth differing personali-
ties, experiences and views which I deemed integral to our success.” Mike’s obser-
vation of his group’s diversity is interesting and important, because it evidences a 
recognition that diversity is not just about disciplinary knowledge or disciplinary 
epistemological beliefs. Instead, personal interests, gender, ethnicity, and life expe-
riences, as broader informants of identity, may play a greater role in bringing trans-
disciplinary diversity to integrated STEM investigations as a way of knowing in 
educational contexts.

This idea of personal diversity in understanding transdisciplinary, integrated 
STEM was further evident in the reflection by Emma who also considered her 
groups’ formal disciplinary composition. However, Emma reflected that “Something 
that we all wanted to do regardless of our project plan was to design something that 
mattered.” This was a sentiment also reflected by each of her peers who were all 
Mathematics majors. Emma’s group decided to develop their STEM project around 
a shared passion for recycling and care for the environment, without regard for their 
disciplinary backgrounds. This took their investigation down a pathway that 
involved design thinking, computational thinking, mathematical reasoning, and 
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integration with scientific and everyday knowledge. The product of this project was 
a smart phone application for educating local students about recycling on the uni-
versity campus. The engagement of Emma’s group was primarily around an authen-
tic and complex problem that the group passionately shared as a common interest to 
satisfy their desire to “design something that mattered.” Like Mike and Sabrina, 
Emma experienced emotions about the open-ended and complex character of the 
wicked problems I was asking them to consider and engage with. The emotions 
were similar, as Emma did describe apprehension in another part of her journal; 
however, the way she and her peers dealt with those emotions was very different 
from Sabrina. The complexity of these emotional experiences and their interplay 
with performed practices and identity are areas requiring further investigation in 
various STEM education contexts.

In this section, I have highlighted the experiences of my preservice teachings 
while they performed and formally reported on an integrated STEM investigation 
project. In effect, this section is my reflection on my teaching experience with these 
preservice teachers and it illustrates how I have positioned them to actively engage 
in epistemic fluency across both analytical and synthetic ways of knowing. In the 
brief samples of data above, preservice teacher references to disciplines and their 
acknowledgment of transdisciplinary analytical ways of knowing are evident. 
Simultaneous with analytical ways of knowing, their act of reflecting on experi-
ences foregrounds synthetic ways of knowing such as emotional experiences, and 
the interactions of these experiences with analytical choices: For example, one 
group followed their passions to find a topic (i.e., “something that mattered”), and 
another attempted to avoid negative feelings about complexity by choosing to do a 
controlled experiment. Both experiences contributed to the way they produced ana-
lytical STEM knowledge, which required a degree of epistemic fluency across ana-
lytical traditions and synthetic orientations. Importantly, the reflective journal also 
situated me as the teacher in relation to my preservice teachers, because their expe-
riences became a topic for in-class dialog. In this way I was able to develop in my 
preservice teachers an awareness about themselves as STEM educators and how 
their experiences of integrated STEM were important for understanding the ways 
they came to learn, and form knowledge, through doing their projects. Based on my 
experiences as the teacher, I have performed and experienced epistemic fluency 
throughout teaching my integrated STEM course. Importantly I have attempted to 
lead my preservice teachers through their own epistemic journeys. This was possi-
ble by the structure of my teaching where I required preservice teachers to formally 
account for their project performance in a STEM report, while also reflecting upon 
how that performance was experienced as a series of synthetic learning experiences. 
In summary, epistemic fluency may be enriched in the teaching of integrated STEM 
with purposeful use of reflection to raise self-awareness of synthetic ways of know-
ing simultaneously with the performance of formal analytical ways of knowing. The 
approach I have described above for tackling these diverse epistemologies in inte-
grated STEM education is offered as a start point for understanding, teaching, and 
exploring further the nature of epistemic fluency in initial teacher education courses.
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2.4  Discussion: Re-imagining Integrated STEM Education

At the beginning of this chapter, we problematized integrated STEM in initial 
teacher education by exploring the need for epistemic fluency as an analytical skill. 
We have described how the STEM disciplines may be integrated through a conflu-
ence of formal analytical epistemologies. Our analyses of teaching experiences and 
some preservice teacher learning experiences across the courses of Vinesh and 
James suggest that initial teacher education may reinforce the boundaries between 
the STEM disciplines. These boundaries may be viewed as part of the professional 
identities of preservice teachers and give rise to what Vinesh calls silo mentality. As 
one of our preservice teachers reflected on both her identity and her discipline (i.e., 
Sabrina) it became evident that preservice teacher identities may be shaped not just 
by disciplinary knowledge but by the way that knowledge is taught, that is, peda-
gogy (cf. Nagdi, Leammukda, & Roehrig, 2018). While procedural understandings 
of disciplinary knowledge are one form of understanding, the contextualization of 
disciplinary knowledge within transdisciplinary, authentic, real-world, and problem- 
based environments provides a broader form of understanding. The broader under-
standing afforded by an integrated STEM approach is applied in an initial teacher 
education context to build teacher capacity for making connections between STEM 
and real-world contexts.

To achieve broader understandings of disciplinary knowledge, we point toward 
synthetic orientations to epistemology that enable ways of knowing through inte-
grated STEM to be learned as part of localized contexts. Such approaches may be 
described as indifferent, agnostic, or predisciplinary because they enable epistemol-
ogy to be understood across the analytical boundaries that define the silo mentality. 
For example, school students doing an empirical scientific inquiry into the effect of 
heat on water currents would typically described the facts about the equipment they 
use and the observations they make to reach a conclusion. Such a description would 
account for their analytical way of knowing that they would call science. But we 
could also study what they actually did during the particular occasion of their scien-
tific practices, in terms of conversations, bodily actions, and evidence of emotional 
experiences (see Davis & Bellocchi, 2018). These particular bodily actions and 
experiences would not be typically attributed to the formation of knowledge in sci-
ence, because they are glossed over and taken for granted by people in their moment- 
to- moment lived experiences. The study of such particularities is an example of a 
synthetic way of knowing that could be applied to any STEM investigation regard-
less of the analytical ways of knowing that may be attributed by people to the forma-
tion of knowledge. As such, a synthetic way of knowing may be applied across 
disciplinary boundaries to more fully understand taken-for-granted and localized 
synthetic epistemologies through which analytical epistemologies are typically 
performed.

For this reason, we may say that synthetic epistemological orientations are 
embedded in context that involve cognition, social phenomena, personal idiosyncra-
sies, and the creativity of localized contingencies such as situated cultural practices 

2 Integrated STEM in Initial Teacher Education: Tackling Diverse Epistemologies



38

and emotional experiences. As we have seen from our data, such lived experiences 
of STEM investigators may influence their decisions to engage with one problem or 
another. This lived experience may influence their choices to engage with one 
method or another, to engage more deeply, or to disengage altogether. As such, the 
performance of epistemic fluency as a lived phenomenon during particular occa-
sions of integrated STEM investigation needs to be understood better than it is 
currently.

2.5  Conclusion and Implications

This study has implications for future research into integrated STEM pedagogy for 
schools and higher education, including science and engineering faculties. 
Re-imagining integrated STEM as something greater than its constituent concepts 
within traditional boundaries and analytical epistemologies requires something 
more than is provided by conventional and procedural STEM education. New peda-
gogical orientations maybe needed, so that preservice teachers are immersed in the 
experience of integrated STEM and the complexity of real-world context, ill- 
structured, and wicked problems. This requires an understanding of integrated 
STEM epistemologies from synthetic philosophical perspectives where learning as 
and through context may be experienced. Understanding how STEM phenomena, 
social interaction, embodied cognition, social cognition, emotional experience, and 
localized epistemology are intertwined in the performance of integrated STEM 
investigations is important for preservice teachers learning. It is important if preser-
vice teachers are to appreciate fully what transdisciplinary integrated STEM could 
be, and the possibilities for who they and their future students may become by 
learning through integrated STEM.

Acknowledgments We wish to acknowledge the STEM Education Research Group and the 
School of Teacher Education and Leadership of the Faculty of Education, Queensland University 
of Technology, for funding that partly supported this work. Any opinions, findings, and conclu-
sions, or recommendations expressed in this article are those of the authors and do not necessarily 
reflect the views of the Queensland University of Technology.

References

Allchin, D. (1999a). Do we see through a social microscope? Credibility as a vicarious selector. 
Philosophy of Science, 66, S287–S298.

Allchin, D. (1999b). Values in science: An educational perspective. Science & Education, 8, 1–12.
Bellocchi, A. (2017). Interaction ritual approaches to emotion and cognition in science learning 

experiences. In A. Bellocchi, C. Quigley, & K. Otrel-Cass (Eds.), Exploring emotions, aesthet-
ics and wellbeing in science education research (pp. 85–105). Dordrecht, The Netherlands: 
Springer. https://doi.org/10.1007/978-3-319-43353-0_5

J. P. Davis et al.

https://doi.org/10.1007/978-3-319-43353-0_5


39

Bellocchi, A., King, D., & Ritchie, S. M. (2016). Context based assessment: Creating opportunities 
for resonance between classroom fields and societal fields. International Journal of Science 
Education, 38, 1304–1342. https://doi.org/10.1080/09500693.2016.1189107

Buldt, B., Lowe, B., & Muller, T. (2008). Towards a new epistemology of mathematics. Erkenntnis, 
68(3), 309–329.

Chalmers, A. (2013). What is this thing called science? Brisbane: University of Queensland Press.
Collins, R. (2004). Interaction ritual chains. Princeton, NJ: Princeton University Press.
Darling-Hammond, L., Barron, B., Pearson, P. D., Schoenfeld, A. H., Stage, E. K., Zimmerman, 

T. D., … Tilson, J. L. (2015). Powerful learning: What we know about teaching for understand-
ing. Wiley.

Davis, J. P. (2017). Emotions, social beings & ethnomethods: Understanding analogical reasoning 
in everyday science classrooms. In A. Bellocchi, C. Quigley, & K. Otrel-Cass (Eds.), Exploring 
emotions, aesthetics and wellbeing in science education research (pp. 121–140). Dordrecht, 
The Netherlands: Springer. https://doi.org/10.1007/978-3-319-43353-0_7

Davis, J. P., & Bellocchi, A. (2018). Objectivity, subjectivity and emotion in school science inquiry. 
Journal of Research in Science Teaching, 55, 1419–1447. https://doi.org/10.1002/tea.21461

Davis, B., & Sumara, D. (2006). Complexity and education: Inquiries into learning, teaching, and 
research. New York, NY: Routledge.

Durkheim, E. (2008). The elementary forms of the religious life (C.  Cosman, Trans.). Oxford: 
Oxford World’s Classics. (Original work published 1912).

English, L. D. (2016). STEM Education K-12: Perspectives on integration. International Journal 
of STEM Education, 3. https://doi.org/10.1186/s40594-016-0036-1

Fan, L., & Zhu, Y. (2007). Representation of problem-solving procedures: A comparative look at 
China, Singapore, and US mathematics textbooks. Educational Studies in Mathematics, 66, 
61–75. https://doi.org/10.1007/s10649-006-9069-6

Hong, Y.-C., & Choi, I. (2011). Three dimensions of reflective thinking in solving design prob-
lems: A conceptual model. Educational Technology Research & Development, 59, 687–710. 
https://doi.org/10.1007/s11423-011-9202-9

Huq, A., & Gilbert, D. (2017). All the world’s a stage: Transforming entrepreneurship educa-
tion through design thinking. Education and Training, 59, 155–170. https://doi.org/10.1108/
ET-12-2015-0111

Kelly, T. R., & Knowles, J. G. (2016). A conceptual framework for integrated STEM education. 
International Journal of STEM Education, 3. https://doi.org/10.1186/s40594-016-0046-z

King, D., & English, L. (2016). Engineering design in the primary school: Applying stem concepts 
to build an optical instrument. International Journal of Science Education, 38, 2762–2794. 
https://doi.org/10.1080/09500693.2016.1262567

Liberman, K. (2007). Dialectical practice in Tibetan philosophical culture: An ethnomethodologi-
cal inquiry into formal reasoning. Lanham, MD: Rowman and Littlefield Publishers.

Liberman, K. (2013). More studies in ethnomethodology. Albany, NY: SUNY.
Markauskaite, L., & Goodyear, P. (2016). Epistemic fluency and professional education: 

Innovation, knowledgeable action and actionable knowledge. Dordrecht, The Netherlands: 
Springer.

McLaughlin, C. A., & MacFadden, B. J. (2014). At the elbows of scientists: Shaping science teach-
ers’ conceptions and enactment of inquiry-based instruction. Research in Science Education, 
44, 927–947. https://doi.org/10.1007/s11165-014-9408-z

Nadelson, L. S., & Seifert, A. L. (2017). Integrated STEM defined: Contexts, challenges, and the 
future. The Journal of Educational Research, 110, 221–223. https://doi.org/10.1080/0022067
1.2017.1289775

Nagdi, M. E., Leammukda, F., & Roehrig, G. (2018). Developing identities of STEM teachers 
at emerging STEM schools. International Journal of STEM Education, 5, 1–13. https://doi.
org/10.1186/s40594-018-0136-1

Noble, T., DiMattia, C., Nemirovsky, R., & Barros, A. (2006). Making a circle: Tool use and 
the spaces where we live. Cognition and Instruction, 24, 387–437. https://doi.org/10.1207/
s1532690xci2404_1

2 Integrated STEM in Initial Teacher Education: Tackling Diverse Epistemologies

https://doi.org/10.1080/09500693.2016.1189107
https://doi.org/10.1007/978-3-319-43353-0_7
https://doi.org/10.1002/tea.21461
https://doi.org/10.1186/s40594-016-0036-1
https://doi.org/10.1007/s10649-006-9069-6
https://doi.org/10.1007/s11423-011-9202-9
https://doi.org/10.1108/ET-12-2015-0111
https://doi.org/10.1108/ET-12-2015-0111
https://doi.org/10.1186/s40594-016-0046-z
https://doi.org/10.1080/09500693.2016.1262567
https://doi.org/10.1007/s11165-014-9408-z
https://doi.org/10.1080/00220671.2017.1289775
https://doi.org/10.1080/00220671.2017.1289775
https://doi.org/10.1186/s40594-018-0136-1
https://doi.org/10.1186/s40594-018-0136-1
https://doi.org/10.1207/s1532690xci2404_1
https://doi.org/10.1207/s1532690xci2404_1


40

Núñez, R. E., Edwards, L. D., & Matos, J. F. (1999). Embodied cognition as grounding for situat-
edness and context in mathematics education. Educational Studies in Mathematics, 39, 45–65.

Quality Assurance Agency. (2018). Enterprise and entrepreneurship education: Guidance for 
UK higher education providers. Retrieved August 30, 2018, from http://www.qaa.ac.uk/
docs/qaas/enhancement-and-development/enterprise-and-entrpreneurship-education-2018.
pdf?sfvrsn=15f1f981_8

Ries, E. (2014). The lean startup: How today’s entrepreneurs use continuous innovation to create 
radically successful businesses. New York, NY: Currency.

Rittel, H.  W. J., & Webber, M.  M. (1973). Dilemmas in a general theory of planning. Policy 
Sciences, 4, 155–169.

Sanders, M.  E., & Wells, J.  G. (2010). Virginia Tech, Integrative STEM Education Graduate 
Program. Retrieved from http://web.archive.org/web/20100924150636/http://www.soe.vt.edu/
istemed

Shernoff, D. J., Sinha, S., Bressler, D. M., & Ginsburg, L. (2017). Assessing teacher education 
and professional development needs for the implementation of integrated approaches to 
STEM education. International Journal of STEM Education, 4, 1–16. https://doi.org/10.1186/
s40594-017-0068-1

STEM Task Force Report. (2014). Innovate: A blueprint for science, technology, engineering, and 
mathematics in California public education. Dublin, CA: Californians Dedicated to Education 
Foundation.

Takeuchi, M. A. (2016). Friendships and group work in linguistically diverse mathematics class-
rooms: Opportunities to learn for English language learners. Journal of the Learning Sciences, 
25, 411–437. https://doi.org/10.1080/10508406.2016.1169422

Valiela, I. (2001). Doing science: Design, analysis, and communication of scientific research. 
New York: Oxford University Press.

Van Manen, M. (1997). Researching lived experience: Human science for an action sensitive ped-
agogy. Walnut Creek, CA: Left Coast Press.

Watson, A. D. (2015). Design thinking for life. Art Education, 68, 12–18.
Wickman, P.-O. (2017). Back to the drawing board: Examining the philosophical foundations of 

educational research on aesthetics and emotions. In A. Bellocchi, C. Quigley, & K. Otrel-Cass 
(Eds.), Exploring emotions, aesthetics and wellbeing in science education research (pp. 9–37). 
Dordrecht, The Netherlands: Springer. https://doi.org/10.1007/978-3-319-43353-0_2

J. P. Davis et al.

http://www.qaa.ac.uk/docs/qaas/enhancement-and-development/enterprise-and-entrpreneurship-education-2018.pdf?sfvrsn=15f1f981_8
http://www.qaa.ac.uk/docs/qaas/enhancement-and-development/enterprise-and-entrpreneurship-education-2018.pdf?sfvrsn=15f1f981_8
http://www.qaa.ac.uk/docs/qaas/enhancement-and-development/enterprise-and-entrpreneurship-education-2018.pdf?sfvrsn=15f1f981_8
http://web.archive.org/web/20100924150636/http://www.soe.vt.edu/istemed
http://web.archive.org/web/20100924150636/http://www.soe.vt.edu/istemed
https://doi.org/10.1186/s40594-017-0068-1
https://doi.org/10.1186/s40594-017-0068-1
https://doi.org/10.1080/10508406.2016.1169422
https://doi.org/10.1007/978-3-319-43353-0_2


41

Chapter 3
Towards a Production Pedagogy Model 
for Critical Science and Technology 
Interventions

Gabriela Alonso Yanez, Kurt Thumlert, Suzanne de Castell, 
and Jennifer Jenson

Abstract While initiatives advancing STEM education are pervasive within the 
global landscape of educational reform today, STEM discourses and reforms largely 
fail to articulate or enact theoretical and epistemological shifts that critically con-
ceptualize the impacts of science and technology in bio-physical and social worlds. 
The urgency to adopt STEM reforms in North American schools and to “train” 
students for competitive twenty-first century “knowledge economies” has resulted 
in an uncritical embrace of underlying STEM narratives, in turn foreclosing critical 
discussion, alternative models, and new perspectives on how we might do science 
and technology education differently. In this chapter, we review critical literature in 
science education in order to unpack the dominant narratives of preparation, prog-
ress, competition, and innovation that drive STEM pedagogies today. We draw upon 
critical sustainability studies (CSS) to articulate new axiological orientations for 
repositioning science and technology learning. In conjunction with CSS, we articu-
late the opportunities of “production pedagogy” theories and practices which 
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 provide a critical framework for revisioning science and technology education—not 
as developmental system that prepares students for some preordained future—but 
rather as a dynamic vehicle that can situate learners in agentive roles now, in the 
present, using real-world tools in authentic sociotechnical contexts and 
communities.

Keywords Science education · STEM learning · Critical sustainability · 
Knowledge production · Social action

Policy and initiatives advancing STEM education are pervasive within the global 
landscape of educational reform. While STEM policy documents provide rationale 
for ratifying new curricula that can deepen students’ engagement in the sciences, 
mathematics, engineering, and technology fields, STEM education discourses 
largely fail to translate innovations in policy into innovations in pedagogy, and 
neglect, as well, theoretical and epistemological advances in conceptualizing the 
impacts of science and technology in physical, social, and symbolic worlds 
(Rudolph, 2008; Zeidler, 2016). At the same time, the urgency to adopt and imple-
ment STEM reforms in North American schools has resulted in an uncritical 
embrace of underlying STEM aims and purposes, in turn foreclosing dissent, criti-
cal discussion, alternative models, and new perspectives on how we might “do” 
science, and (STEM) education, differently.

In schools, standardized assessments and a dependence upon routinized curricu-
lar forms mediate and mitigate efforts to critically engage and rethink STEM educa-
tion, particularly under conditions where governmental policy and corporate/media 
pressures rapidly enroll policy makers, educators, and students onto STEM “band-
wagons” (Carter, 2016; Sharma, 2016; Zeidler, 2016). At the same time, STEM 
reform initiatives continue to abstract science and technology practices from wider 
sociotechnical contexts and narrowly delimit STEM learning to the developmental 
acquisition of decontextualized “technical skills,” compartmentalized disciplinary 
content knowledge (Krug & Shaw, 2016). In the rush to implement STEM reform 
policies in schools, STEM education aims are adapted for, and translated into, quite 
traditional pedagogies, conventional curricular forms, and standardized assessments 
(Henderson & Dancy, 2011; Sanders, 2008). Consequently, reform efforts may 
maintain STEM learning in discrete (non-communicating) disciplinary worlds, as 
well as perpetuate a “scientific rationalist approach” to curriculum and science stud-
ies (Gough, 2015) that further separates science and technology education from 
wider social worlds—from the dramas, living controversies, and critical social jus-
tice and ecological questions of our time.

Historically, science education reform initiatives have been mobilized as 
responses to national security “crises,” workplace “supply shortages,” and “eco-
nomic downturns” (Krug & Shaw, 2016). Today, rationales for STEM education are 
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similarly framed around concerns to address (re)emerging economic crises and per-
ceived deficits in worker skills, accompanied by an instrumentalized and entrepre-
neurial language set in preparing students for the professional dispositions required 
to succeed—and to innovate—in increasingly competitive and globalized twenty- 
first century “knowledge economies” (Olssen & Peters, 2005). Absent from domi-
nant STEM discourses, however, are critical analyses or a problematization of the 
broader social, economic, or ecological implications of these rationales, goals, and 
related science practices, nor questions about whose interests, or what kinds of 
interests, are actually being served (Habermas, 1968; Harding, 1991; Tan & 
Calabrese Barton, 2018).

Indeed, overshadowed by the rhetoric of educational “preparation” are the 
increasingly urgent ecological, ethical, and social justice exigencies that require us 
to critically rethink education in general, and STEM education in particular, not as 
instructional programs that developmentally prepare students for some preordained 
future, but rather as dynamic vehicles that situate learners in critical, agentive roles 
now—in the present—enabled to negotiate real-world creative challenges, contro-
versies, and dilemmas using real-world tools in authentic sociotechnical contexts 
(Luke, Sefton-Green, Graham, Kellner, & Ladwig, 2017; Thumlert, 2015).

By contrast, what frequently passes as self-evident in STEM education dis-
courses is the exigency to reform and refine the very mechanisms of “preparation,” 
the pathways and curricular processes that would developmentally equip students 
for STEM fields, professions, and futures. In this chapter, we first interrogate the 
discourses, curricular practices, and narrative pathways that STEM reforms antici-
pate for learning actors. In short, how are students, through induction into STEM 
education’s preparatory systems, uncritically incorporated into a curricularly pre-
packaged and “ready-made science” order (Latour, 1987; Visvanathan, 2006) and, 
with that, into unsustainable science and technology values, roles, and 
epistemologies.

We then sketch out a pedagogical model that might recompose science education 
and learning in an explicitly critical key, where students are positioned instead to 
engage science and technology questions and controversies and, further, take up 
agentive positions in reconfiguring their own individual and collective futures, here 
and now. We begin with a review of critiques of STEM from within contemporary 
science education theory. We then draw upon critical sustainability studies (CSS) to 
articulate new practical and axiological orientations for repositioning science and 
sustainability practices today. In conjunction with CSS, we then articulate the 
opportunities of “production pedagogy” theories and models (de Castell, 2010; 
Smythe, Toohey, & Dagenais, 2016a, 2016b; Thumlert, de Castell, & Jenson, 2015) 
that provide a pedagogical framework for doing (science) education differently, as 
well as modelling democratic science practices: means of engaging the problems of 
the public, and the politics of science, through critical making and media interven-
tions. We conclude with reference to one working model that, by conjoining critical 
sustainability with authentic artifactual and media production today can help us 
rethink and redo science and technology education.
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3.1  Contesting the Hegemony of Current STEM Reforms: 
Critical Science Education

Critical work in science education has contested the “hegemony” of STEM dis-
courses (Sharma, 2016) as well as interrogated State, corporate, and educational 
policy directives that pressure actors in schools to rapidly adopt STEM initiatives 
(Zeidler, 2016). This body of work includes critiques of the neoliberal discourses 
and economic narratives embedded in STEM educational policies, discourses that 
widely underwrite reform efforts in schools (Carter, 2016; Sharma, 2016; Weinstein, 
Blades, & Gleason, 2016). For example, in a comprehensive review of key govern-
mental, educational, and business documents advancing STEM education initia-
tives, Krug and Shaw (2016) identify three dominant narratives that inform and 
drive STEM policy—“progress, innovation, and global competitiveness”—narra-
tives that link STEM education reform to economic purposes and corporate (tech-
nocapitalist) aims (p. 185). At the same time, related crisis narratives—narratives of 
“declining empire” (Sharma, 2016), school failure, “skills gaps,” and scarcity in 
“human capital” and “STEM-ready workers” (Carter, 2016)—insistently reify 
STEM education as singular panacea to the very problems these discourses define. 
Zeidler (2016) describes this as the “STEM deficit model” (p. 12), where the defi-
cits, gaps, and declines articulated in dominant STEM discourses can be amelio-
rated by more STEM investment, more reform, and more enhancement of existing 
STEM curriculum and policies.

The deficit model described by Zeidler (2016) seamlessly dovetails with a com-
plementary technocapitalist narrative: “STEM as societal salvation” (Weinstein 
et al., 2016). This latter narrative envisions STEM education as a vehicle for innova-
tion and technical solutions (e.g., solar panels, robotics) to global problems, while 
fitting science practices, innovation, and even “sustainability” within technical- 
rational and neoliberal frameworks. Here, dominant STEM discourses and practices 
in education, when they engage contemporary ecological and social matters, typi-
cally do so in terms of an instrumental solutionism where science is embedded in 
narratives that celebrate homo faber innovation—and where technical innovations 
feed forward into cycles of homo economicus consumption and exchange (Gough, 
2015; Lyotard, 1984; Weinstein et al., 2016; Zouda, 2016).

Left unaddressed in STEM (etiological) “deficit models” and (eschatological) 
“salvation” narratives are problematic contradictions: above all, the very same neo-
liberal discourses that rationalize and promote STEM education as solution/salva-
tion also implicitly naturalize free markets, the free movement of commodities, and 
the free investments of global (human) capital in largely unregulated, low-wage 
labor sites (i.e., in “developing nations”) (Noble, 2018; Troncoso, 2018). In turn, 
this economic liberalization puts increasing competitive pressure on North American 
job markets—as well as global physical systems—through the liberalized “flows” 
of (human) capital and the networked “offshoring/outsourcing” of STEM jobs.

These operations devalue wages globally and further deteriorate labor condi-
tions, increasing the precarity of already precarious twenty-first century jobs in 
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North America and elsewhere. In these contexts, STEM (education) narratives, 
fueled by neoliberal discourses of competition, demands for “national leadership” 
in innovation, and the closing of the so-called STEM skills gap, ultimately ampli-
fies—and tautologically ensures the reproduction of—the very crises and deficits 
that STEM education would presume to “solve.” Further, STEM “solutions” are 
articulated in terms of expert technical-rational innovations designed to, on the one 
hand, optimize the system that develops markets and generates economic growth 
and, on the other, remedy or “fix” the growing ecological/environmental conse-
quences that exfoliate from these same global processes and relations (see Weinstein 
et al., 2016).

Critical educational researchers have thus called for transformations in, or “dis-
ruptions” of, dominant STEM (education) practices, with recent calls not just to 
contest economic narratives, but to rethink the very narratives, roles, and practices 
of “normal” STEM science (Bencze & Carter, 2015; Reiss, 2003). Researchers sig-
nal that STEM education, regulated by traditional assessments, curricular forms, 
and positivist epistemologies, selectively ignore socio-scientific issues and disen-
gage science education from worlds outside of schools, as well as insulate STEM 
education from a reflexive interdisciplinary critique of the complex impacts of sci-
ence and technology (Gough, 2015; Zeidler, 2014, 2016).

At the same time, critical researchers in science education share common ground 
in their resistance to a tacit educational embrace of “value-neutral” technology tools 
and methods, claims to objectivity and impartiality, along with idealized “views of 
the nature of science,” static principles, and abstract “scientific knowledge” that 
continues to inform STEM curriculum, instruction and assessments (Rudolph, 
2008). For example, as Barrett (2006, 2007) states, environmentally focused science 
education, within traditional settings where curricular objectives are imposed upon 
students, frequently negates opportunities for students to work, engage, and per-
ceive themselves as meaningful collaborators in situated environmental, societal, 
and technological processes, or as agents capable of enacting change. In these con-
texts, STEM education often celebrates—and developmentally prepares students 
for—the very same technical-rational epistemological orientations to “Nature” that 
have, arguably, contributed to the precarity of our contemporary Anthropocene 
(Escobar, 2015; Houston, 2013). If STEM reforms uncritically equip learners for 
ready-made science dispositions, skills, and roles, they also generate “anticipatory 
regimes” (Adams, Murphy, & Clarke, 2009; Amsler & Facer, 2017) that delimit 
possible futures: what is thinkable and doable as “science.”

While calls to connect STEM education to environmental issues, sustainability, 
and “real-world problems” are clearly audible (Krug & Shaw, 2016), more and 
more researchers invite us to, further, fundamentally challenge the very construc-
tion of science in STEM education, and to “tinker” with, and even “critically disrupt 
or displace” dominant STEM methodologies “toward eco-social justice” orienta-
tions (Sharma, 2016) or STS interventions that critique the inherited languages and 
procedures of “expert” science (Alonso-Yanez, 2018; Datta, 2018; York, 2018). 
STS researchers have long signalled more radical opportunities to “remake science” 
(Latour, 1987), articulating “post-normal,” and critical science and technology 
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models that at once resist the alignment of STEM with economic and technocratic 
goals, while also challenging inherited epistemologies and curricular norms/forms 
that reproduce “business as usual science” learning practices in schools (Amsler & 
Facer, 2017; Stengers, 2018). Saliently, these authors demand that the emerging 
practices of science research and knowledge-making be made procedurally inextri-
cable from questions of “ethical responsibility,” “transparency,” and public “partici-
patory governance.”

One way to challenge the hegemony of STEM discourses, pedagogies, and poli-
cies is to draw attention to critical sustainability studies (CSS). In the next section, 
we explore CSS as a model for science and technology education that may very well 
help us articulate more critical and interdisciplinary pedagogies.

3.2  Critical Sustainability Studies: A Novel Framework 
for STEM Education

Critical sustainability studies (CSS) emerged in the 1990s as an interdisciplinary 
field of inquiry concerned with defining the limits, growth, and the inherently politi-
cal nature of the organizing principle of “sustainable development” that many at the 
time pursued and embraced as a model for reconciling environmental challenges 
and science practices with imperatives of social and economic development (Rose 
& Cachelin, 2010; Springett, 2005).

CSS challenged the “rationality” of the capitalist paradigm that underlies the 
notion of sustainable development by calling for an examination of the economic, 
political, social, technological, and environmental forces that foster or impede rig-
orous, critical orientations to sustainability, and narrowly define the boundaries and 
meanings of “sustainability” itself. Briefly, early conceptions of sustainable devel-
opment or eco-development were originally brought forward by Indigenous com-
munities and local social groups (Springett, 2005). This original perspective 
embraced goals of equity and social justice in radical new ways, and was based on 
Indigenous rights and local community organizations’ “bottom-up” models, means 
and models developed to fight back against emerging neoliberal policies that promi-
nently affected local communities by applying market mechanisms to bio-physical 
environments.

Over time, the notion of sustainable development was hijacked by corporate dis-
courses and modified to represent “greener” neoliberal-inspired eco-business and 
large-scale environmental transformations labelled as “eco-efficient” or “win-win” 
for all stakeholders. These conceptions helped define the emerging capitalist para-
digm of “sustainability,” and legitimated new forms of colonization and imperialism 
shaped by the pursuit of resources, expanding markets, and land management goals. 
At the same time, “sustainability” projects were, and continue to be, mobilized 
through rhetoric of “crisis” intervention and, with that, a top-down transnational 
solutionism governed by (non-local) experts (Alonso-Yanez, Thumlert, & De 
Castell, 2016; Ball, Owen, & Gray, 2000; Sterling, 2001).
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CSS thus emerged as a response to the disappointments and tragedies of develop-
ment assistance initiatives that had ignored local conditions, cultures, and the capac-
ities of marginalized actors—initiatives that translated bio-physical “crises” into 
development opportunities legitimated by (STEM) salvation narratives (Alonso- 
Yanez et  al., 2016). In short, CCS was a reaction against neoliberal practices 
advanced under the banner of “sustainable development.” The starting point for a 
critical analysis of sustainability is the idea that unsustainability, in all its manifesta-
tions, is a result of powerful economic scientific and technological systems of domi-
nation and the influence of the institutional structures that support those systems. In 
this sense, sustainability, as a set of ecological discourses, has been subsumed and 
largely aligned with neoliberal discourses and technocapitalist interests designed to 
further entrench dominant global economic orders and relations.

Increasingly, however, CSS initiatives have captured scientific and popular atten-
tion, providing interdisciplinary research with a productive, critical entry point for 
the in-depth study of society–nature relations and the sociotechnical impacts of 
technology innovations in context-specific landscapes. CSS has led to a better 
understanding of how environmental, economic, and societal change processes are 
dynamically interconnected, and illuminate where contradictions in dominant “sus-
tainability” paradigms emerge (Folke, 2006; Ostrom, 2009). Further, CSS has also 
explored how the historical and geographical expansion of capitalist society–nature 
relations has led to persistent social inequalities through technocratic governance 
instruments that replicate and reinforce social and environmental justice disparities 
(Balvanera et al., 2017; Bolin & Kurtz, 2018; Díaz et al., 2015).

Saliently, CSS critiques share many of the same concerns identified by educators 
critical of STEM reforms, as examined in the previous section, including the ways 
the economic narratives of “progress, innovation, and global competitiveness” are 
interwoven within “sustainable development” ideologies, and how ecological crises 
are rhetorically positioned to be “best addressed” by technocapitalist “solutions,” or 
through top-down forms of neoliberalized governance and external coordination 
(Alonso-Yanez et al., 2016).

Alternatively, a vast body of literature is emerging, across diverse intellectual 
traditions and geographical locations, on the role of education in activating an 
informed and more critical citizenry capable of participating in, and making deci-
sions about, current global and local problems. Much of this work focuses on issues 
involving science, technology, society and the environment (Pedretti & Nazir, 2011), 
as well as on the limitations of instrumentalist orientations of science, technology, 
and environmental education (Sterling, 2001). In Latin America in particular, clus-
ters of educators, ecological-economists and environmental scientists have pro-
moted efforts for education to foster in students the capacities to make considered, 
contextually informed decisions and actively “monitor technology” innovations — 
and what Latin American scholars have called “mercenary techno-science” (http://
www.etcgroup.org/). Mercenary techno-science is  understood as scientific and tech-
nological knowledge production subjugated to the ends of capital accumulation and 
profit (Toledo, Garrido, & Barrera- Bassols, 2015) or to the needs of the State in 
maximizing the efficient operations of social systems where scientific innovations 

3 Towards a Production Pedagogy Model for Critical Science and Technology…

http://www.etcgroup.org/
http://www.etcgroup.org/


48

are always already commodities within circuits of exchange and, as such, discon-
nected from critical values, questions of social justice, or alternative moves and 
models for practice and action (Lyotard, 1984).

It is fair to say that there is much theoretical work that has provided a vocabulary 
for critical discussions that might transform STEM teaching and learning today. 
Often however, the theoretical value of this literature, as robust as it is, remains 
unrealized in pedagogy and educational discourses. We suggest that CSS, as a field 
of inquiry, sets out ontological and epistemological presuppositions that stand as 
counter narratives to the conventional teaching of science and technology, as well as 
to STEM reforms. For one, CSS, as a field of inquiry and practice, refuses to enroll 
people (students) in, or prepare them for, science narratives and practices that are, 
we argue, fundamentally unsustainable. Further, CSS makes a strong contribution to 
understanding the complexities of socio-ecological and socio-technological sys-
tems by grasping the inherently political nature of negotiating sustainable futures, 
rather than silencing or coopting these debates.

Challenging the commoditization of scientific knowledge, CSS inquiry also 
emphasizes the immediate/local use value of scientific inquiry and making in rela-
tion to the needs and concerns of local actors and communities—from matters of 
governance to simply doing science and technology practices differently, according 
to the situated and self-defined interests of actors/learners. CSS demands consider-
ation of who is most affected by economic models premised on unsustainable “sus-
tainability” models that accelerate resource exploitation and wealth accumulation. 
It also interrogates the technocentric salvation narratives advanced in corporate, 
governmental, and STEM policy sectors—from romantically “solving” worldwide 
ecological crises to having the last word on debates surrounding “progress,” from 
geoengineering and genetic modification to artificial intelligence and the very 
meaning of sustainability itself.

CSS thus provides a conceptual framework with which to begin analyzing the 
array of sociotechnical and scientific issues and to thereby disrupt “business as 
usual” orientations to STEM education. The framework also offers a means to eval-
uate the pedagogical approaches and educational practices most suited to, on the 
one hand, developing critical more democratic forms of engagement and action 
necessary for human and ecological survival and, on the other, bringing science and 
technology practices out of the world of experts and into everyday negotiation and 
meaningful use by diverse actors. These approaches and practices can work in the 
realm of the “not-yet possible” and challenge current formal education logics in 
modern capitalist societies (Amsler & Facer, 2017).

CSS problematizes the declared objective of scientific research and innovation 
policies in the global North, which are aimed at promoting STEM disciplines so as 
to enhance each nation’s competitiveness in the global market. And here, CSS acti-
vates critical orientations that can transform the of “doing” science, for example, by 
acknowledging scientists’ and engineers’ societal responsibility to engage in con-
tinuous and widespread consultation with diverse publics including local and non- 
traditional knowledge keepers (as capable co-inquirers and sovereign partners); by 
offering transparency to the public about uncertainties, unknowns, and assumptions, 
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and inviting critical debate; by using extended peer communities of stakeholders to 
assess the quality and value of the scientific knowledge that is produced, and who 
benefits from this knowledge (Craye, Funtowicz, & Van Der Sluijs, 2005; Funtowicz 
& Ravetz, 2003).

Extrapolating these considerations to educational contexts, it is possible to envi-
sion how CSS frameworks might create spaces for students to interrogate discourses 
of techno-scientific innovation, while also enacting science practices and critically 
inquiry shaped by different values and different orientations to knowledge and arti-
factual making, including immediate and self-defined “use value” (de Castell, 
2016). For example, in discussing current responses to climate change advanced by 
governments and industries, CSS invites students to interrogate the world-altering 
engineering technologies portrayed as bringing unquestioned benefits. They have an 
opportunity to reconsider these purported benefits in terms of their potential to 
amplify inequalities, displace populations, threaten cultures, and harm or even erad-
icate physical environments (Klein, 2015).

Critical sustainability, as educational practice, thus invites modes of inquiry and 
learning within science, mathematics, and engineering that are socially situated, 
participatory, and openly “political, and not neutral” (Springett, 2005, p. 147). This 
perspective destabilizes the ideal of narrow technical specialization as the central 
goal for STEM learning and further invites closer attention to landscapes of power 
where capital, race, gender, and access are factors in reproducing unequal condi-
tions that affect both bio-physical realms and social futures. It also invites educators 
to question the historical and cultural development of science and technology, as 
well as the uneven and exploitive global distribution of resources and labor in the 
world today. More importantly, CSS invites students to act as “skeptical agents” 
(Springett, 2005 p.  157), encouraging them to question the dominant narratives 
informing STEM education reforms today.

In the following sections, we explore production pedagogy as a means to resitu-
ate and transform science education today. As we will show, production pedagogy 
can activate the epistemological and axiological orientations of critical sustainabil-
ity studies and enable us to situationally, through action and doing, challenge the 
narratives and anticipated futures embedded in dominant STEM narratives and cur-
ricular forms.

3.3  Production Pedagogies: Making and Engaging 
Meaningful Social Action

In contrast to the discourses of “progress” and “preparation” that underwrite the 
“schooling” of STEM education today, production pedagogies are premised on the 
view that people learn best, and learn most deeply, through design and making 
things that address learners’ present needs and purposes: real-world objects and 
technology artifacts that have social worth, that have immanent use value, and 
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therefore matter to their makers. Production pedagogies offer an interdisciplinary 
pedagogical orientation where learning actors are supported to engage real-world 
research challenges and design competences, using real-world tools, “through the 
making of authentic cultural artefacts—with correspondingly authentic audiences 
enabled to witness such acts of knowledge production” (Thumlert et  al., 2015, 
p. 797).

Production pedagogy research suggests that student work should start off with an 
active engagement that connects situated exploration and research to authentic “pro-
duction work”—the process of doing and making followed by an iterative course of 
critical reflection and theorization (de Castell, 2010) where students consider the 
impacts, and take responsibility, for what they have made. Production pedagogies 
invite students to present or publish what they create through material or networked 
interventions that transcend the world of standardized schooling assessments, con-
necting to worlds and communities outside of schools. Production pedagogy under-
stands that making is, before anything, a process that must be “located within and 
subordinated to meaningful social action” where the production of socially valued 
“things” is integral to educational activity and “critical thinking is built into [it]” (de 
Castell & Jenson, 2006, pp. 240–246).

Whereas constructionism is based on a learning theory, closely informed by a 
Piagetian constructivism that centers on a theory of cognition and developmental 
learning, production pedagogy is not a theory of learning. Production pedagogy is 
just that, a pedagogy that untangles “making” from cognitivist and school-driven 
aims and purposes. Constructionism conceives of “student-centered” making in 
terms of a “reconstruction” of anticipated knowledge structures through the “mak-
ing” process. School-bound social interactions and affective investments, while 
valorized, are nevertheless yoked and subordinated to the school-defined learning 
objectives to be ultimately acquired through making: abstract structures and “cogni-
tive gains” which may have very little to do with learners’ own purposes for produc-
ing. In these contexts, recent uses of constructionist theories of learning are 
frequently synchronized with, or subordinated to, the purposes of school orders, 
skills assessments, as well as dominant (STEM) narratives (Thumlert et al., 2015).

Indeed, constructionist theories of learning and attempts to apply it to school set-
tings have done very little in the past 50 years to transform anything but discourse in 
education, even in technologically mediated education. As Kafai (2006) argued, edu-
cation remains focused on “instructionist” pedagogies, rather than on constructionist 
ones (Jenson, Black, & de Castell, 2018), and even less so on pedagogies of produc-
tion (de Castell, 2016). Since Papert’s foundational work, constructionist models—
and educational policies more generally—have been increasingly subsumed by 
means-ends educational discourses and techniques, where constructionist making in 
schools is (re)positioned, more conventionally, in terms of “equipping” students 
with technical knowledge and skills and “preparing” them for “participation in the 
STEM-related workforce of today or the future”. Indeed, against the backdrop of the 
dominant narratives driving STEM education (examined above), constructionist 
making in schools—from robotics to digital game making—has been subjected to 
instrumentalized ends, where the “instructionist” and “technocentric” orientation to 
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making critiqued by Papert long ago (1987) returns to drive what passes for “con-
structionist learning” in much contemporary theory and practice.

However, by privileging meaningful social action—and the making of socially 
valued things (as codetermined by learning actors)—production pedagogies directly 
challenge a jargon of authenticity that characterizes much educational discourse 
today, particularly when and where terms like “the social” refer to in-class sociality 
and “authenticity” itself refers to educational practices and “makers’ activities that, 
far from being sociotechnically authentic, are subject to curricular mediation, are 
(re)contextualized for assessment purposes (where the objects of making itself are 
assessed against technocentric scales devised by STEM policy makers and school-
ing systems), or are materially translated into prepackaged “maker kits” where the 
outcomes of construction are uniformly predetermined in advance (Pinto, 2015). 
Here, the “authentic” ends and aims of production may have very little to do with 
the critical purposes of makers themselves.

Production pedagogies go beyond the making of school-bound “objects to think 
with” (Papert, 1980) to making social-valued objects to do with. By implication, 
production pedagogies link self-determined critical inquiry to forms of genuinely 
authentic production and can thus operate as material and/or media interventions in 
wider public spaces: from artifacts co-produced by learners and communities to 
address actual needs and purposes to student-designed documentary films, learner- 
produced digital research journals (Zseder, 2016), community food security proj-
ects and small-scale, local investigations where, simply put, it is the learners’ 
concerns, and co-emerging questions and aims, that animate inquiry, knowledge- 
making, and artifactual design.

Further, through production using technology tools and communicational media, 
it is argued that students not only learn more deeply but, significantly, build “partici-
pative status” in cultural practices as they make and do (Thumlert et  al., 2015, 
p. 797). In science and technology contexts, this translates to a more public frame-
work for doing science, one that models and enacts much needed participation in 
the public governance of science and technology in democratic societies today.

Production pedagogies can transform science and technology learning, instating a 
focus on students’ worlds—where knowing, designing, and making are embedded in 
the social contexts and communities where inquiry and making itself occurs (de 
Castell, 2010). Central to production pedagogy is an engagement, too, with external 
actors, models, and communities of practice: sociotechnical sites and resources that 
shift learning into unfinished worlds and always unfinalizable futures. Informing this 
view, feminist theories of science (Clarke & Olesen, 2013) suggest that the objects of 
inquiry, and the knowledge and things being made through learner-directed research 
and making, do not need to be romantically or heroically conceived as “solutions” to 
“crises”; rather, they simply begin as interventions that matter to their makers. Here, 
the “exchange value” of abstract scientific knowledge (as commodity) is replaced by 
local “use value” (de Castell, 2016) and reconnected with local users and communi-
ties, in ways that resonate with the more “grounded” and ethical orientations to scien-
tific practice as articulated in critical sustainability studies.

3 Towards a Production Pedagogy Model for Critical Science and Technology…



52

In line with CSS, production pedagogies invite students to critically reflect on the 
personal purposes and theoretical premises that inform what they research and 
make, to take responsibility for what they make, and to understand the very pur-
poses for engaging in a process of scientific investigation—or for intervening in 
states of affairs that matter to makers. Using real-world technology tools and meth-
ods instead of curricularized surrogates, students engage in different processes of 
innovation that connect local and extra-local situations and respond to the interests 
and values of the communities the students themselves belong to, are involved in, or 
imagine as possible.

This approach to learning ensures that students’ research designs are contextu-
ally relevant and connected to a present fascination, need or purpose that makes 
sense to them, in their present situations. A key pedagogical lesson of this approach 
is that students are asked to engage in tasks that they can, and want to, actually 
achieve: this is a significant aspect of the work since it (re)engages learners, and 
brings students in “contact with what they themselves can accomplish” (de Castell, 
2010), inviting a different kind of assessment—a process of self-referential appraisal 
of the products that they create, and of their wider impacts or ecological effects they 
may have in their world, whose ends are served, and who is involved (or excluded) 
in public debates and governance matters.

For production pedagogy researchers, sociomaterial interventions in the world 
that are less “school-bound” are operationalized: learners co-define questions and 
propose trajectories of inquiry for themselves through technology and materials- 
centric exploration (McBride, 2017), and in terms of what is, or what emerges for 
them as, significant to their interests, passions, or public concerns: questions about 
what kind of world we will inhabit, how to make sense of things, and what we might 
do. Simply put, learners are invited to become the scientists of their own interdisci-
plinary endeavors: building theories, testing them and reflecting on results and rela-
tionships, and creating new knowledge not anticipated in advance (Nolan, 2009).

Production pedagogies are thus grounded in social contexts and material locali-
ties, but are shaped, as well, by global concerns and relationships, and are thus 
always in principle “connected” or “connectable” to possible sites of intervention, 
exploration, and action outside of schools. This orientation to education, informed 
by CSS, offers an alternative to discipline-narrowed STEM pedagogies (Krug & 
Shaw, 2016) that drive students to solve contrived “school-based” problems: prob-
lems abstracted from contexts and mediated by standardized assessments, by 
 representations and texts (rather than materials and communities), or through the 
staging of “science” as a spectacle of “expert wizardry” (McBride, 2017; 
Nolan, 2009).

STEM pedagogies today, in efforts to developmentally prepare students for 
knowledge economies and STEM fields, we argue, not only actively discourage 
students from seeing themselves as participants in science practices and creators of 
their own knowledge (Nolan, 2009), but also commoditize the competences to be 
learned in accordance with the future “exchange value” of those competences, as 
fitted to neoliberalized narratives of “workplace skills” (Weinstein et  al., 2016). 
Here, as a means to a predetermined and always distant end, “preparation” itself is 
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assumed to be the “motivation” for learning (de Castell, 2016) and, through incre-
mental development towards some professionalized “specialization,” students are 
endlessly equipped with skills and knowledge about states of affairs over which 
they themselves have neither any critical agency or embodied competence (de 
Castell, Jenson, & Thumlert, 2014). Here, learners are not only alienated from the 
use value and immanent pleasures of their own learning, making, and designing, 
they also are insulated from critical reflection as they are procedurally inducted into 
dominant STEM narratives, epistemologies, and values.

By contrast, the “outcomes” of production pedagogies are, we suggest, not just 
the potentially richer acquisition of competences, but, more importantly, authentic 
affective investment in the very processes and products of what is being made and 
done—and authentic precisely because productive action serves students’ purposes 
in their social worlds, in their lives (de Castell, 2010). As pedagogy—by contrast 
with a “better” theory of learning—when learners take embodied roles as research-
ers, designers, and makers, engaging problems and stakes critically—that is, stakes 
and needs students have agency in identifying, interpreting, and co-defining—stu-
dents more directly engage discourses, technology tools, methods, and actions in 
ways that enable them to do science differently, that is, perform practices and tell 
their own narratives of science and scientific “doing” that actively challenge, or 
disrupt instrumentalized schooling enterprises: the sequenced and segmented scien-
tific “activities” that too often characterize STEM education’s developmental aims.

By refusing to developmentally “prepare” students for STEM futures and induct 
them into predetermined “anticipation regimes” (Adams et  al., 2009) driven by 
dominant STEM narratives, we see production pedagogies as an intentionally dis-
ruptive vehicle—not for anticipating the future—but for enabling learners to 
“remake the present” (Adams et al., 2009, p. 260).

3.4  An Example of Production Pedagogies Within STEM 
Learning

In this section, we show what production pedagogy in science education looks like, 
and how it challenges dominant STEM narratives. This example of production ped-
agogy is from a recent course in the Faculty of Education at the University of 
Calgary, Canada, where the values of CSS inform inquiry and making. The course 
was designed as an entry point for students to understand, engage with, and partici-
pate in public knowledge-making interventions, with three core components: The 
activities in the course (a) involved the use of technology, (b) connected (interdisci-
plinarily) with science, mathematics, and engineering (c) utilized the networked 
resources of online communities, which supported access to information and mod-
els, as well as provided membership in public spaces of informal inquiry and learn-
ing. In this course, pre-service teachers engaged in teaching and learning activities 
directed to the production of “socially valued” artifacts to be shared with various 
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audiences (the community of learners within the course and online and/or local 
learning communities). Students were invited to participate in one task that helped 
them develop networks and competences relevant to their personal and professional 
interests, aspirations, and goals as educators of science, technology, and mathematics.

The project began by inviting pre-service teachers to produce something that was 
meaningful to them, that addressed a need or passion, and that entailed engaging 
with, and being apprenticed by, broader communities of practice involved in creat-
ing similar cultural/technology products. For developing their projects, the students 
were asked to research and engage an online community who might support their 
design work or reciprocally learn from the student as part of a community of prac-
tice. We (First Author) only required students to record field notes and capture criti-
cal reflections on learning processes and community interactions.

In the second phase of the project, students learned about and from the online 
community, and how they might contribute to the community knowledge-sharing 
dynamic (e.g., the student–teacher would contribute a free-to-use asset that the 
community might build upon and use). Finally, in relation to purposeful making, 
students created a prototype or artifact that expressed their own interests in relation 
to science and technology and contributed knowledge to the community.

One student chose to work on a prototype for a tilt-shift lens camera that con-
nected with his passion for photography and architecture. He described his project 
as follows:

The tilt-shift lens was a common photography product that was typically used in architec-
tural photography as a way to ensure vertical and horizontal lines were true. With the emer-
gence of digital photography editing programs, vertical and horizontal lines can be corrected 
after the photograph has been taken. As such, usage of the tilt-shift lens has been limited to 
more creative applications. Some of these more creative applications that photographers 
now use the lens for is to produce unique focus in portraits and miniature landscape scenes. 
However, the “Lensbaby” variations of today are extremely expensive, starting at a price of 
about $1500.

Searching online, not surprisingly, I found a community of enthusiast photographers 
that have experimented and documented the process for creating your own tilt-shift lens for 
much less money. Empathizing the issue of making a tilt-shift lens for limited money, I 
began to design my version of the tilt-shift lens. (Student project log sample)

This student engaged with the Stack Exchange: Photography Community and 
connected with online mentors and models to create a tilt-shift lens of his own. He 
used his old camera and a rubber tire from a toy monster truck as a movable connec-
tor piece. He documented the progress of his ongoing work via the project log and 
described the many failures he overcame to build and adjust the materials he was 
using to build the lens.

For example, he wrote about the off-road tire being too bendy; he described 
attaching a bicycle, duct tape, and toilet plunger to the rubber tire to make it strong 
enough to hold the lens and still be malleable enough to be modified. Finally, he 
contributed to the Stack Exchange “Hot Questions” website section with a series of 
images he took, entitled “Miniature world: A unique perspective of buildings,” 
along with a set of instructions to create a tilt-shift lens for under $30.
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Initially, the student expressed that the production task seemed disconnected 
from its application for science teaching. However, through ongoing reflections, the 
teacher-candidate modeled for himself, and recognized, the valuable learning pro-
cesses, purposes, pleasures, and outcomes of the production pedagogy model, as 
well as its implicit collaborative social linkages with others, and with dynamic 
spaces and applications in the world.

For example, in his reflections, the student identified himself as a member of the 
lens-making community and recognized the level of expertise (commensurate with 
the experience and mentorship provided to the community) that group members had 
and shared in the online group. Furthermore, he articulated that the activity allowed 
him to have a genuine voice in what the next steps comprised as there were no spe-
cific steps to follow in order to build the lens, but merely guidelines in what a tilt- 
shift lens should be able to achieve. This allowed the student to choose the items and 
materials he needed and to engage or repurpose them through a materials-centric 
(McBride, 2017) work process—and with substantially more agency, as these pro-
duction processes were driven by self-and-community-defined interests, needs, and 
use value (de Castell, 2016).

Once completed, the student closely analyzed the Science Program of Studies 
curriculum resource—and through that he made clear connections between his proj-
ect and the more official STEM curriculum objectives he enacted through the pro-
duction pedagogy (such as engineering, the science of light and optical devices, and 
situated “design thinking”). The student describes how his own understanding of 
science and technology changed, using the example of his experience making the 
shift-tilt lens and taking photographs:

By making a lens, I learned a lot about technology. I have never seen the inside of a lens 
before, even though I use the camera on my phone all the time. After I took the lens apart, 
I discovered that there was a lot more going on than I first thought. I was most challenged 
when I had to blueprint my new lens design because I was confused about how the angles 
would work.

It was obvious that when I changed the angle of the lens, I could make some interesting 
effects. For example, when I bent the lens down, it would create a miniature effect on the 
scene I was photographing. Another technique I used a lot was bending the lens so it would 
only focus on certain things and makes other things blurry.

What this tells me about technology is that it is actually rooted in basic principles of 
science. For example, my Image # One (McMahon Stadium): In this image, I held the cam-
era above the line of sight, and tilted the lens down towards McMahon Stadium. This was 
done to give the stadium a model-like effect. In my Image # Three (The #9 Bus), I tilted and 
compressed the lens to convey a sense of motion. Because we were also pointing the lens 
downward, objects acquired a “miniature” quality. All of these are examples of principles 
that are essential to an understanding of the science of light and how optical technologies 
work and how we can use them to predict the effects of changes in designs, alignments, and 
compositions of images. Once I figured that out, I could do some interesting things with 
science of light and photographs and I could understand how the angles worked. (Student 
project log sample).

This project, “Capturing reflections: Meaning-making through a digital lens- 
making experience,” allowed the student to, through production pedagogy, chal-
lenge the “school as usual” framework, where science teaching and learning is 
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dominantly mediated by prescribed outcomes, uniform instructional processes, and 
similarly uniform assessments. Furthermore, this production pedagogy additionally 
supported a critical connection to place and community—both virtual and con-
crete—and invited the student to learn and, most importantly, develop and expand 
the stories of the places of the communities he visited during walkabout trips with 
his camera. This deeper engagement provided a different kind of knowledge and 
understanding of the ways in which science and technology connect us, and how we 
can create and communicate stories and revision the very purposes and impacts of 
science and technology learning.

3.5  Final Thoughts

In this chapter, we have signalled new theoretical grounds and critical models for 
what science education, mobilizing production pedagogies, might look like, partic-
ularly when we eschew grand narratives of expert science and corporate techno- 
solutionism. In the model described above, production pedagogy redraws and 
contextualizes science and technology education in three significant ways: (1) by 
giving learners flexibility and agency to participate in processes of inquiry, meaning- 
making, and design work through action and interaction within material and social 
worlds, (2) by engaging in a process of learning where students’ own interests, pas-
sions, and personal purposes have a legitimate place and are fruitful and rich sites of 
actionable knowledge and “youth-led engagement” (Ho, Clarke, & Dougherty, 
2015), and (3) by inviting (in this case) future teachers to continually pose the ques-
tion: “how might we activate this kind of pedagogy in education today?” This latter 
question is fundamental in challenging current instrumentalist values and pedago-
gies underpinning the schooling of STEM.

As an account of production pedagogy, this kind of work generates novel rela-
tions to science and technology, providing contexts and contingencies for embody-
ing science practices outside of standardized STEM curriculum, and for engaging 
with the communities that are affected by science practices, and for enacting/com-
municating different stories—alternative narratives—about science practices. One 
result is that specialist orientations to doing science driven by STEM “crisis and 
salvation” narratives are replaced by more immediate and multimodal investiga-
tions that emerge and evolve in relation to interests, purposes, materials, and collec-
tive forms of “community intelligence” and community needs.

And while the making of a tilt-shift lens itself may not heroically “solve” any 
global environmental crises, the model of action, interaction, and making refuses 
the commoditization of knowledge and skills and demystifies science as an expert 
practice or professionalized role within neoliberal economies of innovation and per-
formativity. This is a very different orientation to science and technology learning 
as it focuses less upon abstract conceptual principles, propositional knowledge, or 
textual representations about what things “are,” and instead provides insight into 
new relations about what things “do,” and what can be done with them, thus offering 
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more tangible, materials-centric, and embodied ways of learning and making 
(McBride, 2017).

Above all, we argue that it is problematic today to invoke STEM education—or 
any education—as a vehicle for “preparation,” particularly when students are being 
prepared for, and inducted into, dominant narratives and practices that sustain 
unsustainable futures. In contrast, we reconceive science and technology production 
pedagogies as a means of enabling students to engage, in the present, with present 
“matters of concern” (Latour, 2004), invested in both the processes and social stakes 
of science and technology practices and futures. We contend that current STEM 
narratives and educational practices shaped by neoliberal logics and technocapital-
ist fantasies, even if based on hard science and “hard evidence,” foreclose in advance 
opportunities for envisioning alternatives. One way to challenge the dominant nar-
ratives of STEM reform is to attend to the socio-political domains of science and 
technology through locally situated and meaningful production pedagogies. In edu-
cational contexts, we suggest that science-based production pedagogies, informed 
by the ethos of critical sustainability studies, may empower students to take agen-
tive roles in relation to inquiry, knowledge- and artifactual-making, where actors do 
science differently in their own communities, in always unfinished worlds.
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Chapter 4
Imagining the Sustainable Future Through 
the Construction of Fantasy Worlds

Beaumie Kim, Stefan Rasporich, and Diali Gupta

If you all look the same, there is less judgment by appearance 
or orientation.

—Sherri, Conversation with Stefan

Abstract Advocating the humanistic assumptions (i.e. values, norms, practices) in 
the discourse of sustainability education, we discuss Stefan’s journey with his eighth 
grade students in planning and building a sustainable village in a fantasy world. As 
a form of a self-study, Stefan engaged in scholarly dialogues with two other authors 
based on his reflections on this project and conversations with the students. The 
students created sustainable villages and languages in Minecraft or other media 
through their interactions with their imagined land, environment, and characters. 
We investigated how Stefan’s approach helped learners take critical positions in 
imagining a sustainable society. Here we discuss three student groups’ emergent 
designs in relation to Stefan’s teaching practices. We argue that humanistic and 
aesthetic approaches to learning may help students take their own positions regard-
ing societal norms, values, and practices.
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In response to the Sustainable Development Goals set out by the United Nations, 
UNESCO created key competencies and learning objectives to promote Education 
for Sustainable Development (Rieckmann, Mindt, & Gardiner, 2017). One of the 
competencies is focused on “the ability to question norms, practices and opinions; 
to reflect on own one’s values, perceptions and actions; and to take a position in the 
sustainability discourse” (Rieckmann et  al., 2017, p.  10). Such critical positions 
seek fundamentally different approaches from what has been emphasized in sus-
tainability education, that is the mimicking of the real-world science and engineer-
ing using models and simulations (e.g. Pallant & Lee, 2017). The approaches of 
using real-world scientific data and models are important for learners to understand 
the complexity of the dynamic systems. On the other hand, we support the argument 
that humanistic assumptions (i.e. values, norms, practices) should become much 
more central in the discourse of sustainability education (Feinstein & Kirchgasler, 
2015; Stables & Scott, 1999).

In this chapter, we discuss Stefan’s journey with his eighth grade students in 
reflecting on their own assumptions about what we look like, how we communicate, 
and how we live and interact with others and the environment through a creative 
process. Stefan teaches in an art immersion charter school in western Canada, 
whose curricula engages students in arts in all aspects of their learning. The project 
described in this chapter, co-led with a resident artist, challenged the students to 
plan and build a sustainable village set in a fantasy world. When given a chance to 
imagine a sustainable world, what kind of societies might students envision? As 
quoted above, Sherri and her teammates assumed that equality mattered in a sus-
tainable society and imagined that their villagers would not have visible features of 
gender or race.

As a form of a self-study (Loughran, Hamilton, LaBoskey, & Russell, 2004), 
Stefan and two co-authors engaged in scholarly dialogues around his reflections and 
conversations with the students on this project. Through these dialogues, we inves-
tigated how Stefan’s approach helped learners take critical positions in imagining a 
sustainable society, such as its governance, justice, renewable energy, water resource 
management, farming, language, cultural history, immigration, trade and arts. This 
study shows that the sustainable villages and languages created by the students in 
Minecraft or other media were a result of their interactions with their imagined land, 
environment, and characters. We argue that humanistic and aesthetic approaches to 
learning may help students take their own positions in relation to the societal norms, 
values, and practices in imagining sustainable futures, and “understand how (and 
why) our scientific knowledge and technological and artistic endeavour are histori-
cally and culturally situated” (Stables & Scott, 1999, p. 152).
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4.1  Theoretical Perspectives: Critical Pedagogy, Aesthetic 
Experience and Environmental Literacy

Curriculum is a value-laden selection from the culture and informs the pedagogy of 
a classroom (Osbourne, 1991). How can a curriculum simultaneously share the 
established knowledge and acknowledge its value-ladenness? Acknowledging that 
the accepted disciplinary, societal or cultural knowledge is not necessarily objective 
or neutral is an important step towards taking a critical perspective (Osbourne, 
1991). Giroux (1981) suggested that when linking students’ lived experience with 
classroom experiences, they discover how they give meaning to the world and how 
such meaning can be used reflectively to identify or discover the sources and limits 
of knowledge. When students’ knowledge, experiences and visions of the world 
become the curriculum, their learning may create actions for social change 
(Osbourne, 1991).

Critical pedagogy practiced in classrooms, therefore, allows for student voices to 
be heard (Giroux, 1981; Osbourne, 1991). In such a classroom (or society), the 
members recognize and rely on mutual interests, and engage in continuous readjust-
ment of their practices (Dewey, 1916). When students’ interest-driven inquiries, 
decisions and open dialogue in the classroom meet the interest of the curriculum, 
the students become critical agents that make their knowledge meaningful, critical 
and ultimately emancipatory (McLaren, 1989; Osbourne, 1991). At the same time, 
critical pedagogy emphasizes becoming attentive and responsible to the interests 
and experience of others, which fosters compassionate and ethical social relations 
(Giroux, 2011).

The learners’ experience upheld with critical pedagogy has a strong relevance to 
Dewey’s account on aesthetic quality of ordinary experience. It is the experience of 
“soaring beyond the immediate confines of one’s experiences, entering into a criti-
cal dialogue with history, and imagining a future that would not merely reproduce 
the present” (Giroux, 2011, p. 155). It is the experience of recognizing and admiring 
“the conditions and factors that make an ordinary experience complete” and finding 
“ourselves faced with a problem rather than with a final solution” (Dewey, 1934, 
p. 12). Such engagement may lead to the consciousness and intervention in reality 
(Freire, 2002). As the students confront the problems in the world and with the 
world, they visualize a problem with various interconnections to other problems by 
placing them all in a holistic context, which results in the development of new 
understandings.

Understanding environment and sustainability should take into account such 
critical and aesthetic approach. Greene (1978) relatedly emphasised an epistemol-
ogy that allows learners to draw from various disciplines and critically question the 
excessively human-dominated world. Dewey (1934) challenges our scientific 
approach by stating that “[n]ature is kind and hateful, bland and morose, irritating 
and comforting, long before she is mathematically qualified or even a congeries of 
‘secondary’ qualities like colors and their shapes” (p. 16). We need to understand 
that our history, culture and knowledge have been shaped through the dialogue and 
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interactions with the natural environment (Dewey, 1934; Stables & Scott, 1999), 
and it is essential to deepen this dialogue to sustain our world. The idea that human 
constructions and their sustainability come from the environments is actualized by 
Canadian indigenous architect, Douglas Cardinal. Cardinal (1998) called architec-
ture “a living process”, through which the forms evolve from the land in harmony 
with nature. Dewey (1934) similarly saw that art is an effort to expand our own lives 
by using the materials of nature.

In this chapter, following their views on considering aesthetic experience and the 
land as part of our living process, we explore the humanistic and aesthetic response 
to nature and environment as well as human knowledge and construction as a pos-
sible means to achieve critical pedagogy in the classroom. We specifically explore 
the approach of engaging learners in the design of artefacts. We see student-led 
decisions, dialogues, ideas and artefacts as designs that emerge as part of critical 
pedagogy in classrooms. Learners express their values and ideas through their arte-
facts, which are being shaped through their sociocultural interactions (Kim, Tan, & 
Bielaczyc, 2015). Thus when a classroom, built upon the premises of critical peda-
gogy, encourages learners’ creation of artefacts, learners and teachers engage in 
purposeful interactions using objects and materials. As the learners engage in design 
practices, they have their “aesthetic moments” when their ideas cease to be mere 
ideas and become embodied in the objects (Dewey, 1934).

In advocating for learners’ designs using computational technologies, Resnick, 
Berg, and Eisenberg (2009) emphasized learners’ personalization of their forms 
beyond their functions, thus paying more attention to their “aesthetics”. Although 
their contribution to seeing scientific instruments as learners’ means of communica-
tion and expression was significant, their use of “aesthetics” was limited to how it 
looks and feels as personal creations. More recently, Farris and Sengupta (2016) 
used the Deweyan sense of aesthetic experience, focusing on how learners’ interest- 
driven pursuits of using computational technologies transform these materials into 
expressive means. Such pursuits show the continuity and unity of learning experi-
ence, as demonstrated by Farris and Sengupta (2016). Scholars similarly have rec-
ognized the importance of allowing learners’ self-initiated detours or “personal 
excursions” as termed by Azevedo (2006) and subversions from the proposed activi-
ties (e.g. Kim & Ho, 2018) with technologies. In our work, we suggest that the 
learners’ designs transform the materials into objects that embody ideas. At the 
same time, we assume that their activities emerge as they interact with their own 
designs, especially in this project with the land they imagined. These are not merely 
detours from the planned activities, but emergent core activities, through which they 
engage in “a constant unveiling of reality” (Freire, 2002, p. 81) or “seeing more” 
(Higgins, 2008, as discussed in Farris & Sengupta, 2016) by problematizing what 
seems natural or inevitable in our world (Giroux, 2011).
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4.2  The Study: Imagining Sustainable Futures with Students

The project of creating sustainable villages was proposed by a resident visual artist 
Jeff Eisen and co-developed with Stefan to incorporate an interdisciplinary approach 
including elements of Arts, Social Studies, Language Arts and Science. The plan-
ning process of this art immersion school (grade 4–9) begins with the collaborative 
relationship between a teacher and an artist, in addition to the collaborations 
between teachers of core disciplines. Students in this school are dominantly 
Caucasian and born in Canada. They come from all levels of socioeconomic status, 
but based on what Stefan has observed, the parents tend to be liberal or entrepre-
neurial, and often work in artistic and creative sectors. In some cases, students come 
from different schools where they could not fit in very well. Stefan has not observed 
much of a trend in terms of the gender balance, as it has varied from year to year.

4.2.1  Design of Study

Using a form of a self-study approach (Loughran et al., 2004), Stefan, as a teacher- 
scholar, engaged in dialogues with researchers. As an insider of this project, Stefan 
openly examined his practice by having conversations with the students and solicit-
ing different perspectives from the university researchers (Samaras, 2010). The con-
versations with the researchers, who were not present in Stefan’s classroom, 
included the kinds of questions that Stefan posed to his students and the interpreta-
tions of his taken-for-granted practices as a teacher in this art immersion school. 
The data collected in this study were largely Stefan’s notes during students’ presen-
tations and his conversations with them. Stefan also collected available student arte-
facts. We (Stefan and the researchers) also took notes together while discussing 
Stefan’s class and students’ artefacts.

Stefan realized that his lessons always evolve as students engage in designing 
various art forms with their ideas and interest. In this project, he saw how each stu-
dent was finding personal relevance, how the groups were helping others develop 
new skills, and how students were using their creativity and imagination to make 
curricular connections in an emergent design process. In order to better understand 
how design could be powerful for student learning, Stefan selected three groups to 
study the variations and richness of the designs they exhibited.

While discussing different student projects, Stefan reflected that his choice would 
acknowledge his specific interest such as innovative language construction or spe-
cific inquiries generated by learners. However, he also considered groups that were 
disengaged or subverted from their proposed activities. He felt that “each group 
dynamic will provide a framework to better redesigns of similar future projects.” As 
the conversation with researchers progressed, Stefan inquired into how he was and 
could be better supporting students’ emergent designs to deepen their understanding 
and relationships with the rich knowledge about environments and society.
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4.2.2  Project Context

The grade 8 students worked in groups to design sustainable villages for 500 resi-
dents in a post-apocalyptic world using their own choice of media (e.g. Minecraft, 
websites, drawings or physical sculptures). This project lasted about 6 weeks. The 
students had to show the village layout (e.g. agriculture, community planning, posi-
tioning of energy devices) and demonstrate the output, efficiency, and capacity of 
devices to sustain the village. The renewable energy resources had to be part of the 
environment these 500 survivors would settle into, and produce enough power for 
them to sustain life and other comforts. The process started with an introduction to 
engage the students visually. Jeff, the resident artist, presented a website on a vari-
ety of sustainable power sources (i.e. geothermal, solar, biomass, wind, tidal and 
hydroelectric; see Fig. 4.1) and highlighted the visual artistry in order to capture the 
imagination of the students.

At this art immersion school, the focus on learning is not through specific disci-
plinary content in the curriculum. Instead, the approach to teaching and learning is 
to support students develop their skills in arts, sciences, and social sciences while 
addressing broader topic areas (see Table 4.1). Jeff had an idea to explore fantasy 
worlds in the futuristic art form of The Venus Project by Jacque Fresco, which dem-
onstrated a village surrounded by water, the source of hydropower (thevenusproject.
com). Stefan then introduced indigenous perspectives by tying in human  relationships 
with the land in constructing culture, living environments and languages. These 
perspectives are based on the Canadian curriculum and are drawn from Douglas 
Cardinal, the Canadian Indigenous architect’s plan for the Kamloops band that pro-
vides an indigenous perspective on sustainable design, highlighting wastewater and 

Fig. 4.1 The introductory visual for the project by Jeff
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Table 4.1 Examples of the art immersion curricular objectives for the project

Art form: Futuristic 
design in Minecraft or 
other forms of media Social studies 8 Science 8

Objective 1 
(skill)

Engage in a constant 
creation and destruction 
process that affirms the 
redesign process

Generate creative ideas 
and strategies in individual 
and group activities

Demonstrate sensitivity 
and responsibility in 
pursuing a balance 
between the needs of 
humans and a 
sustainable environment

Objective 2 
(skill)

Use the Minecraft palette 
of blocks as an artist’s 
tool, or use other forms of 
media in creative ways to 
incorporate an artist’s tool

Evaluate ideas, 
information and positions 
from multiple perspectives

Appreciate that 
scientific understanding 
evolves from the 
interaction of ideas 
involving people with 
different views and 
backgrounds

Objective 3 
(skill)

Collaborate as a team of 
artists in Minecraft 
creative mode or different 
media

Demonstrate skills of 
compromise and devise 
strategies to reach group 
consensus

Work cooperatively 
with team members to 
develop and carry out a 
plan, and troubleshoot 
problems as they arise

Objective 4 
(skill)

Interpret the concept of 
sustainability through a 
digital or analogue art 
form

Evaluate choices and the 
group’s progress in 
problem-solving, then 
redefine the plan of action 
as appropriate, using 
networks to brainstorm, 
plan and share ideas with 
group members

Seek and apply 
evidence when 
evaluating alternative 
approaches to 
investigations, problems 
and issues

Objective 5 
(knowledge)

Use vocabulary related to 
technical Minecraft or 
other media-associated 
communication and 
post-apocalyptic themes 
of cultural reconstruction

Review year-long 
historical study of the 
cultures of Aztecs, 
Spanish, Edo Japan and 
Renaissance Europe in 
terms of hierarchy, urban 
planning and indigenous 
culture

Understand the 
concepts related to 
sustainability, 
renewable energy 
sources, fresh and 
saltwater systems

cohabitation with animal populations (djcarchitect.com). The idea of creating lan-
guages emerged through the conversations with the researchers, which Stefan chose 
to explore with students. It was agreed that the new language would also be a reflec-
tion of the environments the survivors were in.

Students were given the opportunity to select a partner they felt comfortable 
with, and then put into larger groups of 4–5 out of their pairings, matching them up 
in a way that often mixed gender, research skills and proficiency in Minecraft. They 
were then tasked with a brainstorming phase, in which they drew out their initial 
ideas with a large piece of paper and show accountability for their early creative 
process (see Fig. 4.2 for an example). After the brainstorming, they entered into the 
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Fig. 4.2 Students’ brainstorming on paper

first development stage. Most students began to work in Minecraft, while some 
started creating websites, paper maps, or new language codes. At different times, 
Stefan brought in language construction materials such as the sample phrase sheets 
for Dothraki and High Valerian from David Petersen’s book The Art of Language 
Invention, as well as a phrase sheet of Blackfoot from the school field trip to the 
local Museum’s exhibit, Nistapiisiini, meaning “our way of life”. The exhibit 
showed how language is embedded in culture and led Stefan to further explore this 
topic. He found that in indigenous philosophy actions taken by anyone are for the 
benefit of the community which clarified why there is no word in Blackfoot for 
“thank you”. He further interpreted that such actions were unlike any transactions 
between people in a commerce-driven society.

Stefan also reflected upon the assessment that he conducted through a mid-term 
check. He asked the students to share their work and the rest of the class served as 
an audience who had to give positive feedback to their peers. The emphasis on 
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positive feedback was to reinforce their choices as artists and be more specific and 
relevant in their comments as an audience. This provided a chance for the students 
to become aware of each other’s work, draw inspiration from it and check their own 
progress. In our conversations about the exchange of positive feedback, Stefan dis-
cussed how Pixar Animation Studios follows a similar process with the assumption 
that affirming good ideas are most important in a creative process. Stefan also liked 
the exercise as it fostered active listening skills during the feedback process which 
in turn provided positive energy to the presenters and highlighted the strengths of 
their work.

The idea of a cultural “grand entry” emerged later in the project, where students 
could create both a song and dance indicative of the culture of their world, and pos-
sibly their language. Students further developed and refined their sustainable vil-
lages, bringing in websites or deeper exploration of the language creation beyond 
the simple alphabet codification, as they rehearsed for their music and dance num-
bers. The final presentation started with a “grand entry” outside on the school com-
pound with a huge parade where everyone simultaneously did their music and dance 
and then entered the school one by one to make their way to the final presentation 
area. The presentations themselves were extrapolations of their mid-term check 
with a small portion devoted to their music and dance, as well as receiving positive 
feedback.

4.3  Findings: Constructing Fantasy Villages

Learners encounter sociocultural norms or practices that include gender, identity or 
even languages in their classrooms and lifeworlds. Extending Freire’s (2002) notion 
of learners as critical interventionists, we may notice the learners’ “moments of 
resistance and tension” (Dewey, 1934, p. 15) towards our existing norms and prac-
tices as they engage with their own designs and develop ways of viewing the world. 
In the process of constructing sustainable villages, students explored different ways 
to communicate their ideas. For example, some students engaged in coding to main-
tain Minecraft server integrity and created a tiered student permissions system. 
Here, we introduce the works of three groups out of the eleven groups that worked 
on the project. Stefan chose these three groups because their projects were unique 
and might inspire us to see the critical roles of our work. These three groups con-
structed fantasy villages named Caveia, Plumatopia and Whistle-Whistle-Click. In 
the following examples, we observe learners’ interesting and creative but some-
times conflicting accounts on what would be ideal, sustainable societies through 
their designs. We illustrate their work based on Stefan’s notes on student presenta-
tions and conversations with students and screenshots of Minecraft fantasy villages. 
All students’ names are pseudonyms.
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4.3.1  Interacting with the Darkness of Lava Tube in Caveia

The Caveia group with five members (Brenda, Cornelius, Kerry, Michael, and Sally) 
conceptualized their village and its language and constructed the village in 
Minecraft. Stefan saw this group’s strengths as their construction in Minecraft 
evolved over time. In their presentation, they explained that the survivors found a 
big cave, which was a dried lava tube where gas had been trapped after a volcanic 
eruption. The survivors then founded a society within it. Sally explained that some 
ideas were rather randomly suggested. For example, they had the ideas of acid rain 
versus lava tube forming a cave and voted for the lava tube.

The choices they made for the environments influenced their subsequent deci-
sions. The development of a language based in part on echolocation was inspired by 
the darkness and how bats in caves evolved an extra sense in this environment. 
Michael, during his conversation with Stefan after the project was finished, remem-
bered that the ideas of Caveia actually started from exploring different ways of 
communicating: adopting bats’ echolocation led them to choose a cave as a good 
post-apocalyptic environment for the settlement. The healthcare system dealt with 
those facing issues of limited sunlight and set up recovery areas in tubes that 
received sunlight. The division of labour in the village was also determined by the 
need for farming above ground, hunting near the top opening, and the creation of 
artificial sunlight for the lower farms (see Fig. 4.3).

They created the history of this village on which they continued to build its cul-
ture and situated the sustainable development considering possible environmental 
resources. In Stables’ and Scott’s (1999, citing Schama, 1995) term, they are devel-
oping “a cultural history of landscape” (p. 150) in a small scale in this fantasy set-
ting. With the chosen environmental setting, they decided that hydroelectric energy 
from rainwater and an underground river would be Caveia’s main energy resources. 
Geothermal and solar energy would supplement or act as backups when needed. 
These explorations reflected the curricular objective (see Table 4.1), as in “demon-
strate sensitivity and responsibility in pursuing a balance between the needs of 
humans and a sustainable environment”. Using the flooding, the students were able 
to find a balance with the forces of nature and their needs as humans in this imag-
ined society.

The work of the Caveia group also demonstrates how their decisions and visions 
became the curriculum (Osbourne, 1991) and how this student-led curriculum lends 
itself to students’ “aesthetic moments” of their objects embodying their ideas 
(Dewey, 1934) in this class. What initially appeared to be randomly generated ideas 
of being in the dark cave were elaborated upon with the ideas of rain and flooding. 
Understanding the environment they created within the Minecraft world (i.e. rain 
and flood) and creating solutions to these emergent world variables became the 
student-led curriculum. The whole society was built on the frequent flooding, and 
Michael, who was most proficient in Minecraft programming in this group, created 
a system where the underground rivers would actually rise and recede to generate 
power. He also created a working elevator that was much needed for the villagers to 
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Fig. 4.3 Caveia: (a) elevator to the small opening to the surface; (b) vertical farming

connect to the ground. For Michael, figuring out the technology side of Minecraft 
became an important part of his curriculum, i.e. creating and managing the team’s 
own server to fully control their creative work. Other groups then joined in to help 
building Caveia and were inspired to explore this aspect of Minecraft to construct 
their villages. In Dewey’s (1934) terms, students were inspired to participate in this 
aesthetic moment and culminating process of transforming materials into objects 
that embodied their ideas.
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Fig. 4.4 The main page of Plumatopia group’s website

4.3.2  Gift of Telepathy for the Villagers of Plumatopia

Aurora, Emerson, Millie, and Yasmin conceptualized and created Plumatopia in 
Minecraft, and explained this hidden society in detail on their website (see Fig. 4.4). 
Stefan chose this group because they had the most extensive backstory about the 
founder, Pluma, which gave many important trajectories for their designs. Their 
world in Minecraft and the Plumatopian’s ways of living described in their writing 
were the result of the development that spanned about 300  years since Pluma 
founded the group. Plumatopia’s history was embedded within the existing world 
history starting from the late 1800s and evolved in seclusion, instead of a futuristic 
post-apocalyptic setting as the project parameters initially stated.

They explained in their website that they situated their world in Iceland near 
Reykjavik, and “pluma” refers to the hot steam coming off the venting geothermal 
areas. Their story goes that Pluma, who was speech-impaired and a social outcast 
young female in her city, found a home in a cavern and created a new village. Other 
outcasts started to come and live in this city. This background of being an “outcast” 
without vocal communication and living in a hidden dark cavern provided a setting 
for emergent designs in order to sustain this community. The Plumatopia group 
came up with the concept of a telepathic language and its origin: After Pluma’s 
death, her spirit put a spell on the villagers to have the gift of telepathy without the 
ability to vocalize.

During the conversation with Stefan, this group mentioned that they wanted to 
“step outside of the box” and “do the opposite” of what they were familiar with (e.g. 
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how people could interact when they do not have some senses). To design a sustain-
able village with these premises, they had to constantly unveil the reality of living 
in these environmental and social conditions they imagined (Freire, 2002), which 
yielded various new ideas (i.e. telepathic language, trade language, seclusion as a 
protection).

The underground cave was the primary consideration for the sustainability fea-
tures of the village within the social hierarchy, which had evolved for the last 
300 years. Their cave was under the river, where they imagined a connecting tube to 
catch fish for food. They also suggested having a transparent opening towards the 
river, so that they would have some natural light illuminating the village. Geothermal 
energy being the main source of sustenance, the monarch of Plumatopia lived in the 
deepest and most protected underground area that is also the warmest. Families 
were placed next in the hierarchy, and were close to the warmth of the geothermal 
areas. This group created water filtration tanks as well as safety precautions in case 
of earthquakes, which would be the most devastating to their village.

Plumatopia is described as a secluded society never revealed to the traders on the 
surface who arrive at a train station. They are brought blindfolded from the train 
station to the cave and through a labyrinth until they meet at the underground mar-
ketplace (see Fig. 4.5). As an isolated society, their telepathic language developed 
without the influence of other languages and thus they required a trade language 
when the marketplace was active. This language employs signs, a simplified version 
of the telepathic/visual glyphs so that traders could learn and communicate. One of 
the group members explained how Aurora led the creation of the sign language as 
an intermediary between Plumatopians and the traders:

Aurora was in charge of it... ((omitted)) it would be hard for new people to understand what 
was going on so she came up with a way for them to sign so there was an intermediary, 
((omitted)) challenged herself to a sign language that would be unique and novel, and then 
taking a word and morphing it so they could be mute, speak telepathically, but also sign.

The considerations around building a marketplace in Plumatopia show how they 
evaluated ideas, information and positions from multiple perspectives (see 
Table 4.1). They considered how trades in their hidden and strict society with an 
unfamiliar language could happen based on the environmental and social constraints 
they designed. Their marketplace embodied Pluma’s backstory and the history of 
Plumatopians who went through conflicts, tensions, and struggles. In Dewey’s 
(1934) terms, the marketplace represents the form that this group arrived at as a 
stable equilibrium, which is aesthetic.

This group looked into gender issues through reproductive rights and identified 
that the villagers would have a delayed self-identification of gender. Hence all girls 
had a protective internal “flower” that would guard against accidental pregnancy 
until they could identify their genders. They imagined that a seed would grow into 
a flower as the person grows. The students talked about the problems of sexual 
assaults and youth pregnancy. They wanted to express their perspective on safety, 
using Pluma’s voice as their voice, by creating this protective system and countering 
the discourse of blaming the youth. Stefan saw this group’s work as powerful when 

4 Imagining the Sustainable Future Through the Construction of Fantasy Worlds



74

Fig. 4.5 Plumatopia: (a) entrance; (b) underground marketplace

thinking of a new kind of sustainability where a person finds their full identity and 
connects the ideas expressed in the classroom to their own lives. Stables and Scott 
(1999) reminded us to acknowledge “that human history and natural history are 
mutually implicated” (p. 152). Such emancipatory, rights-focused, and humanistic 
approach to protecting ourselves and our youths, questioning binary notions that 
exist in our society including gender, may lead to expanding such humanistic 
approaches to other entities in the environments (e.g. water being alive, therefore, 
having rights; Peltier, 2018).
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Fig. 4.6 Whistle-Whistle-Click: (a) village map, modelled after (b) Slot Canyon (photo by 
Kibeom Lee)

4.3.3  Speaking Through Whistle-Whistle-Click

Corrie, Eamon, Stan, Treyvon and Jacquie imagined a village that resembles Slot 
Canyons in Utah, USA (see Fig. 4.6) and oral traditions of indigenous people in this 
region. They explained that Whistle-Whistle-Click is what they called themselves, 
which could include who they are, where they live, and how they speak. To Stefan, 
this group’s work showed how students explored personal inquiries into the sustain-
ability of the imagined or real society and how their inquiries could emerge in con-
versations with the environments. Starting with an art form, Stefan focused on the 
students’ constant process of developing, carrying out, evaluating and redefining 
their plans of actions as an essential skill. The inquiries that this group carried out 
in the course of their project indicate such constant process.

They were inspired by looking up the terrain on Google Earth, and decided that 
their survivors would live in the caves of canyons. This group also convinced Stefan 
to let them focus on mapping out the village, energy systems and other living envi-
ronments on paper rather than constructing it in Minecraft (see Fig.  4.6). Even 
though people live in caves in Whistle-Whistle-Click, they have a plenty of sunlight 
in the canyons unlike the underground lava tube of Caveia. Therefore, sun became 
an important starting point of their ideas for energy source and other aspects of the 
society.

One of the inquiries was related to the language they started to construct, which 
is reflective of the environment of canyons under the big sky. They used sounds that 
would travel and bounce in the canyons. In fact, they called themselves 
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 Whistle- Whistle- Click as their language was a mixture of sounds and gesture: whis-
tle twice, finger gun gesture with both hands, and click with tongue. They indicated 
this in a textual form as “[whistle×2, figure guns, click]”. By incorporating whistles, 
clicks, trills, gestures, and even body percussion, their language reflected indige-
nous communications, deeply rooted in the land. God or creator and mother were 
referred to as “hak tok click”, which was also used everywhere in their language as 
a greeting and a praise. Corrie further explained,

… when written it was handwriting and very connected. Instead of a letter representing a 
part of word it depended on pronunciation. So letter ‘e’ was pronounced in a couple of 
ways, trill itself was its own word to mean ‘praise’...

One of the group members, Treyvon, who was generally not engaged in class, 
pursued a personal inquiry project into the creation of solar panels and how they 
functioned. It started from Treyvon’s need to demonstrate academic calibre as he 
was having some trouble contributing to his group. Treyvon did his research on how 
to construct photovoltaic cells to create solar panels using raw materials. His inquiry 
enriched the social culture of their village, which included the ideas about finding 
the materials in their environments (see Fig. 4.7 for an example). Finding one of the 
minerals became the rite of passage for the society’s youths to become adults: They 
need to travel for days to a natural spring, mine and collect sassolite and return to 
the village to extract Boric Acid, the rarest mineral.

Whistle-Whistle-Click’s work showed the start of embracing indigenous per-
spectives that Cardinal (1998) used in his approach to new architecture and the 
aesthetic approach to imagining the culture as the product of “cumulative interac-
tion with environment” (Dewey, 1934, p. 28). That is, the new creation is rooted in 
the land, harmonizes with the land, and changes its people and their culture. At the 
same time, its meaning and use evolve with the land and its people. Interestingly, 
both Caveia and Whistle-Whistle-Click used the dripping of water from stalactites 
to make sense of harmonizing with the environment and evolving their culture. For 
Caveia, the water was made to drip into different pool frequencies to generate 
music. For Whistle-Whistle-Click, the stalactite dripping eroded a pattern that was 
interpreted as a giant upside-down tree, which was believed to connect them to the 
creator (the root) who trimmed their paths. These scenarios provide a glimpse of the 
humanistic approach to entities as water to have independent agency (Peltier, 2018) 
to shape the culture.

Fig. 4.7 An example of a type of mineral needed and how they would find it
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4.4  Discussion and Conclusions

We believe that the students work described above demonstrates Stables and Scott’s 
(1999) position on critical environmental literacy that “human history, knowledge 
and action are ongoing dialogue with the natural environment, with this dialogue 
itself responsible for human identity” (p. 152). Through their continuous dialogue 
with their imagined environment, their designs of sustainable villages emerged and 
evolved. This design process, therefore, forced them to give meaning to the world 
they were creating and in turn, imagine how their choices have consequences for the 
villagers, the environment, and their interactions. Students came up with ideas to 
create renewable energy sources in their villages, and tie in relevance to present 
global problems. Their choices of natural settings shaped the lifestyle, the culture, 
and the needs of the society which all bear connections to social issues pertaining to 
the real world. Through this study, we identified four main areas of reflection to 
continue the journey of critical pedagogy as an educator and as researchers.

4.4.1  Emergent Designs and Perspectives on Sustainability

In this project, there were several emergent designs that helped Stefan to think much 
more deeply about indigenous perspectives on living in harmony with the environ-
ment. It also provided trajectories for students to become aware of the varying influ-
ences that shape their current and future lifeworlds. For most of the groups, 
Minecraft served as “possibility spaces” (Gee, 2008) to create and experiment with 
the imagined conditions of the environments. The way that blocks replace or destroy 
the empty space of Minecraft resembles the students’ emergent design process in 
this project. Students often created a “backstory” or “origin” for their world—that it 
must go through a phase of destruction for a new world to emerge. Placing the 
notion of “sustainability” within a post-apocalypse also implies a total falling apart 
of an economic system of commerce/profit motive. By framing this project in a 
survivalist landscape, without need for commerce, there is an emancipatory 
approach to claiming the word “sustainable” in a purer form that includes greater 
emphasis on harmony with the land and its “entities”. For many students, it opened 
new spaces within a classroom to reframe knowledge and understanding (Parker, 
2013) and imagine the possibility of rebuilding with limited resources.

On the creation of languages, a noteworthy feature of most groups was that they 
removed language as understood in the present context, which is often considered a 
source of power and social control. Although their language constructions for the 
fantasy villagers were mostly conceptual and preliminary, their ideas show the 
social and cultural roles the languages play and how they are value-laden. 
Plumatopia’s language, for example, privileges signs and telepathy over sounds, and 
makes speaking with the tongue abnormal. This becomes the “aesthetic moment” of 
creating a language “object” that embodies their ideas related directly to their lives 
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and subverts accepted social constructs. Gender identification was an issue that 
emerged as students in their constructed language experimented with specific lan-
guage usage tied to an individual’s gender identity. Some of the groups looked at 
gender from the perspectives of appearances and norms accepted in society and 
came up with suggestions that actually looked into societal problems or issues such 
as pregnancy. They established new societal laws for Plumatopia, for example, 
where villagers have a delayed self-identification of gender. Thus we found that 
students were looking into problems that deal with issues of equity and identity 
(Freire, 2002).

We suggest that engaging students in such emergent design practices help learn-
ers to take their own positions in relation to the societal norms, values, and practices 
within the environment they live in. While creating sustainable villages situated in 
their own imagined landscape, its resources, history and culture, land, water, and the 
sun became living entities and their construction (or architecture) became “a living 
process” (Cardinal, 1998). In the current self-study of the project, students brought 
in some critical perspectives in different ways from their own interest (e.g. youth 
justice, gender, race, cultural traditions coming from the land) in addition to creat-
ing sustainable energy sources. Their work expands the meaning of sustainability 
beyond the contemporary implications of economic ties to sustainable develop-
ments to how we (i.e. humans, other animals, and environments) live together in 
harmony. In the future project, Stefan plans to have initial conversations with stu-
dents to identify the issues that exist in the world that prevent us from living in 
harmony from this expansive view of sustainability, and come up with possible 
goals and benchmarks, similar to how they chose the landscape and energy sources 
in the course of their projects.

4.4.2  Creating a Narrative of a Protagonist

Most of the groups had some narratives or folklore associated with certain cultural 
practices or artifacts. Specifically, Stefan connected the story of Pluma, who took 
actions against the existing ways of living that gave her hardships, with Joseph 
Campbell’s (1949/2008) articulation of a hero’s adventure. Elaborating on how 
Plumatopia developed a backstory, Stefan would like to further explore how stu-
dents could write narratives that cast one of their villagers’ journey as a hero. The 
backstory is a way of generating empathy for the protagonist—an essential part of 
the screenwriting in the first act—so that the audience is rooting for them to achieve 
their goal. By giving the hero an “undeserved misfortune” at the beginning of the 
story, the audience is more engaged in witnessing them achieve an ultimate “poetic 
justice” (Vogler, 1991/2007). By creating a world and situating a protagonist’s nar-
rative within it, learners need to unpack the environments, obstacles and encounters 
throughout the journey. At the same time, the experience of creating the narratives 
of the protagonists, who transform from ordinary or unfortunate persons in unjust 
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situations into heroic characters, would help the students empathize and identify 
with the characters and see themselves as protagonists (Rasporich, 2007) of future 
social actions. We suggest that creating a narrative of the village with a protagonist 
and other characters in addition to creating the details of the sustainable develop-
ment would help learners to take a more humanistic approach to their project and 
take similar actions as a protagonist in their lifeworlds. By advocating critical peda-
gogy of becoming conscious, attentive, and responsible to the experience of others, 
students may seek “social relations which foster a mix of compassion, ethics, and 
hope” (Giroux, 2011, p. 83).

4.4.3  Pursuing the Ongoing Dialogue

The sharing of their evolving designs also engaged students in an ongoing dialogue 
and co-designing of the learning experience within the classroom environment. 
Dialogue in this context refers to their reflection on how to transform the imagined 
reality of fantasy villages and what course of action to seek (Freire, 2002), such as 
the limited exposure to sunlight for the villagers of Caveia. Students were engaged 
with a commitment to transform or affect the issues they felt needed attention. They 
presented their ideas and designs multiple times in the course, thus opening up the 
opportunity to explicitly recognize innovative aspects of others’ work and reflect on 
their assumptions. These were also critical moments in the pedagogy where the 
students evaluated their designs, heard other students’ interpretations of their work, 
and drew inspiration from each other’s “aesthetic moments” of creating expressive 
objects (Dewey, 1934).

Along a similar line of becoming attentive to others’ experiences, students may 
explore their own intentions of their work more consciously in the future project by 
including artist statements during the mid-term feedback session. They will have 
identified the expected audience’s feelings or actions, which they can compare 
against the audience’ actual responses. At the same time, Stefan realized that there 
could have been many opportunities to have conversations around current events 
and social systems in the world. For example, all the groups in the current study had 
some conflicting ideas of villagers being equal or escaping oppressions together 
with being born into social classes or evolving into a hierarchical society. This 
might have been influenced from their recent Social Studies curriculum connection, 
but such students’ decisions could become their own curriculum (Osbourne, 1991) 
to explore why hierarchies emerge in societies, how we can find resemblance in our 
natural environments, and if there is any necessity to form a class system in our 
society. The experience of such dialogue becomes aesthetic not by shunning the 
“moments of resistance and tension” but by “cultivating them, not for their own 
sake but because of their potentialities, bringing to living consciousness an experi-
ence that is unified and total” (Dewey, 1934, p. 15).
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4.4.4  Teaching as Emergent Design

As a form of a self-study, our intention was to reflect on Stefan’s practice from the 
lens of critical pedagogy. Giroux (2011) stressed how Freire’s work of critical peda-
gogy is about seeing beyond what appears to be natural or inevitable state, challeng-
ing what are assumed to be common senses, move into the critical conversations 
about creating a different future. Through our conversations, we realized how Stefan 
engages in a continuous redesign of his lessons and how his teaching itself is an 
emergent process. His teaching as emergent design is only possible through the 
ongoing dialogues with other adults, such as Jeff, the resident artist, the researchers, 
who bring perspectives from their own disciplines, and the students, who bring their 
interest and concerns. His assumptions are challenged by students and other adults 
while he could also challenge their assumptions. In this project, the spoken and 
unspoken inquiries of Stefan, Jeff, the students, and the researchers were intermin-
gled and informed the curriculum of the class. Students were not only creating their 
inquiries into sustainable energy sources for their villages (e.g. hydroelectric in 
Caveia, solar panel fabrication in Whistle-Whistle-Click) but also juxtaposing vari-
ous worldviews on geophysical conditions and how they could harness different 
forms of energy. In fact, the idea of constructing language came about through the 
conversations with several university researchers, and the creation of song and 
dance with the grand entry emerged through the conversations with students.

In the future implementation of the project and his teaching in general, Stefan 
would like to make these inquiries as conscious efforts in the classroom. He would 
also like to explicitly acknowledge the new aspects of the project and make expecta-
tions fully transparent to the students, so that the students could become mindful of 
how things emerge in their classroom. Students will similarly pursue their inquiries 
into the sustainable energy sources or other aspects of their villages or current 
affairs. This study demonstrates how engaging students in the designs within an art 
form may integrate and expand the curriculum above and around disciplines, and 
shows the possibilities of arts immersion as a transdisciplinary and humanistic 
approach to sustainability education. Our aesthetic responses to nature, environ-
ment, and landscape alone may not be enough to understand and promote environ-
mental sustainability (Stables & Scott, 1999), and we argue that approaching 
learning from an art or design standpoint may help appreciate the plurality of 
our views.
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Chapter 5
Preservice Teachers’ Perceptions 
of STEAM Education and Attitudes 
Toward STEAM Disciplines and Careers 
in China

Wenjing Li and Feng-Kuang Chiang

Abstract The term STEM, an acronym for science, technology, engineering, and 
mathematics, was coined the US National Science Foundation in the 1990s. It is 
considered to be an efficient way for promoting economic growth and international 
competitiveness. Educators have recently integrated arts with STEM, calling this 
effort STEAM. The Chinese government has established a set of policies to enhance 
the development of STEAM education in K-12, thus increasing the necessity for 
qualified teachers. However, barriers continue to inhibit the preparation of qualified 
teachers proficient in STEAM foundational knowledge and instructional approaches. 
In this chapter, we report and discuss preservice teachers’ current perceptions of and 
attitudes toward STEAM education. We also highlight the correlation between their 
perceptions and attitudes. The results indicate that most participating preservice 
teachers did not attend lectures or training related to STEAM.  Most preservice 
teachers’ perceptions of STEAM education remained superficial and many showed 
minimal interest in STEAM education. On the other hand, the participants expressed 
varying attitudes toward each of the five disciplines within STEAM. We argue for 
better teacher education opportunities that meaningfully implement China’s policy 
for STEAM education.
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5.1  Introduction

With the growth of global competition, science, technology, engineering, and math-
ematics (STEM) education has been considered as an efficient method for promot-
ing economic growth and international competitiveness (Guyotte, Sochacka, 
Costantino, Walther, & Kellam, 2014). The acronym STEM was first coined by the 
US National Science Foundation in 1986. Over the past few decades, the focus on 
STEM education has been gradually established worldwide. Many countries, 
including China, have formed educational policies to promote STEM education.

In the recent years, education researchers have begun to pay significant attention 
to supporting students’ creativity and innovation through their educational experi-
ences at all levels. Trilling (2009) noted that the arts offer a crucial method for cul-
tivating creativity. The integration of the arts with STEM disciplines is referred as 
the STEM-to-STEAM movement, which is considered to foster creativity and inno-
vation. The concepts of STEM and STEAM are not universally agreed (Breiner, 
Harkness, Johnson, & Koehler, 2012). In the context of Chinese education, how-
ever, many researchers agree that STEAM does not refer to any of the independent 
disciplines of mathematics, science, computers, music, or arts, but one interdisci-
plinary and comprehensive education involving knowledge and methodology from 
at least two disciplines (e.g., Jiang, 2017; Xie, 2017; Ye & Yang, 2017). Teachers 
from various disciplines work together to solve a problem to break down barriers 
between disciplines, connect with and influence each other, create interactions, and 
foster an increasingly comprehensive understanding regarding any topic 
(Pernecky, 2016).

Chinese educational leaders have established a set of policies and organizations 
to enhance the development of K-12 STEAM education. In the 13th Five-Year Plan 
(2015), ratified by the Ministry of Education of the People’s Republic of China, it 
was proposed that the exploration of a new model for education, such as STEAM, 
can stimulate students’ creativity and innovation. In 2016, the Research and 
Development Center of Educational Equipment of the Ministry of Education made 
STEAM education crucial agenda. A STEAM School Alliance was established in 
2016 to promote STEAM education, coordinated by the Educational Committee of 
Chaoyang District, Beijing. This alliance comprises 35 K-12 schools that have suc-
cessfully conducted several activities, such as STEAM expert lectures. Despite 
these efforts, barriers continue to inhibit the preparation of adequate qualified teach-
ers proficient in STEAM foundational knowledge and instructional approaches.

In China, “STEAM” is not an officially recognized disciplinary category, thus 
indicating that teachers in China cannot obtain qualifications as STEAM teachers. 
Therefore, schools typically have teachers of different subjects, such as science, 
mathematics, art, and computer science teachers, collaborate and design the STEAM 
class together. Teachers themselves must find ways to gain interdisciplinary teach-
ing skills and integrate different subjects into the STEAM class. We therefore use 
the term “preservice STEAM teacher” to indicate undergraduate students majoring 
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in teaching specific subjects with the intention and potential to teach STEAM 
classes in K-12 schools after their graduation.

Many teachers in China are accustomed to the traditional test-oriented teaching 
programs and therefore may resist the new STEAM education model. Those who 
teach in rural or Western schools in China have few opportunities to participate in 
professional development trainings and further education (Li, 2015). Moreover, 
several factors, including the lack of time and resources and work pressure, have 
discouraged rural teacher development (Zhu & Zhou, 2009). Therefore, we believe 
teachers in different regions of China do not have equitable access to teacher educa-
tion and professional development on innovative pedagogical approaches, espe-
cially in the context of an integrated method of teaching STEAM education.

We believe that preservice teachers’ perceptions and attitudes toward STEAM 
education and careers are important consideration in order for us to adequately train 
future STEAM teachers. This involves both understanding their opinions about 
STEAM, and helping them develop deep conceptual understandings of STEAM 
education, including connections between and across disciplines, so that we can 
help them feel increasingly comfortable in teaching STEAM disciplines in an inte-
grated manner.

5.2  Literature Review

5.2.1  STEM and STEAM Education

The concept of STEM was first introduced in Undergraduate Science, Math, and 
Engineering Education (1986) by the US National Science Foundation. Johnson 
(2013) defines STEM as “an instructional approach, which integrates the teaching 
of science and mathematics disciplines through the infusion of the practices of sci-
entific inquiry, technological and engineering design, mathematical analysis, and 
21st century interdisciplinary themes and skills” (p. 367). This concept focuses on 
the learning processes and skills in the content whereas Tsupros, Kohler, and 
Hallinen (2009) focused on the interdisciplinary approach to learning in real-world 
context.

Recent years have seen a surge of interest in integrating arts with STEM educa-
tion, including China. Compared to STEM education, STEAM education pays 
increased attention toward the cultivation of students’ artistic attainment. One argu-
ment is that while science education tends to focus on students’ inductive thinking, 
arts education emphasizes students’ divergent thinking, which helps them to explore 
more potential solutions (Li & Lv, 2018). When inductive thinking is combined 
with divergent thinking, individual creativity and high-level problem-solving skills 
are developed (Lamore et al., 2013).

Moreover, the arts can provide new perspectives and can even help students to 
better visualize their subject matter at hand, which in turn can help students to 
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improve their understanding of science and thus continue exploring it (Li & Lv, 
2018). Spelke (2008) noted that learning art influenced the understanding of math-
ematical concepts among children and adolescents aged 5–18. Resnick, Berg, and 
Eisenberg (2000) noted that if students were encouraged to creatively design and 
construct their own scientific instruments, they were more likely to develop a deeper 
engagement with science.

5.2.2  Visualizations and STEAM Education

Educational researchers have shown that visualizations can support learning in sev-
eral ways. For example, students can maintain their attention and motivation toward 
STEAM through visual representatives (Cook, 2006); connections between ideas 
and representations can sometimes be missed through the use of text alone (Mayer 
et al., 1996; Peeck, 1993), and graphs can be used effectively to present data, illus-
trate abstract concepts, and organize complex sets of information (Roth, Bowen, & 
Mcginn, 1999). Cognitively oriented studies have indicated that graphs can serve as 
composites of individuals’ cognitive abilities and skills (Roth et al., 1999) and can 
reveal unseen or intangible phenomena that cannot be detected or experienced 
directly (Buckley, 2000).

Moreover, quick visualizations requiring the illustration of graphs in a short 
period may help to provide effective visual frameworks, through which future 
STEM educators can improve STEM knowledge internalization (Radloff & Guzey, 
2016). Along these lines, Bybee (2013) presented nine potential perspectives of 
STEM education by using graphs that ranged from viewing STEM as a single sub-
ject to viewing it as transdisciplinary.

In summary, the vague definitions of STEM and STEAM education do not allow 
preservice teachers to fully understand STEAM education; however, we believe that 
the use of visualizations can help preservice teachers develop deeper understand-
ings of both STEM and STEAM education. In addition, preservice teachers’ atti-
tudes toward STEAM might also affect their motivation to teach STEAM.  To 
understand these and related concerns more deeply, this research will investigate 
preservice teachers’ perceptions of STEAM education through both textual and 
visual responses and through their attitudes toward the five disciplines and careers 
in STEAM.

5.2.3  Research Questions

We investigated the following research questions:

 1. What is the overall perception of STEAM education among preservice teachers? 
How do they perceive the connection among the five disciplines, as revealed by 
their visualization of STEAM education?

W. Li and F.-K. Chiang



87

 2. What are preservice teachers’ attitudes toward STEAM disciplines and careers 
in STEAM areas? Do STEAM dispositions and career interests differ based on 
attributes, such as a teacher’s gender or major study area?

 3. What other opinions do preservice teachers have about STEAM education—
such as what types of abilities should be necessary for STEAM teachers and 
whether they have suggestions for policymakers to help develop STEAM 
education?

5.2.4  Methodology

We adopted quantitative methods to derive general answers from a large group of 
people (Radloff & Guzey, 2016). By using a cross-sectional survey, the study data 
were collected over 2  weeks from the spring college semester of 2017 (March 
2017). The participants were 485 students studying at a normal university in Beijing 
and indicated a high potential for becoming STEAM teachers. We adopted conve-
nience and stratified sampling to gather data. We distributed printed questionnaires 
in each class. Of the distributed questionnaires, 379 were returned (validity 
rate, 78.1%).

5.2.5  Instruments

The survey comprised of five parts. Part one involved collection of demographic 
data regarding several personal characteristics, including gender, age, major, and 
grade. Part two was about preservice teachers’ basic perceptions regarding STEAM 
education. The participants were requested to provide both textual and visual 
responses. They were asked to illustrate a diagram explaining how they visualize 
STEAM education by using the letters S, T, E, A, and M. Part three included the 
career interest questionnaire (CIQ), adapted from a longer instrument originally 
developed for a native Hawaiian studies project that promoted STEM interest in 
Hawaii (Bowdich, 2009). We modified some of the items to increase the focus on 
STEAM education, rather than STEM education. The participants answered the 
questionnaire using a Likert-type instrument, composed of nine items on three 
scales. Items 1–3 documented the participants’ perceptions of being in an environ-
ment supportive of STEAM careers, such as “My family is interested in the STEAM 
courses I take.” Items 4–6 analyzed participants’ intent to pursue a career related to 
STEAM, such as “I will make it into a good college and major in an area needed for 
a career in STEAM.” Items 7–9 documented the perceived significance of STEAM 
careers, such as “A career in STEAM would enable me to work with others in 
 meaningful ways” (Peterman, Kermish-Allen, Knezek, Christensen, & Tyler-Wood, 
2016). The Cronbach’s alpha of Part three was 0.888. Part four was about preservice 
teachers’ other opinions regarding STEAM education. The participants answered 
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three open-ended questions: (1) “What ignited your interest in STEAM education?” 
(2) “What types of abilities do you believe are necessary for STEAM teachers?” (3) 
“What are your suggestions for policymakers to develop STEAM education?” Part 
five involved the STEAM semantics survey, adapted from Christensen, Knezek & 
Tyler-Wood, (2014) “teachers’ attitudes toward technology” questionnaire, derived 
from earlier semantic differential research by Zaichkowsky (1985). The participants 
answered the questionnaire by using a Likert-type instrument composed of six sec-
tions representing science-, mathematics-, engineering-, technology-, art-, and 
STEAM- related careers. The semantic differential scales were rated on a seven-
point scale, ranging from “strongly disagree” to “strongly agree” (Christensen, 
Knezek, & Tyler-Wood, 2014). The Cronbach’s alpha for Part five was 0.929.

5.2.6  Results

Our analysis indicates that preservice teachers’ perceptions of STEAM education 
and their attitudes toward STEAM disciplines and careers varied. We first report the 
demographic data and then provide our study findings that organized according to 
the three aforementioned research questions. The analyses were completed on SPSS 
(version 23.0).

5.2.7  Demographic Data

The data were gathered from 379 preservice teachers; of them, 108 were men and 
269 were women. Among the participants, 71% were aged <20 years. Data were 
collected from 20 majors, most of whom were related to a STEAM fields, such as 
physics, chemistry, mathematics, and computer science. In this survey, 48.2% of the 
participants indicated their interest in becoming a teacher after graduation, whereas 
40.4% were unsure. Only 11.3% of the participants did not plan on becoming teach-
ers in the future. Most teachers indicated that they had not decided which institutes 
they would teach at in the future, but among the teachers who had, most were plan-
ning to teach at senior high schools. Only a few participants chose teaching in ele-
mentary and junior high schools. However, only 38.6% of the participants had a 
prior teaching experience. Some of them had worked as tutors for high school stu-
dents, whereas some of the others had volunteered as teachers in underdeveloped 
areas of China. The data are presented in Table 5.1.

The participants who answered the questionnaires were from different majors, in 
science and arts disciplines. We also attempted to determine whether these partici-
pants planned to teach the same subjects after graduating from their majors. 
Therefore, we asked them which subjects they would teach if they planned to 
become a teacher in the future. The results indicated that most of the participants 
who majored in mathematics, geography, physics, chemistry, and computer science 
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wished to teach the same subjects. The participants who majored in science and 
technology were unsure about their future career.

Research Question 1 What is the overall perception of STEAM education among 
preservice teachers? How do they perceive the connection among the five disci-
plines, as revealed by their visualization of STEAM education?

Of all participants, 49 (12.9%) reported that they had attended lectures or train-
ing sessions regarding STEAM. A five-point Likert scale (ranging from completely 
uninterested to very interested) was used to measure if participants indicated inter-
est in STEAM education. The mean score was 3.18; the related frequencies are 
illustrated in Fig. 5.1. The data is presented in Table 5.2. Several participants indi-
cated no distinctive attitude; however, some indicated minimal interest in STEAM 
education.

To examine participants’ opinions regarding how the five STEAM disciplines are 
related to one another, we used a nine-point Likert scale (1 = completely indepen-
dent to 9 = completely related). The highest number of participants (35.1%) selected 
the answer “completely related.” For further detail, we asked participants to describe 
the reasons they selected their responses about the five disciplines. The seven types 
of responses were obtained (Table 5.3), translated from Chinese.

Because STEAM education provides a new pedagogical approach, it differs from 
the traditional forms of education and has several unique characteristics. YU & HU, 
(2015) noted the nine primary characteristics of STEM education: interdisciplinary, 
interesting, experiential, applicative, cooperative, designable, artistic, practical, and 
technological characteristics. We considered that STEAM education also has the 
same nine characteristics and designed an open item to determine whether partici-
pants were aware of the characteristics of STEAM. The participants’ answers are 
presented in Table 5.4. Many participants (47.5%) claimed they were unaware about 
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Fig. 5.1 Student’ interests in STEAM education
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Student’ interests in STEAM education Frequency Valid percentage

Completely uninterested 32 8.5
Slightly uninterested 40 10.6
Not sure 166 44.0
Slightly interested 106 28.1
Very interested 33 8.8
Total 377 100
Missing 2

Table 5.3 The reasons that the participants selected responses regarding the relationship between 
the five STEAM disciplines

Codes Students’ quotes illustrating theme Frequency Percentage

All the subjects are related 
to each other

“There must be some connection between 
every two subjects”
“Everything is connected to each other”

71 18.7

Five STEAM disciplines 
are closely related to each 
other

“Five STEAM disciplines are closely 
related to each other”
“There is something in common among 
these five disciplines”

96 25.3

These five disciplines are 
connected but every 
discipline has its own 
features

“These disciplines interrelate to each 
other without losing their separate 
identities”

75 19.8

Four STEM disciplines are 
closely related to each 
other

“Science, Technology, Engineering and 
Mathematics are closely related to each 
other. But Art is so different from them”
“Math is the fundamental discipline, on 
which science, technology and 
engineering are based. But art has little in 
common with them”

31 8.2

These five disciplines are 
independent of each other

“Every subject has its own identity”
“Little things in common among these 
five subjects”

3 0.8

No idea “I don’t know”
“I have no idea”

5 1.3

Others or no response Others 98 25.9

the characteristics of STEAM education, whereas only 29.8% of the participants 
knew about interdisciplinary characteristic of STEAM education. 

We asked the participants to illustrate how they visualized STEAM education by 
using the letters S, T, E, A, and M. The common types of visual representations and 
their individual explanations are listed in Table 5.5. The first four types match those 
from Bybee’s (2013) codes.
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Table 5.4 Participants’ opinions regarding the characteristics of STEAM education

Characteristics Students’ quotes illustrating theme Frequency Percentage

Interdisciplinary “Interdisciplinary”; “comprehensive”;
“contains different subjects”;

113 29.8

Designable “Designable”; 27 7.1
Interesting “Interesting”; “fun”; “attract students’ interests”; 23 6.1
Practical “Practical”; “hands-on activities”; 19 5.0
Artistic “Artistic”; 7 1.8
Applicative “Applicative”; “application”;

“Apply what you’ve learnt to real life”;
6 1.6

Technological “Technological”; “use of technology”; 6 1.6
Cooperative “Cooperative”; “cooperate with others”; 

“collaborative”;
3 0.8

Experiential “Experiential”; “kids get experience in learning”; 2 0.5
No idea or 
vacant

“I don’t know”
“I have no idea”

180 47.5

Most participants who drew a “nested” visualization selected science or arts as 
the dominant discipline. Only two participants selected technology as the overarch-
ing discipline. Interconnected visualizations were the most abundant visualizations. 
Overlapping visualizations were divided into various types. Most participants who 
drew this type of diagram only indicated that the disciplines were connected but did 
not elaborate about which factors connected them. However, some participants 
believed that two overarching subjects were connected by two other subjects.

Research Question 2 What attitudes do preservice teachers have toward STEAM 
disciplines and careers in STEAM areas? Do STEAM dispositions and career inter-
ests differ based on attributes, such as a teacher’s gender or major study area?

The internal consistency of the CIQ in this study is listed in Table 5.6. CIQ can 
potentially serve as a measure for individual attitudes (Peterman et al., 2016). An 
analysis was conducted to examine participants’ STEAM career attitudes. The 
mean and standard deviation are shown in Table 5.6. An independent samples test 
was performed to analyze the difference in participants’ STEAM career attitudes 
based on the demographic variables. Table 5.7 shows the results of this analysis.

According to the data in Table 5.7, no significant differences were noted in terms 
of gender and teaching experience toward CIQ. However, the results indicated a 
difference in the CIQ between participants who attended STEM lectures or training 
and those who did not. We also adapted the STEAM semantic survey to analyze 
participants’ attitudes toward five STEAM disciplines and careers.

As listed in Table 5.8, the participants’ dispositions toward arts were the most 
positive, whereas those toward engineering were the least positive. An independent 
samples test was performed to analyze participants’ attitudes toward STEAM disci-
plines and careers across gender (Table 5.9). The dispositions of male and female 
participants toward science, technology, engineering, and mathematics did not indi-
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Table 5.5 Types of STEAM visualizations, explanations, frequencies, and percentages

Type Visualization Explanation Frequency Percentage

(a) Nested Nested 
visualizations 
meant that 
there was an 
overarching 
discipline of 
five STEAM 
disciplines

44 22.2

(b) Interconnected Interconnected 
visualizations 
showed that 
there was a 
connection 
between each 
two of the five 
disciplines

61 30.8

(c) Overlapping Overlapping 
visualizations 
showed a Venn 
diagram that 
the disciplines 
were 
overlapping

48 24.2

(d) Sequential Sequential 
visualizations 
viewed 
STEAM as 
disciplines in a 
sequence

12 6.1

(e) Art 
independent

Art 
independent 
visualizations 
showed that 
there were 
connections 
among STEM 
four 
disciplines, but 
Art was 
independent

21 10.6

(f) Others 12 6.1
Total 198 100
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Table 5.6 Cronbach’s alpha for internal consistency reliabilities and the mean and standard 
deviations for CIQ subscales

Scale (# of items) CIQ (N = 379) M SD

Interest (3) 0.887 3.44 1.021
Intent (3) 0.710 3.27 0.994
Importance (3) 0.825 3.68 0.960
Total (9) 0.888 3.46 0.991

Table 5.7 Significant differences in CIQ across gender, region, and whether participants attended 
the STEAM lectures or training sessions

CIQ
N Mean

Std. 
dev Sig

Gender Male 108 31.56 6.629 0.454
Female 269 31.01 6.427

Teaching experience Have teaching experience 231 30.72 6.661 0.104
No teaching experience 144 31.85 6.204

Students attended the STEAM 
lectures or training or not

Attended the STEAM 
lectures or training

330 30.73 6.490 0.001

Not attended the STEAM 
lectures or training

48 34.13 5.603

Table 5.8 Means and 
standard deviations for 
STEAM semantic survey 
scales

M SD

Science 5.58 1.068
Technology 5.09 1.256
Engineering 4.62 1.270
Art 5.80 1.245
Mathematics 5.10 1.381

Table 5.9 Significant differences on STEAM semantic survey across gender

STEAM semantic survey N Mean Std. dev Sig
Science Male 108 28.33 5.55 0.292

Female 269 27.69 5.25
Technology Male 108 25.76 7.10 0.524

Female 296 25.31 5.92
Engineering Male 108 23.68 7.06 0.241

Female 296 22.83 6.05
Art Male 108 26.29 7.68 0.000

Female 296 30.10 5.19
Mathematics Male 108 26.21 6.62 0.226

Female 296 25.26 7.00
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cate significant differences. However, female participants’ attitudes toward arts 
were significantly more positive than those of male participants.

Research Question 3 What other opinions do preservice teachers have about 
STEAM education?

Table 5.10 summarizes the participants’ opinions regarding STEAM teachers’ 
capabilities. Numerous participants believed that teachers should have comprehen-
sive knowledge regarding the subject. Some participants believed that they should 
also become experts of the subjects they are teaching. However, we classified 
responses 1, 2, 4, 5, 6, 7, 8, and 9 as capabilities that must be necessary for every 

Table 5.10 Participants’ opinions about STEAM teachers’ abilities

Codes Students’ quotes illustrating theme Frequency Percentage

1. Have comprehensive 
knowledge

“Teachers must have comprehensive 
knowledge”
“A wide range of knowledge……”
“Knowledge”

92 24.3

2. Have professional 
knowledge

“Teachers should gain solid 
professional knowledge”
“They must know their own 
teaching subject well”

42 11.1

3. Integrate interdisciplinary 
knowledge

“Integrate interdisciplinary 
knowledge”
“Know how to teach different 
subjects together”

29 7.7

4. Innovation ability “Innovation ability” 28 7.4
5. Be an interesting teacher They should be interesting teachers

“Teaching with fun”
19 5.0

6. Logical thinking ability “Teachers should have logic 
thinking ability”
“Logical mind……”

17 4.5

7. Communication ability “Communication ability”
“Communication skills”
“Know how to communicate with 
students and other teachers”

14 3.7

8. Teaching skills “Grab students’ attention in class”
“Teach the knowledge accurately”

9 2.4

9. Practical ability “Apply theoretical knowledge to 
teaching practice”

8 2.1

10. Make connections between 
knowledge and real life

“Make connections between 
knowledge and real life”

2 0.5

11. Problem-solving skills “Teachers need to gain problem- 
solving skills while teaching 
STEAM”

1 0.3

12. No idea “No idea”
“I don’t know”

35 9.2

13. Vacant 68 17.9
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teacher, and not only STEAM teachers. Responses 3, 10, and 11 are the capabilities 
that STEAM teachers should develop. Based on the data in Table 5.9, we can deduce 
that most participants were discussing the general abilities that are necessary for 
every teacher.

We asked the participants to provide suggestions for developing STEAM educa-
tion in China. Many participants suggested that STEAM teachers are the key com-
ponent for developing STEAM education. However, some believed that education 
in undeveloped rural areas should receive increased attention. Some participants 
further argued that STEAM education in China can adapt ideas from other countries 
that have well-developed and experienced STEAM education.

5.3  Discussion

5.3.1  Preservice Students Indicated Minimal Interest 
in STEAM and Lacked Interdisciplinary Awareness

Only some participants had attended training sessions and lectures about 
STEAM. Preservice teachers’ familiarity with STEAM education contrasted that of 
in-service teachers. In a prior study, we examined in-service teachers’ perceptions 
about STEM education and noted that most teachers had attended training sessions 
and lectures about STEM or STEAM. The 13th Five-Year Plan launched by the 
Ministry of Education noted the significance of developing STEAM education for 
the first time. STEAM education is on the rise in both K-12 and higher education. 
Teachers have realized that education in the future will change from the traditional 
exam-oriented model to one that focuses on participants’ comprehensive capabili-
ties. Participants need to comprehend the knowledge they learn and connect it with 
aspects of real life, instead of only memorizing it for exams. However, the partici-
pant who majored in a specific area, such as physics or chemistry, concentrated on 
the content knowledge, rather than the educational policy. They also lacked practi-
cal experience. Because many students know little about STEAM education, they 
either had no opinion of STEAM education or only showed minimal interest in it.

To examine participants’ opinions about the level of correlation among the five 
STEAM disciplines, the participants were asked to state their answers using a Likert 
scale, wherein “1” indicated that the five disciplines were completely independent 
and “9” indicated that they were completely related. Numerous participants selected 
“9,” thus indicating that they believed that the five disciplines were related to 
each other.

To analyze their perceptions regarding STEAM, we asked the participants to 
describe why they chose their responses. We noted that many participants believed 
that everything in the world was related. Although that is true from a philosophical 
perspective, we believed that these participants did not understand the basic 
 connotation of STEAM. Few participants (8.2%) believed that science, technology, 
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engineering, and mathematics were related to each other, but the arts were indepen-
dent from these disciplines. We also noted a similar result in the visualization of the 
five disciplines. Only 10.6% of the participants drew arts-independent visualization 
to explain the correlation among the five disciplines. The findings suggest that par-
ticipants considered the arts to be unrelated to the other four disciplines because the 
other four disciplines were all science based. In China, participants in senior high 
school must compulsorily learn Chinese, mathematics, and English. However, they 
can choose to learn literature-based subjects, including politics, history, and geog-
raphy; science-based subjects, including chemistry, physics, and biology; or arts- 
based subjects, including music, painting, and sport. Participants who select subjects 
from only one category are not forced to attempt the college entrance examination 
for the other subjects. Therefore, some participants continue to perceive the arts and 
science as unrelated to each other. The arts and science have often been considered 
different from each other (Wilson, 2012). However, artistic, cultural, and aesthetic 
experiences can help to create and maintain meaningful engagement with learning 
(Chemi, 2014). “Artistic experiences can greatly facilitate dedication, self- 
development, and learning and that what has a major effect on learning and creative 
expression is when children and young people experience great commitment and 
passion for what they do” (Mclellan, Galton, Steward, & Page, 2012).

Consistent with the earlier research, our analysis implied that the most common 
rationale for participant visualizations was that “STEAM disciplines were related to 
each other” (Table  5.4). Radloff and Guzey (2016) noted that mathematics has 
always been perceived as the predominant discipline because it is considered useful 
in all disciplines. However, in our research, science was selected as the discipline 
connecting all the other disciplines. Our findings also suggest that participants may 
have thought that all the other disciplines were guided by scientific principles.

We designed an open-item survey to analyze whether participants are aware of 
the STEAM characteristics. Numerous participants indicated that they were unaware 
of these, whereas some, who knew about the characteristics, only knew about the 
interdisciplinary characteristics.

In conclusion, most participants were unfamiliar with STEAM education and 
only had superficial knowledge about it. Therefore, for them, being interested in 
STEAM education would be difficult.

5.3.2  Female Participants’ Increasing Interest in STEAM

The gender-based findings regarding STEAM careers in CIQ that female participants 
were less likely to pursue STEAM careers were inconsistent with those reported 
previously: Diao (2012) noted that in China, male college students indicate stronger 
interests in the realistic types of careers related to engineering and technology than do 
female college students. However, the author also found that the differences between 
male and female students’ attitudes toward artistic types of careers were insignificant. 
Thus, the author’s results were affected by the traditional implicit sex–occupational 

5 Preservice Teachers’ Perceptions of STEAM Education and Attitudes Toward…



98

stereotype: men have more improved critical-thinking skills than do women, subse-
quently making them more rational and independent. Our research indicated no sig-
nificant differences between the female and male students. Similar conclusions can 
be made regarding their semantic perceptions of science, technology, engineering, 
and mathematics. However, the female students indicated a significantly positive atti-
tude toward the arts than did male students—also inconsistent with the findings of 
Diao (2012). Additional research determining the reasons for the increasing interest 
of female students in STEAM is warranted. Our participants who attended training 
sessions or lectures on STEAM indicated significantly positive attitudes related to 
finding a career in STEAM than did those who had not. For those who have minimal 
STEAM knowledge, being interested in working in a field they are unfamiliar with 
may be difficult. By contrast, they have no idea what it would be like to work in the 
STEAM area.

5.3.3  Preservice Teachers Were Unfamiliar with Qualities 
Necessary for STEAM Teachers

Many participants focused on the general capabilities that not only STEAM but also 
all other teachers must have. For instance, the results indicated that they considered 
it vital that all teachers have comprehensive or extensive professional knowledge 
regarding their selected areas of expertise. We admit that these skills were crucial 
for STEAM teachers. However, STEAM teachers and teachers who only teach one 
subject differ. For instance, STEAM teachers require integrated interdisciplinary 
knowledge. The most common STEAM teaching approaches involve project- and 
problem-based learning. A project or problem typically involves several subjects, 
which requires teachers to be proficient in various subjects. STEAM teachers are 
also required to teach according to the project-based learning principles. However, 
none of the participants discussed this. In conclusion, most participants did not pos-
sess a deep understanding about STEAM education.

5.4  Conclusion

The current data were gathered from 379 university students who indicated the 
potential to become preservice teachers. The findings indicated that most partici-
pants did not attend lectures or training sessions about STEAM education and indi-
cated minimal interest in STEAM education. Moreover, most participants only had 
superficial perceptions about STEAM education and did not understand fundamen-
tal ideas in STEAM education, such as how the different disciplines can be con-
nected, or the method of teaching STEAM courses. According to the STEAM policy 
proposed by the Ministry of Education, STEAM courses must be offered in elemen-
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tary and high schools. However, similar to Chemi’s (2017) recommendations, our 
findings also suggest that integration of STEM with the Arts should be conducted 
meaningfully—that is, it should not serve only as entertainment or be positioned to 
play only an ancillary role for other disciplines. When engaged in deep and mean-
ingful artistic and creative experiences, we believe that preservice teachers can 
begin to develop a rich understanding of creative inquiry in STEM education.

A particular concern that our analysis raises goes beyond elementary and high 
schools, given that in our data, the understandings regarding the significance of 
STEAM education was lacking among the current preservice teachers who were 
enrolled in university courses. This suggests that universities must also offer educa-
tional experiences in STEAM education to preservice teachers.

5.5  Limitations

This study only represents the 379 participants who are majoring in the educational 
program, and therefore, an overgeneralization of the results should be avoided. We 
also were not able to interview individual students to follow-up on their survey 
responses. In the next research phase, we will interview preservice teachers who can 
serve as atypical representatives of questionnaire respondents.
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Chapter 6
Engaging Emerging Bilingual Students 
in Language and Scientific Practices 
Through Collaborative Disciplinarily 
Integrated Games from a Co-operative 
Action Lens

Douglas Clark and Ashlyn Pierson

Abstract Recent research on science education with emerging bilinguals has 
emphasized the co-development of language learning and science learning. This 
aligns with overarching science education research and reform advocating for an 
increased emphasis on engaging students in disciplinary practices. We developed 
disciplinarily integrated games (DIGs) as an approach for engaging students in dis-
ciplinary practices of science with an emphasis on models and modeling. The goal 
of this chapter is to (a) propose a collaborative DIG as a rich context in which 
emerging bilinguals can leverage a broad range of resources and representations and 
(b) consider the potential promise of the proposed collaborative DIG for emerging
bilinguals from the perspective of Charles Goodwin’s co-operative action frame-
work. Toward this goal, we present a collaborative DIG prototype with agent-based
models as the mode of control wherein players create, trade, and elaborate on one
another’s code as part of gameplay. We then discuss how such a platform might
engage emerging bilingual students in the practices of modeling in a manner that
also increases opportunities for language learning from the perspective of the
framework.
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6.1  Introduction

All students, including emerging bilingual students, benefit from engaging in 
authentic disciplinary practices (Lehrer & Schauble, 2006a; Moschkovich, 2015; 
National Research Council (NRC), 2012). Therefore, researchers and educators 
need to support emerging bilingual students in appropriating science practices like 
modeling (Lee, 2005; NGSS Lead States, 2013). Clark, Sengupta and colleagues 
developed disciplinarily integrated games (DIGs) such that players’ actions involve 
the iterative development and manipulation of scientific models and other computa-
tional and mathematicized formal representations as the core game mechanics 
(Clark, Sengupta, Brady, Martinez-Garza, & Killingsworth, 2015). In the current 
chapter, we explore the potential of collaborative DIGs to engage emerging bilin-
gual students in the discourses and practices of science leveraging diverse disciplin-
ary representational resources as well as students’ multiple linguistic resources. To 
set the stage for this exploration and discussion, we first establish the need for sup-
porting emerging bilingual students in the practices of science. We then discuss a 
proposed collaborative DIG as a potentially rich context in which emerging bilin-
guals can leverage a broad range of resources and representations from the perspec-
tive of Charles Goodwin’s co-operative action framework (Goodwin, 2017).

6.2  The Need: Emerging Bilingual Students and Science 
Education

Contemporary research promotes engaging emerging bilingual students in language- 
intensive science practices to simultaneously promote language learning and sci-
ence learning (O. Lee, Quinn, & Valdés, 2013; Suarez & Otero, 2014). Researchers 
further argue that (a) academic language proficiency is not a prerequisite for engag-
ing in science learning, and (b) language learning can be supported through science 
learning because teachers can mediate linguistic bridges from informal to academic 
registers (Gibbons, 2003; Quinn, Lee, & Valdés, 2012). Along these lines, multiple 
studies demonstrate students’ ability to engage in science practices using “less- 
than- perfect” English (Lee, Miller, & Januszyk, 2014; NGSS Lead States, 2013). 
Based on this research, Lee et al. argue for moving away from discrete, content- 
based language instruction and sheltered models. They suggest that students can 
develop language proficiency and understanding of science content simultaneously, 
and they argue that teachers should support language development in science by 
scaffolding students’ participation in discourse (Lee et al., 2013, 2014). Lee et al. 
explain that this approach benefits all students, not just emerging bilinguals, because 
monolingual English speakers also benefit from scaffolding that bridges everyday 
discourse and academic discourse (Lee et  al., 2014). Earlier work by our group 
focused on supporting emerging bilingual students engaging in inquiry by provid-
ing access to the full range of their linguistic resources including named languages 
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and other semiotic resources (e.g., Clark, Touchman, Martinez-Garza, Ramirez- 
Marin, & Drews, 2012; Medina-Jerez, Clark, Medina, & Ramirez-Marin, 2007; 
Tate, Clark, Gallagher, & McLaughlin, 2008). Current research on supporting 
emerging bilinguals in science education warrants exploring approaches for engag-
ing emerging bilingual students in the practices of scientific modeling in a manner 
that also increases opportunities for language learning. Our goal in this chapter is to 
shift our focus deeper into supporting students in connecting across disciplinary 
representations and resources.

6.3  Science as Practice and DIGs

Recent research and reform efforts in science education have shifted away from a 
focus on the accumulation of knowledge and skills toward conceptualizing science 
as a form of disciplinary practice (Cheng & Lin, 2015; Duschl, Schweingruber, & 
Shouse, 2007; Erduran & Jiménez-Aleixandre, 2007; Louca & Zacharia, 2015; 
National Research Council (NRC), 2012; Östman & Wickman, 2014; Pierson, 
Clark, & Sherard, 2017). From this perspective, science classrooms should provide 
students with opportunities to engage in epistemic disciplinary activity as a way of 
building scientific understanding (Duschl, 2008; Ford & Forman, 2006). This fram-
ing of science as practice moves beyond science education’s traditional focus on 
developing conceptual understanding or decontextualized “scientific processes” 
(Lehrer & Schauble, 2006b).

Games as a medium have been demonstrated to be effective in supporting vari-
ous conceptual, epistemological, and practice-focused aspects of science learning 
(e.g., Clark, Nelson, Sengupta, & D’Angelo, 2009; Martinez-Garza, Clark, & 
Nelson, 2013; Sengupta, Krinks, & Clark, 2015). Developing games that engage 
students in modeling from a science-as-practice perspective would seem to hold 
great promise. Toward these goals, Clark, Sengupta and colleagues have proposed 
DIGs as one such approach (Clark et al., 2015, 2016; Sengupta & Clark, 2016).

Disciplinary integration can be thought of in terms of “model types” and “model-
ing strategies” (Collins, 2017), which Collins et al. have termed “epistemic forms” 
and “epistemic games” in earlier work. Collins et  al. argue that the professional 
work of scientists can be understood in terms of model types (epistemic forms) that 
are the target structures guiding scientific inquiry and modeling strategies (epis-
temic games) that are the sets of rules and strategies for creating, manipulating, and 
refining those model types (e.g., time-series analyses, system-dynamics models, 
and other canonical model types).

Clark et al. (2015) argued that the nature of learning experiences in DIGs could 
be construed as engaging with epistemic forms and games in the sense that Collins 
et al. have argued for. DIGs are designed to engage students in specific modeling 
and representational practices of developing, interpreting, manipulating, and trans-
lating across specific model types. Initial DIGs focused primarily on Cartesian 
change over time graphs as the formal model types through which players enacted 
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strategies and control over the game as well as the formal model types through 
which the game communicated goals and challenges to the player (Clark et  al., 
2015, 2016). Early work by Sengupta, Clark, Krinks, Killingsworth, and Brady 
(2014), Sengupta and Clark et al. (2016), and Krinks, Sengupta, and Clark (2019) 
extended this frame by proposing and exploring the possibility of using agent- based 
models as the representations through which the player enacted strategies within the 
game. As we elaborate below, agent-based models offer a different set of affor-
dances for engaging in modeling than Cartesian representations. For example, they 
support students in visualizing the phenomena they represent and ask students to 
consider the system from the perspective of the agent within the system rather than 
from an aggregate perspective only.

Essentially, all DIGs have the following characteristics: (a) formal model types 
for controlling the game, (b) formal model types for communicating challenges and 
opportunities, (c) a phenomenological representation presenting the phenomenon 
being modeled, (d) intermediate aggregating representations to help students bridge 
between formal model types, and (e) game mechanics and goals focused on engag-
ing the player in interpreting, creating, modifying, and translating across these for-
mal and phenomenological representations.

In the current chapter, we will consider a prototype of a collaborative DIG focus-
ing on ecology with a core model type of agent-based modeling for the purposes of 
subsequently discussing the potential of such a platform for engaging emerging 
bilingual students in disciplinary practices of science, including discourse practices. 
We originally introduced and discussed this prototype along with another prototype 
focusing on physics in Clark, Medlock-Walton, Boquín, and Klopfer (2018) and 
Clark and Sengupta (2019), but we provide an overview here to support our discus-
sion of the potential affordances for English learners.

The software, called SURGE Gameblox, was programmed by the Gameblox 
designer at MIT funded by the SURGE NSF grant at Vanderbilt University. It rep-
resents a reconfiguration and integration of functionality from the Gameblox and 
Starlogo Nova environments developed by MIT through prior funding. SURGE 
Gameblox projects are organized into block pages, similar to how large coding proj-
ects are separated into multiple files (Fig. 6.1). The collaboration code is designed 
so that each player can edit only her own code but can view the other player’s code 
as it is being changed. The design could be revised to allow players to directly edit 
other players’ pages, but our experience with other collaborative environments sug-
gests that allowing such direct editing can undermine incentives for players to talk 
with one another because it is often easier for a player to edit a page directly than it 
is to explain to a collaborator how to make the changes. SURGE Gameblox thus 
allows pairs of players to simultaneously edit different pages within the same over-
arching model, facilitating discourse between players.

In the ecosystem game prototype, players attempt to get as many animals living 
on the two players’ farms as possible (Fig. 6.2). The animals roam between the two 
farms, pause to eat grass, and get varying levels of energy from each type of grass. 
Players program where, when, and how much grass of each type to plant at their 
farms. Players have graphs of the seasonal changes in sunlight and rainfall (Fig. 6.2) 
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Fig. 6.1 Example of code for the underlying model. This code is visible to both players but neither 
player can edit it. This is the code that defines the relationships and dynamics at the heart of the 
challenge and thus communicates the challenge to the players

along with other data about the animal and grass types. Each type of grass does bet-
ter in different climate conditions. Another important feature is a block that allows 
the player to get data from the graphs about particular points in time. This function-
ality incentivizes more complicated coding strategies, allowing the user to decide 
what to plant and where based on the values of the rainfall and sunlight instead of 
simply choosing static times and locations. This shifts the nature of computational 
thinking within the game to emphasize core CT ideas such as loops, functions, and 
conditionals (cf. Grover & Pea, 2013).

Agent-based models are thus the formal model type through which the player 
enacts control and strategies within the game. The game also uses formal model 
types to communicate challenges and goals to the player, including Cartesian graphs 
of scientific interactions or relationships over time, as well as agent-based model 
block pages with model functions that are visible but not editable by the players that 
provide the parameters, breeds, and functions driving the challenge. Players create 
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Fig. 6.2 Prototype of the game including a screenshot of the game running on the screens of the 
two players along with an example of a simple block a player might create to plant grass and a 
precipitation graph that players consult in planning their approaches (another way the game com-
municates challenges to the players)

their own breeds and code to interact with the code on these block pages in order to 
explore and potentially overcome the central challenges that define that particular 
game. Gameplay focuses on interpretation, translation, and manipulation of disci-
plinary representations.

6.4  Collaborative DIGs for ELs Through Lens 
of Co-operative Action

Having now set the stage, we want to explore and consider the affordances of the 
proposed collaborative DIG for supporting emerging bilingual students in concep-
tual science learning, engagement in the disciplinary practices of science, and 
engagement in discourses, registers, and modalities of science through the lens of 
the co-operative action framework (Goodwin, 2017). Toward that end, we first pro-
vide a brief overview of the framework and then consider the proposed cooperative 
DIG from the perspective of the framework.

D. Clark and A. Pierson



107

6.4.1  Overview of Goodwin’s Co-operative Action Framework

At its core, Goodwin’s co-operative action framework proposes that people produce 
new actions by decomposing and reusing with transformation the resources made 
available by the actions of others. More specifically, the co-operative action frame-
work posits that:

New action is built by decomposing and reusing with transformation the resources made 
available by the earlier action of others. We thus inhabit each other’s actions. Such co- 
operative action differs from cooperation in that it is not restricted to mutual aid; more 
crucially it provides, in the midst of action itself, a systematic mechanism for progressive 
accumulation with modification on all scales, from chains of local utterance, through tools, 
to the unfolding differentiation through time of human social groups. (Goodwin, 2017, p. 1)

Goodwin makes clear with detailed analyses and examples how these processes 
of co-operative action support interaction with co-present participants and with pre-
decessors through sedimented artifacts. Goodwin argues that this set of practices for 
the construction of action are at the core of much of human social and cognitive life 
including language, social organization, tools, pedagogy, sharing experience, and 
the progressive differentiation of human societies and cultural worlds. This allows 
for the ongoing accumulation and transformation of resources by individuals, com-
munities, and fields. This is true for language use as well as for the practices and 
tools that a community or society leverages. Thus, co-operative action spans spatial 
and temporal scales. At the smallest grain size, Goodwin describes reuse with trans-
formation within conversational turns in mundane settings, but Goodwin also 
describes changes and innovations at broader grain sizes that can be viewed as 
learning by communities in terms of cultural and technological practices, tools, and 
symbol systems.

Substrates need not consist of talk or language structure. Goodwin provides 
examples of the ways that environmentally coupled gestures and other semiotic 
resources, such as prosody, allow participants to fully and effectively participate in 
interaction. Moreover, historical artifacts can act as substrates, facilitating co- 
operative action with predecessors and juxtaposing semiotic fields in particular 
ways to support disciplinary or community practices. Toward this end, Goodwin 
provides the example of a Munsell chart from archeology, which appears to be a 
simple color chart printed on cardboard with holes punched next to each color to 
allow categorization of soil by color and type. As Goodwin explains, “By juxtapos-
ing unlike spaces, but ones relevant to the accomplishment of a specific cognitive 
task, the chart creates a new, distinctively human, kind of space. It is precisely here, 
as bits of dirt are shaped into the work-relevant categories of a specific social group, 
that ‘nature’ is transformed into culture” (p. 199). Goodwin also provides the exam-
ples of the transformation of sedimented artifact and tools by communities over 
time, demonstrating that a variety of substrates are available to participants for reuse 
with transformation in building subsequent action.

It is important to note that co-operative action provides not only a lens for ana-
lyzing action by a group, but also proposes an effective mechanism through which 
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individuals and communities learn and change. Many of Goodwin’s examples focus 
on the small-scale co-operative actions that occur among small groups of people 
within a few conversational turns, but he also highlights how co-operative action 
supports learning by creating pathways through which individuals become capable 
actors within a community and pathways through which novel ways of thinking and 
doing are developed. Co-operative action therein can offer pragmatic advantages 
when thinking about learning compared to traditional perspectives on learning 
through interaction such as Legitimate Peripheral Participation (LPP), for example, 
in the sense that LPP primarily accounts for mechanisms through which people are 
“reproduced” in the mold of the community of practice rather than accounting for 
mechanisms of change within a community. In contrast, co-operative action pro-
vides mechanisms for reproduction while also outlining mechanisms for learning 
that allow the community, community practices, or the individual to become some-
thing new. Co-operative action therefore outlines mechanisms though which the 
individual can become not only a competent member of the community but to also 
change that community and its practices and contribute new resources in terms of 
thinking, ideas, practices, and tools.

6.4.2  Affordances of Proposed DIG from the Perspective 
of Co-operative Action

From the perspective of Goodwin’s co-operative action framework (Goodwin, 
2017), a collaborative DIG grounded in agent-based modeling could create a multi-
modal learning environment with affordances for all students, especially emerging 
bilingual students. The proposed DIG environment allows students to build upon 
and transform one another’s actions as well as the historical disciplinary resources 
provided by the DIG. The following sections explore aspects of these affordances.

Multimodality Beyond English-Language Resources First, the multimodal 
nature of the DIG environment allows emerging bilingual students to draw upon a 
variety or resources. Along these lines, we can think about the affordances provided 
in DIGs in terms of the multimodal semiotic fields juxtaposed within the DIG. As 
Goodwin states:

By participating in [an] interactive field people with very different resources and abilities… 
are nonetheless able to use language, including grammatical structures that are beyond the 
capacities as individuals to create, to build relevant action. Moreover, within such an inter-
active field language typically does not stand alone, but instead is used in conjunction with 
other semiotic resources, including most crucially a range of quite different kinds of dis-
plays visible in the orientation in action of the participants’ bodies, as well as structure in 
their environment. (Goodwin, 2017, p. 89)

The interactive field of the DIG thus provides a range of substrates for co- 
operative action beyond English-language resources, increasing opportunities for 
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emerging bilingual students to fully participate in the game and related learning 
opportunities.

Meaning making in science classrooms traditionally involves multiple modali-
ties, including action, speech, writing, symbols, and diagrams (Danielsson, 2016). 
Engaging with multiple modes is essential to engaging in disciplinary practices; 
thus, these modalities are not simply scaffolds for language development (Grapin, 
2019; Moschkovich, 2015). Grapin (2019) explains that language has limitations, 
for example, compared to language, modalities such as diagrammatic models are 
better suited to representing spatial relations among components in a system. For 
this reason, multimodal representations like models and data visualizations are 
powerful conceptual tools across domains of science (e.g., Lehrer & Schauble, 2006b).

In the proposed DIG, for example, although the code blocks include English- 
language text, these short phrases are accompanied by color coding related to func-
tion. Moreover, students can quickly link blocks with simulated and visualized 
outcomes as they run their code in the game. In addition, the game provides visual 
representations of data, which have been shown in previous studies to be a powerful 
resource for emerging bilingual students (e.g., Moschkovich, 2015). Thus, the game 
creates opportunities for laminating dialog across multiple registers of scientific 
discourse. This dialog is not limited solely to verbal interaction in English—instead, 
dialog is supported by the multiple representational systems constituted within the 
game with which players can laminate verbal dialog, deictic gesture, images, disci-
plinary representations, and code. Whereas traditional classrooms may focus on 
lectures, text books, and high stakes IRE dialog led by the teacher that lean pre-
dominantly on English language resources, dialog around the DIG provides a more 
varied and richer substrate within a robust interactive field. Furthermore, in addition 
the affordances of multimodal environments for learning, examining learning from 
a multimodal perspective can offer a more complete and nuanced picture of what 
students know and can do in science, thus exposing “the rich possibilities in these 
students’ thinking” (Fernandes, Kahn, & Civil, 2017, p. 280).

Sedimented Resources of Historical Actors Through Canonical 
Representations Second, the game allows students to draw upon present actions 
as well as the sedimented resources of historical actors through canonical disciplin-
ary representations and tools. DIGs include modalities such as code and dynamic 
data visualization that are common in professional science practice, yet rare in K-12 
classrooms (Finzer, Erickson, Swenson, & Litwin, 2007). These additional modali-
ties provide students with new ways to make sense of content and express ideas. 
These features of the DIG provide additional modalities and access to formal regis-
ters of communication in science. From the perspective of co-operative action, these 
formal representations are cultural tools that have sedimented into science practice 
to support seeing the world in a certain way. The representation of farms, animals, 
and climate data within the DIG are an inscription of relevant features of the world 
seen through the lens of the science standards that culturally define what students 
should know and understand about ecological relationships. Thus, the proposed 
DIG supports seeing and operating on the world in a way that builds on existing 
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cultural tools and scientific practices, providing more rich and authentic opportuni-
ties for engaging in disciplinary discourse and registers than are available in tradi-
tional classroom environments that focus more exclusively on English-language 
resources and pedagogical practices.

Differential Knowledge States and Collaboration Motivate Co-operative 
Action Third, the DIG motivates co-operative action by creating differential states 
of knowledge among participants. Goodwin argues that differential states of knowl-
edge are constitutive of the structure of human action (2017, p. 101). The proposed 
DIG necessarily positions participants as knowing in terms of their own code and 
unknowing in terms of the other player’s code. In this sense, to be successful in the 
game, students must engage in co-operative action by engaging with the other play-
er’s code.

Furthermore, while co-operative action does not require cooperation, the collab-
orative setting of the DIG may encourage students to build upon and transform the 
resources created by their peers across these differential states of knowledge. Asking 
students to collaboratively grapple with a problem challenges them to establish 
common frames of reference, resolve discrepancies in understanding, negotiate the 
distribution of labor, and arrive at joint understanding (Barron, 2000). Rochelle 
(1992) explained that in order for conceptual change to occur, students must experi-
ence convergence, which includes iterative cycles of “displaying, confirming, and 
repairing situated actions” (p. 237). In the context of digital games, constructive 
collaboration often leads to positive learning outcomes and higher levels of abstract 
thinking (Echeverrîa et al., 2012). One possible explanation from research in non- 
game settings involves the opportunity to bridge multiple perspectives in collabora-
tive settings (e.g., Schwartz, 1995). Additionally, as explored by Farris and Sengupta 
(2014), providing collaboration opportunities between peers during game play can 
allow students to leverage discourse in order to negotiate meaning of concepts and 
actions within games, construct ideas, and resolve conflicts through perspectival 
shifts (Greeno & MacWhinney, 2006; Greeno & van de Sande, 2007, 2012; Thagard 
& Verbeurgt, 1998).

At the most basic level, collaboration in this setting and in other shared settings 
thus provides potential advantages for all students and emerging bilingual students 
in particular. Students playing digital learning games in the classroom rarely play 
alone, even in digital games that are ostensibly “single-player” games (Van Eaton, 
Clark, & Smith, 2015). Rather, students engage “offline” continuously and infor-
mally with their nearby peers, and students may also simultaneously engage 
“online” with their peers throughout the classroom and beyond in online forums, 
chat, or message boards if they are available (Van Eaton et al., 2015). In other words, 
there are rarely truly “single-player” digital game experiences for learning in a typi-
cal classroom. Furthermore, our research on engaging students in argumentation 
more generally demonstrates the power of engaging students collaboratively in digi-
tal environments for the quality of the argumentation and for students’ opportunities 
to engage in argumentation (e.g., Clark, Weinberger, Jucks, Spitulnik, & Wallace, 
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2003; Sampson & Clark, 2006; Weinberger, Clark, Häkkinen, Tamura, & 
Fischer, 2007).

Concrete Engineering Goal to Focus Co-operative Action and 
Intersubjectivity Fourth, the DIG provides concrete engineering goals (i.e., maxi-
mize biomass in the proposed DIG) to focus co-operative action and galvanize inter-
subjectivity. Sengupta, Krishnan, Wright, & Ghassoul (2014, April) demonstrate the 
affordances of engineering goals for supporting intersubjective constructionist 
meaning making. Sengupta et al. build on the ideas of Suthers (2006) in terms of 
intersubjective meaning making occurring as “multiple participants contribute to a 
single composition that is the result of bringing together of interrelated interpreta-
tions” in manner that is more complex than simple establishing “common ground” 
in terms of shared understanding (p. 274). As Sengupta et al. explain, intersubjec-
tive meaning making is more complex than simply establishing common ground in 
the sense that: (a) it represents a participatory process within which beliefs are 
enacted and thus shared without necessarily being mutually accepted, (b) ideas can 
be created through interaction as well be formed by individuals before being intro-
duced to the group, and (c) the cognitive activities can be distributed across the 
individuals as well as the artifacts through which they interact.

Aligning with this perspective, the collaborative game prototype highlights rel-
evant measures for students to attend to. This shared goal could facilitate productive 
co-operative action because it allows students to consider features of the game in 
categories that are consequential to their goal, even when students’ beliefs about 
how to achieve their goal differ. Thus, students are able to more easily evaluate each 
other’s actions in relation to the goal, providing a shared lens for epistemic activity 
and supporting collaborative action. This is productive from the perspective of the 
co-operative action framework because tools and practices take on meaning within 
a community by facilitating progress toward valued and shared goals. By staking 
out concrete engineering goals, as opposed to more open-ended sandbox explora-
tion goals, the proposed DIG orients co-operative action by providing a clear and 
shared criteria against which to interpret and evaluate actions in the game while 
allowing for richer intersubjective meaning making to occur by providing a shared 
goal that does not demand or depend upon fully aligned perspectives across the 
participants.

Dynamic Representations Facilitating Intersubjectivity Fifth, and finally, the 
agent-based models provide real-time feedback and implications in response to stu-
dents’ actions, which may support consensus building and achievement of intersub-
jectivity by participants. In agent-based models, students identify agents (individual 
actors within the model representing individual animals and plants), create compu-
tational rules of behavior and interaction for each type of animal or plant agent (i.e., 
“breed” of agent) and “run” the system. This enables the computational representa-
tion to simulate emergent whole-system behaviors through the interactions of the 
individual agents with one another based on the rules so that the modeler-plus- 
computer can reason about the agent-level and aggregate-levels of the system to 
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build deeper understandings of causal mechanisms (Dickes & Sengupta, 2013; 
Dickes, Sengupta, Farris, & Basu, 2016; Sengupta & Wilensky, 2009; Wilensky & 
Resnick, 1999). By presenting the agent-based modeling environment through a 
visual, rather than text-based interface, agent-based modeling can make computa-
tional thinking more accessible to learners syntactically (Guo et al., 2016; Sengupta 
et al., 2015; Sengupta, Kinnebrew, Basu, Biswas, & Clark, 2013; Wilkerson-Jerde, 
Wagh, & Wilensky, 2015) and avoid reliance on a single semiotic language 
system.

With these dynamic representations, students can quickly encounter and demon-
strate differences in outcomes by changing their code. Compared to other represen-
tations, like verbal or written explanations or diagrammatic models, agent-based 
models allow learners to test relationships between components of the model and 
communicate about their ideas. Thus, not only does the DIG provide a variety of 
resources within the substrate, it also provides and strategically juxtaposes dynamic 
disciplinary representations within the substrate that could support understanding, 
communication, and explanation. Furthermore, the real-time feedback from the 
DIG may also the game as a participant in interaction, adding additional and 
dynamic resources to the substrate (Pierson, Brady, & Clark, in press). These 
dynamic characteristics might facilitate intersubjectivity among players because the 
implications of any given proposition are made clear to all participants as the model 
is run. The models could therefore increase shared meaning as they dynamically 
“talk back” with feedback to the participants. In addition, interaction around the 
DIG could increase intersubjectivity by bringing into alignment students’ efforts 
and progress in a manner that might help constrain and focus participants’ interpre-
tations. The causal and emergent outcomes of the game thus act as multimodal 
substrates for reuse and transformation as students continue to play and learn in 
interaction with the game and their peers.

6.5  Conclusions and Implications

In summary, from the perspective of the co-operative action framework, the pro-
posed DIG has affordances in terms of learning and communication for all students. 
These resources could be particularly valuable for emerging bilingual students 
because they support participation frameworks in which no single actor requires 
complete mastery of all semiotic systems included within the interactive field to 
participate fully and effectively. Instead, participants can draw on and manipulate 
substrates from a range of modalities to engage in game play and science learning.

More specifically, the proposed DIG seems particularly well adapted to support-
ing productive interactive fields for small groups of emerging bilingual students 
because: (a) the multimodal nature of the environment allows emerging bilingual 
students to draw upon a variety or resources, (b) the structure allows students to 
draw upon present actions as well as the sedimented resources of historical actors 
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through canonical disciplinary representations and tools, (c) the structure motivates 
co-operative action by creating differential states of knowledge among participants, 
(d) the structure provides concrete engineering goals to focus co-operative action 
and galvanize intersubjectivity, and (e) the agent-based models provide real-time 
feedback and implications in response to students’ actions, which may support con-
sensus building and achievement of intersubjectivity by participants.

To help clarify these proposals, it is important consider the affordances and limi-
tations of the resources and organization at any given moment within the interactive 
field. At a concrete level, an obviously central semiotic field within the substrate is 
the programming code. This syntax is visible to the players in the form of the rules 
that agents follow, as well as the ongoing transformations and additions to that code 
added by the players. Within this semiotic field, new action is built by decomposing 
and reusing with transformation the resources made available by the earlier action 
of others. Around this core endeavor, players are also likely to engage in ongoing 
multimodal interaction around the game about the code, models, their intentions, 
and the ways in which the model is reacting to the code that they have created. The 
enhanced opportunities to laminate multiple semiotic systems to produce and trans-
form meaning would seem particularly valuable for emerging bilinguals. The speci-
ficity of meaning as expressed in the code and demonstrated when the code is run 
also seems potentially useful in supporting generativity and shared meaning conver-
gence amongst participants.

At a more global level in terms of the affordances of the co-operative action 
framework for analyzing learning and designing environments for education, future 
research should continue to explore the affordances of the co-operative action 
framework in science education and other fields. We argue that co-operative action 
as a framework provides potentially powerful linkages between sociocultural and 
cognitive theories on learning by simultaneously carefully analyzing (a) the interac-
tions of multiple participants and artifacts both in the immediate present as well as 
with predecessors and (b) the detailed combination and recombination of ideas and 
symbols as participants decompose and reuse with transformation the resources 
made available by the actions of others. This latter focus of the analysis aligns well 
with knowledge in pieces and related resources perspectives on learning (e.g., Clark 
& Linn, 2013; diSessa, 1993). While these initial knowledge in pieces perspectives 
focused on conceptual learning in science at the level of p-prims (e.g., diSessa, 
1993; Ozdemir & Clark, 2009), more recent work has broadened to focus on episte-
mology and disciplinary practices (e.g., Hammer & Elby, 2002), and even more 
recently to move beyond cognitive lenses to focus on ideology in socioscientific 
arenas (e.g., Philip, 2011). While not the focus of our specific work, the co- operative 
action framework therefore could provide a useful lens for exploring cognitive and 
sociocultural intersections in science education through knowledge-in-pieces 
related perspectives in terms of individual and group learning at the levels of ideas, 
epistemologies, disciplinary practices, or possibly even ideologies.

Although Goodwin proposes that the co-operative action framework applies to 
thinking about a wide range of human interaction from short conversational interac-
tions to the accumulative co-operative organization of human action and tools, most 

6 Engaging Emerging Bilingual Students in Language and Scientific Practices…



114

of his detailed research focuses on the former. Our goals for the research and design 
approaches outlined here are therefore twofold: (a) to explore the affordances of 
DIGs for emerging bilingual students engaging in the disciplinary practices of sci-
ence while simultaneously engaging in the discourses, registers, modalities of sci-
ence and (b) to explore the affordances of the co-operative action framework for 
research in these areas. We propose that the theoretical affordances of the coopera-
tive DIG genre and the co-operative action framework appear compelling for the 
reasons outlined in this chapter. Future research should explore these affordances 
more closely.
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Chapter 7
Getting Beyond Functional Rationality 
in the Kid Coding Movement: An Agenda 
for the Learning Sciences

D. Kevin O’Neill

Abstract Today we are in the midst of a kid coding movement which has been 
heavily promoted by tech companies and is having a large influence over curriculum 
revisions and teaching practice in North America. This is neither the first nor the 
best kid coding movement that there has been. The current cultural influence of high 
tech companies has made educators and politicians intellectually lazy about exam-
ining why it might be worthwhile for all children to learn some computer program-
ming, even though most will not pursue it in later life. Educators and policy-makers 
today appear to be driven by naïve expectations of an unending high tech employ-
ment boom, or of advanced problem-solving skills that will transfer easily to all 
areas of life. A research agenda is laid out that would allow learning scientists to 
help place the current kid coding movement on a better intellectual footing, and 
hopefully live up to the standard of its predecessor in the 1980s.

Keywords Coding · Computer programming · Transfer · Research · Code.org

Today the popular press, computing industry executives and public officials in both 
Canada and the United States appear united in belief about the urgency of teaching 
every child to code. This is not the first time that our countries have witnessed such 
a coalescence of enthusiasm about kids learning to program computers; but the cur-
rent movement is not simply a rerun of the kid coding craze of the 1980s. In some 
important respects, I argue that today’s movement is a poor imitation. Learning 
scientists must carry a share of the blame for this; but they could also do something 
about it. Below I sketch an agenda that we could pursue for the benefit of educators 
and society as a whole.
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7.1  Background

In the United States, the industry-funded lobby group Code.org has executed a cun-
ning, multipronged strategy to influence the revision of state curricula in the service 
of their business needs. This strategy has been very successful—leading to at least 
24 states making changes in related policies and laws (Singer, 2017). One Code.
org-influenced bill passed in Idaho read in part, “It is essential that efforts to increase 
computer science instruction, kindergarten through career, be driven by the needs of 
industry and be developed in partnership with industry” (Singer, 2017). What chil-
dren might get out of programming besides an eventual job was clearly of little 
interest to the Idaho legislators (though that outcome is somewhat dubious, as I will 
discuss later).

Channeling students toward employability in software-related jobs from the ear-
liest possible age also appears to have been the driving force behind curriculum 
revisions in Canada. In 2016, British Columbia’s Premier announced to a 
government- sponsored industry summit that “Every kindergarten to grade 12 stu-
dent will have…the opportunity to learn the basics of coding” (Silcoff, 2016). This 
announcement was made in the context of a broader set of initiatives meant to 
strengthen the Province’s tech sector and pivot away from dependency on resource 
industries such as mining, forestry, oil, and gas. In 2017, the government of 
Saskatchewan followed suit, announcing its intention to revise its curriculum to 
support the growth of its own comparatively small tech sector (Macpherson, 2017).

Since we are addressing mandatory curriculum, what we are expecting all stu-
dents to gain from developing programming skills is a question that deserves seri-
ous examination. Yet with some notable exceptions in the learning sciences literature 
(Grover & Pea, 2013; Sengupta, Kinnebrew, Basu, Biswas, & Clark, 2013; Weintrop 
et  al., 2016), few people appear to have been asking these questions recently. 
Instead, most discussions taking place around the current kid coding agenda con-
cern questions about how to get the job done. For example, should students be 
introduced to coding with a “block language” that makes knowledge of syntax less 
necessary to achieving a working program, or should they be taught in an environ-
ment that insists on correct, hand-coded syntax from the beginning (Bennehum, 
2016; Harel, 2016)? If the former, how should we manage the transition between 
block languages and the kind of coding that working software engineers do every 
day? These are worthwhile questions, but by themselves they are insufficient to 
guide the development of a robust and lasting, modern-day kid coding movement. 
Given how the bubble burst on the kid coding movement of the 1980s, robustness 
should be a concern to anyone involved in today’s movement.
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7.2  Framing the Issues

In his book Man and Society in an Age of Reconstruction, the sociologist Karl 
Mannheim laid out a useful distinction between substantive rationality and func-
tional rationality (Mannheim, 1940). Functional rationality pursues the most effi-
cient and effective way to achieve a predetermined goal. As Mannheim noted in his 
day, this kind of rationality is a hallmark of thinking in the business world and in 
large bureaucracies. In contrast, what Mannheim called substantive rationality 
involves examining the relative worth of goals. It asks, “is this what we should be 
doing right now?”

In my view, neither functional nor substantive rationality is inherently superior to 
the other. In practice, they should dialogue with and strengthen one another, in order 
to determine the best way to achieve the most defensible goals. However, when one 
stands back and takes a hard look at it, today’s kid coding movement is clearly 
dominated by functional rationality. The question it primarily pursues is, “how can 
we motivate the largest possible number of kids and teachers to learn introductory 
programming?” In this respect, I find it inferior to the kid coding movement of the 
1980s, which I lived through as a child, later studied as a learning scientist, and 
continue to teach my students about every year. In what follows, I want to explore 
why the previous kid coding movement was better than the current one has been so 
far, and what learning scientists can do to help today’s movement live up to, and 
hopefully surpass, the standard of its predecessor.

7.2.1  Today’s Kid Coding Movement

The worst thing that I think can be said of the kid coding movement in today’s 
schools is that rather than promoting active investigation into the various ways in 
which kids might benefit from coding, it takes its ideas directly from computing 
industry lobby groups — especially Code.org (Singer, 2017). It has become obvious 
that government officials, the general public, and educators alike are ill equipped to 
treat their sophisticated lobbying efforts with the skepticism that they deserve. To 
hear the way some politicians talk about coding as an essential job skill, one would 
think there was no such thing as an unemployed programmer. Current government 
statistics show that in the USA, unemployment among computer programmers runs 
at a very low 1.9% nationally, though the Bureau of Labor Statistics predicts the 
number of positions to decline by 7 percent over the next decade (Bureau of Labour 
Statistics, 2017b). Further, while the national picture looks strong, there are sub-
stantial regional differences (Bureau of Labour Statistics, 2017a). National differ-
ences can be much larger. Detailed data are not readily available for Canada, but the 
UK currently has a high unemployment rate among computer science graduates. 
Heath (2016) reported that:
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The vast majority of UK business leaders and IT execs, 78 percent, told 
PricewaterhouseCoopers' recent Global Digital IQ Survey that a shortage of digital skills 
was holding their firm back. But that claim sits uneasily next to the relatively high propor-
tion of computer science graduates struggling to find work, with 11.7 percent unemployed 
six months after leaving university. Compared to graduates in related disciplines — in sci-
ence, technology, engineering and mathematics — their employment prospects are particu-
larly poor. (Heath, 2016)

The industry’s claims about its needs are important to notice here. In the USA 
where employment prospects for IT professionals are comparatively good, tech 
giants are not only encouraging every American child to consider a software career, 
but at the same time working as hard as they can to put American IT professionals 
out of work through abuses of the H1-B visa program (Thibodeau, 2014, 2016). 
This two-faced relationship with the public should give us pause.

While these issues should be of vital concern to parents, politicians, and educa-
tors, they should also interest learning scientists on a professional basis. Harkening 
back to Mannheim’s concept of substantive rationality, the current kid coding move-
ment as it is promoted to parents and politicians seems to lack a believable evidence- 
based argument about how youth subjected to the new curricula will benefit from 
learning programming. The case currently being made to parents and educators 
involves two main claims. The first is that learning coding will open doors to good 
jobs in the future (an assertion that there is reason to be skeptical about). The second 
(currently more soft-pedaled) claim is that coding helps develop powerful thinking 
and problem-solving skills that are broadly applicable in life. I will discuss each of 
these claims in some detail below.

7.2.2  The Original Kid Coding Movement

When I was a child in the 1980s, many parents and educators shared a blind faith 
that somehow, computers would be very important in the future. When I informed 
my grandfather of my intention to study computer science, I remember him saying, 
“I lost my job to a computer, so there might as well be someone in the family who 
gets a job from computers.” Other adults’ attitudes were similar, so despite there 
being very little in the way of computer science education in my local schools at this 
time, I was encouraged to learn as much as I could on my own. My parents could 
afford to support my interest, buying me a computer and enabling me to eventually 
become educated as a computer scientist, despite not having high enough grades in 
mathematics to be granted access to the two TRS-80s my elementary school owned. 
(High grades in mathematics had been decided upon as the key criterion for entry 
into the school’s after-hours computer club.).

The fact that the uninformed faith of my parents was rewarded by my eventual 
success does not prove that their beliefs were well founded. In the 1980s, nobody 
had any idea how large and ubiquitous the computing industry would one  day 
become. In 1984, discussing the results of a national survey of educators regarding 
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the use of computers in schools, Henry Jay Becker expressed reasonable skepticism 
about the value of kids learning programming:

…compared with the importance of teaching other culturally valued knowledge, such as 
that from scientific, historical, and literary domains, how necessary is it that schools spend 
valuable instructional time teaching students about computers, and specifically, about how 
to program them in general-purpose computer programming languages like BASIC? 
(Becker, 1984, p. 23).

Due in part to such skepticism, Seymour Papert worked hard to develop broad 
rationale for kids to learn programming, publishing his ideas in a popular book that 
many educators read (Papert, 1980). Those days, promoters of programming for 
children spoke of the “powerful ideas” and general problem-solving abilities that 
children would acquire through programming, and this way of thinking was not 
confined to the literature of education. The report of an Association for Computing 
Machinery task force on elementary and secondary computer science curriculum 
stated in part that:

A course in computer science should be oriented primarily toward teaching problem solv-
ing skills rather than being vocationally oriented (Aiken, Hughes, & Moshell, 1980, p. 172).

As this quotation shows, even computer scientists were not foolish enough in the 
1980s to believe that the computing industry would provide large-scale employ-
ment. As it turns out, they weren’t half wrong. Today Amazon, Apple, Facebook, 
Google, Netflix, and Twitter are huge companies in terms of their market capitaliza-
tion and influence on culture—but they employ remarkably few people relative to 
their earnings (Rosoff, 2016). These companies are, in fact, attractive investments 
because they are poor employers.

Nonetheless, with the computing industry having become as large and profitable 
as it is, educators have gotten intellectually lazy about justifying the time and effort 
invested in providing coding lessons for a broad swath of children. The working 
assumption of many politicians and educators today seems to be that, in the words 
of Marc Andreessen, software will “eat the world” (Andreessen, 2011) and the com-
puting industry will continue to expand forever.

7.3  A Role for Learning Scientists

All of this matters for learning scientists, because given the scope of Code.org’s 
ambitions, it is obvious that most kids who are taught coding in school today will 
not one  day become professional software developers. Some will code in later 
schooling and on the job, as a part of evolving computational practices in STEM 
(and other) fields (Weintrop et al., 2016). For years, learning scientists have worked 
toward integrating computational thinking into STEM curricula, teaching it in a 
discipline-situated way through computational modeling of phenomena (Sengupta, 
Dickes, & Farris, 2018; Sengupta et al., 2013). However, this vision is not the one 
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that motivates the majority of people involved in today’s kid coding movement—
particularly not most politicians, policy-makers, and industry advocates.

While embedding computational thinking within STEM fields is a defensible 
approach, both student and veteran teachers eager to meet new coding mandates in 
the most straightforward way have seized upon materials supplied by Code.org and 
their peers as the easiest way possible to tick the boxes in the new curriculum stan-
dards. This dominant domain-general approach is worthy of learning scientists’ 
attention, because while many educators assume it to be effective, it has not been 
rigorously evaluated with regard to what teachers and parents actually expect of it. 
What many teachers appear to be enacting today is essentially a curriculum of wish-
ful thinking.

The argument that programming is a useful environment in which to learn 
problem- solving approaches and concepts applicable to other areas of life (even 
when programming is taught in the relatively isolated manner typical of Code.org’s 
materials) was made explicitly in one of the earliest academic papers of the current 
coding movement, by Jeannette Wing from Carnegie Melon University (Wing, 
2006). In a follow-up paper in 2010, she doubled down on her argument by stating:

When I use the term computational thinking, my interpretation of the words “problem” and 
“solution” is broad; in particular, I mean not just mathematically well-defined problems 
whose solutions are completely analyzable, e.g., a proof, an algorithm, or a program, but 
also real-world problems… The educational benefits of being able to think computation-
ally… enhance and reinforce intellectual skills, and thus can be transferred to any domain. 
(Wing, 2010, p. 1)

Wing’s 2010 paper featured a series of anecdotes drawn from colleagues at 
Carnegie Mellon University, sharing how computational thinking appeared in their 
everyday lives: organizing LEGO blocks for later use, standing in a buffet line, and 
sorting sheet music. What I observe in these examples is a fallacy that has plagued 
learning scientists for generations, including Seymour Papert himself from time to 
time. The fallacy is that if a person with deep expertise can observe an analogy 
between two problem contexts, and can describe knowledge as applying across 
them, then teaching novices this knowledge in one context should enable transfer to 
the other.

This assumption has long roots in our culture. In centuries past, Latin and chess 
were taught in schools partly because it was believed (based on similar reasoning) 
that they developed powerful general abilities to think precisely and strategically. 
Unfortunately, research has shown this hopeful assumption of transfer to be false 
(Bransford, Brown, & Cocking, 2000). In one classic study, Gick and Holyoak 
(1980) examined the ability of psychology undergraduates to transfer learning 
between two formally identical problems under various conditions. Without careful 
preparation, most were unable to recognize the opportunity to transfer knowledge 
between the two problems (Gick & Holyoak, 1980). Even mature learners tend to 
be so distracted by the surface features of a problem that they do not recognize 
opportunities for transfer (Bransford & Schwartz, 1999). This being the case, why 
should K-12 students who are learning and taking part in computational thinking for 
the first time be expected to do better?

D. K. O’Neill



125

At the time of their publication, Wing’s assertions about the broad applicability 
of computational thinking to domains other than computing had no research evi-
dence behind them, and this is still lacking. Attempting to assemble such evidence 
is a worthwhile challenge for learning scientists, and would produce findings with 
large implications for policy and practice worldwide, whatever the outcomes are. 
Well-done research with positive outcomes could channel current enthusiasm in 
productive directions, while negative outcomes could potentially topple the Humpty 
Dumpty of naïve expectations of transfer that today’s kid coding movement mostly 
uses as its figurehead. In the latter case, research could generate broader public 
interest in teaching computational thinking in the more discipline-situated manner 
promoted by some learning scientists.

For learning scientists hoping to empirically cast out naïve assumptions about 
transfer, it will be necessary to revive and update a program of research that was 
effectively abandoned in the 1980s. This research produced disappointingly mixed 
results when it went looking for evidence that kids taught coding were able to trans-
fer problem-solving skills outside that context (Mitterer & Rose-Krasnor, 1986; 
Pea, Kurland, & Hawkins, 1985). In fairness though, back then researchers had a 
difficult time producing transfer even under carefully controlled laboratory condi-
tions, let alone in classrooms (Bransford & Schwartz, 1999). At the end of the 
1990s, psychologists still described transfer as “a problem of Gordian proportions” 
(Alexander & Murphy, 1999).

Today the LOGO transfer studies are simply being ignored by industry lobbyists, 
politicians, and educators, most of whom are too young to remember the first kid 
coding craze; but those studies ought to concern learning scientists because simply 
re-branding “powerful ideas” and general problem-solving skills as “computational 
thinking” does nothing to address the lack of convincing evidence that they can be 
routinely taught in a way that fosters transfer across domains (Grover & Pea, 2013). 
Without doubt, the LOGO transfer studies of the 1980s had their flaws (Emihovich, 
1990; Papert, 1987). It makes sense to revisit these flaws now, and consider how 
learning scientists today might do better, with their much-improved theoretical and 
methodological toolkits.

7.3.1  Setting an Agenda

As is now well known, transfer depends importantly on the depth of the initial learn-
ing (Bransford & Schwartz, 1999). In some of the LOGO transfer studies, program-
ming may not have been taught in as deep a way as necessary to foster transfer. 
Papert once pointed out how absurd it was for any serious educator to believe that a 
few minutes a week of drawing circles and squares on a computer would somehow 
change how a child thinks—though in practice, this appeared to be what thousands 
of teachers believed. At the same time, some of the researchers who studied transfer 
from LOGO problem-solving (e.g., Mitterer & Rose-Krasnor, 1986) had learned 
from the masters at MIT and had worked as hard as they could to make LOGO a 
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success. They found their research results every bit as disappointing as Papert and 
his acolytes did (Mitterer, 2009).

Second, critics of the LOGO transfer studies have pointed out that the batteries 
of paper-and-pencil transfer tests administered in the studies may simply have been 
too different from the problem-solving that students did while coding to make trans-
fer a realistic possibility. In effect, these tests may have constituted feats of unrea-
sonably far transfer for the students involved. This too is a reasonable critique, 
particularly in light of what the ensuing decades taught us about the situated nature 
of knowledge and skills (Greeno, 1998; Lave & Wenger, 1991).

Third, beyond the format of the problem-solving transfer tests, learning sciences 
researchers have fundamentally critiqued the whole paradigm in which the earlier 
transfer studies were conducted. As Bransford and Schwartz (1999) pointed out, 
many transfer studies of the 1980s and 1990s were conducted using a “sequestered 
problem solving” (SQS) approach, in which the results of weeks or months of col-
laborative problem-solving in an information-rich environment were assessed in an 
environment very like a high-stakes final examination, stressing solo problem- 
solving in an information-poor environment. Any skills or knowledge a student may 
have gained that would support them in researching a solution to a novel problem or 
consulting others about it became irrelevant in this paradigm. According to some 
advocates of kid coding, these sorts of skills and knowledge are some of the most 
important products of learning to code—part of what could be referred to as the 
cultural capital of computer literacy (Emihovich, 1990).

Finally, reasonable critics point out that the 1980s transfer studies on LOGO 
were, by today’s standards, inadequate in their data collection and reporting. As 
Papert (1987) noted, transfer researchers of the 1980s tended to be trapped in the 
genres of experimental science. They were, after all, trained as experimental psy-
chologists, not anthropologists; so they tended to treat the classroom context as a 
black box. Since their studies did not include systematic observation of classroom 
events, even if they had found evidence of successful transfer, they would not have 
been able to inform educators about how to reproduce it. If coding is conceived less 
as a specific intervention and more as a cultural building material (as Papert sug-
gested it should be), then research needs to methodically study classroom culture if 
it is to appreciate the effective use of this building material in the learning and teach-
ing of problem-solving. Recent research on young children learning to code has 
failed to do this (e.g., Dasgupta, Hale, Monroy-Hernández, & Mako Hill, 2016).

Research that addresses these fundamental flaws in the transfer studies of the 
1980s will be of more than academic interest; because to successfully teach compu-
tational thinking for transfer beyond coding, the why of teaching coding (substan-
tive rationality) must have greater influence over the how (functional rationality) 
than it presently has. To teach coding well, educators need a clear and long-range 
view of why they are doing it other than to prepare every child to potentially become 
a software developer. If new studies of the kind I will describe below fail once more 
to find evidence of far transfer, it would encourage the current advocates of kid cod-
ing to reformulate their movement on more sound foundations. In addition to being 
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socially useful, the studies I imagine would provide an opportunity for learning 
scientists to demonstrate the worth of many of the methodological and conceptual 
tools they have developed since the 1980s.

7.3.2  Study Design

The literature of the Learning Sciences suggests that one should not expect cross- 
domain problem-solving from students who have been introduced to computational 
thinking as a simple add-on to their usual curriculum. A methodologically and peda-
gogically current set of studies on transfer of skill from coding would employ the 
paradigm of preparation for future learning (PFL) (Bransford & Schwartz, 1999) 
rather than sequestered problem solving (SQS). Rather than anticipating spontane-
ous far transfer from coding to a set of abstract problem-solving tasks, studies con-
ducted in the PFL paradigm would evaluate the success of coding lessons and units 
on the basis of how they prepared learners for later lessons and units involving more 
ambitious problems—first set in a highly similar context, then in increasingly dis-
similar ones.

Essential to this research design would be a sequence of age-appropriate tasks 
involving progressively distant domains of transfer, staged manageably for both 
students and teachers, and carefully observed as they are implemented. Depending 
on the age of the students involved and the length of the curriculum sequence, it is 
not without question for the sequence of transfer tasks to end with the very kind of 
solo, standardized, abstract paper-and-pencil tasks that typified the previous genera-
tion of transfer studies. Unlike the prior studies however, students’ ability to transfer 
would be developed in a planful way, and classroom implementation would be care-
fully observed in a way typical of design-based research (Design-Based Research 
Collective, 2003). Rather than taking it as their sole purpose to demonstrate whether 
a particular lesson or unit was effective at enabling particular kinds of transfer on 
average (as in a typical classroom quasi-experiment), the new studies would also 
examine for whom it was effective, and why—respecting the fact that programming 
is as much an experience as it is a matter of abstract symbol manipulation (Sengupta 
et al., 2018).

What kinds of potentially general skills could these kinds of studies develop and 
assess? Two skills often mentioned by Wing and others as justifications for teaching 
coding are the same as those mentioned in the 1980s: the decomposition of complex 
problems into simpler ones, and debugging. One can imagine a months-long study 
designed using existing materials from Code.org or elsewhere, in which elementary 
school students would work in groups to decompose progressively complex prob-
lems, code solutions, and debug them until they work. Follow-up lessons in other 
areas of the school curriculum would be deliberately designed to afford opportuni-
ties to decompose problems and debug solutions in groups, with teachers drawing 
explicit parallels to the previous coding lessons as students work. Over time, stu-

7 Getting Beyond Functional Rationality in the Kid Coding Movement: An Agenda…



128

dents would be expected to exercise the same problem-solving strategies in other 
domains with greater independence. Following the preparation for future learning 
paradigm, researchers would evaluate students’ success at transferring learning 
from each lesson both into and out of the next; and classroom observations would 
help examine the conditions and experiences that enabled or failed to enable trans-
fer for particular students.

Beyond paper-and-pencil measures of problem-solving, other developments that 
have taken place in psychology since the 1980s might be of tremendous aid in this 
program of research. For instance, researchers could examine whether Dweck’s 
measures of mastery orientation (Dweck, 2000) align with persistence at debugging 
in programming in other domains—which according to the claims of kid coding 
advocates, they should.

7.4  Conclusion

Today’s kid coding movement has tremendous public relations and political momen-
tum; but it is driven almost exclusively by corporate interests and functional ratio-
nality, and assumptions about transfer that learning scientists today consider naively 
optimistic. In this respect, its intellectual foundations are notably flabbier than those 
that undergirded the kid coding movement of the 1980s, which themselves failed to 
find decisive empirical support using the methods available in that day. Despite the 
tremendous growth of the computing industry since Papert’s publication of 
Mindstorms, evidence for the relevance of coding for a broad swath of students is 
both as relevant and as absent now as ever, because it is still not possible for every 
child taught coding today to find use for programming in their future studies or the 
workforce. Now as in the 1980s, computational thinking has to translate into some-
thing other than programming skill in order to be socially valued in the long run.

Learning scientists now have at their disposal a much richer theoretical and 
methodological toolkit than was available in the 1980s to evaluate the broad rele-
vance of computational thinking. The time is long past for us to step up and put this 
toolkit to use. Advocates of kid coding have been waiting a long time for a resur-
gence in public enthusiasm about computing science; but the current enthusiasm is 
fragile. Like the LOGO movement that came before it, the current computational 
thinking movement could fade quickly if parents and government officials get the 
sense that time spent coding in schools is not well spent. At some point, and possi-
bly soon, empirical evidence will be demanded. Learning scientists should take this 
moment as an opportunity to demonstrate the worth of the theoretical and method-
ological tools that they have developed since the 1980s, and possibly put the kid 
coding movement on a stronger and more defensible intellectual foundation.
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Chapter 8
Beyond Isolated Competencies: 
Computational Literacy in an Elementary 
Science Classroom

Amanda C. Dickes and Amy Voss Farris

Abstract This work arises from the concern that investigations into children’s 
computing have largely focused on learning to code as an isolated competency. This 
approach frames technology as a means to an end and unnecessarily narrows con-
ceptual activity in the classroom to the (re)production of computational abstrac-
tions. Our approach is to argue for considering computational modeling and 
programming as part of a larger ensemble of STEM work in the elementary class-
room, broadening and deepening what it means to code to include multiple forms 
and genres of representations. The distinction between focusing on computing as an 
isolated competency and our approach can be understood in light of diSessa’s dis-
tinction between “material intelligence” and “literacies.” DiSessa (2001) argued 
that while material intelligence can be understood as meaningful use of a technol-
ogy, literacies are a lens through which we create, understand, and communicate 
with the world. It is our view that in elementary classrooms, computational model-
ing and programming can cease to exist merely as material intelligence and become 
a core component of scientific practice, particularly when activity is structured in 
certain ways.
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In the decades since their emergence in the late 1970s, personal computers have 
transformed nearly every aspect of human society and culture (diSessa, 2001; Maloy 
& LaRoche, 2014). A once-in-several-centuries innovation (Simon, 1983), comput-
ers have revolutionized disciplines such as science, engineering, and communica-
tion (diSessa, 2001; Woolf, 2010; Vee, 2013) and, more recently, have continued to 
diversify into such fields as art (Peppler & Kafai, 2005), architecture (Vee, 2013), 
and history (Maloy & LaRoche, 2014). Notable scholars have attributed the impact 
of computing and computers to what Papert (1980) has called their richness of 
material. Computers, as Papert notes, are “objects-to-think-with” (p. 11), providing 
a powerful frame through which users can represent and engage with the world.

Given this impact on culture and society, it is unsurprising that leading educa-
tional scholars have long argued for computational thinking, an analytic problem 
solving and design approach fundamental to computing (Wing, 2006), to be an 
essential focus of K12 curriculum (diSessa, 2001; Papert, 1980; Repenning, 
Basawapatna, & Klymkowsky, 2013; Sengupta, Kinnebrew, Basu, Biswas, & Clark, 
2013; Weintrop et al., 2016; Wilensky, 1995; Wing, 2008). Computational thinking 
is included as an essential practice for science, technology, engineering, and math 
(STEM) education in the Next Generation Science Standards (NGSS, 2013). 
However, studies have shown that curricular integration of computational thinking 
and modeling is a complex and challenging endeavor (Basu et al., 2016; Lye & Koh, 
2014; Barr & Stephenson, 2011; diSessa, 1991; Sherin, diSessa, & Hammer, 1993; 
Guzdial, 1994) which involves the introduction and adoption of new literacies (e.g., 
programming) to both teachers and students, alongside disciplinary ideas and prac-
tices that students already find challenging to understand (Sengupta et al., 2013).

In this chapter, we present one account of how computing was successfully inte-
grated as part of a larger ensemble of STEM activity within a third-grade classroom. 
We report a study in which a third-grade teacher, in partnership with researchers, 
integrated an agent-based programming and modeling tool called ViMAP with her 
regular STEM curriculum over the course of an entire academic year. In-depth anal-
ysis of Emma’s teaching, classroom discourse, and activity around ViMAP demon-
strates how she positioned computing in ways that broadened and deepened 
computational experiences to include multiple forms and genres of representations 
beyond the (re)production of computational abstractions. Over time, Emma came to 
see coding as increasingly valuable and teachable (diSessa, 2001), and computing, 
in combination with other non-computational forms of activity, became an integral 
component of meaning construction, communication, and transformation in the 
STEM classroom. In turn, these supported students’ learning in programming, 
mathematical reasoning, and scientific modeling in a reflexive (Sengupta et  al., 
2013; Kafai & Harel, 1991) manner. Emma’s work is an example of how an elemen-
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tary teacher without a background in computing began to support her students in 
transdisciplinary computational literacy.

8.1  Computational Literacy

Technology structures much of our daily lives, and shapes our actions and interac-
tions with the world around us (Vee, 2013). Given technology’s ubiquity in modern 
economies and workforces, scholars and educators have prioritized helping young 
people become computational thinkers who can expertly respond to an increasingly 
digital world (Barr & Stephenson, 2011). As a result, efforts to integrate computa-
tional thinking (Wing, 2006, 2008) into K12 STEM curricula have gained momen-
tum (Grover & Pea, 2013a). However, as several scholars have argued (Sengupta, 
Dickes, & Farris, 2018; Lye & Koh, 2014; Grover & Pea, 2013b), current trends to 
integrate computing within K12 STEM overemphasize programming as the key to 
learning (e.g., Computer Science for All, 2016; ISTE, 2018; NRC, 2012), and, in 
particular, place a greater emphasis on learning the isolated technicalities of pro-
gramming than on developing learners’ understandings of themselves with relation 
to the technological world.

The present emphasis on developing “computational thinking skills” in comput-
ing (Computer Science for All, 2016) undermines Papert’s (1980) original vision of 
computers as cognitive partners in learning and instead positions them as delivery 
mediums of isolated technical knowledge outside of the broader learning culture. 
This positioning unnecessarily narrows conceptual activity in the classroom to tool 
use and the (re)production of computational abstractions (Sengupta et al., 2018). 
Papert (1987) cautioned against technocentrism in educational computing, and his 
critique of classroom computing as “treatment” rather than “culture” (1987, p. 24), 
we believe, can be understood in light of diSessa’s (2001) distinction between the 
roles that material intelligences and literacies play in knowledge production.

8.1.1  Pillars of Computational Literacy

DiSessa (2001) has argued that no computational technology is revolutionary unless 
it becomes transformed from a material intelligence into a literacy. DiSessa 
describes material intelligence as the deployment of skills and capabilities with 
computational technologies. In other words, material intelligence positions the 
computer as an instrument, a “thing in itself” (Papert, 1987, p. 24) which, if used 
intelligently, may deliver benefits to the user. Literacies, however, involve more than 
tool use. Literacies allow people to negotiate their world (Vee, 2013) through their 
impact on a wide variety of contexts, both mundane and profound (Holyoak, 1991; 
diSessa, 2001). DiSessa argues that while individuals greatly benefit from material 
intelligences, it is through literacies that knowledge is both influenced and generated.
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Material intelligences transform into literacies when they become infrastructural 
to a society’s communicative practices (diSessa, 2001). That is, there is widespread 
ability to compose and interpret with that technology, what diSessa terms “two- 
way” literacy. DiSessa (2001) and other scholars (Street, 1984; Vee, 2013) have 
argued that literacy of any form involves an interplay between material, cognitive, 
and social dimensions. Investigating each of these dimensions as well as their inter-
actions in K12 settings can help us understand the nature of computational literacy 
and how to support it in K12 classrooms. The material dimension of literacy involves 
creating and modifying symbolic systems (e.g., coding) as well as physical comput-
ing (e.g., microcontrollers and 3D printers). Developing expertise along the material 
dimension in turn involves developing expertise along the cognitive dimension 
(e.g., learning to use programming commands and computational abstractions such 
as data structures). The social dimension is omnipresent. Learning—as well as 
manipulations and transformations of materials—occurs in specific social contexts 
where complex social forces of innovation, adoption, and interdependence trans-
form material intelligences into literacies (diSessa, 2001; Street, 1984; Vee, 2013).

8.1.2  Supporting Literacy Through Heterogeneity of Coding 
Experiences

What does this mean for research on integrating computational thinking and model-
ing with science curricula in the elementary grades? We (Sengupta et  al., 2018; 
Sengupta, Dickes & Farris, forthcoming) have argued that the experience of coding 
in STEM is inherently heterogeneous: Computing in STEM disciplines requires 
engagement with “multiple forms and genres of representations” beyond the repro-
duction of computational abstractions (Sengupta et al., 2018, p. 55). In the work of 
STEM, these representations might include, but are not limited to, mathematical 
representations and embodied and physical modeling experiences. For example, 
when students create computational models of the motion of an object, their com-
putational work is interdependent with mathematical descriptions of the motion sce-
nario they intend to model as well as their physical and/or embodied investigations 
of the phenomenon. Such heterogeneity in representation, we feel, broadens and 
deepens what is means to code in the K12 classroom by creating contexts for com-
plex forms of experience which are grounded in the epistemic and representational 
work of science (Sengupta, Dickes & Farris, forthcoming; Farris, Dickes & 
Sengupta, 2019; Sengupta et al., 2013) and expanding the representational space 
within which teachers with no prior coding experience can integrate coding as part 
of their regular instruction (Dickes et al, 2019; Sengupta et al., 2018).

Our work also extends the argument that coding in the K12 STEM classroom is 
a dialogue that is emergent and unfolds within the production of knowledge in 
 distributed social and material systems (Sengupta et al., forthcoming). Drawing on 
Bakhtin’s dialogism, we argue that predominant views––in which children’s coding 
artifacts are seen as the products of isolated material competency––stand to “lose 
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insight into the dialogicality through which [coding artifacts] are shaped” and more 
importantly, “the dialogue those artifacts [continue to] shape or [are] about to shape” 
(Sengupta et al., forthcoming). In other words, designing a computational artifact 
should not merely culminate in the artifact itself; a dialogic view argues that the 
artifact, once designed, continues as part of an authentic and reflective dialogue 
grounded in the context of the use that it was designed for.

Unfortunately, modern K12 computing initiatives largely mirror the trouble with 
technocentrism that Papert (1987) critiqued: learners use commands and control 
structures to learn something about programming as a tool for abstraction and auto-
mation (Wing, 2008). However, what is worth abstracting and automating and for 
what ends are rarely questions learners are asked to grapple with. Instead, the focus 
is largely on mastery of “computational thinking” for problems and tasks that are 
invented by the designers of the system. There is little opportunity for students to 
use programming to represent or solve a problem or task that is not already a com-
putational problem. A dialogic stance––in which students have opportunities to 
reflect in or on their own practices––is essential because it makes way for the learner 
to become enmeshed in the process of production towards their own goals (Sengupta 
et al., forthcoming).

Given diSessa’s distinction between intelligence and literacy and Sengupta and 
colleagues’ dialogic view, our goal in this paper is to demonstrate how reframing edu-
cational computing; not, as a dialogic and heterogeneous form of experience (Sengupta 
et al., 2018, forthcoming) can help to integrate diSessa’s three pillars of computational 
literacy in the elementary STEM classroom. In this chapter, students use program-
ming in ways that are scientifically relevant and also give them new ways to talk about 
and represent the world around them. That is, programming was used as a literacy 
through which students negotiated, thought about and represented the real world in 
ways that were deeply rooted in the social and material spheres of the class.

To this end, this chapter specifically investigates the following research questions:

 1. How did students conceptual work with ViMAP progress from a material intel-
ligence to a literacy during the course of instruction?

 2. How did the classroom teacher facilitate this progression? Specifically, what 
instructional moves helped to situate work with ViMAP as part of a larger 
ensemble of STEM work in the classroom?

8.2  Method

8.2.1  The Programming Environment

We used ViMAP (Sengupta et al., 2015), an agent-based, visual programming lan-
guage that uses the NetLogo modeling platform as its simulation engine (Wilensky, 
1999). In ViMAP (Fig. 8.1), users construct programs using a drag-and-drop inter-
face to control the behaviors of one or more computational objects. In terms of 
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Fig. 8.1 ViMAP’s measurement window and programming interface. Figure illustrates the pro-
gram for generating a regular octagon, the enactment by the turtle agent, and graphical representa-
tions of length of each line segment (graph on lower left) and perimeter (graph on top left)

qualities of cognitive partners (Kim & Reeves, 2007), learning in ViMAP is both 
flexible and open. It carries both general and specific expertise by supporting 
student- driven investigations across the domains of mathematics, science, and com-
puting through interaction with domain-specific and domain-general programming 
commands. ViMAP also has a graphing feature which allows learners to design 
mathematical measures based on periodic measurements of object-specific (e.g., 
speed, distance, energy) and aggregate-level variables (e.g., number of agents).

Figure 8.1 above depicts a prototypical program (and graph) for a regular octa-
gon and is similar to the kinds of programs learners built early in the academic year. 
In the setup procedure (not shown), the learner has placed the command “pen down” 
and “set step size 40” in the construction window. These commands instruct the 
turtle agent to move forward a distance of 40 units each step, marking each step with 
a solid green line. In the “go” procedure (shown in Fig. 8.1), the learner has placed 
two “place measure point” commands (one outside the repeat block and one inside) 
plus a “go forward” and “right 45” within a “repeat 8” block. When the program is 
run, the shape shown on the right is drawn and bar graphs measuring perimeter (top) 
and length of side (bottom) are generated.

8.2.2  Setting and Participants

This study was conducted over the course of 7 months in a third-grade classroom. 
The school is a public charter school with a student composition that is 99% African- 
American and is located in a large metropolitan school district in the southeastern 
United States. Fifteen students—fourteen African-American and one Latino—par-
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ticipated in this study. The learning activities in this study were divided into two 
phases: Phase I (Geometry) and Phase II (Kinematics) and are described below in 
Table 8.1. Instruction during Phase I focused on shape drawing and the interpreta-
tion of graphs. Phase II focused on the invention and interpretation of mathematical 
measures and using ViMAP as a way to explain a real-life phenomenon involving 
motion (e.g., walking at a constant rate or two cars traveling at different rates for 
different periods of time). Researchers met weekly with the classroom teacher and 
iteratively co-designed the classroom activities.

The classroom teacher taught all lessons with the exception of initial shape draw-
ing activities. During implementation, the classroom teacher often improvised 
instructional methods, connecting inscriptions and representational forms from 
other domains (e.g., mathematics) with the work students were doing on 
ViMAP. These improvisations were often made based on the classroom teacher’s 
formal and informal assessments of student understanding of the material or in-the- 
moment responses to student ideas. Any adjustments to the activities often took the 
form of extending instructional time on a topic, and modifying the designed 
 classroom materials to better meet mandated instructional goals. Our study focuses 
on how the teacher adapted and employed this approach as a way to integrate pro-
gramming as one element of a larger ensemble of scientific activity within the class-
room which in turn assisted in transforming code from an isolated technical 
competency to a literacy.

Table 8.1 Summary of learning activities during Phases I and II

Phase Activity Description

Phase 
I

Shape drawing Students work in pairs writing rules and creating ViMAP 
programs for drawing squares, triangles, and circles

Regular polygons Students derive a formula for finding the exterior angle of 
regular polygons (# of sides/360) and use that formula to 
draw any regular shape in ViMAP

Congruent shapes Students program congruent shapes in ViMAP
Perimeter Students use ViMAP’s graphing function to find the 

perimeter of geometric shapes. Students discuss how ViMAP 
graphs are “unfolded” polygons

Phase 
II

Leaving footprints Students leave ink footprints on banner paper
Generating measures Students iteratively develop, apply, test, and refine a 

measurement of distance termed a “step size”
Collecting step-size data Students use the “step size” measurement convention to 

measure their personal step sizes
Modeling step sizes in 
ViMAP

Students model their personal step sizes in ViMAP. Total 
distance graphs and predictions using ViMAP’s grapher are 
generated and discussed

Modeling motion as a 
process of continuous 
change

Students model motion scenarios in ViMAP and check the 
validity of those models using ViMAP’s grapher and the total 
distance equation
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8.2.3  Data and Analysis

Data for this work comes from informal interviews with the participants, video 
recordings of class activities and discussion, student artifacts (e.g., student repre-
sentations; activity sheets; ViMAP models; and pre-, mid, and post-assessments), 
reflective interviews with the classroom teacher, and daily field notes. During 
instruction, the lead researcher and the classroom teacher conducted informal inter-
views during opportune moments while the students were engaged in single, pair, or 
small group work around modeling and representational activities. Classes were 
video recorded, and student-created artifacts (ViMAP models, written work) were 
also collected.

We present a qualitative, thematic analysis (Corbin & Strauss, 1990) of the data 
at different points during Phase I and II, with the goal of identifying how the class-
room teacher’s actions and interactions around ViMAP facilitated the integration of 
programming as an integral component of STEM practice in the classroom. 
Specifically, we investigate how the heterogeneity of activity supported by the class-
room teacher positioned coding as one way (among others in the classroom) of 
knowing and representing real phenomena, thereby deepening students’ mathemati-
cal and scientific work and allowing different dimensions of computational literacy 
to thrive in the classroom. We present this analysis in the form of three illustrative 
instructional episodes which make explicit how the classroom teacher’s focus on 
heterogeneity of representation shifted students conceptual work with ViMAP from 
an intelligence (Episode 1) to a nascent literacy (Episode 3). Following diSessa 
(2001) and Berland (2016), these dimensions are summarized in Table 8.2. Each 
episode highlights the structure of activity, student conceptual work, and critical 
instructional moves by the classroom teacher’s (possessive) which together sup-
ported the gradual take-up of code as a meaning making lens in the classroom.

Table 8.2 Dimensions of computational literacy

Dimension Definition Description in practice

Literacy Material 
intelligence

Material Manipulation of external 
signs, symbols, 
depictions, and 
representations

Making things with computation

Cognitive What the human mind 
does in the presence of 
such external symbols 
and representations

The ability to think about 
problems, contexts, and the 
world in terms of what 
computation can and cannot do

Social The social context within 
which the material 
systems of computing 
are manipulated and 
adopted

The ability to identify and 
discuss the socially accepted 
ways of articulating meaning as 
well as understand what you and 
others need from computational 
artifacts
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8.3  Findings

8.3.1  Episode I: Programming as a New Expression of Third 
Grade Mathematics

Phase I began by introducing students to the ViMAP programming and modeling 
language through shape drawing activities. Students worked in pairs to write rules 
for drawing squares, triangles, and circles (e.g., go forward 5 steps, turn right 90°, 
go forward 5 steps, etc.) and translated those rules into ViMAP programs (see 
Fig. 8.1 for an example of a similar program). These activities were designed by the 
researchers and were primarily taught by the first author. This does not mean, how-
ever, that Emma’s role as the teacher was sidelined. During these early shape build-
ing tasks, Emma often worked with small groups to expand the representational 
space of classroom activity by connecting ViMAP’s representations of geometric 
shapes (e.g., written code) to embodied actions outside of the computer. Emma’s 
move to reframe activity within the computer as embodied actions outside of the 
computer helped students see the problem space from multiple perspectives, and as 
we discuss in Episode II, supported students in transferring programming work in 
ViMAP to a novel, isomorphic problem space.

Classroom discourse during early shape drawing activities primarily focused on 
understanding how manipulations of the ViMAP programming blocks (such as 
increasing or decreasing lengths of sides and changing angles) caused predictable 
changes in geometric shapes. It is worth noting that during these early activities, 
programming itself was the end product of knowledge, rather than a representa-
tional component of scientific exploration in the classroom. Put simply, program-
ming was an isolated competency with instruction largely focused on small 
manipulations of simple programs. Emma initiated two key instructional moves that 
altered this trajectory towards programming becoming a competency that was inte-
grated with other goals of the course.

During shape drawing tasks, Emma observed how control structures such as a 
repeat loop could be reframed as a representation of multiplicative reasoning. In an 
interaction with a student, Kendra, Emma asked Kendra to compare the number of 
commands, or rules, needed to make a square using the repeat loop versus the num-
ber of commands needed without a repeat loop. Kendra noticed that you needed 
eight rules to make a square without a repeat loop and only two with a repeat loop. 
Emma pointed to Kendra’s repeat block, and asked Kendra to think about the num-
ber of repeat loops (4) in her program. Kendra realized her non-repeat and repeat 
programs for generating a square were equivalent, telling Emma that “four times 
two equals the eight commands [in the non-repeat program].” Emma challenged 
Kendra to think of another way to “make a square” and Kendra produced a ViMAP 
program using a repeat two with four commands in the repeat loop. What Emma 
termed Kendra’s “three ways to make a square” are shown in Fig. 8.2.

Following her interaction with Kendra, Emma approached the lead author with 
several ideas for future work with ViMAP. In particular, she suggested enhancing 
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Fig. 8.2 Kendra’s three solutions to “making a square”

mandated curricular goals in mathematics by using ViMAP to instantiate mathemat-
ical abstractions such as regular polygons, which in turn supported greater opportu-
nities for students to engage with programming, mathematics, and later science in 
more authentic ways. Emma was a key architect of these new mathematics activities 
with ViMAP and, from that point forward, took over the lead instructional role from 
the first author.

We feel that this episode is critical to the development of computational literacy 
in the classroom for several reasons. First, it demonstrates how reframing program-
ming as mathematics was a productive pedagogical lens for the classroom teacher. 
Emma, to use her words, saw “so much math” in ViMAP and used connections to 
mandated curricular goals in mathematics to more authentically integrate work with 
ViMAP within her instruction. In Changing Minds (2001), diSessa argues that the 
adoption of new literacies is dependent upon individuals, and particularly educa-
tors, finding those literacies valuable enough and useful enough to be worth the 
tremendous effort to teach to everyone. By reframing mathematical concepts and 
phenomena such as multiplicative reasoning and regular polygons as coding, pro-
gramming became valuable and useful to Emma, and, because it was valuable, she 
designed opportunities to use programming as a problem-solving and representa-
tional tool in the classroom.

Emma’s push to reframe classroom work with ViMAP as mathematics had 
another beneficial consequence. Integrating programming within third grade math-
ematics lessons shifted programming from an isolated competency to a nascent 
material intelligence within the class. Beyond just making shapes with program-
ming, students were exploring and thinking through mathematical problems with 
programming. Critical to our research, Emma herself recognized the reflexivity 
(Kafai & Harel, 1991) between programming and math (and, in Phase II, program-
ming and science) and took an active role in designing and teaching lessons which 
supported integrations with elementary content areas.
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Emma’s work to support more authentic integrations of programming by expand-
ing the representational space of third grade mathematics and science to include 
both computational and non-computational representations continued into the next 
phase of student activity, Phase II Kinematics, which we discuss below.

8.3.2  Episode II: Reasoning Across Different Instantiations 
of the Same Phenomenon

Instruction during Phase II began with an investigation of animal tracks. Using the 
richly illustrated children’s book “Wild Tracks! A Guide to Nature’s Footprints” 
(Arnosky, 2008), Emma and her students discussed how animal footprints were 
data-laden. Among the ideas offered by students and privileged by Emma were ani-
mal tracks as histories of “where [the animal] started [moving] and where [the ani-
mal] stopped.” Emma emphasized footprints as measurable objects and a credible 
account of the behavior of the footprint-leaver. In particular, Emma and her students 
hypothesized that footprints carried information on the rate (“how fast or slow it 
went”) and distance traveled by an agent, a conjecture that students would devote all 
of Phase II investigating.

Following this discussion, Emma asked her students to create an embodied arti-
fact: their own footprints inked onto a strip of banner paper. Guided by Emma, 
students invented a measurement convention, which they termed a “step-size” and 
used this measurement convention to measure and record their own step sizes which 
they then modeled in ViMAP. Additional work during Phase II focused on selection 
of “approximate” step-size values (Emma and the student’s term for typical values) 
and repeating those values to derive a formula for calculating unknown total dis-
tances (Approximate Step Size x Number of Steps = Total Distance). This formula 
was later applied to an isomorphic problem space, constant speed, and translated 
into its more recognizable form: Rate x Time = Distance. Emma co-designed Phase 
II activities with the lead author and taught all lessons. Her instruction emphasized 
developing normative criteria for what counted as “good” measures and models of 
motion, and meaningfully framing coding as a language of science through the 
design of measures and multiple forms of modeling, such as those described above.

Case 1 In the first case, a student, Angelo, has used ViMAP to find how far he 
could walk if he took 20 steps of approximately 15 units in length. Prior to the inter-
action between Angelo and the researcher in Table 8.3, Emma had given the class 
the challenge of finding their total distance walked at 10 steps, 15 steps, and 20 
steps. She had purposely selected numbers “too big to add up one by one” to “force” 
students to use programming to solve the problem. In a conversation with the lead 
author, Emma mentioned she wanted students to use ViMAP to solve the problem 
because she wanted her students to understand that ViMAP had the power to model 
movement they (her students) had not actually walked. Prior kinematics however 
lessons were entirely focused on using ViMAP to re-represent embodied actions, 
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Table 8.3 Angelo uses ViMAP to “Know”

Utterance Line

Researcher How far did you walk after taking 15 steps? 1
Angelo 300 distance 2
Researcher That’s exactly right 3
Angelo So, if somebody bet that I won’t make it farther than 100 I know that I will 4
Researcher That’s right. That’s how a formula for approximate distance can help you 5

If someone said “I bet Angelo would only walk 150 inches in 15 steps,” but 6
you knew what your approximate step size was, could you prove them 7
wrong? 8

Angelo Yes 9
Researcher How? 10
Angelo I could look at my graph 11
Researcher Or you could do what? 12
Angelo I could use a calculator. Fifteen times 20 equals 300 13

this lesson designed by Emma was the first to model what Emma called “unknown 
distances.” Table 8.3 illustrates one student’s interpretation of his 20-step ViMAP 
model. The student, Angelo, interprets his ViMAP model as a means to “win a bet.” 
Angelo comments in line 4 that if someone bet him that he would only travel less 
than or equal to 100 units of distance, he would know that they were wrong based 
on his ViMAP program. Angelo’s ViMAP program is shown in Fig. 8.3.

We feel this first case demonstrates how Emma’s focus on including multiple, 
heterogeneous forms of representation and models was crucial in supporting stu-
dents representational and epistemic work in science. During Phase II, students 
computational work to discretize motion as a process of continuous change was 
interdependent with their embodied actions (footprints) and mathematical descrip-
tions of the phenomena (steps size x number of steps =  total distance traveled): 
students used their bodies to discretize motion into literal “steps,” reconstructed that 
motion by repeating typical step-size values to define motion algebraically, and 
finally programmed motion to represent movement computationally. In the case 
above, Angelo’s program demonstrates that he is able to mathematically summarize 
discrete values to program and model continuous patterns of change. Additionally, 
he describes that ViMAP is how he “know[s].” Epistemologically, this is a signifi-
cant move. We believe that Angelo’s explanation of “betting” and “knowing” is his 
intuitive way of explaining how ViMAP, as a programming and modeling tool, has 
epistemic and representational power that can help him find unknown solutions (to 
borrow Emma’s language) to real problems.

Case 2 Our second illustrative case demonstrates how ViMAP, as a representa-
tional tool, had become infrastructural to classroom STEM work. Near the end of 
Phase II, students could easily solve “step-size” problems, prompting Emma to 
extend students’ work with step sizes into isomorphic problem spaces of rate, dis-
tance, and time, what Emma termed a “real world problem.” Extending student 
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Fig. 8.3 Angelo’s ViMAP model

step-size work in ViMAP to more general problems of rate and distance was accom-
plished, in large part, by Emma’s careful attention to the heterogeneity of the repre-
sentational infrastructure and design of productive ways to harness those different 
elements to make both science and computing intuitive and authentic for students.

Emma began explorations of rate by returning to embodied enactments of speed 
and distance. She asked her students to consider “who walked faster,” a student who 
walked five steps with a step size of 10 or a student who walked five steps with a 
step size of 15? Two students volunteered to embody the fictitious students in 
Emma’s hypothetical scenario and walked five steps each (one 10 and 15) at the 
head of the classroom. Before this demonstration, students had hypothesized that 
the student with a step size of 15 was “faster,” but they had difficultly explaining in 
mathematical terms why that might be the case. During the demonstration, students 
noticed that the student with a step size of 15 traveled further in the same amount 
steps, and, with Emma’s help, defined “speed” as distance traveled in one step and 
“faster” as more distance traveled in one step.

In order to extend these ideas to canonical rate, distance and time problems, 
Emma asked her students if “cars (or other things that move) took steps.” Students 
responded that while cars did not “walk” as they themselves could, they did move 
at a set “speed,” which, after the demonstration at the front of the class, students 
could now formalize as distance per step. Emma then introduced her “real world” 
problem, in which students were asked to determine which of two cars, Car 1 or Car 
2, traveled further during a 4-h period of time. Car 1 traveled at a speed of 45 mph 
for 3 h. Car 2, on the other hand, traveled at a speed of 35 mph for 4 h. Emma pre-
sented the problem to students and told them to “ViMAP it.” A sample student 
program and solution to the two-car problem is presented below in Fig. 8.4.

Students’ solutions to the two-car problem demonstrate how programming, as 
part of an ensemble of representational and epistemic work in STEM, helped stu-
dents represent and talk about the real world. It is worth commenting, however, that 
time was a difficult construct for students.
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Fig. 8.4 A student’s solution to the two-car problem using ViMAP

Students proved proficient in solving the two-car problem with ViMAP and other 
rate problems designed by Emma, but experienced difficulty formally re- representing 
“number of steps” as time in the standard rate equation even though they intuitively 
used repeat loops to represent time in their ViMAP programs. We do not view this 
as necessarily problematic and hypothesize that the ease with which students solved 
rate problems using ViMAP was, in large part, attributable to the work Emma had 
done deconstructing, representing, re-constructing, and finally re-representing 
motion in the classroom. Students had deeply experienced motion as a phenome-
non—both inside and outside of the computer—and the forms of knowledge they 
had acquired made it possible to adapt those schemes to novel situations 
(Vergnaud, 2009).

In light of diSessa’s distinctions between material intelligences and literacies, we 
also feel this case shows how work with ViMAP had become infrastructural to the 
class’ communicative practices in science. In the two-car problem, Emma’s use of 
the phrase “ViMAP it” as an instructional directive suggests how integrated pro-
gramming and ViMAP had become to how students reasoned through scientific 
phenomena. As diSessa (2001) and Vee (2013) argue, the critical distinction between 
a material intelligence and a literacy is the positioning of material technologies as 
central to a community’s social and communicative practices. This is particularly 
evident in the fact that the phrase “ViMAP it” would carry little meaning to those 
outside of the classroom community.
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8.3.3  Episode III: Considering Audience and Communicative 
Function of Models

Students ended their investigations of motion with a final activity that presented 
students with three equivalent models of motion, each designed to privilege the ele-
ments––code, enactment, and grapher––of ViMAP’s representational space. 
Emma’s goal with this task was to encourage students to think about how ViMAP 
communicated information about motion. Students organized themselves into three 
groups, and each group was given one of the models. While in their groups, Emma 
asked her students to summarize the motion (i.e., identify the rate and total distance 
traveled and provide evidence for how you know) as well as consider how a novice 
might engage with the different representational elements.

In each model, the turtle agent traveled a total distance of 120. In the first model, 
the turtle made eight right turns of 110° and did not include a “place measure point” 
command. Thus, no graphs of motion were generated by the program. In the second 
model, the code represented motion as a straight line marked with measure flags, 
but the students were only asked to interpret the code and the agent enactment. The 
third model was equivalent to the second model, but the students in Group 3 were 
also asked to interpret ViMAP’s graphs of motion. The different models provided to 
student groups are shown in Fig. 8.5.

The discussion that occurred within and across groups during this activity sug-
gests that students had developed proficiency reasoning across ViMAP’s different 
representational forms, but that they had also established community norms on the 
quality of ViMAP models. All groups, regardless of the model they had been given, 
successfully determined the total distance traveled by the turtle agent. Group 1 
(model 1) mentioned that the “turns didn’t matter,” they simply added “8 fifteen 
times” to find the correct total distance. Group 2 (model 2) used a method similar to 
Group 1, but noted that there was a second solution to the problem. They pointed out 

Fig. 8.5 Three models of motion

8 Beyond Isolated Competencies: Computational Literacy…



146

that you could “count the flags” to know how many steps the turtle had gone. Group 
3 (model 3) felt they had the “easiest” model because it included a graph. They 
pointed to the last column in the graph as the solution and mentioned that nothing 
else, including the code, was needed to solve the problem. When Emma asked stu-
dents to evaluate which of the three models was the “best,” students agreed that 
Group 3’s model was “the best” because you could quickly and easily solve for both 
speed (length of first bar in graph) and total distance by interpreting the graph. 
Graphs, then, were seen as the indicator of the mathematical quality of models of 
motion and were valued by students for their communicative power.

When asked to consider how individuals unfamiliar with ViMAP might interact 
with each model of motion, students reasoned that novices would have difficulty 
interpreting the ViMAP enactment as well as the actual ViMAP code. One student, 
Martin, explained to the class that he felt that a novice unfamiliar with ViMAP as a 
modeling tool would be unable to interpret the turtle enactment as it related to the 
phenomena, remarking that if novices “look at the [enactment and code] it wouldn’t 
be understandable.” He underscored the communicative quality of canonical bar 
graphs, remarking that “if [novices] look at the graph, they will know [the solution 
to the problem],” mirroring Angelo’s phrasing from earlier in the year.

This episode highlights an important development in students’ epistemological 
work in science. The development of normative criteria around the mathematical 
quality of models makes it clear that computing had become a critical component of 
the learning culture in science, and that within this culture students had come to 
value and assess the different ways ViMAP helped you talk about and show motion 
phenomenon. By the end of phase II, students had developed fluency across the dif-
ferent representational components of ViMAP. This is evident in their ability to 
easily discern multiple solutions to the same problem (using repeat, measure flags 
and graphs to find total distance) and ignore facts unrelated to the problem under 
investigation (turn angles). Moreover, this episode demonstrates that students, 
guided by Emma, had begun to consider the social context within which the repre-
sentational systems of computing are manipulated and adopted (diSessa, 2001) by 
identifying and discussing socially accepted ways of articulating meaning (graphs) 
as well as understanding how others might interact with these computational arti-
facts (Berland, 2016). In the process of recognizing what was “hard” for novices, 
Emma and her students settled upon what they considered a universal representation 
of meaning—graphs.

DiSessa (2001) argues that for literacies to be considered as such the meaning- 
production practices of a community must involve interactions between the mate-
rial, cognitive, and social dimensions described earlier in this chapter. In the episode 
described above, the material elements of programming (ViMAP’s code, enactment 
and graphs) were each evaluated based on what they could or could not show (cog-
nitive dimension) based on socially defined and accepted ways of articulating mean-
ing within both the classroom and broader communities of practice (social 
dimension). We feel that over the course of Phase II, Emma’s focus on representa-
tional heterogeneity—i.e., developing and integrating diverse forms of modeling—
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allowed for complex social forces of innovation and adoption to transform work 
with ViMAP from isolated technical work to an integral component of representa-
tional and epistemic work in STEM, and thus a literacy.

8.4  Discussion

In this chapter, we have demonstrated how the integration of computing as part of 
an ensemble of STEM work in the elementary classroom involves careful consider-
ation of the complex interplay among materials (both computational and non- 
computational), cognition, and classroom culture. We argue that this integration 
supports a transition from computing as isolated material intelligences to part of the 
broader culture of learning within the elementary STEM classroom. So, why should 
we endeavor to support integration of computing as literacy rather than isolated 
material intelligences in the STEM classroom?

Our prior work has argued that reducing code to the (re)production of symbolic 
forms leaves out several important elements of the experience of coding such as 
“seeing the same code from different perspectives, designing code for others, and 
talking about and interpreting code” (Sengupta et al., forthcoming). In most research 
on educational computing, the experience of code is often limited to the code cre-
ated by students, leaving teachers and students with few opportunities to experience 
code beyond the ways designed by educational researchers. As Heidegger (1977) 
cautions, neither technology (or code), nor how it enframes (p. 19) the world around 
us, is the issue here, but rather our relationship to technology as the only frame 
through which we experience the world. The world can show or reveal itself to us in 
different ways, and attention to different ways of showing and knowing can help us 
recognize that technology is itself one of these ways, but, as Stenner (1998) argues, 
it is only one.

Reproduction of symbolic forms (material intelligences) falls into the enframing 
trap by limiting our interaction with objects to only questions of what those objects 
can and cannot do for us, echoing Papert’s (1988) critique of an “information cen-
tered” (p.  5) approach to educational computing. Literacies, on the other hand, 
interact with objects (materials) within cultural contexts, bringing multiple 
 perspectives into contact with one another and thereby expanding, rather than con-
stricting, the ways in which we perceive and interact with reality. In our work, we 
have reimagined classroom computing as a fundamentally heterogeneous activity.  
That is, the meaning of computation, in Heideggerian terms, is not necessarily 
“technological”; instead it becomes reframed through complementary forms of 
modeling, such as embodied and physical modeling. This distribution of heteroge-
neous forms for sense-making creates contexts in which students’ representational 
and epistemic work is transformative for both the teacher and the students in terms 
of the development of their epistemologies about the relationships among reality, 
scientific representation, and programming as ways of making sense of and explain-
ing the world.
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Chapter 9
Development of a CDIO Framework 
for Elementary Computational Thinking

Stephanie Hladik, Laleh Behjat, and Anders Nygren

Abstract Computational thinking involves using computer science concepts to 
design systems, find solutions to problems, and understand human behavior. Recent 
reports recommend the addition of computational thinking into K-6 education, and 
computational thinking has been taught in different learning environments, includ-
ing formal and informal environments, and has also been taught alongside 
 engineering design thinking. The CDIO Initiative includes a Conceive-Design-
Implement-Design process, which can be adapted for use in guiding computational 
thinking activities at the elementary (K-6) level. This chapter draws on a phenom-
enological approach to computational thinking to provide the justification and 
method for adapting the C-D-I-O design process for teaching K-6 computational 
thinking. It also describes the design requirements and methods for creating four 
scaffolded computational thinking activities, which are discussed in detail. For each 
design, the connection with computational thinking concepts and the proposed 
framework are provided. This chapter also includes a discussion of the scaffolding 
techniques between the activities, and how the fading of scaffolding was used to 
improve learning and confidence. By drawing upon a phenomenological approach 
to computational thinking, we can make rooms for different ways of knowing and 
representation in computational thinking education to better connect with students’ 
lived experiences.
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9.1  Introduction

Computational thinking was first defined by Jeannette Wing in 2006 as a form of 
thinking that involves “solving problems, designing systems, and understanding 
human behavior, by drawing on the concepts fundamental to computer science” 
(Wing, 2006, p. 33). As research into the inclusion of computational thinking and 
coding in K-12 classrooms has grown, teachers and researchers have found ways to 
include computational thinking in formal learning environments by utilizing com-
putational thinking’s links to science and math (Sengupta et  al., 2015; Weintrop 
et  al., 2016; Wilkerson-Jerde, Wagh, & Wilensky, 2015). These researchers have 
also argued that the contextualization of computational thinking in the form of cur-
ricular activities requires careful attention (Sengupta et  al., 2015; Sengupta, 
Kinnebrew, Basu, Biswas, & Clark, 2013; Weintrop et al., 2016; Wilkerson-Jerde 
et al., 2015). The link between computational thinking and design thinking (Lee 
et  al., 2011; Sengupta et  al., 2013; Weintrop et  al., 2016) allows for established 
design thinking frameworks to provide structure and support for integrating compu-
tational thinking activities into elementary classrooms. Additionally, by drawing 
upon a phenomenological approach to computational thinking (Sengupta, Dickes, 
& Farris, 2018), we can make rooms for different ways of knowing and representa-
tion in computational thinking education to better connect with students’ lived 
experiences.

This chapter proposes a new framework for computational thinking in K-6 
through modification of the existing Conceive-Design-Implement-Operate design 
process in the CDIO post-secondary engineering education framework (Crawley, 
Malmqvist, Östlund, & Brodeur, 2014). The goals of the modified framework are to 
support the development of computational thinking activities appropriate for K-6 
classrooms and encourage implementation of these activities by elementary teach-
ers. In this chapter, we present a pedagogical approach for appropriating the 
Conceive-Design-Implement-Operate (CDIO) design process for teaching compu-
tational thinking in K-6 classrooms. To illustrate our design approach, we present 
descriptions of four activities developed using this framework, including their 
design requirements and connections to the modified framework, as well as discus-
sion of relevant scaffolds.

9.2  Background

9.2.1  Computational Thinking in K-12

Brennan and Resnick (2012) argued that computational thinking should be under-
stood in terms of concepts, practices, and perspectives. It is also noteworthy that as 
Sengupta et al. (2013) argued, abstractions and concepts in computational thinking 
are only evident in the form of contextualized representations of code. Along similar 
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lines, Brennan and Resnick (2012) also argued that concepts in computational 
thinking are evident in how programmers represent sequences, loops, parallelism, 
events, conditionals, operators, and data in their code. Computational thinking also 
involves using problem-solving practices such as being incremental and iterative, 
and abstracting and modularizing (Brennan & Resnick, 2012). Finally, computa-
tional thinking perspectives highlight how computational thinkers connect to the 
world around them, by expressing themselves, connecting with new audiences, and 
questioning the technological world (Brennan & Resnick, 2012).

Computational thinking has been taught in both formal and informal learning 
settings. Informal spaces such as after school clubs (Kafai, Fields, & Burke, 2008), 
public spaces (Sengupta & Shanahan, 2017), and museums (Horn, Leong, & Block, 
2012) can be designed to support learning activities for computational thinking. In 
the context of K-12 classrooms, researchers have also argued that the contextualiza-
tion of computational thinking in the form of curricular activities in Science and 
Math requires careful attention so that epistemic and representational practices 
associated with computational thinking can be reflexively integrated with the disci-
plinary learning (Sengupta et al. 2013, 2015; Weintrop et al., 2016; Wilkerson-Jerde 
et  al., 2015). Some recommendations have been made by Lye and Koh (2014) 
regarding teaching computational thinking in K-12, such as designing authentic 
learning activities to which the students can relate their prior experiences, creating 
prompts for reflection, and including scaffolding techniques to reduce frustration, 
such as highlighting important features, managing carefully the degrees of freedom 
of the activity, and demonstrating the activity (Lye & Koh, 2014).

As Sengupta et al. (2013) argued, if we want children to develop computational 
thinking, we need to provide students with opportunities to create authentic compu-
tational representations, because representational work and computational thinking 
go hand-in-hand. It is therefore no surprise that the emphasis on integration of CT 
with STEM classrooms has resulted in the development of both new technologies 
and curricular activities. Weintrop et  al. (2016) created various lesson plans and 
activities which tied to high school physics, biology, chemistry, and mathematics. 
For example, students investigated how different video games used the laws of 
physics, or used an interactive simulation to understand how properties of a gas 
(such as volume, temperature, and pressure) affect its behavior and interactions. 
Wilkerson-Jerde designed the DeltaTick simulation interface for NetLogo 
(Wilensky, 1999) using which middle and high school students can model animal 
populations in ecosystems to better understand natural selection and population 
dynamics (Wilkerson-Jerde et al., 2015). Sengupta and colleagues developed spe-
cialized programming languages—ViMAP (Sengupta & Farris, 2012; Sengupta 
et al., 2015) and CTSiM (Sengupta et al., 2013)—for elementary students to intro-
duce them to computational modeling of kinematics and ecology.

However, integrating computational thinking with science and math curricular 
topics through computational modeling is only one way to integrate computational 
thinking into elementary classrooms. The work presented in this chapter is grounded 
in a somewhat different perspective anchored in engineering education. We present 
a pedagogical framing of computational thinking in K-12 classrooms as experiences 
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that encompass multiple disciplinary forms in the elementary classroom without 
necessarily being committed to only mathematics and science curricular topics. 
Similar to Sengupta et al. (2018), we adopt a phenomenological approach which 
foregrounds the richness and complexity of learning experiences over cognitivist 
views of computing and computational thinking. At the heart of this approach, as 
Sengupta et al. (2018) have argued, is the emphasis on interpretive and intersubjec-
tive experiences that learners and teachers can engage in using multiple forms of 
computing (e.g., material, virtual, and embodied modeling), rather than only focus-
ing on the use of virtual symbolic abstractions (e.g., use of specific data structures 
in SCRATCH programs) as the signature of learning. As Sengupta et  al. (2018) 
argued, such a phenomenological approach can challenge a technocentric (Papert, 
1987) view of learning computing, in which assessments of learning are focused on 
the technological “products” of learning (e.g., computer programs), rather than 
focusing on the richness of learning experiences.

A notable example of such a pedagogical approach can be found in the work of 
Danish (2014), who argued that research on educational computing need to move 
beyond the capabilities of the programming language and consider aspects such as 
embodiment and representational and participatory activities. Danish (2014) used 
activity theory to design a series of interrelated activities to support student under-
standing of honeybees, including representing bees in drawings or sculptures, act-
ing out (embodying) the behavior of these bees, and exploring the BeeSign 
simulation to understand hive behaviors. In this way, he progressed away from a 
technocentric approach which reduces classroom activities (and discussion of those 
activities) to the use of the programming language or simulation. Instead, his work 
mirrored the call for a phenomenological approach to computing (Sengupta et al., 
2018) by including representational work and embodied learning as a way to con-
nect with students’ lived experiences (see also Lee & Wilkerson, 2018). In this way, 
computational thinking can become transdisciplinary, taking place across different 
disciplinary contexts, and incorporating different ways of knowing.

To summarize, in order to challenge a technocentric approach to computational 
thinking education, we must consider embodiment, narratives, and artistic represen-
tations as ways to engage students and teachers in computing. Merleau-Ponty 
(1962) defined “sense experience” as “that vital communication with the world 
which makes it present as a familiar setting of our life” (Merleau-Ponty, 1962, 
p. 61). Challenging a technocentric approach to computational thinking can lead to 
new sense experiences (Merleau-Ponty, 1962) of computational thinking by locat-
ing it in familiar settings and interactions in the lives of both students and teachers. 
As well, by doing so coding and computational thinking can extend beyond the 
computer and become part of the lived world of the students. Our goal is to provide 
a pedagogical approach for elementary classrooms that leverages these insights, 
grounded in the CDIO framework, which we explain next.
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9.2.2  CDIO Initiative

The Worldwide CDIO Initiative is a framework developed by educators at the 
Massachusetts Institute for Technology to guide post-secondary engineering educa-
tion (CDIO, 2017c; Crawley et al., 2014). This framework has a vision for engineer-
ing education that includes teaching technical skills alongside professional skills 
such as communication and teamwork and featuring active and experiential learning 
through design-built-test projects for students at all levels (CDIO, 2017b). The 
CDIO Syllabus was created which includes a breakdown of attributes and skills that 
are desirable in engineers, and this syllabus can be used to develop teaching materi-
als and assessments (Crawley, Lucas, Malmqvist, & Brodeur, 2011; Crawley et al., 
2014). For example, some of the main topics of the syllabus include having a strong 
engineering knowledge base, understanding ethics and equity in engineering, culti-
vating good communication and teamwork skills, and using the Conceive-Design- 
Implement-Operate design process when completing engineering projects.

9.2.2.1  Conceive-Design-Implement-Operate

Sections 4.3 to 4.6 of the CDIO Syllabus detail the attributes of the Conceive- 
Design- Implement-Operate design process (CDIO, 2017a). This design process has 
been used in a variety of design-build-test projects at both the post-secondary and 
K-12 levels. Table 9.1 shows the breakdown of this design process into the second 
and third levels of detail (CDIO, 2017a). A fourth level of detail specifying the top-
ics for each third level category can be found online in the full CDIO Syllabus 
(CDIO, 2017a).

The Conceive-Design-Implement-Operate design process can be understood 
through the example of designing and releasing a smartphone app for food delivery. 
The first step in the design process is to conceive whatever is being designed and 
built. The engineers should understand the opportunities and needs of their client 
and consider what are their requirements for the app, and set goals. In this stage the 
engineer should also consider what the necessary functions of the app are (such as 
connecting to GPS to determine a location, or access to the speaker to call the food 
delivery person) and what the overall architecture and layout of the app would be. 
The conceive step also includes basic project management with respect to project 
cost, performance, and schedule. The design stage is where the engineers will use 
the design process to come up with an initial design for the app, consider alterna-
tives and risks with those designs, complete prototypes and mock-ups of the app, 
and settle on a final design. These designs take into account not only technical 
knowledge (how to write the code), but also creative thinking and utilization of prior 
work in the field, such as looking at existing apps or services. The engineers should 
also consider safety of the app (does it store credit card numbers?), aesthetics (a nice 
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Table 9.1 Sections 4.3.X to 4.6.X of the CDIO syllabus

4.3—Conceiving, 
Systems, and 
Engineering 
Management 4.4—Designing 4.5—Implementing 4.6—Operating

4.3.1—
Understanding needs 
and setting goals
4.3.2—Defining 
function, concept and 
architecture
4.3.3—System 
engineering, 
modeling and 
interfaces
4.3.4—Development 
Project Management

4.4.1—The design process
4.4.2—The design process 
phrasing and approaches
4.4.3—Utilization of 
knowledge in design
4.4.4—Disciplinary design
4.4.5—Multidisciplinary 
design
4.4.6—Design for 
sustainability, safety, 
aesthetics, operability and 
other objectives

4.5.1—Designing a 
sustainable 
implementation 
process
4.5.2—Hardware 
manufacturing 
process
4.5.3—Software 
implementing 
process
4.5.4—Hardware 
software integration
4.5.5—Test, 
verification, 
validation and 
certification
4.5.6—
Implementation 
management

4.6.1—Designing 
and optimizing 
sustainable and safe 
operations
4.6.2—Training and 
operations
4.6.3—Supporting 
the system life cycle
4.6.4—System 
improvement and 
evolution
4.6.5—Disposal and 
life-end issues
4.6.6—Operations 
management

color scheme and intuitive layout), and any environmental impacts. Next, the engi-
neers will implement the app by working through the software implementation 
 process of breaking down the code into functions and modules, designing algo-
rithms, and ensuring each part of the app’s code works together. This step is where 
they would test their app on multiple devices and operating systems, and validate 
that the app’s performance meets the customer’s standards. Finally, the operating 
step is where engineers must consider what training is necessary for customers to 
use the app, how it will be updated (automatically? Downloaded from an app 
store?), and brainstorm possible improvements or updates.

9.2.2.2  Application of CDIO to K-12 Education

The CDIO Syllabus has been used outside of post-secondary engineering programs, 
including at the K-12 level. Eleven-year-old students in Sweden took part in an egg- 
drop challenge which highlighted design-built-test skills (Traff, Wedel, Gustafsson, 
& Malmqvist, 2007). The C-D-I-O design process was used to create and imple-
ment activities to meet learning outcomes around electricity at the grade 5 level 
(Marasco & Behjat, 2013). Finally, the CDIO Syllabus has also been used to train 
K-12 teachers. Post-secondary students in a B.Sc in Science and Technology 
Education program used the CDIO approach to balance engineering fundamentals 
with pedagogy and teaching practice (Verner, 2015).
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9.3  Designing a CDIO-Based Approach for Computational 
Thinking in Elementary Classrooms

9.3.1  Bridging Epistemology and Practice

As outlined in previous sections, this work is epistemologically committed to phe-
nomenological approaches for computational thinking. Sengupta et al. (2018) cen-
ter their argument around the idea of sense experience (Merleau-Ponty, 1962). 
Merleau-Ponty argues that “sense experience… invests the quality with vital value, 
grasping it first in its meaning for us, for that heavy mass which is our body, whence 
it comes about that it always involves a reference to the body” (Merleau-Ponty, 
1962, p. 61). He describes sense experience as a way in which our thoughts and 
understandings of objects and concepts can change due to their interactions with our 
senses. Sengupta et al.’s (2018) concern is that because recent approaches to teach-
ing computational thinking and coding in K-12 education have centered around a 
particular programming language, application, or platform, such approaches can 
become disconnected from learners’ sense experiences, thus creating a gap between 
their lived experiences in the world and what they believe coding to be. In order to 
explore students’ sense experiences with coding, we should consider aspects of 
materiality and subjectivity to be important parts of computing.

Additionally, Sengupta et  al. (2018) highlight “the importance of grounding 
computational thinking in representational and epistemic practices that are central 
to knowing and doing in science and, more broadly, in STEM education” (p. 51). 
They critique commonly held decontextualized notions of abstraction in computa-
tional thinking and argue that contextualization is key to a phenomenological 
approach to computational thinking. Professional computer scientists typically cre-
ate and apply abstractions to a particular design goal or context in professional 
practice (Schmidt, 2006). What does this mean for young learners new to comput-
ing? We believe that engaging in authentic computational work demands that their 
use of computational abstractions and representations be grounded in rich disciplin-
ary and representational work, that in turn is valued as part of their everyday class-
room activities. In the elementary classroom, such activities could include writing a 
story or creating a piece of digital artwork. Even outside of STEM-specific activi-
ties, students can engage in CT-practices of modeling, decomposition, and verifica-
tion that are key to problem-solving in scientific, engineering, and mathematical 
disciplines (Weintrop et al., 2016; Sengupta et al., 2013).

In the context of STEM education, a phenomenological approach to computing 
and computational thinking draws upon the science as practice perspective (Lehrer, 
2009; Pickering, 1995). Pickering (1995) describes the “mangle of practice” as the 
ways in which scientists investigate by using theories and instruments, on one hand, 
to study a natural world that they expect to perform in a certain way. This is a 
dynamical interaction between material (instruments and the natural world) and 
human agency (Lehrer, 2009; Pickering, 1995), and something that learners in com-
puting must deal with as they theorize and refine their models. They must manage 
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this uncertainty as best they can, by making subjective decisions based on their 
experiences. The mangle of materiality, agency, and uncertainty is not something to 
be eliminated from computational thinking education, but instead is something that 
should be considered a fundamental aspect of the learning experience in computing.

In order to incorporate these phenomenological elements of sense experience, 
contextual work, and the mangle of science and practice into computational think-
ing, we should consider a framework from engineering education which centers 
these aspects in practice.

9.3.2  CDIO: A Practice-Based Approach for Engineering 
Education

By using the Conceive-Design-Implement-Operate framework from the CDIO 
Initiative, we are able to make explicit our commitments to a phenomenological 
approach to computational thinking. One of the biggest strengths of the C-D-I-O 
framework is that it widens the scope of a computational thinking activity beyond a 
simple task that invites learners to write code to solve a problem. In the conceive 
step, learners must set their own goals and requirements and develop some level of 
project management. By asking learners to specify their own goals and require-
ments, they will come to understand the mangle of practice as they begin to work 
through the activity—their needs and goals will affect the work they try to do, which 
in turn may cause them to reflect on and change their original assumptions. This 
mangle will also be affected by both the knowledge and tools they choose to use, 
both of which play key roles in the C-D-I-O process.

Additionally, by specifically asking learners to set their own goals within an 
open-ended, creative project, they are able to align computational thinking directly 
with their interests. This alignment helps learners connect computational thinking 
with their own personal sense experiences of the world; as illustrated in the activi-
ties later in this chapter, learners may create a narrative of a scene in their lives, or 
create a piece of artwork that they find aesthetically pleasing. Their computational 
work is then also contextually situated in their lives. Rather than computational 
abstractions, loops and conditional statements become key aspects of their narra-
tives or dances, grounded in their personal and embodied experiences. Again, these 
personal connections are only possible because the C-D-I-O framework provides 
space for them to conceive their own “problems to solve” in the form of puzzles, 
stories, or dance.

The iterative nature of the C-D-I-O design process helps learners to understand 
the dynamical relationships between their goals, the tools they use, and what they 
are trying to create. By moving beyond design-implement activities that have them 
solving pre-specified problems, learners are able to contextualize computational 
thinking in sense experiences that are meaningful to them. For these reasons, the 
CDIO framework is an excellent place to start for the creation of a modified 
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 framework for computational thinking that is epistemologically committed to a phe-
nomenological approach.

9.3.3  Creating the Modified Framework

Creating the modified CDIO framework required an in-depth look at the Conceive, 
Design, Implement, and Operate steps of the design process. To do so, a consulta-
tion of the online CDIO Syllabus (CDIO, 2017a) was required to break down each 
C-D-I-O step into its specific topics. Next, various sources were consulted to deter-
mine a traditional teaching approach for how to solve programming problems. Each 
source has similar steps, and a 7-step approach for solving programming problems 
from Cornell University (and used in an introduction to programming course on the 
online platform Coursera) was chosen as it encapsulated all of the steps and was 
intended for an audience with little to no programming experience, which is in line 
with the intended users of this framework: teachers and students who may not have 
any prior experience with computational thinking (Hilton & Bracy, 2015). This 
7-step approach was mapped against the C-D-I-O steps, which led to the discovery 
that each of the 7 steps fits into the Design step of the C-D-I-O process. That result 
made it clear that in order to create open-ended problems based on the entire 
Conceive-Design-Implement-Operate design process, it would be necessary to 
move beyond simply solving programming problems to creative assignments with 
open-ended questions. Other resources to guide the creation of the framework were 
various computational thinking syllabi from organizations and countries which 
include it in their elementary curriculum, which led to the inclusion of topics such 
as digital literacy and digital citizenship.

In order to be applicable to the scope of an elementary school project, some top-
ics in the original C-D-I-O design process were removed, such as disposal issues, 
detailed project management, and system engineering. As well, since this frame-
work is intended for computational thinking activities that do not require any digital 
technology, topics related to hardware were also stripped, though it should be noted 
that those topics may be applicable to some activities that do make use of digital 
technology and hardware such as robotics kits. Finally, the technical language used 
in the CDIO Syllabus was not appropriate for K-6 students or teachers without an 
engineering background, and therefore terminology was simplified.

9.3.4  A Phenomenological Approach for Designing 
CDIO- Based Learning Activities

We used the Modified CDIO Framework for K-6 Computational Thinking to design 
four computational thinking activities. Our underlying commitment to a phenome-
nological approach was evident in the ways in which we advocated the use of digital 
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technologies, our choice of the programming language, our emphasis on cross- 
curricular application, and on attending to the importance of discourse among stu-
dents, embodied reasoning, and aesthetic experiences (Sengupta et al., 2018).

Different schools may have different levels of access to technology; one school 
may have a single computer lab for the entire student population, where another 
may have a cart of laptops for each grade, or even each class. Therefore, it was 
important to design some activities which did not require the use of digital technol-
ogy such as laptops or tablets. As well, having device-less computational thinking 
activities expands the context of computational thinking beyond programming on a 
laptop and into various daily activities, such as dancing or cooking a meal. By 
including computational thinking activities which do not solely rely on using pro-
gramming languages, we move away from a technocentric approach to computa-
tional thinking. This distinction will also help teachers connect computational 
thinking with students’ sense experiences (Merleau-Ponty, 1962), reframing famil-
iar settings and activities as sites in which computational thinking can be explored 
and understood, and in turn making computational thinking more familiar and 
accessible to them. Finally, we believe that untethering computational thinking 
from programming languages also makes it more likely for teachers to connect it 
with other subjects in the school curriculum.

The second design requirement was the selection of appropriate programming 
languages. In order to be applicable to students of all ages, as well as provide ade-
quate scaffolding between activities, block-based and text-based programming lan-
guages were used in two different activities. One activity uses Scratch, MIT’s 
block-based programming language that is well-known in the K-12 environment 
(Sáez-López, Román-González, & Vázquez-Cano, 2016; Vaca Cárdenas et  al., 
2015). Scratch is known to be a “low floor, high ceiling” programming language, 
which means that though little knowledge is needed to create a basic programming, 
it is possible to create technically advanced projects as well (Papert, 1980). Finally, 
block-based programming languages remove syntax constraints which may be frus-
trating for students who are just learning how to read and write (Lye & Koh, 2014). 
The second activity uses the processing programming language, which is an open- 
source text language based on Java (Processing, 2017). Processing was chosen as it 
has the tools to create visual output of shapes and colors using few lines of code. As 
well, it can provide a good stepping stone for teachers and students who want to 
move on to Android or Arduino development.

It has been shown that students may be losing interest in STEM subjects as early 
as grade 5 (Arnot, James, Gray, Rudduck, & Duveen, 1998; Bussiere, Cartwright, & 
Knighton, 2004). Creating opportunities to learn and use computational thinking 
outside of the context of traditional STEM subjects may increase student interest in 
the subject, especially if it ties to subjects such as sports, fine arts, or digital media 
(Guzdial, 2009; Marasco, 2013). Working within arts-related subjects can provide 
students with more opportunities to explore ideas of aesthetics in their work 
(Azevedo, 2018; Farris & Sengupta, 2016). As well, cross-curricular connections 
with other mandatory subjects including English Language Arts and social studies 
provide the potential for teachers to teach multiple topics at the same time, and 
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emphasize the connections between computational thinking and other subjects. This 
saves time for teachers, as they do not have to fit a new, non-mandatory subject into 
their already packed curricula.

9.4  Illustrative Examples of CDIO Activities for Supporting 
Computational Thinking

The proposed Modified CDIO Framework for K-6 Computational Thinking can be 
found in Table 9.2. The left column of the table contains the third level of detail of 
the Conceive-Design-Implement-Operate design process from the CDIO Syllabus. 
The right column contains the new proposed framework. Specific topics and attri-
butes of K-6 computational thinking projects for each attribute of the C-D-I-O 
design process are listed, as well as some questions that can guide the completion of 
the project. These topics are directly related to the fourth level of detail of the C-D- 
I-O design process from the CDIO Syllabus; some of the topics are directly included, 
while others are changed to be made more specific to computational thinking.

It can be seen from this framework that computational thinking projects for K-6 
students can contain all four of the Conceive-Design-Implement-Operate design 
steps. As well, the framework not only includes the “coding” part of the activity, but 
also puts emphasis on knowing exactly what the code needs to do, designing the 
code, and what happens when the code is finished (such as considering whether oth-
ers need training to view the final product, or acknowledging the role of digital citi-
zenship and safety when posting online). The next section of this chapter will detail 
the connections between this proposed modified CDIO framework and the four 
developed computational thinking activities.

9.4.1  Programming Puzzles

Programming Puzzles is an activity that introduces students to basic computational 
thinking concepts of sequences and conditional statements, and the practices of 
being incremental and iterative and debugging. Both Programming Puzzles and the 
second activity are activities which do not use electronic devices, as it has been 
shown that conducting programming and modeling activities outside the computer 
can greatly facilitate the adoption of programming (Sengupta et  al., 2015). 
Programming Puzzles begins with a discussion about computers, hardware vs. soft-
ware, and how different robots or electronic devices may have different “instruc-
tions” in their programming that help them accomplish different tasks according to 
their design. The hands-on activity begins with the group being split into pairs, and 
each pair is given a set of colored paper squares (white, green, red, and blue) and an 
animal figurine. The students will use the colored squares to create a maze, which 
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Table 9.2 Proposed modified CDIO framework for K-6 computational thinking

CDIO Syllabus 2.0 (Engineering)
Computational thinking/programming for K-6 
(Proposed)

4.3—Conceiving
4.3.1—Understanding needs and setting 
goals

–Define the problem to be solved
–Determine what the program/algorithm needs to 
do
–Performance metric/rubric (how will we know if it 
worked?)
–Societal context

4.3.2—Defining function, concept, and 
architecture

–What functions are needed
–Determine what technology to use

4.3.3—System engineering, modeling, 
and interfaces
4.3.4—Development project management –Consider schedules, time limits

–Allocate resources, both human and technological
–Consider risks and alternatives

4.4—Designing
4.4.1—The design process –Requirements for each element or component 

derived from system level goals and requirements
–Alternatives in design
–The initial design
–Life cycle consideration in design
–Experimental prototypes and test articles in design 
development
–Appropriate optimization in the presence of 
constraints
–Iteration until convergence
–The final design
–Accommodation of changing requirements

4.4.2—The design process phrasing and 
approaches
4.4.3—Utilization of knowledge in design –Use technical and scientific knowledge

–Different types of thinking, including problem 
solving, inquiry, creative thinking, critical thinking
–Consider standardization
–Using prior work (reusing code)

4.4.4—Disciplinary design –Consider the appropriate programing language
–Model the task/program (i.e., pretend to be the 
robot, step through the program)

4.4.5—Multidisciplinary design –Interactions between disciplines
4.4.6—Design for sustainability, safety, 
aesthetics, operability and other objectives

–Reliability
–Consider sustainability, safety
–Digital literacy/citizenship
–Code readability, is it easy to understand? 
(aesthetics)

4.5—Implementing
4.5.1—Designing a sustainable 
implementation process

(continued)
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Table 9.2 (continued)

CDIO Syllabus 2.0 (Engineering)
Computational thinking/programming for K-6 
(Proposed)

4.5.2—Hardware manufacturing process
4.5.3—Software implementation process –The breakdown of high-level components into 

module designs (including algorithms and data 
structures)
–Algorithms (data structures, control flow, data 
flow)
–The programming language and paradigms
–The low-level design (coding)
–The system build

4.5.4—Hardware software integration
4.5.5—Test, verification, validation and 
certification

–Does it work according to the design?
–Does it solve the problem?

4.5.6—Implementation management –Consider process improvements: Was there a 
better way to do the programming?

4.6—Operating
4.6.1—Designing and optimizing 
sustainable and safe operations

–Sustainable, safe, secure operation
–Digital literacy/citizenship

4.6.2—Training and operations –Training to use final product
4.6.3—Supporting the system life cycle
4.6.4—System improvement and 
evolution

–Consider ways to improve the product

4.6.5—Disposal and life-end issues
4.6.6—Operations management

will be a pattern of squares starting on green and ending on red, with some white 
and blue squares in the middle. Squares must be aligned properly such that there is 
a clear path, and diagonal movement is not allowed. Next, the students will need to 
write the instructions for the animal figurine to reach the end. However, they are 
choosing from a limited set of commands: forwards, backwards, left, right, and 
“special,” where the “special” instruction is for use on the blue squares only: the 
animal will make its noise. Once the pair has their maze and instructions complete, 
they scramble the maze and their instructions to another pair. Those students have 
to try and recreate the other pair’s maze using only their written instructions. An 
example of a programming puzzle and its instructions is included in Fig. 9.1.

This activity highlights the importance of correct instructions (through testing 
and modeling) and their clear communication though words or pictures. 
Programming Puzzles is cross-curricular with mathematics concepts such as pattern 
creation. Programming Puzzles can also be completed in a life-sized manner, with 
larger squares and using students to walk through the maze rather than animal figu-
rines, which gives it cross-curricular ties with physical education and embodied 
ways of knowing. Previous research has shown that even young learners can under-
stand complex systems and agent-based modeling through explanations and activi-
ties which make use of the child’s embodied actions (Danish, 2014; Papert, 1980; 
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Fig. 9.1 Programming puzzle example

Sengupta et al., 2018), just as Papert (1980) described young children thinking like/
with the turtle when creating LOGO programs.

While Programming Puzzles is a simple activity, it uses all four of the C-D-I-O 
steps. Students need to conceive what the maze will look like, understand restric-
tions on movement, commands, and materials, and know the purpose of the algo-
rithm that they will be writing. Next, they design the maze by considering different 
layouts and using creativity, working through a small activity, modeling the maze 
using their figurine, and choosing a way to write their instructions (top to bottom, 
left to right, arrows, or words). In the implement stage, they break the maze into 
parts and write the code, testing as they go to ensure it is correct. Finally, they oper-
ate the maze by seeing if others can accurately follow their code, if any training is 
required (if they used alternate commands), and if the maze or commands can be 
improved.

9.4.2  Teach a Robot to Dance

Teach a Robot to Dance is an activity that requires no digital technology other than 
an internet connection to watch a video. It adds the concepts of program control in 
the form of loops and events to the sequences and conditional statements from 
Programming Puzzles. The basis of this activity is that a choreographed dance can 
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be a great example of computational thinking: it has a series of steps executed in 
order, which may include repeated actions or events, such as starting a new part of 
the dance when the song reaches the chorus. In this way, the dance becomes an 
enactment of thought through embodied movement (Danish, 2014; Hwang & Roth, 
2011; Papert, 1980). To highlight the connections to computational thinking, the 
activity begins with the viewing of a popular song with a specific dance, such as La 
Macarena or the chicken dance. The students then have to write code, or instruc-
tions, of how to complete the dance. This part of the activity will emphasize specific 
instructions; “put hand out” does not tell the dancer exactly what to do, while “put 
right hand out at shoulder height, palm facing up” does. Another option for this part 
of the activity would be to have pre-made blocks with the necessary instructions 
which would then need to be put into the correct order for the dance. To connect 
with the future Scratch Stories activity, these blocks can be color coded to match 
Scratch’s blocks (i.e., blue for movement, orange for events, etc.). Example blocks 
used in grade 1–3 classrooms are shown in Fig. 9.2.

Once students have had practice in writing specific, detailed instructions for a 
dance, they are separated into groups, and each group will create their own dance to 
a song. They can either write down their instructions using words, or for younger 
students, pre-made dance move blocks can be used to create the dance. They will 
have time to practice their dance and refine their instructions, and should be using 
multiple computational thinking practices such as being incremental and iterative in 
breaking the song down and practicing different parts together, testing as they go, 
and even reusing or remixing dance steps from an official or fan-made video. 
Finally, once their dance is finished, groups will switch dances to see if they can 
follow another group’s instructions to accurately perform their dance in a dance 
party setting. This activity ties into cross-curricular learning outcomes in physical 

Fig. 9.2 “Teach a Robot to Dance” cards for pre-reader students
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education and music/dance, two popular hobbies for grade 5 students (Marasco, 
2013), which can help those students connect computational thinking with their 
interests. Like Programming Puzzles, this activity is another example of using 
embodied modeling and programming to introduce programming to young stu-
dents, which has been shown to deepen understanding of programming and model-
ing concepts (Danish, 2014; Farris, Dickes, & Sengupta, 2016; Hwang & Roth, 
2011; Papert, 1980; Sengupta et al., 2015).

In Teach a Robot to Dance, students must conceive the factors that will affect 
their dance, such as the number of people in the group, the song to use, its length, 
and if the dance moves are appropriate for all students (i.e., if a student is on 
crutches). They must also decide how to tell if their instructions are “good enough,” 
or how many mistakes in the final presentation are still acceptable. Next, they design 
the dance by brainstorming dance moves, pulling in material from videos online or 
other sources, and determining the exact wording that would make their desired 
dance moves unambiguous and easy to follow. While implementing the dance, it 
would be broken into sections (i.e., verse vs. chorus) and into each line of the song, 
figuring out the dance moves for each line before putting it all together and making 
sure the dance moves flow into each other, and that the timing makes sense. They 
can also check with other students outside of their group to make sure their written 
words accurately reflect what they are doing. Finally, they consider operating their 
dance by ensuring each dancer knows when to start or how long to do certain moves, 
brainstorming how the dance can be changed or improved, or considering digital 
citizenship, privacy, and intellectual property if they were to put up a video of their 
dance online.

Teach a Robot to Dance was the favorite activity of most of the teachers who 
implemented these activities in their classrooms. The overall atmosphere was ener-
getic and even slightly chaotic: students ran from dance to dance, trying them out 
even as they requested a new song. For grade 1–3 classrooms, I printed out some 
common dance moves on cards (as shown in Fig.  9.2), and also provided blank 
cards for students to write their own dance moves. One aspect of the activity that 
was particularly interesting was the way in which students used and modified these 
cards. They followed popular trends (such as “dabbing”), but also discussed with 
their partners and other students the best way to verbalize or draw the particular 
dance move they wanted others to do. Additionally, some students even modified 
the blocks to include elements of parallelism that were not present in the original 
activity. If students wanted others to jump and spin at the same time (a popular 
combination), they used different representations to get that meaning across. For 
example, some students used a blank card and wrote “at same time” and put it above 
those two dance moves. Others simply stacked the cards they wanted dancers to 
execute simultaneously. At that point, we had not even touched upon the idea of 
parallelism in the class discussions, but the students’ lived experiences and desires 
pushed them to find novel ways to represent parallelism in order to create the dance 
they were imagining.
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9.4.3  Scratch Stories

Scratch Stories is the first developed activity which uses computers to write code. In 
this case, MIT’s Scratch was chosen as the programming language as it is block- 
based, which makes it a good starting point for younger students while also acting 
as a stepping stone to more complicated text-based programming languages. The 
use of Scratch to introduce young students to computational thinking and program-
ming is well documented (Brennan & Resnick, 2012; Kafai et al., 2008; Lye & Koh, 
2014; Meerbaum-Salant, Armoni, & Ben-Ari, 2013; Sáez-López et al., 2016; Vaca 
Cárdenas et al., 2015).

Before beginning this activity, students should be introduced to Scratch, either 
through direct instruction or pre-made videos. These tutorials should cover the 
basics of the Scratch environment, sprite movement, control using loops and events, 
and conditional statements and control. Scratch Stories is a cross-curricular activity 
in which students use computational thinking to write a story that has a beginning, 
middle, and end. Teachers can set additional requirements and constraints, such as 
a maximum number of characters, minimum number of scenes, or a central topic or 
theme. Scratch Stories allows learners to create their own narratives and connect to 
personal experiences or imaginary worlds through computing. In Fig. 9.3, a student 
explains their program to me, showing how their code choices affect the movement 
of the characters and the overall story.

Scratch Stories provides complete coverage of the computational thinking con-
cepts, as students will use sequences, loops, events, parallelism, conditionals, oper-
ators, and data. They will also need to use the computational thinking practices to 
break down their story into pieces, work incrementally, and test and debug their 
story. Finally, these stories provide a medium through which students can express 

Fig. 9.3 Student Scratch Story example
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themselves, connect with others, and question the role of technology in storytelling 
and other aspects of their lives. Scratch Stories can also be modified for younger or 
pre-reader students by using the app Scratch Jr. rather than the online version of 
Scratch. Scratch Jr. has many of the same features of Scratch, including back-
grounds, characters, and programming blocks for movement, looks, sounds, and 
control including loops. The selection of blocks is more limited, and meanings for 
each block are conveyed through pictures rather than written words.

Scratch Stories provides a good environment for practicing the C-D-I-O steps of 
the new K-6 framework for computational thinking in a larger-scale project. First, 
students need to conceive what the story will be about: what is the setting, what will 
the characters need to be able to do? If the teacher has not given specific goals, the 
students can set some for themselves, whether it is a time limit (i.e., story need to be 
at least 1 min long), or simple enjoyment of the final product. In the design step, 
students should break down their story into scenes, and those scenes into actions for 
each character. They can model each scene from the point of view of each character; 
what do they need to do, in what order? Students can also consider different plot 
developments based on the blocks available, and use creativity to use new blocks 
they have not seen in the tutorials. This step also encourages students to reuse code, 
either from their previous Scratch projects or online Scratch projects from other 
Scratchers. The implement step of the process is where everything comes together: 
code for each scene, scene changes, costume changes, and timing. Testing and 
debugging will be necessary to make sure everything lines up properly (e.g., that 
characters wait their turns to talk in a conversation). As well, the implement step is 
where students can check to make sure their story can be “reset” properly. Since 
Scratch sprites do not return to their starting positions automatically when the code 
finishes running, that is something the students will need to build into their stories. 
Finally, students will operate their stories, and the stories of others, by ensuring that 
others can figure out how to make the story actions take place (by clicking the flag, 
clicking a sprite, hitting a key, etc.) and thinking of ways their stories can be 
improved or extended. Digital citizenship and privacy also play a role here, as stu-
dents have the option to upload their project publicly to the Scratch website.

9.4.4  Processing Art

The final activity developed using the modified CDIO framework for K-6 computa-
tional thinking is called Processing Art. Using the open-source, Java-based pro-
gramming language of processing, students will create interactive digital artwork. 
This is made simple in Processing thanks to its built-in functions for shapes and 
color. Processing has been shown to be a good language for creating simple simula-
tions and models which can then be “hacked” by beginner programmers, such as 
creating a simulation which depicts flocking of birds and then allowing individuals 
to modify certain values in the code, changing their behavior (Sengupta & Shanahan, 
2017). By creating artwork, learners create personal representations of computing 
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and consider aesthetic and emotional ways of knowing (Farris & Sengupta, 2016; 
Wickman, 2017) that can then be translated into code.

Similar to the Scratch Stories activity, students should first be given an introduc-
tion to the Processing programming language, with a set of video tutorials showing 
commands for basic shapes and colors and use of the draw() function to make the 
artwork interactive. For example, a shape could change colors when it is clicked, or 
another shape could follow the mouse on the screen. This interactivity is mainly due 
to the nature of the draw() function, as it is run in a loop once the setup of the pro-
gram is complete. Values in the loop can be updated on each iteration to change 
color shades or positions of shapes. As well, conditional statements can be incorpo-
rated by checking to see if the mouse has been clicked or a key has been pressed. To 
help facilitate the jump from block-based programming to text-based programming, 
students are encouraged to look at the various tutorials, examples, and reference 
sheets on the Processing website. While it is important to note that a text-based 
programming language may be too difficult for many elementary school children, it 
was chosen to give context to how the skills they have developed in prior activities 
apply to a more traditional programming language. As well, in the setting of a pro-
fessional development workshop for teachers, it gives teachers practice with a tool 
that may be more complicated than those used in class, to help strengthen their 
confidence in their skills with Scratch and the previous activities, as well as connect 
to their previous notions of what coding is.

Making a piece of art using Processing requires the use of the C-D-I-O design 
steps. Students will conceive what their art will look like by getting a feel for the 
different shape and color functions available. They should also think about how the 
art will be “graded,” or what their goals are: to use a certain number of different 
shapes? To have at least one interactive component? In this activity, it is also impor-
tant that students think about the time limit for the activity; if they try to make a very 
complicated image as their first attempt, they may run out of time. Next, they need 
to design their artwork by planning each component. Grid paper is especially useful 
here for students to understand the grid coordinate system they will need to position 
their shapes properly and the size constraints of the computer screen. Modeling can 
help them note how each shape will overlap those drawn previously, and therefore 
plan the order of shapes to be drawn. The design step is also where they can make 
use of the various reference materials for Processing to get inspiration and reuse and 
remix code from other sources. The students can implement their artwork by coding 
one shape at time, running the code to make sure the shapes are in the right positions 
and are overlapping according to the design. They can compare their coded artwork 
with their original graph paper drawing to make sure the positions and orientations 
match. Finally, when they operate their artwork they should consider how it will be 
shared: online? As a printed copy? They will also need to make sure other users 
know how to make any interactive components in the artwork “work.” Finally, they 
can brainstorm ways to improve their artwork, by using different shapes and colors, 
or by incorporating different interactive elements. One example of a work of 
Processing Art can be seen in Fig. 9.4. It is based on the popular children’s book 
“The Very Hungry Caterpillar” by Eric Carle (1969), in which a hungry caterpillar 
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Fig. 9.4 Processing Art example from “The Very Hungry Caterpillar”

eats its way through many different foods. In the interactive processing art, when 
the screen is clicked, a hole appears in the orange (signifying that the caterpillar has 
eaten it, in line with the illustrations in the book).

9.5  Progression of Activities as Fading of Scaffolds: 
A Reflective Summary

One of Lye and Koh’s (2014) most important recommendations for teaching com-
putational thinking and coding in K-12 was to use scaffolding (Wood, Bruner, & 
Ross, 1976) in order to reduce frustration and promote learning and success. 
Scaffolding was defined by Wood et al. (1976) as having a teacher (or knowledge-
able peer) assist novice students to complete tasks and solve problems that they 
would be unable to complete on their own, without assistance. Learners would 
require three different types of support in these activities, which are adapted from 
the ideas Reid, Zhang, and Chen (2003) proposed for support for scientific study. 
Interpretive support helps learners interpret and understand domain knowledge 
(such as computational thinking concepts), experimental support helps leaners set 
up and understand experiments (or in this case, design and carry out coding activi-
ties), and reflective support helps learners to reflect on their learning process (which 
may be led by the instructor in a class setting) (Reid et al., 2003).

Each computational thinking activity was broken down into small steps to make 
the overall task manageable, and the instructor provided support to the novice learn-
ers in order to facilitate their completion of the activities. For example, in Scratch 
Stories, the researcher shows a set of tutorials to teach the basics of Scratch, which 
get progressively harder and introduce more computational thinking concepts. The 
first tutorial may cover basics such as selecting a background and having one char-
acter move, the second tutorial would move to having two characters talking together 
with proper timing, and the final tutorial may introduce conditional statements to 
have characters perform certain actions when they bump into each other. Each of the 
activities also include demonstrations by the teacher/researcher for the activities, 
which often include either going through a worked example together as a class, or 
including tutorial videos which cover the necessary skills to create the project 
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alongside completed examples which can be examined and modified by students. 
Finally, in both the program tutorials or project explanations, the instructor high-
lights critical features of the program and how each individual programming state-
ment affects the program as a whole. For example, since novice programmers may 
have difficulty understanding the relationships between different commands (Lye & 
Koh, 2014), they may cause multiple characters to speak at the same time in their 
story. One of the tutorials explicitly addresses this issue by showing both the prob-
lem and the solution (inserting “wait” blocks between conversation lines, and writ-
ing out the conversation on paper first).

Scaffolding also takes place in terms of the computational thinking concepts 
used in each of the activities. The sequence of the computational thinking activities 
uses progressive “fading” of scaffolding (Basu, Sengupta, & Biswas, 2015; Guzdial, 
1994; McNeill, Lizotte, Krajcik, & Marx, 2006; Sherin, Reiser, & Edelson, 2004; 
Stone, 1998) to gradually reduce the scaffolds provided to students in order to help 
them become independent in carrying out the tasks. For example, the coverage of 
computational thinking concepts seen in Programming Puzzles and Teach a Robot 
to Dance is more limited than the activities which use text-based or block-based 
programming languages, which is to be expected as they are more simple activities 
intended to provide an introduction to computational thinking. These initial con-
cepts of sequences, loops, events, and conditionals are built upon in the following 
two activities. These concepts are not re-explained in the context of the new pro-
gramming languages; rather, the direct instruction on these basic computational 
thinking concepts “fades” as students begin to use their conceptual understanding of 
sequences, loops events, and conditionals on their own, without prompting from the 
instructor, in order to complete the more complex tasks in Scratch Stories and 
Processing Art. They can also build upon that knowledge as they dive into new 
computational thinking concepts, such as parallelism and data. Scratch Stories cov-
ers all of the computational thinking concepts, practices, and perspectives, while 
Processing Art uses everything except parallelism.

Finally, the progression from activities without a digital device to those that use 
block- or text-based programming languages was specifically done in order to sepa-
rate the computational thinking concepts from specific programming languages. For 
example, if students can understand the concept of conditional statements as they 
apply in everyday life (e.g., if it is raining, then I will need an umbrella), they can 
solidify that conceptual understanding and then have an easier time applying it in 
different programming languages, such as making a character say something when 
bumped in Scratch or having a shape change to a different color when it is clicked 
in Processing. This process can help students focus less on the particular syntax of 
a concept and think more about when and how it should be used in overall program 
design. As well, the movement from block-based to text-based programming lan-
guages is another example of the “fading” of scaffolding evident in these activities. 
Learners are originally presented with the block-based programming language to 
scaffold their learning and assist them in making the transition between basic under-
standings of computational thinking concepts and applying them to programing 
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languages on the computer. However, once they have applied that knowledge and 
become comfortable with block-based programming, that scaffold fades and they 
are presented with the text-based programming language of Processing.

9.6  Discussion: CDIO and Computational Thinking 
Beyond Technocentrism

Papert believed that “children can use to learn computers in a masterful way, and 
that learning to use computers can change the way they learn everything else” 
(Papert, 1980, p. 8). At the heart of his constructionist perspective was the idea that 
the versatility and malleability of computational platforms such as LOGO could 
help learners build deep expertise across within and across disciplines such as sci-
ence, mathematics, and languages. However, in the years following the uptake of 
LOGO and other educational computing technologies, Papert (1987) warned against 
the fallacy of technocentrism—the fallacy of referring all questions about technol-
ogy to the technology itself. Sengupta et  al. (2018) recently reminded us of this 
argument, warning that a technocentric approach to computational thinking and 
programming reduces human experience to technological production and ignores 
other aspects of the lived experiences of students. Our work presented here further 
advances this argument by illustrating a pedagogical approach based on the CDIO 
framework in ways that highlight phenomenological perspectives for integrating 
computational thinking in the elementary classroom.

The application of the Conceive-Design-Implement-Operate design process to 
elementary computational thinking makes space for the design of new computa-
tional thinking activities which challenge a technocentric approach to computa-
tional thinking and computing in the classroom. Moving beyond a focus on 
computing itself, learners can understand computational thinking through embodi-
ment, narratives, and aesthetics. In the activities described in this chapter, coding 
becomes puzzles, dancing, stories, and art. Coding is framed as transdisciplinary, 
unconstrained by a focus on computational thinking concepts or a necessary con-
nection to STEM.  The framework can facilitate the design of transdisciplinary 
activities that incorporate aspects of the learners’ lived experiences of coding, 
including their sense experiences. In educational settings, technical frameworks can 
sometimes be used as a way to constrain students’ learning—they are expected to 
meet each requirement as if they are checking off a box. A technical framework 
used in this way will inhibit learners’ possible experiences of computing. We can 
lose sight of the intersubjectivity that is inherent in complex and interpretive experi-
ences that play central roles both in computing and in STEM. The proposed modi-
fied CDIO framework in this chapter is intended as a way to expand the ideas of 
what computational thinking activities could look like, going beyond the simple 
design and implementation of code to consider these broader and deeper forms of 
experiences as central to learning. The fading of scaffolding through the discussed 
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activities can facilitate deeper understanding and help students and teachers transi-
tion from basic computational thinking concepts in device-less activities to using all 
computational thinking concepts in block-based, and eventually, text-based pro-
gramming. However, this work expands beyond the computational languages them-
selves to include representational work that is meaningful to the learners, and thus 
coding exists in spaces outside of the confines of the technology. Future work will 
continue to leverage a phenomenological approach to computing in order to design 
and implement new, experiential coding opportunities for learners.
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Chapter 10
Playfully Coding Science: Views 
from Preservice Science Teacher Education

Pratim Sengupta, Beaumie Kim, and Marie-Claire Shanahan

Abstract There is now a growing body of research focused on integrating compu-
tational thinking and modeling in teacher education, ranging from studies that 
investigate preservice teachers’ perceptions of computational thinking to those that 
evaluate the efficacy of computational tools that can support such integration. Our 
work extends this literature by investigating how preservice science teachers can be 
introduced to computational thinking and modeling by playfully designing com-
puter simulations and games for modeling kinematics and ecological interdepen-
dence. Adopting a phenomenological research agenda, we focus on how preservice 
science teachers experience coding and computational modeling as pedagogical 
experiences for science education. In doing so, our goal is to contribute to an epis-
temological, rather than an instrumental, understanding of computational thinking 
and modeling in the context of preservice science teacher education.

Keywords Computational thinking · Play · Phenomenology · Science education · 
Modeling · Teacher education

10.1  In.troduction

Over the past several years, computational thinking (Wing, 2006) has emerged as one 
of the centerpieces in K-12 STEM education. Computational thinking has been com-
monly positioned by scholars as involving analytical skills that draws on concepts 
and practices from computer science, as well as a more fundamental ability that can 
be used by and useful for all people (Wing, 2006). Computational thinking in Wing’s 
(2006) words involves “… breaking down a difficult problem into more familiar ones 
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that we can solve (problem decomposition), using a set of rules to find solutions 
(algorithms), and using abstractions to generalize those solutions to similar prob-
lems” (p. 33). In the context of science and STEM education, computational thinking 
must be thought of contextually in light of disciplinary practices, which involves 
developing epistemic and representational practices such as thinking  algorithmically, 
use of data structures and other relevant forms of computational  abstractions, and 
designing and creating computational artifacts such as programs and simulations 
(Sengupta, Kinnebrew, Basu, Biswas, & Clark, 2013; Weintrop et al., 2016).

There is now a growing body of research focused on integrating computational 
thinking and modeling in teacher education, ranging from studies that investigate 
preservice teachers’ perceptions of computational thinking (Bower & Falkner, 
2015; Sands, Yadav, & Good, 2018) to those that evaluate the efficacy of computa-
tional tools that can support such integration (Kalogiannakis & Papadakis, 2017). 
Our work seeks to extend this body of work by investigating how preservice science 
teachers can be introduced to computational thinking and modeling by playfully 
designing computer simulations and games for modeling kinematics and ecological 
interdependence.

However, following Sengupta, Dickes & Farris (2018), rather than adopting a 
technocentric (Papert, 1987) approach, where the primary (and often the sole) empha-
sis remains on evaluating computational artifacts generated by participants to assess 
how they have used and applied computational abstractions, our approach is phenom-
enological in nature. In a phenomenological approach participants’ sense experience 
becomes objects of inquiry (Sengupta, Dickes & Farris, 2018). Merleau-Ponty (1962) 
defined sense experience as a dynamic and dialectical form of experience: “that vital 
communication with the world which makes it present as a familiar setting of our 
life” (Merleau-Ponty, 1962, p.  61). The emphasis on understanding participants’ 
sense experience must necessarily go beyond the sphere of givenness—i.e., the world 
as it is already known—and reveal participants’ originary sense-making (Merleau-
Ponty, 1962; McMahon, 2017). In the present context, this means that our focus is not 
on assessing the efficacy of our pedagogical approach in terms of helping preservice 
teachers apply computational abstractions re-contextualized as computational mod-
els of scientific phenomena. Instead, we are interested in preservice science teachers’ 
originary sense-making of coding and computational modeling as pedagogical expe-
riences for doing and learning science. In doing so, our goal is to contribute to an 
epistemological, rather than an instrumental, understanding of computational think-
ing and modeling in the context of preservice science teacher education.

10.2  Research Question

Specifically, we ask the following research question: how do preservice science 
teachers view computing and coding as pedagogical experiences in the context of 
doing science through playfully engaging in computational modeling and 
game design?
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10.3  Background

10.3.1  Productive Uncertainty and Play in Science Education

Studies of scientists at work reveal an image that is far from being one of certitude, 
despite the latter being the more commonly represented image of science in public 
education (Duschl, 2008). For example, Pickering (1995) illustrated how scientific 
advancement necessitates a deep entanglement of theories and materiality, and of 
conceptual and representational work, thereby rendering a far more nuanced char-
acter than what is commonly represented in the public imagination. Ochs, Gonzales, 
and Jacoby (1996) highlighted the central role of interpretive work in creating sci-
entific knowledge, and illustrated how this interpretive uncertainty is also tied to the 
representational infrastructure. This is echoed by Daston and Galison (2007), who 
pointed out that as representational technologies evolve and new ones emerge in 
order to support scientific advancement, their use, on the other hand, often results in 
new forms of uncertainty and interpretive work.

There is a growing recognition among science educators that an essential aspect 
of the teachers’ work is developing a more nuanced view of scientific uncertainty 
and supporting students in such nuanced scientific inquiries. Aikenhead (2003) 
identified that grappling with the feeling of “playing in the subculture of science” 
both as insider and outsider is essential to humanistic pedagogies. Manz and Suárez 
(2018) proposed some strategies that can promote such pedagogies, such as begin-
ning with complex phenomena, iterating on investigations, and leveraging variabil-
ity in students’ ways of conducting investigations. Similarly, Farris, Dickes, and 
Sengupta (2019) argued that when teachers pay attention to students’ errors and 
uncertainties during the process of designing computational models in science 
classrooms, they can support students to deepen their engagement with scientific 
practices.

We believe that positioning computational modeling as playful engagement with 
science and computing can also support preservice teachers’ engagement in such 
experiences that value, rather than ignore, interpretive uncertainties. Playful learn-
ing environments can greatly facilitate learning of complex topics across a range of 
STEM disciplines (Berland & Lee, 2011; Sengupta, Krinks, & Clark, 2015; Kim & 
Ho, 2018; Sengupta & Shanahan, 2017). The notion of play challenges the expecta-
tions of disciplinary rigidity that often keep newcomers from participating in scien-
tific inquiry (Sengupta & Shanahan, 2017). Playful engagement with virtual learning 
environments can help learners reshape the learning activities even within a struc-
tured setting, such that the activities are both personally meaningful and relevant to 
the disciplinary context of learning (Farris & Sengupta, 2016; Kim & Ho, 2018). As 
Kim and Ho (2018) and Sengupta and Shanahan (2017) pointed out, central to posi-
tioning personal meaningfulness alongside disciplinary relevance is the harnessing, 
rather than discarding, of possibilities that emerge from interpretive flexibilities and 
uncertainties. Participants’ dilemmas and uncertainties, we therefore believe, can 
become resources in playful engagement with STEM disciplines.
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10.3.2  Computational Thinking and Modeling in Teacher 
Education

Several scholars have argued for democratizing computation by integrating comput-
ing with other disciplines and existing courses (such as science and math) that all 
children are required to take, rather than trying to create room for computer science 
as a new curricular domain (Sengupta et al., 2015; Wilensky, Brady, & Horn, 2014). 
We posit that the same arguments must be extended for preservice teachers, espe-
cially given that many of them may not have prior experience in computational 
modeling and programming. Rather than learning computer programming as a sep-
arate discipline, as Yadav, Stephenson and Hong (2017) also argued, we believe that 
in their science-methods courses, preservice teachers could be introduced to com-
putational thinking through computational models. Such experiences, we believe, 
can help them deepen their (future) students’ engagement with conceptual and rep-
resentational practices that are central to the development of both scientific and 
computational expertise in a reflexive manner (Sengupta et al., 2013).

A growing body of literature advocates engaging preservice and in-service sci-
ence teachers in computational thinking and modeling through positioning them as 
creators of computational models and artifacts. For example, Wilkerson et al. (2016) 
found that when preservice teachers are provided opportunities for constructing 
simulations in science, they are able to engage in practices that are central to scien-
tific modeling, such as model evaluation and revision, in ways that are deeply con-
nected to key conceptual ideas relevant to the phenomenon being modeled. Leonard 
et  al. (2018) also found that culturally and contextually embedded game design 
activities and robotics can support teachers in developing dispositions central to 
computational thinking. Our work seeks to contribute to this literature by offering 
insights into how preservice teachers frame (and re-frame) code and coding from a 
pedagogical perspective in the context of scientific modeling, as part of their teacher 
preparation coursework.

10.4  Our Pedagogical Approach: Integrating Playfulness 
and Mathematization to Support Preservice Science 
Teachers’ Computational Work

Our work is premised on the position that engaging preservice teachers in computa-
tional modeling can be supported by emphasizing playfulness in their interactions 
with computational artifacts. This is particularly important given that many preser-
vice science teachers may not have prior experience with programming (e.g., Yadav 
et  al., 2017). Positioning computational and scientific work as play would allow 
teachers, regardless of their prior background, to interact with computing in their 
regimes of competence (diSessa, 2001). diSessa (2001) reminded us “that resources 
for learning don’t always look just like the product of learning” (p. 84) from the 
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perspective afforded by the regime of competence. This means that learners (broadly 
speaking, and including preservice teachers in this case) may begin from a place 
that may not be initially recognizable as the putative discipline to be learnt. Instead, 
the regime of competence—e.g., practices and hobbies that the learners may already 
be interested in outside the discipline—may offer learners productive resources, 
using which they can develop a deep and meaningful relationship with the disci-
pline (Azevedo, 2018).

Our previous work with in-service science teachers offers some insights into 
what such regimes of competence might look like (for science teachers). For exam-
ple, we found that framing programming as “mathematizing” in the science class-
room can serve as a productive pedagogical approach for integrating programming 
in the K-12 science classroom (Sengupta et  al., 2013, 2015; Sengupta, Brown, 
Rushton, & Shanahan, 2018; Dickes, Sengupta, Farris, & Basu, 2016; Farris, Dickes 
& Sengupta, 2019). In this approach, programming is used in the context of creating 
computational models of scientific phenomena through designing discrete mathe-
matical representations of units of change, for representing change over time. 
Similarly, Sands et al. (2018) found that all teachers in their study—both primary 
and secondary—viewed mathematical work in the classroom as a form of computa-
tional thinking. This is also not surprising given the heavy emphasis on mathemati-
cal work within K-12 science curricula, as we found in our work with K-12 teachers 
both in the USA and Canada (Sengupta, Brown, Rushton, & Shanahan, 2018; Farris, 
Dickes & Sengupta, 2019).

Such a reframing of computing as mathematizing is in line with a phenomeno-
logical approach in which computational thinking is viewed not as merely a set of 
prescribed performances of technological and symbolic dexterity, rather as more 
complex and heterogeneous forms of experience (Sengupta, Dickes & Farris, 2018). 
While at first glance, it might seem counterintuitive to claim that an emphasis on 
mathematizing may position teachers and preservice teachers in regimes of compe-
tence, Farris, Dickes and Sengupta (2019) found that when teachers and students 
amplify (rather than ignore) the interpretive dilemmas and uncertainties involved in 
(and inherent in) mathematizing code for designing scientific models, their work 
can become progressively more creative and at the same time, computationally 
more intensive.

With this in mind, we designed a set of learning activities in which preservice 
teachers were presented with two computational simulations designed in the 
NetLogo Web platform: Lunar Lander (Fig.  10.1), and Bird-Butterfly-Flower 
Ecosystem (Fig.  10.2). In both the simulations, the activities involved not only 
manipulating parameters and variables that controlled the simulation, but also mod-
ifying the underlying NetLogo code. Modeling in NetLogo involves instantiating 
the individual elements of a system - the “agents” - and simulating their interactions 
using NetLogo code. A particular affordance of NetLogo code is that it has been 
shown to be effective in supporting science learners and newcomers to computing 
engage deeply with computational modeling, by drawing upon their intuitive and 
embodied knowledge (Wilensky & Reisman, 2006). In addition, agent-based mod-
eling and programming is fundamentally aligned with mathematization because the 
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Fig. 10.1 A screenshot of the Lunar Lander NetLogo simulation (Game)

activity of programming the behavior of agents requires the learners to define an 
event using discrete mathematical measures (Sengupta et al. 2015).

In the Lunar Lander simulation, the goal of the “player” was to land the space-
ship safely on the lunar surface. This meant that the ship had to land at very low 
speed, and vertically. Controlling the trajectory of the ship involved adding thrust 
(sudden bursts of acceleration) along any of the four directions: top, down, left, or 
right. Based on the classic premise of early moon landing games (e.g., Atari’s 1979 
Arcade Game Lunar Lander), we used a modified version of the Lunar Lander 
simulation in the NetLogo Models Library (Wilensky, 1999). The NetLogo simula-
tion is designed as a game and we modified it such that it would be very difficult for 
players to land successfully. We did so by modifying the underlying NetLogo code 
so that the length of the landing strip on the lunar surface was nearly equal to the 
width of the ship. That is, in trying to land, the ship would inevitably crash due to 
hitting rocks adjacent to the landing strip. The framing of the simulation as a game 
and their activity as game hacking, we posited, would encourage our participants to 
dig deeper into the code.

The Bird-Butterfly-Flower simulation (Dickes & Sengupta, 2013) modeled pred-
ator–prey dynamics in an ecosystem of flowers, butterflies, and birds. The overarch-
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Fig. 10.2 A screenshot of the Bird-Butterfly-Flower simulation

ing goal of this activity was to identify the model parameters that resulted in a 
thriving butterfly population, manipulating variables such as proboscis length, 
flower length, flower location, color of flower, color of butterfly, and speed of 
 predator movement. In addition, similar to the Lunar Lander simulation, partici-
pants also had the opportunity to significantly expand the scope of the simulation by 
introducing additional predators, altering structure–function balance by changing 
the morphological characteristics of the agents, etc.

In order to encourage and scaffold preservice teachers to “hack” and “debug” the 
NetLogo code, we commented the code heavily and provided a printed program-
ming guide (see Figs.  10.3 and 10.4). The comments within the NetLogo code 
explained how each line of code affected the simulation. The printed programming 
guide explained how relevant code segments represented the science concepts and 
mathematical relationships, as well as how to change relevant code segments in 
order to change different elements of the simulation (e.g., changing the gravity on 
the moon, the size of the landing strip, acceleration and deceleration due to the 
thrusters). In class, we also encouraged the students to dig into the code as part of 
the “playful” experience and answered their questions to help them along their 
journey.
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Fig. 10.3 Excerpt from the Lunar Lander Activity Guide

Fig. 10.4 Excerpt from the Bird Butterfly Flower Simulation Activity Guide
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10.5  Method

10.5.1  Setting and Participants

We conducted our study in a secondary science education methods course in a 
Canadian research-intensive university. The third author of the paper was the 
instructor of the course, and all three authors collaboratively designed the computa-
tional artifacts and programming guides used in the study. All three authors were 
present during Day 1, whereas the first two authors were present during Day 2. 
There were 27 students in the class, a majority of whom participated in two inten-
sive sessions on computational modeling. All the students were enrolled in a two- 
year, after-degree B.Ed program with a specialization in secondary science. All 
students held a Bachelors or Masters degree (or beyond) in a scientific or engineer-
ing discipline, and several of them had professional careers in their previous 
specializations.

10.5.2  Data and Analysis

The data for this study comes from two days of classroom activities, totalling to 
approximately 6 h of class time. During Day 1, participants worked on the Lunar 
Lander simulation and game, while on Day 2 they worked on Bird-Butterfly-Flower 
simulation. During each day, the participants were introduced to key elements of the 
underlying code of the relevant simulation or game by one of the researchers. 
Participants worked in groups of two or three throughout the duration of the study. 
The researchers also visited each group to work with them as needed both on their 
computational modeling and their pedagogical focus. They also led class discus-
sions in which participants shared reflections on their experiences of the classroom 
activities.

Overall, the activities were framed as playful pedagogical exercises. That is, the 
participants were first asked to take on the perspective of their future students by 
engaging with the computational models and games following the programming 
and activity guide. They were specifically encouraged to discuss with their partners 
the challenges and successes that would emerge in their interactions. They were 
then asked to redesign the simulation or game in order to deepen their students’ 
engagement and/or to address the challenges they experienced initially.

We collected three forms of data: (a) students’ written memos on their experi-
ences relevant to the course, (b) computational artifacts designed by students, (c) 
video and audio recordings of classroom conversations and interviews with the par-
ticipants. These interviews were conducted while the researchers were working 
with the participants in small groups. During the interviews, we asked the partici-
pants to explain their challenges and how they were planning on addressing them, 
as well as how and why they would further modify the underlying NetLogo code.
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We conducted thematic analysis using the check coding method (Miles & 
Huberman, 1994) to analyze the interview data, classroom conversations, and stu-
dent artifacts. The class discussions provided us with initial insights into emergent 
themes, i.e., views that were shared by several groups of participants. We then ana-
lyzed interviews with specific students and small groups in order to develop a more 
detailed understanding of the participants’ experiences referred to during the class 
discussions. We iteratively compared our emergent observations as evident from 
both these data sets, and identified three salient themes that were experienced 
broadly by the class. All the authors collaboratively discussed and identified 
these themes.

10.6  Findings

Our analysis identified three themes along which preservice teachers’ viewed code 
and coding as pedagogical objects and experiences for deepening scientific inquiry.

10.6.1  Theme 1: Interacting with Code Can Deepen 
Conceptual Engagement in Science

In order to understand preservice teachers’ understandings of how coding can sup-
port scientific inquiry, in the first illustrative case, we focus primarily on Adela and 
Jerry, who participated in all the modeling activities reported in this chapter. Adela 
has a Master’s degree in biology, and Jerry had recently completed a doctorate in 
astrophysics. Neither of them identified themselves as coders or had taken any com-
puter science course, although both of them had some prior experience with pro-
gramming. In the excerpt below, we illustrate how Adela’s and Jerry’s experiences 
with playful coding shaped how they saw coding in their (future) science class-
rooms as a pedagogical tool.

In Excerpt 1, Adela and Jerry are explaining to Pratim one of the changes they 
were thinking of making to the NetLogo code in order to make it easier to land the 
spaceship. They were discussing the possibility of changing the code so that as the 
ship used the thruster, it would also become lighter. Jerry immediately recognized 
this as senior level undergraduate physics, because this uses the notion of differen-
tial mass. Adela, on the other hand, was not convinced that it would be difficult for 
students to understand the idea, because for her, the notion of differential mass, in 
this context, involved “the concept of burning something a.. and losing mass with it” 
(Turn 3). Jerry argued that the students would still not be familiar with the formal 
mathematics involved, but Adela argued that “as a teacher and you would provide 
them the code you wouldn’t expect them to come up with it but you could have them 
to explore the results of it” (Turn 6).

P. Sengupta et al.



187

Excerpt 1: Lunar Lander
Turn 1: Adela: What we were thinking of is the laws of thermodynamics, so con-
servation of mass, so as you’re using your thruster your ship will get lighter

Turn 2: Jerry: That’s a very crazy 4 year physics, with differential mass, yeah I 
think that’s well beyond

Turn 3: Adela: The concept of burning something a.. and losing mass with it?
Turn 4: Jerry: Yeah you can talk about it but mathematically speaking they will 

not have [the understanding]
Turn 5: Pratim: Yeah but I think what she’s saying is that this would actually 

make that understandable
Turn 6: Adela: Right so as a teacher and you would provide them the code, you 

wouldn’t expect them to come up with it but you could have them to explore the 
results of it

Turn 7: Dorothy): If you set up the code then they can manipulate it
Turn 8: Adela: Yeah yeah exactly
This excerpt is insightful in two senses. First, Adela’s explanation here is indica-

tive of the framing of code itself as a pedagogical object—i.e., as an object that can 
be manipulated by the students for deepening their conceptual engagement with 
science. This is also supported by another preservice teacher in the class (Dorothy), 
who agreed that code can be “set up” in such a way so that it can be manipulated by 
the students (Turn 7). Second, as Pratim interpreted and re-articulated Adela’s com-
ments (Turn 5), another important implication is that through interacting with the 
code, secondary students, by using their intuitive understanding of “burning some-
thing” and “losing mass,” can begin to explore conceptual issues that are typically 
reserved for upper undergraduate physics.

10.6.2  Theme 2: Coding for Scaffolding as a Form 
of Productive Uncertainty

The idea of “setting up” the code, as Dorothy put it in Excerpt 1 (Turn 7)—i.e., 
designing code in order to pedagogically support particular forms of student inter-
actions—deserves further unpacking, because it can bring to light a form of produc-
tive uncertainty experienced by the participants during their own playful engagement 
with the simulation and the code. We found that several participants realized the 
need to modify the code not only for deepening students’ conceptual engagement 
with science, but also to scaffold their experience of play. In the process, they expe-
rienced dilemmas regarding whether scaffolding their students would help or limit 
their scientific inquiry. We see this dilemma as a form of productive uncertainty that 
in turn deepened their own understanding of the relationship between coding and 
pedagogical design in the science classroom. The following excerpt (Excerpt 2), 
which reports a conversation between Marie-Claire and two participants, Ronnie 
and Negin, provides a rich illustration:
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Excerpt 2
Turn 1: Ronnie: So like if it tell you the cause of death then you can adjust to 
your play

Turn 2: Marie-Claire: Right, so if it tells you more specific feedback
Turn 3: Ronnie: Right exactly - it took us a few tries to realize that we were 

going too fast
Turn 4: Marie-Claire: So it wasn’t just about position whereas it might be dif-

ferent for someone else who is slightly off position
Turn 5: Ronnie: Yes exactly
Turn 6: Marie-Claire: Cool, yeah that makes sense -Did you manage to land?
Turn 7: Negin: Once
Turn 8: Marie-Claire: So if you wanted to change it to add feedback- would 

you give categories of feedback like - “you died due to speed, You died due to” and 
sort of have

Turn 9: Ronnie: Yeah, what is the alternative?
Turn 10: Marie-Claire: I’m not sure. How would you envision that feedback?
Turn 11: Ronnie: Directly that you died due to the velocity, was too fast, the 

speed was too fast
Turn 12: Negin: That’s very straightforward though- you could maybe show this 

guy falling, and he falls off the track you could show him falling off the track and 
rolling over or blowing up if it was too fast.

Turn 13: Negin: Or maybe some warning
Turn 14: Marie-Claire: -Beep beep beep beep
Turn 15: Ronnie: Yeah some warning that you are going to fast - so before you 

die you have the chance to save yourself
Turn 16: Marie-Claire: Or abort mission - eject eject - Haha - but I assume you 

do know what you want to change
Turn 17: Ronnie: Yep, here it was very vague - I was like what are we doing, 

why did we die?
Turn 18: Negin: Yep and then I increased the platform here, and I still died, so I 

was like there is something going on here
Turn 19: Marie-Claire: Right - so it’s not alignment, and it’s not
Turn 20: Ronnie: But there is a good thing in not giving any feedback for learn-

ing because then it makes it more inquiry - when we did figure it out that it was due 
to velocity - there is a good aspect of not having any warning

Turn 21: Marie-Claire: Yeah - I was going to ask that - do you think there is 
something - is there something for students to learn in that process of figuring out 
why - why did I die

Turn 22: Ronnie: Yeah, because we eventually figured it out - because it was too 
fast right because we were concerned because it landed right perfectly on the blue 
line - so we eliminated that

Turn 23: Marie-Claire: Other elements
Turn 24: Ronnie:Yeah, so it’s not totally bad that there is no - but at the same 

time I don’t know….
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Turn 25: Marie-Claire: I wonder if it depends on what you want them to get 
out of it

Turn 26: Ronnie: Yeah - maybe you can have the option you can play it without 
any feedback - and first play it like that and figure out why you died - and then you 
can switch it to a different mode

At the beginning of the excerpt, the participants explained to Marie-Claire that 
they were thinking about changing the code so that the player (or student) would get 
a visual feedback that would specify and explain the cause of the crash of the space-
ship in the Lunar Lander simulation. Ronnie mentioned that it took her and Negin 
(her partner) a few attempts to figure out that they were crashing because the speed 
of the spaceship was too high (Turn 3). Negin explained that they arrived at higher 
speed as being the cause of the crash only after they made alterations to the code to 
“increase the landing”—i.e., to flatten the landing surface (see Fig. 10.5a, b), so that 
it would be easier for the ship to land, and then they realized that doing so still did 
not solve their problem (Turn 18). At this point, Ronnie pointed out an advantage of 
not receiving feedback from the system (simulation) earlier regarding their crashes: 
it made them inquire more deeply into the issue. They started thinking about mul-
tiple factors that could be responsible for the crash (Turn 20) in a systematic man-
ner: “Yeah, because we eventually figured it out  - because it was too fast right 
because we were concerned because it landed right perfectly on the blue line - so we 
eliminated that” (Turn 22). Ronnie further commented that not receiving feedback 
can be helpful for learning, but at the same time, she was unsure (Turn 24).

We find this uncertainty to be productive along two dimensions. First, from a peda-
gogical perspective, the lack of feedback, as both Ronnie and Negin realized through 
their own experiences, could also be an opportunity for students to dig deeper into 
the code as well as conceptual issues in physics. Second, from an epistemological 

Fig. 10.5 (a) (left): Ronnie and Negin’s altered simulation showing a flat lunar landing surface; 
(b) (right): The original simulation as provided to the students had a rocky terrain as the lunar land-
ing surface

10 Playfully Coding Science: Views from Preservice Science Teacher Education



190

perspective, for both Ronnie and Negin, in their roles as preservice teachers, this 
allowed them to view code and coding as pedagogical objects that can deepen their 
students’ scientific inquiry. In this view, coding was not merely a skill to be learnt, 
rather a means to further student engagement and scientific inquiry.

10.6.3  Theme 3: Coding to Deepen Students’ Personal 
and Playful Engagement with Science

The following excerpt (Excerpt 3) reports a classroom-wide discussion led by 
Beaumie and Pratim, in which they asked the class to discuss the changes to the 
code and the simulation that they had considered in order to engage their future 
students, especially those who may not be interested in the topic. The context of this 
conversation was the Bird-Butterfly-Flower simulation, which, along with the 
printed programming guide, provided students opportunities to manipulate the vari-
ables in the simulation and the underlying code.

Excerpt 3
Turn 1: Beaumie: So I was wondering actually some of you talked about how, 
because it was a game and you can think about different colours, there is a different 
entry point for kids - is there anything that you would change or do something with 
this other simulation that would provide a different entry point for kids who are not 
interested in biology?

Turn 2: Adela: One thing after you said lunar lander is made to be able to pick 
a single butterfly because it would be too messy otherwise and have the trail of the 
butterfly so you could see its “behaviour”

Turn 3: Pratim: See the graph
Turn 4: Class: That’s just energy
Turn 5: Adela: Right but I mean to track [motioning with hands tracking]
Turn 6: Pratim: Oh you want to see the path
Turn 7: Mel:You want to see the story of a specific butterfly
Turn 8: Adela: Yeah
Turn 9: Mel: You can build a relationship with the butterfly [laughing]
Turn 10: Adela: No, no, no I am totally on that
Turn 11: Pratim: That is exactly how we wrote the paper about the simulation - 

about how the students can build a relationship with the butterflies on the screen
Turn 12: Mel: Even if you had the lifecycle of the butterfly - so we were talking 

about having caterpillars and certain birds that would only eat butterflies - it seemed 
the lifecycle of one bird or butterfly makes it more personal… and some students 
might want to follow the story of it more

[…]
Turn 15: Pratim: Did any of you feel that this is more simulation and lunar 

lander is more of a game?
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Turn 16: Emily: I felt this was more of a simulation because there is no way 
to win it

Turn 17: Pratim: And do you think that has implications for learning
Turn 18: Emily: Not necessarily- because I made up my own challenges like, 

can I fill the screen with butterflies or how many birds does it take to get rid of all 
the butterflies? So I made up my own goals and played with the different settings 
that way, but students who might not be able to create their own goals may be bored 
very easily.

The conversation that ensued consists of two distinct parts. In the first part (Turns 
1–12), the conversation focused on altering the code and the simulation in order to 
help students develop a personal connection with the phenomena being modeled. 
Here, Adela pointed out (to Pratim) that based on her experience with the Lunar 
Lander simulation, where the focus was on the behavior of a single computational 
agent, she realized that focusing on the behavior of a single butterfly in the second 
simulation would make it easier for students to understand what is going on in the 
model (Turn 2). When Pratim inquires whether Adela wanted to see the path of the 
butterfly (Turn 6), Adela’s partner, Mel, clarified that the goal was not to merely 
observe the path of the butterfly and graph its energy change over time (the simula-
tion already allowed participants to do that); instead, their goal was to see the 
“story” (Turn 7) of the butterfly, i.e., its life cycle. Doing so, according to Mel, 
would enable the students to “build a relationship” with the butterfly (Turn 9). As 
Mel further elaborated, poignantly, in Turn 12: “Even if you had the lifecycle of the 
butterfly - so we were talking about having caterpillars and certain birds that would 
only eat butterflies - it seemed the lifecycle of one bird or butterfly makes it more 
personal… and some students might want to follow the story of it more.”

In the second part (Turns 15–18), the conversation focused on how coding and 
other interactions with the simulation were also playful, even though unlike the 
Lunar Lander game, the Bird-Butterfly-Flower simulation wasn’t initially framed as 
a game. This was evident in the words of Emily, (Turns 16 and 18), who explained 
that even though there was no way to “win” the simulation, she still made up her 
own “challenges” such as “can I fill the screen with butterflies or how many birds 
does it take to get rid of all the butterflies?” (Turn 18). Emily further implied that 
because she was able to create new goals on her own in order to interact with the 
simulation (this involved her altering the underlying code along with her partner, as 
well as changing the variables on the simulation’s graphical interface), she was 
engaged in the activity, noting that students who might not be able to “create their 
own goals may get bored very easily.”

There are two insights to be gained from this conversation. First, it is well estab-
lished in the educational computing literature that an important affordance of agent- 
based models is the ability of the learners to easily take on the perspectives of the 
computational agents in the models (Levy & Wilensky, 2008). Adela and Mel’s 
comments (Turns 1–13) echo this finding. This is important because they believed 
that this could be pedagogically important, as it would allow their students to “build 
a relationship” with the scientific phenomenon. At the same time, the variations in 
their approaches indicate how they use their regimes of competence as productive 
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resources in creating such relationships. Second, Emily’s comments (Turns 15–18) 
illustrate that even coding and working with computer simulations could be framed 
as play, which in turn could encourage students to take risks that might take them 
even deeper within the discipline.

10.7  Summary and Discussion

This chapter makes two contributions. Along one dimension, we present a peda-
gogical approach for integrating computational modeling in preservice science 
teacher education by emphasizing preservice teachers’ interpretive dilemmas, flex-
ibility, and uncertainties in playfully interacting with the code and computational 
models. Along another dimension, we also illustrate how code, coding, and compu-
tational models get reframed by preservice teachers as pedagogical objects and 
experiences for doing and teaching science. The analysis presented here focuses on 
the participants’ conversations about both code and pedagogy, a key feature being 
their deeply intertwined nature.

For example, in Theme 1, we saw how participants, through their own interac-
tions with altering the underlying code of the Lunar Lander model, realized that 
they could make modifications to the code in order to facilitate their (future) stu-
dents’ engagement with key scientific concepts relevant to understanding the phe-
nomenon represented by the game. In Theme 2, we saw how participants also came 
to a similar realization—that they could alter the NetLogo code in order to facilitate 
their students’ engagement with scientific concepts—but also experienced a form of 
productive uncertainty. Upon reflecting on the value of their own scaffolded experi-
ence of coding, they wondered whether scaffolding their students might also pre-
vent them from the form of deep explorations that the participants themselves 
experienced. And finally, in Theme 3, we saw how participants experienced playful-
ness even when they were presented with a simulation rather than a digital game, 
realizing the value of being able to set their own goals in their exploration of both 
the simulation and the underlying code. Across these themes, the frame of mathe-
matization is present throughout—as our participants’ engagement with the under-
lying code often involved altering underlying mathematical parameters and units of 
measurement (e.g., altering the speed and acceleration of the Lunar Lander, and rate 
of reproduction in the Bird-Butterfly-Flower simulation). The framing of mathema-
tization is significant given recent findings from several studies that teachers do 
indeed view coding as mathematization in their classrooms (Sands et  al., 2018; 
Sengupta et al., 2015; Farris, Dickes, & Sengupta, 2019).

Furthermore, as evident in Theme 3, participants also wanted to make alterations 
to the code so that their students could get opportunities to follow the narrative of an 
individual agent as a means to help them develop a deep understanding of the com-
plexity of ecological interdependence. Herein lies an often noted affordance of 
agent-based modeling—that it provides opportunities for learners to take on per-
spectives of the computational agents, and even draw upon their own embodied and 
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intuitive knowledge to make sense of the computational representations (Wilensky 
& Resnick, 1999; Levy & Wilensky, 2008; Farris & Sengupta, 2014). This is in no 
way an insignificant insight: as Keller (1984) noted, it was thinking like the agent 
(e.g., a chromosome) enabled the Nobel Laureate Barbara McClintock to make sig-
nificant advances in her research on human genetic structures.

Overall, as stated in the beginning of this paper, our goal here is to present an 
epistemological perspective of how preservice science teachers view computational 
models and code in science education. Each of the three themes we have identified 
here are examples of epistemological stances in the sense that they reveal how the 
participants connected their experiences of computational modeling and coding in 
science with how they would support their future students’ scientific inquiry. In this 
sense, our work also advances a phenomenological agenda in educational comput-
ing (Sengupta, Dickes, & Farris, 2018), as our emphasis is on identifying preservice 
science teachers’ sense experiences (Merleau-Ponty, 1962) of coding and computa-
tional modeling—i.e., their framing and reframing of what code, coding, and com-
putational modeling can become and can look like in their own imagined futures 
in science classrooms. The themes we have identified in our analysis, we believe, 
offer some useful resources that preservice teachers already bring to the table, and 
a pedagogical approach to build on these resources. We hope our work will inspire 
more scholarship on phenomenologically grounded, epistemological investigations 
of computing in K-12 teacher education.
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Chapter 11
Rethinking Bodies of Learners Through 
STEM Education

Miwa Aoki Takeuchi and Shima Dadkhahfard

Abstract In the context of public discourse, STEM education is often coupled 
with its utilitarian value for economic growth and productivity. Under such dis-
course, learners are reduced at best to human capital, focusing on the production of 
economic value. Sen (World Development 25(12), 1959–1961, 1997) contrasted 
human capital with what he termed as human capability, which is “the ability of 
human beings to lead lives they have reason to value and to enhance the substantive 
choices they have” (p. 1959). What images of STEM education can we visualize if 
we place human capabilities at the center? Rather than treating learners as human 
capital or disembodied entities, we attempt to shed light on learner bodies. Drawing 
from the integral theoretical perspective of sociocultural theory with queer theory 
and critical race theory, we conceptualize learner bodies as the locus of negotiating 
the norm, emotions, and desires, and view them as fundamentally cultural and his-
torical. Utilizing the counter-storytelling practices framed by critical race theory, 
we introduce the stories of two learners, May and Karim. May’s story tells us how 
the informal mathematics knowledge she embodied came to be subjugated through 
formal school curriculum and pedagogy. Karim’s story illustrates how his body 
queered normative mathematical representation and that facilitated a shift in his 
positional identity and participation in mathematics learning. The stories of learners 
with a fuller account of their cultural and historical bodies can help interrogate the 
underlying assumptions surrounding the current mathematics education. 
Reconceptualizing learner bodies prompts us to examine how we can mobilize the 
traditional boundaries of STEM education.
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In the context of public discourse, Science, Technology, Engineering and 
Mathematics (STEM) education is often coupled with its utilitarian value for eco-
nomic growth and productivity (e.g., Committee on Science, Engineering and 
Public Policy, 2007; Council of Canadian Academies, 2015; Science Technology 
and Innovation Council, 2009, 2015). Historically, in the United States, STEM edu-
cation was proposed in response to the rising threat for national security during and 
after the Sputnik-spurred education reforms (Bybee, 2010). Such discourses linking 
scientific innovation with national security were prominent in driving the develop-
ment of a curriculum document in the United States known as A Nation at Risk 
(National Commission on Excellence in Education, 1983). This document charac-
terized the strong link between STEM education and national security, until the 
discourse surrounding STEM education changed in the post-Sputnik era. Broadly 
speaking, one of the leading narratives surrounding STEM education in the post-
Sputnik era is filling workforce demands in the globalized and dynamically chang-
ing market (as represented in Committee on Science, Engineering and Public Policy, 
2007). Standardized STEM education practices prevalent in the United States have 
also been critiqued as they prioritize economic competition and neoliberalism 
through the medium of education (Hoeg & Bencze, 2017; Strong et al., 2016).

Internationally, the leading narratives that shape STEM education in the United 
States are not necessarily shared with other countries. Shanahan, Burke, and Francis 
(2016) maintain that STEM education in a Canadian context can be best viewed as 
a boundary object with a definition that is not fixed or monolithic but partially 
shared and situationally defined among various stakeholders. Still, one of the most 
influential and conspicuous discourses around STEM education is filling STEM-
related workforce demands and boosting economy as observed in recent policy-
related documents in Canada (Council of Canadian Academies, 2015; Science 
Technology and Innovation Council, 2009, 2015). In another country such as Japan, 
which is the context of one of the stories introduced in the following section, STEM 
education has begun to be discussed in relation to promoting students’ employabil-
ity in the STEM fields (especially in computer sciences) (Japanese Cabinet, 2016). 
Under the dominant discourse around STEM education, learners are reduced at best 
to human capital, in which the aspect of producing economic value is 
overemphasized.

In lieu of human capital, Amartya Sen emphasized the theoretical construct of 
human capabilities. According to Sen (1997), human capital focuses on “skill and 
knowledge as well as effort—in augmenting production possibilities” (p. 1959); in 
contrast, the concept of human capabilities underlines the significance of “the abil-
ity of human beings to lead lives they have reason to value and to enhance the sub-
stantive choices they have” (p. 1959). Sen does not deny the fact that economic 
growth can lead to the expansion of human freedom to choose the kind of lives they 
want to live. However, as is often the case, the argument around human capital tends 
to concentrate on productivity and economic growth and does not extend the discus-
sion to “why economic growth is sought in the first place” (Sen, 1997, p. 1960). 
Alternatively, Sen claims the centrality of individual freedom as the force and means 
of social development as well as end of development.
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Sen (1999) draws on a childhood recollection to demonstrate his motivation to 
highlight human capabilities. As a child, Sen observed a man, Kader Mia, a Muslim 
daily worker, get knifed and killed in a largely Hindu area. Kader had to travel to the 
area hostile to Muslims in search of work to financially support his family. Being 
impacted by this encounter with Kader, Sen searched for ways that centralize human 
capabilities in economic and societal development, with his strong belief that 
“human beings are not merely means of production” (p. 296). Including the layer of 
human capabilities highlights “the instrumental role of capability expansion in 
bringing about social change (going well beyond economic change)” (p. 296). In 
light of human capabilities, freedom is conceptualized as the means and end of 
development. The means and end of STEM education, therefore, exceed beyond 
growing human capital, which mainly concentrates on the production of commodity 
and economic value, and should include fostering agency among students for social 
and political development along with the well-being and freedom of people.

11.1  Theoretical Framework: Integrating Perspectives 
from Sociocultural Theory, Queer Theory, and Critical 
Race Theory to Conceptualize Learner Bodies

What images of STEM education can we visualize if we place human capabilities at 
the center? Rather than treating learners as human capital or disembodied entities, 
the lens of human capabilities allows our focus to be on the cultural and historical 
nature of learner bodies, which hold the stories of who they are and who they are 
becoming. This lens sheds light on the expansion of freedom of bodies for all the 
learners through STEM education.

In the domain of mathematics education, learner bodies came to light in relation 
to the complex, embodied mathematical thinking (e.g., Abrahamson & Sánchez-
García, 2016; de Freitas & Sinclair, 2013; Hwang & Roth, 2011; Lee, 2015; Ma, 
2017; Nemirovsky, Tierney, & Wright, 1998; Radford, 2009). These studies on 
learner bodies draw from various epistemologies and ontologies: the ecological 
dynamics (as seen in Abrahamson & Sánchez-García, 2016), sensuous cognition (as 
seen in Radford, 2009), material phenomenology (as seen in Hwang & Roth, 2011), 
new materialism (as seen in de Freitas & Sinclair, 2013), and distributed cognition 
(as seen in Ma, 2017). Others (e.g., Lee, 2015; Nemirovsky et al., 1998) designed 
the interaction among the body, mathematics learning, and technology and made the 
interaction explicit. We seek to further advance this line of research by shedding 
light on how certain bodies are forced to be hidden in the public space of learning, 
how the mobilities of certain bodides can be restricted or liberated, and how such 
negotiation of bodies interact with the stories and histories of the learner. As detailed 
in the following sections, we believe that insights from queer theory and critical 
race theory will lend a hand in this endeavor.
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In conceptualizing learner bodies as cultural, historical, and political, we inte-
grate insights from sociocultural theory, queer theory, and critical race theory. 
Sociocultural theory emphasizes the cultural and historical nature of our bodies in 
learning, as the human mind is conceptualized as extending beyond the skin and is 
mediated by cultural and symbolic tools (Vygotsky, 1978; Wertsch, 1998). 
Philosophically, one of the central mandates of sociocultural theory is to overcome 
the Cartesian dualism, which is well represented by Il’enkov (1977) as “thought 
lacking a body and a body lacking thought” (p. 19). Instead, sociocultural theory 
conceptualizes the “thinking body” (p. 18) of living being. From this perspective, 
seemingly biological functions such as sleeping patterns are afforded and con-
strained within the cultural practices that we engage in. Rogoff (2003) succinctly 
summarizes this perspective by stating that humans are “biologically cultural” 
(p. 63). From this perspective, learner bodies are fundamentally cultural and histori-
cal, as they are shaped through the cultural practices, for example, as demonstrated 
in Saxe and Esmonde’s (2005) trace of the change in Oksapmin bodily counting 
system over time.

11.1.1  Insights from Queer Theory

Sociocultural theories, however, have not explicitly addressed power, access, and 
privilege associated with learning (except for recent works advancing this area, 
Esmonde & Booker, 2016; Gutiérrez & Jurow, 2016; Nasir & Bang, 2012). In order 
to fully conceptualize cultural and historical bodies of learners, we incorporate per-
spectives from critical race theory and queer theory building further on our earlier 
work (Esmonde, Brodie, Dookie, & Takeuchi, 2009). Queer theory considers the 
norms, emotions and desires associated with performing certain bodies and also the 
costs of not-performing the normalized body (Butler, 1993; Foucault, 1980; Moraga 
& Anzaldúa, 1981). “Queer” in queer theory functions as “a marker representing 
interpretive work that refuses what Halley has called ‘the heterosexual bribe’—that 
is, the cultural rewards afforded those whose public performances of self are con-
strained within that narrow band of behaviours considered proper to a heterosexual 
identity” (Sumara & Davis, 1999, p. 192). Queer theory thus meets pedagogy and 
curriculum by broadening what counts as knowledge: “not just knowledge about 
sexuality, but knowledge about how forms of desire are inextricable from processes 
of perception, cognition, and interpretation” (Sumara & Davis, 1999, p.  192). 
Taking the epistemology of queer theory thus amounts to questioning what counts 
as knowledge in STEM or mathematics education.

Queer theory also helps us see how power penetrates into our body. Foucault 
(1980) maintains that power “reaches into the very grain of individuals, touches 
their bodies and inserts itself into their actions and attitudes, their discourses, learn-
ing processes and everyday lives” (p. 39). Power is thus exercised “within the social 
body, rather than from above it” (p. 39). As such, power reaches into the way learn-
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ers use or do not use their bodies and how their bodies are positioned, mobilized, or 
constrained through the configuration of classrooms and schools.

Power is exercised over non-normative bodies through materialization and abjec-
tion of bodies. Butler (1993) elucidates tacit exclusion of unintelligible bodies with 
the concept of abject. Butler explains how the boundary created to generate certain 
subjects simultaneously excludes other bodies or unintelligible bodies. According 
to Butler, abject beings are “those who are not yet ‘subjects,’ but who form the con-
stitutive outside to the domain of the subject. The abject designates here precisely 
those ‘unlivable’ and ‘uninhabitable’ zones of social life which are nevertheless 
densely populated by those who do not enjoy the status of the subject, but whose 
living under the sign of the ‘unlivable’ is required to circumscribe the domain of the 
subject” (p. xiii). This tacit way of exclusion works to oppress the outside of mate-
rialized norm and materialized bodies.

Such exclusion can manifest in our daily encounters–how we move our bodies 
and how we feel about our bodies in social spaces. Adding the lens of racialized 
bodies into queer theory, Ahmed (2006) discusses how certain bodies are extended 
or not extended, and become more or less mobile in social spaces:

For the bodies that are not extended by the skin of the social, bodily movement is not so
easy. Such bodies are stopped, where the stopping is an action that creates its own
impression. Who are you? Why are you here? What are you doing? (p. 139)

In these moments, racialized bodies can feel the loss of place and become 
estranged. While acknowledging the emotional stress and social and physical pres-
sure experienced by the estranged bodies, Ahmed also describes the possibility of 
such bodily encounters for queering space by disturbing the order of things and the 
normative ways of living.

11.1.2  Insights from Critical Race Theory

Critical race theory has its roots in critical legal studies which examine the way law 
encodes cultural and racialized norms and it assumes that racism is not a series of 
isolated acts but is rather endemic and systemic (Ladson-Billings & Tate, 1995). 
Critical race theory legitimatizes racialized individuals’ bodies and voices by using 
stories as a vehicle (Dixson & Rousseau, 2006; Ladson-Billings & Tate, 1995). 
Counter-storytelling informed by critical race theory offers space to challenge dom-
inant, deficit narratives (Solórzano & Yosso, 2002). Counter-storytelling theorized 
through critical race theory challenges the deficit master narrative that overempha-
sizes and individualizes the deficits of non-dominant students and eventually forces 
non-dominant students to assimilate into the mainstream (Fernández, 2002; Ladson-
Billings & Tate, 1995; Solórzano & Yosso, 2002). We will elaborate on how we 
integrated insights from critical race theory into our methodology in the following 
section. Integration of queer theory and critical race theory allows intersectional 
storytelling with STEM education (as seen in Leyva, 2016). We hope to bring forth 
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the richness of mathematical knowledge those learners, bodies embodied and the 
agency that they exercise to queer the norm.

11.2  Methodology

The overarching methodology for this chapter is framed as critical race methodol-
ogy centralizing counter-storytelling (Solórzano & Yosso, 2002). Solórzano and 
Yosso define the counter-story as “a method of telling the stories of those people 
whose experiences are not often told (i.e., those on the margins of society). The 
counter-story is also a tool for exposing, analyzing, and challenging the majoritarian 
stories of racial privilege” (p. 32). There are several types of counter-stories: per-
sonal and autobiographical narratives, a third person voice of other people’s stories 
or narratives, and composited stories and narratives drawing on various forms of 
data (Solórzano & Yosso, 2002). Counter-storytelling locates a learner within 
broader sociocultural contexts and therefore should include political and societal 
contexts surrounding a learner when describing a story (Fernández, 2002).

In our counter-storytelling, we decided to use a third person voice to introduce 
the stories of two learners. A third person voice narrative allowed us to weave our 
reflexivity—our reflection on the relationship with participants—into these stories, 
while vividly depicting portraits of these learners (Langer, 2016). By utilizing the 
medium of counter-stories, our hope is to provide fuller and concrete pictures of 
who those learners are and who they are becoming in the space and within the 
norms of school mathematics learning.

Our storytelling focuses on the negotiation of learner bodies as informed by 
sociocultural theory and queer theory and also motivated by the counter-storytelling 
practices framed by critical race theory. The creation of counter-stories was guided 
by our theoretical sensitivity that surfaced the subtleties of meaning and signifi-
cance to the particular segments of data (Solórzano & Yosso, 2002). In our analysis, 
we selected the stories that are illustrative to depict particular slices of students’ 
experiences of learning mathematics—negotiating normative practices around their 
bodies in learning mathematics.

Both of stories emerged from the ethnographic studies that I (Takeuchi) con-
ducted in urban cities in Canada and Japan. These studies were framed to capture a 
thick description of cultural practices and to reveal a “stratified hierarchy of mean-
ingful structures” (Geertz, 1973, p.  7), which is produced, perceived, and inter-
preted in a particular social practice. Video and audio recording was employed, 
along with ethnographic fieldnotes, to conduct analyses of particular segments of 
interaction as well as interviews with participants. By retelling the stories of two 
learners, using the data obtained from these two studies, we will reconceptualize 
learner bodies in STEM education.

Through my previous ethnographic studies in urban cities in Canada and in 
Japan, I (Takeuchi) encountered May and Karim (pseudonyms). I met May when I 
conducted a study in an urban city of Japan that mainly focused on the continuity 
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and discontinuity between schooling and out-of-school experiences for linguisti-
cally diverse students and families (for additional details and a fuller picture of this 
study, please see Takeuchi, 2018). The study focused on Filipina women who immi-
grated or migrated to Japan to work, and their school-aged children. I was involved 
in a local after-school program that was offered to academically support school 
learning, especially for those who used a first language or a home language other 
than the school instructional language. The study consisted of three phases: ethno-
graphic observation, ethnographic interviews, and design of mathematics learning 
workshops with the participants.

I met Karim when I conducted a longitudinal ethnographic study of mathematics 
classrooms in a multilingual school within an urban city of Canada (for additional 
details and a fuller picture of this study, please see Takeuchi, 2015, 2016). The 
school had approximately 450 students, with representation from more than 30 dif-
ferent language groups; 23% of the students were born outside Canada, and for 
approximately 53% of the students, English was not the language spoken in their 
homes. The study focused on four newly arrived students who were labelled as 
“English language learners (ELLs)” and their trajectory of participation in class-
room mathematics discourse and their development of identities. The study was 
conducted in two Grade 4 mathematics classes taught by Ms. Sally Wilson. The data 
collected through this study involved video data of classroom interactions focusing 
on the four students and interviews with Ms. Wilson as well as an English as a 
Second Language (ESL) class teacher.

11.3  Findings

11.3.1  Story of May

Let us introduce May. May was a student I (Takeuchi) met during my ethnographic 
study conducted in an urban city of Japan, where I worked with the communities of 
recent immigrants from the Philippines. May was born in Manila, the Philippines. 
She came to Japan when she was a Grade 4 student in the Philippines. When she 
started schooling in Japan, she repeated Grade 3 because of academic and linguistic 
gaps identified by her teacher, and thus she was older than other peers in her grade. 
When I met her, she was a Grade 6 student in a public elementary school. As for the 
most fluent language for her, she said, “I can speak Filipino (Tagalog), Japanese and 
English… but none is perfect.” She emphasized that Japanese vocabulary associated 
with history and geography was particularly challenging. May’s language practices 
could be positively seen as translanguaging—the fluid language practices unique to 
multilinguals (García & Wei, 2014); however, for her it was instead perceived as a 
deficit.

The following brief description of Japan’s immigration policy would help con-
textualize May’s story. In Japan, which is often perceived as “linguistically and 
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racially homogeneous,” some industrial areas are becoming much more ethnically 
and linguistically diverse, as represented in the percentages of registered foreign 
nationals in the following cities: Oizumicho, Gunnma (14.5%); Minokamo, Gifu 
(7.7%); and Kikukawa, Shizuoka (5.4%) (Committee of Localities with a 
Concentrated Foreigner Population, 2012). In addition to these cities, large cities 
such as Tokyo, Nagoya, and Osaka have relatively high percentages of “registered 
foreign nationals.” Since the late 1970s, a significant number of Filipino women 
have come to work in Japan. Filipino migration in Japan is gender-biased: 77.6% of 
the Filipino population living and immigrated to Japan are women (Ministry of 
Justice, 2013). From my ethnographic interviews, I came to learn that some of these 
women came for an arranged marriage and worked in farm village areas, some of 
them worked as entertainers in urban cities, and, more recently, some of them 
worked as nurses, caregivers, and English language teachers and tutors. The immi-
gration policy of Japan grants citizenship by parentage: children who are born into 
a family of a Japanese father or a Japanese mother are granted citizenship. However, 
a child like May or a child who was born in Japan from parents who are not Japanese 
citizens, cannot be granted permanent residency or citizenship in Japan. This politi-
cal context placed many children in stressful and uncertain circumstances. May, for 
instance, could not picture where she would be living in the next year.

High drop-out rates from schools among children of migrant workers in Japan 
have started to be documented in recent years, in municipal and national govern-
ment-issued reports. In one report (Shinjyuku-ku, 2012), the reasons why these chil-
dren stopped going to school were listed as “I don’t understand Japanese,” “I don’t 
understand the concepts discussed in class,” or “I can’t make friends.” In the case of 
May, despite her uncertainty towards her future, she was viewed as putting much of 
her efforts to succeed towards her local community. Outside the school, she consis-
tently attended the community after-school learning support program. There, she 
spent at least two hours in the evening, twice a week. She was resourceful—when 
she needed support for her studies, she had several friends and adult tutors to reach 
out to. She was also active in her school band wherein she played the role of 
band leader.

11.3.1.1  Mathematics Knowledge May’s Body Embodied

One day, when I was at the community after-school program, I noticed that May 
was doing something with her fingers, under her desk, to solve a mathematics prob-
lem. I was curious but did not want to disturb her. I then heard from other tutors in 
the after-school program, some of whom were retired school teachers, that they 
were concerned about the use of fingers observed among students including May. 
They claimed that the use of fingers was often a sign of “immaturity” in knowing 
mathematics and that students should not be allowed to use fingers at school. After 
this conversation, I became more curious about what May was doing with her fin-
gers and so I asked her about it.
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It turned out that May was using her fingers as a tool for multiplication. Her 
explanation revealed an algorithm for multiplication using fingers, employed for the 
multiplication of numbers between six and nine (the algorithm can be slightly modi-
fied and extended to the multiplication of numbers between 11 and 15). For exam-
ple, May used this algorithm when calculating 8 × 7. Each hand represented one 
factor. Five was represented by the closed hand, and any number above five was 
represented by the number of open fingers. In the case of 8 × 7, one hand showed 
three open fingers (and two closed fingers) and another hand showed two fingers 
(and three closed fingers). May added the number of open fingers and multiplied 
this number by ten [Product A; e.g., (3 + 2) × 10 for the calculation of 8 × 7]. Then, 
she counted the number of closed fingers in each hand and multiplied these two 
numbers (Product B; e.g., 2 × 3 for the calculation of 8 × 7). Adding the Product A 
and Product B (e.g., 50  +  6) provided the multiplication product (which in this 
example was 56).

Historically, this finger multiplication method was invented and employed in 
Florence, Italy, to deduct the multiplication table up to 10 × 10 to the multiplication 
table of 5 × 5, from a statement of the algebraic identity (5 + a)(5 + b) = (5 − a)
(5 − b) + 10(a + b) (Ball, 1888). By using the distributive property of multiplication, 
the algorithm can be also understood as: (χ − 5) × 10 + (y − 5) × 10 + (10 − χ) × (1
0 − y) = xy (where x and y are respective factors of multiplication) (Fig. 11.1).

May explained that she learned this finger multiplication method from her par-
ents. When I interviewed her parents, May’s mother explained to me that she would 
not encourage her children to use this method at school because using fingers would 
be considered illegitimate at school. Instead, May’s mother told her children to 
memorize the multiplication table with the mainstream method taught in Japanese 
schools. May, herself, also reported that she would not use the finger multiplication 
method during mathematics quizzes or openly at school, because she thought that 
only computation strategies taught by the teacher were legitimate. In fact, when I 
first observed May’s use of fingers for computation, she was hiding it under her 
desk. In this process, May’s body was abjected (Butler, 1993).

Fig. 11.1 May’s finger multiplication method (showing 8 × 9)
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In the school context, multiplication operation skills were treated as one of the 
significant milestones in the early mathematics curriculum that impacted students’ 
relationships with mathematics at school (such as a “slow mathematics learner”) 
(Takeuchi, 2018). For a student like May who moved from another country and did 
not engage in a single “mainstream” technique, narrowly defining what is legitimate 
at school can constrain her capability. This is evidenced by May’s narrative when 
she explained how she would hide her informal finger multiplication method during 
quizzes at school. May’s story tells us how the informal mathematics knowledge she 
embodied came to be unintelligible and subjugated through the formal school cur-
riculum and pedagogy that she experienced.

11.3.2  Story of Karim

Now let us introduce Karim. Karim was a student I (Takeuchi) met during my eth-
nographic study in an urban city of Canada. Karim was originally from Afghanistan. 
Before coming to Canada, he lived in refugee camps in Pakistan, with his family. He 
spoke Farsi at home to communicate with his parents and spoke English to com-
municate with his older brother and sister. Karim was receiving ESL support and 
attended ESL classes during language arts and social studies.

The Programme for International Student Assessment (PISA) by the Organization 
for Economic Co-operation and Development (OECD) examined the academic 
achievement gap between immigrant students and non-immigrant peers in mathe-
matics, language arts, and science. A recent report revealed that immigrant students’ 
performance in mathematics was lower than their native peers in many countries 
(OECD, 2013), although the gap between immigrant students and native students 
was smaller in Canada, Australia, New Zealand, and Macao-China. In Canada, sec-
ond-generation immigrant students outperformed their native peers. However, a 
local assessment provides a different picture. For example, a provincial assessment 
of Ontario, the province with the largest immigrant population in Canada, indicated 
academic streaming in mathematics (Education Quality and Accountability Office, 
2013). The majority of ELLs who pursued the university preparatory mathematics 
courses (i.e., “academic mathematics”) met the provincial standard for mathemat-
ics. Yet, among ELLs who stayed in the mathematics courses that emphasized prac-
tical application (i.e., “applied mathematics”), only 35% of them met the grade-level 
expectation. Local school boards in Canada such as the Toronto District School 
Board (TDSB) conducted a study to grasp the picture of schooling and academic 
achievement gaps focusing on students from lower socioeconomic status and cer-
tain backgrounds. For example, the scores obtained by the students from Afghanistan 
indicated their challenges in reading, writing, and mathematics in school contexts 
(Brown, Newton, & Tam, 2015). Also in the report, the tendency for students from 
Afghanistan to pursue “applied mathematics,” compared to “academic mathemat-
ics” was noted. In the case of Karim, Ms. Wilson and the ESL teacher both men-
tioned his limited and discontinuous prior schooling and lack of progress he was 
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making. The report focusing on the students from Afghanistan in Canadian school 
contexts indicates systemic and socioeconomic challenges experienced by Karim.

During my school visits, in some days, Karim looked quite engaged; he was 
seated front and center and passionately raised his hands when the teacher posed a 
question to the whole class. On other days, he looked less energetic and disengaged. 
He was sometimes located to sit alone at the back of the classroom, staring down at 
his desk or looking out the window (Fig. 11.2). During group work, he was occa-
sionally on the receiving end of authoritative interactions—his ideas were often 
denied without valid mathematical justification or he was excluded from the conver-
sation in the formal space of school (Takeuchi, 2016). The teacher was constantly 
looking for ways to engage Karim by changing around the location he is positioned 
in the classroom. For example, if the teacher observed Karim being excluded from 
the group, she separated him from the group and provided him with individual 
support.

11.3.2.1  The Mathematics Knowledge Surfaced Through Karim’s 
Gesture

As mentioned above, in the interactions with teacher-assigned peers, Karim’s ideas 
were often denied without valid mathematical justification or he was excluded from 
the conversation. He was sometimes physically positioned at the corner of the class-
room by himself as seen in Fig. 11.2. This used to be Karim’s positional identity 
observed occasionally in mathematics classrooms. During my participation in 
Karim’s mathematics class over an academic year, there was a moment in which I 
noticed a change in the way he participated as well as a shift in his “positional iden-
tity”—which refers to “the day-to-day and on-the-ground relations of power, defer-
ence and entitlement, social affiliation and distance with the social-interactional, 

Fig. 11.2 Karim’s position in the classroom. Note. Karim (farthest left) is working alone, facing 
the window
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social-relational structures of the lived world” (Holland, Skinner, Lachicotte, & 
Cain, 1998, p. 127). This happened in mid-April. The following episode depicts 
how such shift came to light. In this episode, Karim’s positional identity shifted in 
a subtle but significant manner.

In this introductory lesson to fractions, the teacher drew multiple shapes divided 
into equal pieces, where some pieces were colored in. Students were asked to name 
a fraction that corresponded to the colored pieces relative to the whole. After a 
series of similar interactions, the teacher drew a rectangle divided equally into four 

pieces, with three pieces colored. The teacher expected the answer to be 
3

4
 .

During this exchange, the teacher was sitting in a rocking chair and was drawing 
shapes on a flip chart. Students were sitting on the floor as a group and their bodies 
were therefore not bounded to desks (Fig. 11.3). Karim was sitting just in front of 
the teacher and was able to make his body visible to others. This position or posi-
tional identity was in stark contrast to a more marginalized position that he occupied 
in the classroom (Fig. 11.2). When the teacher asked the students to name a fraction 
showing the rectangle, Karim said “two out of eight.” He then immediately cor-
rected himself and said, “six out of eight.” The teacher surprisingly repeated what 
Karim said, “six out of eight?” And she encouraged Karim to show where he saw 
six eighths. Karim pointed at how he saw a way to divide a rectangle into two equal 

parts; this gesture pointed out the equivalence between 
3 6

 and 
4 8

 (Fig. 11.4). The 

teacher acknowledged and took up Karim’s contribution while saying “you’re very 
clever,” and took it up as the lesson of equivalent fractions by adjusting the original 
lesson plan. The teacher went beyond the curriculum expectation for the particular 
grade (the local curriculum did not require a lesson on equivalent fractions for 
Grade 4) and opened up the space for meaningful discussions.

In this interaction, Karim’s bodily interactions with the object (that was expected 
to be interpreted in a normative way) queered the object. Going back to Ahmed’s 

Fig. 11.3 Classroom configuration during introductory fraction lesson
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Fig. 11.4 Karim gesturing the invisible line (indicated with dots) and showing how he sees the 

equivalence between
3 6

  and .
4 8

 Note. The invisible line is halving the rectangle

(2006) account on queering, this moment illustrates “how the strangeness that 
seems to reside somewhere between the body and its objects is also what brings 
these objects to life and makes them dance” (p. 163). What was overlooked in the 
rectangle representation of fractions got noticed and started to mobilize with a sim-
ple yet meaningful gesture of drawing a line halving the rectangle. In fact, Karim’s 
answer was not what the teacher expected—but nonetheless the teacher praised 
Karim’s idea as a vital contribution. Karim did not yet have the words to describe 
what he discovered, that is “equivalent fraction.” However, he was able to “show” 
the concept by gesturing. Instead of discounting what Karim showed, by affirming 
his contribution, the teacher provided a new language, a new concept, and new posi-
tioning in this interaction.

At the beginning of this interaction, when Karim said “six out of eight,” some of 
his peers whispered, “it’s four” and tried to dismiss his contribution. However, when 

Karim showed how the equivalence between 
3

4
 and 

6

8
 simply drawing the invisible 

line to divide the rectangle, his peers said, “ohhhh,” sounding surprised. The teacher 
took up Karim’s gesture of the “invisible line” and let the class compare two rect-
angles showing equivalent fractions. By taking up Karim’s contribution, the teacher 
not only moved beyond narrow mainstream mathematical expectations, but also 
leveraged Karim’s positional identity into someone who can contribute to mathe-
matical discussion. Karim tweaked the original rectangle model to a model that can 
possibly highlight other concepts such as the division or multiplication of fractions. 
In other words, Karim’s gesture brought forth otherwise unnoticed affordance of the 
rectangle model. In North America, a frequently used representation of fractions 
used in the school context and textbooks is a circle model, which is often associated 
with pizza; however, the circle model does not afford reasonable representation of 
numerical operations, especially division or multiplication, with fractions (Watson 
& Mason, 2005). Just before this episode, the teacher also used the circle model of 
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fractions. In his subtle gesture, Karim showed a way to advance the discussion 
mathematically with the alternative representation through this tweaks (e.g., equiva-
lence of fractions visually, and potentially other more advanced numerical opera-
tions with fractions). In this sense, Karim’s gesture could be read as the disruption 
of the dominant representation of fractions. The teacher acknowledged the central 
position that Karim took in this interaction by making his body more visible to oth-
ers and thus opened up his capabilities.

11.4  Discussion

Rather than treating learners as human capital or disembodied entities, from the 
perspective of human capabilities, we shed light on learner bodies. Drawing from 
the integral theoretical perspective of sociocultural theory with queer theory and 
critical race theory, we conceptualized learner bodies as cultural and historical—
and also the locus of negotiation of norms and power. By rethinking May and 
Karim’s learner bodies in this light, we are able to better appreciate their vulnerable 
yet valuable mathematical contributions. Both May and Karim used their bodies in 
non-normative ways to engage with mathematics. May’s finger multiplication rep-
resents embodied actions that contradict normative standards for engaging in math-
ematics, yet it could serve as tools that enable these learners to participate in 
mathematics discourse. By challenging the norms associated with the stabilized 
marginality he occupied in the classroom and mobilizing his body, Karim tweaked 
the given representation of fractions and brought forth its otherwise unnoticed 
mathematical affordance, through his use of gesture. Their stories highlight the need 
to reconceptualize learner bodies within the context of STEM education so that we 
honor the contributions and practices of all students, especially those historically 
left to the margins. These stories call for designing learning environments that value 
the whole learner and prompt to rethink STEM education as a tool for capitalist 
enterprise and reimagine it as a place for building human capability.

Both stories also prompt us to examine the design of equitable learning environ-
ments in STEM education. Design of the environment is powerful—in a sense that 
can either challenge, perpetuate, or create inequity in education settings. Panopticon, 
a prison architecture, designed by Jeremy Bentham that Foucault (1980) depicts, is 
a vivid example of the power of design. With carefully designed use of light and 
locations of prison cells and a guard, this design produced self-policing, self-moni-
toring, and self-control, just with (imagined) gaze. Similarly, the ways in which 
school curriculum, school architecture, classroom settings, and locations of a 
teacher and students all influence strongly the ways in which power produces its 
effects at the level of knowledge but also at the level of desire.

In the case of Karim, the material re-organization of the classroom allowed him 
to engage his body in the communication of mathematics, allowing the class to see 
his mathematics competence. The teacher rearranged the classroom space so that 
students were not bounded by desks and with this rearrangement, Karim was able to 

M. A. Takeuchi and S. Dadkhahfard



213

better mobilize his body and through which, normative mathematical representation 
was queered. In the case of May, the mathematical reasoning she embodied was 
unrecognized or even disciplined in the classroom space and by the rigid curricu-
lum—with consequences for possible marginalization of her reasoning, her body, 
and possibly herself. May carefully monitored the ways she used her body to engage 
with mathematics. That is, she hid her finger multiplication method to fit into the 
mainstream mathematical practice of performing number operations. She tactically 
used the method, monitoring legitimate and illegitimate bodily acts in the classroom.

In school contexts, there is still a deeply rooted assumption that mathematical 
thinking has to be “a pure mental activity—something immaterial, independent of 
the body, occurring in the head” (Radford, 2009, p. 111). STEM education tends to 
be treated as politically neutral though it is inherently political and ethical, and dis-
course in STEM education can value certain bodies more than others (as demon-
strated in Philip, Gupta, Elby, & Turpen, 2018). The assumptions about political 
neutrality and disembodied nature of learning can marginalize certain bodies of 
learners and hence their associated sense of identity with STEM disciplines. By 
incorporating queer theory and critical race theory, in this chapter, our attempt was 
to advance the conceptualization of learner bodies as the locus of negotiation of 
power, desires, and emotions. Such a reconceptualization of learner bodies can lead 
us to reframe what is considered as mathematics in STEM education, which is often 
perceived as “existing independently of the people who do it, and independent of 
their bodies, senses, desires, emotions, and aesthetics—everything that makes a per-
son flesh and blood” (Greer, Mukhopadhyay, & Roth, 2013, p.  6). Rethinking 
learner bodies and challenging the traditional framework of teaching and learning is 
essential for STEM education; without which, the ways in which mathematics has 
been taught and conceptualized as a discipline will not be mobilized or renewed.

In discussing the materialization of bodies, Butler (1993) described the paradox 
of the subjectivation of bodies, where the formation of the subject is enabled or 
produced by the very norm that the subject is resisting. In this sense, agency is per-
ceived as “reiterative or rearticulatory practice, immanent to power, and not a rela-
tion of external opposition to power” (p. xxiii). Agency conceptualized by queer 
theory is located with the chain of historicity; it is a power to “avow a set of con-
straints on the past and the future that mark at once the limits of agency and its most 
enabling conditions” (p. 174). This view of agency is insightful when we think of 
our agency to reimagine STEM education. Shanahan et al. (2016) maintained that 
“STEM education” can be best conceptualized as a boundary object. By liberating 
disciplined bodies, we could exercise our agency to include abjected bodies in tra-
ditional school mathematics and rearticulate STEM education. Such efforts have 
just begun. For example, Sengupta and Shanahan (2017) assembled otherwise-dis-
persed bodies through the learning environment of public computation. They dem-
onstrated the possibility of extending the boundary of STEM education to public 
experience. By rearticulating the disciplinary boundaries afforded by STEM educa-
tion, we can envisage mathematics learning which is more integral to learners’ bod-
ies, and which allows learners “to lead lives they have reason to value and to enhance 
the substantive choices they have” (Sen, 1997, p. 1959).”
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Chapter 12
Supporting Complex Multimodal 
Expression Around Representations 
of Data: Experience Matters

Victor R. Lee

Abstract Reporting of STEM education research tends to privilege the verbal 
statements that students and teachers make. While some of this is likely an artifact 
of how research is typically reported in print-based publications media that are opti-
mized to handle text, it is important to note that the actions that take place when 
talking about and learning STEM content are actually multimodal. That is, they 
involve deployment of several modes of expression that may include verbal utter-
ances that lend themselves to transcription but also include gesture, actions, and use 
of physical space. This chapter proposes that for producing multimodal expressions 
about data, direct and embodied experience with the creation of data is a valuable 
resource. Two examples are presented. One involves the description and re- 
enactment of what actions produced the distributional shape of a histogram. The 
other involves students discussing what bodily actions would produce different box- 
and- whisker plots. Each shows the competence students have for thinking through 
data representations when they are able to physically enact what motions are associ-
ated with those representations.

Keywords Multimodality · Gesture · Elementary statistics education · Embodied 
cognition · Inscription

12.1  Background

Reporting of STEM education research tends to privilege the verbal statements that 
students and teachers make. While some of this is likely an artifact of how research 
is typically reported in print-based publications media that are optimized to handle 
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text, it is important to note that the actions that take place when talking about and 
learning STEM content are actually multimodal. That is, they involve deployment 
of several modes of expression that may include verbal utterances that lend them-
selves to transcription but also include gesture, actions, and use of physical space. 
Detailed multimodal analyses of interactions around STEM content and practices 
reveal how complex this coordination work can be, and remind us to be considerate 
of how multiple communicative modalities are at work when learning and commu-
nicating within a disciplinary domain (Kress, Jewitt, Ogborn, & Tsatsarelis, 2001). 
For example, physicists have been known to describe state transition such that they 
refer to themselves as people being blended into a state change graph (Ochs, 
Gonzales, & Jacoby, 1996) and in entomology research, gesture, inscription, and 
discourse may be deployed to introduce and appropriate new statistical concepts 
(Hall, Wright, & Wieckert, 2007).

The acknowledgment of multimodal interactions is important in STEM educa-
tion because they can reveal what ideas are being communicated and appropriated 
by a student in ways that their words alone may fall short. For instance, a known 
phenomenon in gesture research is the speech-gesture mismatch in which students 
begin to show gestures and make deictic reference to appropriate quantities when 
they are about to develop in their mathematics understanding even though their 
speech may report incorrect information (Church & Goldin-Meadow, 1986). 
Additionally, non-literal uses of language such as when students describe graphs 
and diagrams in novel ways can reflect a level of sophistication in how meaning is 
constructed, even when they do not follow normative canon (Lee & Sherin, 2006). 
Work by Nemirovsky, Tierney, and Wright (1998) has illustrated this through 
detailed case analysis of a student manipulating a motion sensor and an immedi-
ately produced distance graph where the examined youth shifted perspectives and 
engaged in acts of “fusion” where they would situate their own activity into seg-
ments of the graph. These are arguably sophisticated ways of thinking through 
canonical scientific representations, and represent a contrast to literature that has 
identified difficulties in students’ abilities to work with such representations (e.g., 
Cromley et al., 2013; Leinhardt, Zaslavsky, & Stein, 1990). While we do not dispute 
that students can make normative errors in interpreting representations, we believe 
that education research also needs to recognize what students can do well with rep-
resentations and identify what conditions support greater competence.

This chapter proposes that when it comes to working with representations of 
data, direct and embodied experience with the creation of data is a valuable resource. 
In the science education literature, we have seen that familiarity with the data cre-
ation context matters for how prepared a class is to make sense of that data. When 
students work with data that was collected by outside entities, they spend much 
more time trying to understand how the data were created and what the data corre-
spond to in the world (Hug & McNeill, 2008). The creation of data can be laborious. 
When orchestrated intentionally and thoughtfully, it can involve deliberate routines 
of measurement in which students create and critique ways of collecting data that 
lead to demonstrably improved normative understandings of measurement, error, 
and variability (e.g., Lehrer, Kim, & Schauble, 2007). What I propose here is that 
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students can also leverage existing automated wearable data collection technologies 
to quickly obtain data that still provides them with direct experience with the phe-
nomena being measured and allows for comparable explorations (Lee, Drake, & 
Williamson, 2015). To illustrate this, I present two brief episodes analyzed multi-
modally that involve students communicating around canonical data representations 
(histograms and box-and-whisker plots) of students’ own physical activity data. 
Key to these episodes is how students connect the bodily experiences represented in 
the data to the data representations themselves and express and coordinate those 
through speech, gesture, and action.

12.2  Theoretical Framework: Multimodality in Interaction

Before proceeding further, I do wish to clarify my position on multimodality for this 
chapter. One of the most fundamental ways of recognizing multimodality is recog-
nizing it as the deployment of more than one representational system. For instance, 
consider the example of multimodal communications that may come from a comic 
book or graphic novel. In comparison to a trader paperback bestseller, where written 
text is doing the bulk of the work to communicate intended meaning, images are 
also deeply involved in the comic book. Much of the same meaning and effect of a 
story in trade paperback can be retained whether or not the same pagination, font 
size, and spacing is used in a reproduction (such as conversion of a hardcover edi-
tion to paperback or ebook). The same does not hold true for graphic novels, where 
the specific placement of panels and text combine to create an effect and directional-
ity to how one reads that printed material. Indeed, the subtlety of how a multimodal 
medium like graphic novels accomplishes communicative work has been subject to 
careful analysis (McCloud, 1993). A central point to be observed is that multimodal 
communications involve deliberate deployment of multiple systems of representa-
tion. In the case of comics, that involves a minimum of text and image (although 
arguably several more, ibid). Each system may have standard conventions when 
used alone that allow for generally accepted standards for interpretation and infer-
ence of intended meaning. Yet when deployed together, even in the case of text and 
image, the potentials for a multiplicity of possible meanings to be evoked grow 
rapidly (Lemke, 1998). On its surface, this multiplicity could seem problematic. 
However, we have techniques and pragmatic norms for constraining possible mean-
ings, many of which have yet to be fully unpacked (Lee & Sherin, 2004).

For current purposes, the recognition that multiple systems are deployed is the 
most critical point to be understood. In the analyzed excerpts that follow, there are 
three primary modalities that are being considered: speech, gesture, and inscription. 
These are, knowingly, simplifications of all the features of interpersonal interaction 
that can do communicative work, but are privileged currently for both brevity of the 
written chapter format and because of some generally accepted delineations. Speech 
refers to verbal articulations and utterances. They are ephemeral in that unless spe-
cial recording means are deployed, they do not maintain a presence in time and 
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space after they are produced. They are primarily detected aurally, although visual 
and sometimes even kinesthetic sensory modalities may be involved. Paralinguistic 
features, such as prosody, stress, and rate of speech, will be associated with speech 
and are aspects that have been recognized as contributing more than what the tran-
scribed words alone can do. Gesture refers to intentional bodily movement, which 
can serve a number of functions in communication. McNeill (1992) offered one of 
the most commonly invoked categorization schemes by identifying deictic gestures 
(those that involve resolving reference, as would happen with pointing), beat ges-
tures (those that are used for emphasis, such as the thrust of a hand that coincides 
with a word to stress intensity), and metaphorical (those that enact or symbolize 
actions and relations, such as using one’s swaying hand to mimic a car swerving on 
a fictive road). Inscription (Roth & McGinn, 1998), for current purposes, refers to 
representations and markings placed on a surface. Most commonly, those would 
involve graphic representations such as pictures, diagrams, graphs, tables, and 
charts, although arguably many other markings legitimately count as inscriptions.

As precedent for focusing on these modalities and these delineations, the reader 
is referred to two other book chapters published elsewhere that provide productive 
multimodal analyses of communications across these representational systems. 
Hutchins and Palen (1997) provided an analysis of meaning coordination using an 
airline cockpit display to explain how common reference is established and non- 
literal language can be made sensible and appropriate between multiple communi-
cating parties. DeLiema, Lee, Danish, Enyedy, and Brown (2016) also provided an 
analysis of the deployment of speech, gesture, and inscription in a fine-grained 
analysis of how an undergraduate student made sense of and explained physical 
state change in a set of chemistry interviews. Both these cited chapters draw upon 
the work of Goodwin, and particularly relevant here is his discussion of semiotic 
lamination where multiple semiotic fields (modalities) with different properties are 
co-deployed to compactly convey complex relationships and meanings (Goodwin, 
2013). It is through lamination that we can expect the multiplicity of meanings that 
come from multiple modalities (Lemke, 1998) to be constrained toward speaker 
intent, but also broadened to allow for evocation of ideas and reference that tran-
scend what any single modality can do alone.

The contribution of the analyses in this chapter as a contrast to the aforemen-
tioned extant multimodal analyses resides in the reference back to students’ known 
physical activity. Those are the actions that led to the production of particular math-
ematical inscriptions that they are discussing and learning in the excerpts that appear 
below. The implication is that direct, personal experience with those activities as 
part of a history of that inscription shapes how multiple modalities are deployed. 
This takes place immediately and fluidly for the speakers. Where gesture is invoked, 
there is an “echo” or re-enactment of what was the experienced activity. The inscrip-
tions involved are understood and referenced in particular ways by the student 
speakers in ways that we can easily recognize as legitimate with respect to the task 
at hand by others in the classroom and as legitimate for demonstrating proficiency 
of mathematical and statistical understanding. The speech that is used aids in struc-
turing and conveying intended meaning, but does not do so in isolation. The prior 
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embodied experience that produced the inscriptions gets invoked through the use of 
multimodal communications. Where this chapter also contributes is in the proposal 
that this way of seeing mathematical and statistical interpretations and communica-
tions need not rely exclusively on experiences that have already happened. They can 
also, as the second excerpt demonstrates, involve hypothetical embodied experi-
ences that are sensible still because they are plausible and relatable experiences to 
those that have already been invoked.

12.3  Research Context and Data Sources

The data for these accounts of multimodal expressions around data representations 
comes from the fourth iteration of a design-based research project that was focused 
on supporting elementary statistical understanding through examination of physical 
activity data obtained from wearable activity tracking devices. The underlying moti-
vation for this project was that students would be able to bootstrap their knowledge 
of statistics and exhibit sophisticated ways of thinking about data if the data were 
opportunistically obtained from their routine school day activities and experiences 
(Lee, Drake, Cain, & Thayne, 2015). Thus far, this approach appears to be effective, 
in that students who participated in elementary statistics units that integrated stu-
dents’ physical activity data showed greater learning gains than those following 
more traditional classroom units (Lee & Thomas, 2011; Lee, Drake, & Thayne, 
2016). Furthermore, the use of activity data invited students to generate and pursue 
novel questions about routine experiences, such as how different recess activities 
compared with one another in terms of activity level and whether a step-tracking 
device would register a jump as a walking step (Drake, Cain, & Lee, 2017).

The particular iteration from which the two excerpts below originate involved a 
class of sixth-grade students in a Title I rural school in the western United States 
who used step data obtained from commercial, wrist-based wearable activity track-
ers (Fitbit Flex devices) as part of a multi-week unit we designed to address a set of 
state standards related to statistics. Each student was provided with a wearable 
device that they used each day of the unit during school, and the data were automati-
cally recorded and then downloaded. The primary quantity of interest was the num-
ber of steps taken, typically within single minute increments but also overall number 
of steps across a span of time. These step data were transferred into TinkerPlots data 
visualization software (Konold & Miller, 2005) for group inspection and discussion.

For each day of the unit, we had two video cameras recording classroom activity, 
with one focused on whoever was the primary speaker at the time and the other 
recording a full classroom view. The two cases come from the video footage of the 
first camera, and they had been selected as occasions where students were talking 
with one another about canonical statistical inscriptions in front of their entire class. 
We were interested in what observations students made, how they critiqued one 
another, and what they described about those inscriptions. In the course of review-
ing those various episodes as they appeared throughout the unit, we noted these two 
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episodes involved students making deliberate efforts to talk about not just the data 
inscription but also the underlying physical activity that would produce those 
inscriptions. Transcribing these episodes in such a way that they could be made 
sensible to someone outside of our research group required us to capture still images 
from the video and highlight some of the actions and gestures that students were 
making, which ultimately have been rendered as supportive illustrations in this 
chapter. While we believe that these can do more to communicate what happened in 
the classroom, our recording and transcription decisions inevitably include some 
biases about what were noteworthy phenomena (Hall, 2000; Ochs, 1999). 
Regardless, we believe that our efforts to capture and depict gesture and action 
along with student speech still serve to demonstrate how understanding of the data 
creation context and understanding of the data inscriptions were mutually supportive.

12.4  Findings

12.4.1  Episode 1: Explaining the Histogram

As part of the multi-week unit we had designed, students produced pooled step data 
from a planned walk back and forth across their playground. Each student in the 
class walked across the playground 12 times while tracking the number of steps 
required to make each trip. The point of the activity was to produce normally dis-
tributed data from counts of footsteps and also for each student to generate enough 
data about their individual walks to examine variability within individuals and 
across the entire class. Step data had become a familiar measure of activity for the 
class based on daily interaction with and inspection of time-ordered activity tracker 
data, which was how each lesson began. What was unanticipated in the implementa-
tion of this particular activity was that students were deliberately modifying their 
walking so as to produce deviant results. For instance, after a few passes across the 
playground, some students began to take small shuffle steps to see how large of a 
number they could produce. Other students began taking exaggerated leaping steps 
or hopping with their feet together.

These numbers ultimately introduced more variability in the data than had been 
expected in the design of the lesson and in other classrooms that had completed this 
unit. The resulting data were aggregated and viewed in TinkerPlots the following 
day, with a “long tail” of high step values being a distinguishing characteristic espe-
cially when compared to data that were obtained when other classes of students had 
done this activity in earlier iterations of the unit (Fig. 12.1). This was the first time 
that students had seen the entire class’s step data organized as a histogram, and we 
had expected there to be some confusion on how to interpret it. Yet we observed 
students easily describing what was being shown and why. To illustrate the ease 
with which the students interpreted the data, consider the following short exchange 
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Fig. 12.1 The histogram showing the number of steps required to get across the playground that 
was produced from data obtained by the class while walking back and forth across their play-
ground 12 times

that took place between the student, Melinda,1 and the teacher, Ms. Hayley, with a 
response from one other student, Hudson.

Ms. Hayley: So you saw what was happening out there. What do you think was affecting 
that shape?
Melinda: I think right here people were taking like really giant steps to get less, and right 
here people were walking normal back and forth, and I think like Hudson who was over 
here was like taking really tiny steps.
Hudson: I got the tiny steps on 159.

Taken alone, the speech transcription is limited in understanding what was being 
communicated. Melinda’s frequent use of the deictic “here” is unresolved from 
speech alone. However, she did make some gestures that corresponded with the use 
of the word “here” to clarify what she meant. Just as physicists use language in a 
way that places themselves in a phase state representation (Ochs et al., 1996) and 
students may refer to their past movements in a motion graph (Nemirovsky et al., 
1998), we see a non-literal use of language that links “here” with specific activities 
that Melinda re-enacts. These actions and their co-deployment with speech are 
depicted in Table 12.1.

1 All proper names of participants are pseudonyms.

12 Supporting Complex Multimodal Expression Around Representations of Data…



224

Table 12.1 Melinda’s speech and actions while explaining the shape of the histogram

Speech Body actions

“I think right here [A] 
people were taking 
like really giant steps 
[B] to get less…”

(In B, Melinda takes an exaggerated step forward)
“…and right here [C] 
people were walking 
normal back and forth 
[D]…”

(In D, Melinda moves her open hand forward and back)
“…and I think like 
Hudson who was over 
here [E] was like 
taking really tiny steps 
[F].”

(In F, Melinda moved her legs in shuffle steps and moved her arm back)

In her speaking turn, Melinda correctly identified segments that corresponded to 
different types of steps, with those who took large steps, and thus required fewer to 
get across the playground, being located to the left of the distribution and those who 
took small steps, and thus required more steps to get across the playground, being 
located to the right. Not only did she point to these on the projected histogram, but 
when talking about the “giant steps” and “tiny steps,” she re-enacted them using her 
entire body. In some ways, her movements were a bit exaggerated, but it seemed 
appropriate to her as she was speaking to not only state that those kinds of steps 
were taken but also reproduce them herself. Interestingly, for those who were walk-
ing “normal,” she did not re-enact steps. Instead, she used a single hand to simulate 
the back and forth walking. It seemed she was aware of what was already typical, 
and only felt the unusual steps needed to be re-enacted. Furthermore, she was aware 
of how many data points were in the various bins that she referenced. For the large 
steps and the normal steps, she referenced “people,” but for the tiny steps, she sin-
gled out Hudson as the only person. Of additional note was the utterance from 
Hudson, who was seated and interjected “I got the tiny steps on 159.” In stating that, 
he was correcting Melinda who was attributing the rightmost data point to him, 
while Hudson’s data point was actually a different one. The attribution of the data, 
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being obtained from the students themselves and reporting on their actions the pre-
vious days, seemed to matter to the students, both in this episode and others.

From this excerpt, we can see that Melinda was aware of what actions produced 
differences in steps from students, how those were positioned in the histogram, and 
how many people were involved in producing some of those results. Without any 
prompting, she physically re-enacted those movements. That was the seemingly 
natural way for her to express herself. This, I suggest, was enabled by her direct 
experience of being involved in the creation of the data and showed an ability to 
interpret the histogram immediately and without difficulty.

12.4.2  Episode 2: Manipulating the Box and Whisker Plot

The second episode also came from Ms. Hayley’s class, after the first episode sum-
marized above. Beyond being another multimodal account of how students talked 
about data representations, it also serves as a demonstration of how talk about phys-
ical activity was not exclusively retrospective. There were occasions when students 
were able to demonstrate enough familiarity with the kinds of activities that would 
generate the data that they could propose new activities that would generate data 
that could yield distributions with particular characteristics.

On the day of this episode, students presented their previous day’s data of morn-
ing recess activity with each point being the number of steps taken in a single min-
ute. Recess data had previously been identified as an especially useful space for 
inviting student commentary and questioning about their activity data (Lee & Drake, 
2013). In Mrs. Hayley’s class, the data points were stacked as density plots accom-
panied by box and whisker plots, automatically rendered in TinkerPlots. Most 
looked similar to Fig.  12.2a, with an identifiable box and identifiable whiskers. 
However, there was one students’ plot in which the median and 25th percentile 
value were the same (Fig. 12.2b). This made the box in the plot appear to have only 
two vertical lines rather than the expected three lines. This played prominently in a 
portion of the discussion about prospective activities.

Fig. 12.2 (a) Lisa’s recess data with a standard box and whiskers plot. (b) Emma’s recess data 
with the median and 25th percentile overlapping
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Having seen the different ways that box plots could appear, Ms. Hayley asked 
students to propose some possible challenges that students could pursue during 
recess to produce specific types of box plots. This episode began with Henry raising 
his hand to propose a challenge that referenced Emma’s box plot (Fig. 12.2b). The 
entire episode, with student gestures, is shown in Table 12.2.

This set of transactions, all mediated by Ms. Hayley calling on students to take 
speaking turns, was noteworthy because students were modifying, elaborating, and 
critiquing each other’s ideas in response to Henry’s challenge. The activities to pro-
duce new recess data were speculative, but each student in this sequence, seated at 
their own desks, actively gestured to articulate their thinking. First, Henry suggested 
that the class try to produce a box plot that was a single line representing the inter-
quartile range rather than a box. He never used words to explain his suggestion, and 
instead relied on the gesture of bringing his hands together to express what he was 
proposing. In that gesture, he was manipulating the box plot itself. Ms. Hayley 
offered specific language to articulate what he meant, to which he agreed.

Table 12.2 The transactions of four students about how to manipulate a box plot

Speech Bodily actions

Ms. Hayley: What’s your idea for a 
challenge?
Henry: You know how those two lines are 
connected? [A] Try to get all of them, try to 
get all of them [B]
Ms. Hayley: To get all of them on the same 
spot?
Henry: Yeah
Ms. Hayley: How would you do that? 
Samantha?
Samantha: You’d have to do one thing. Like 
you’d have to do the same thing the whole 
time pretty much. Yeah you have to sit still 
and just talk the whole time, or you’d have 
to keep running the same amount of steps 
every single minute. [C]… all of them in 
the same column [D]. So you need each 
minute you need to walk the same amount 
of steps. So you can sit there, and then like 
take 5 steps, sit down again, take 5 more 
steps, each minute, so that you have the 
same amount of steps in each minute 
[repeats C].

(In C, Samantha pulls her hand downward and 
repeats that motion)

Ms. Hayley: Okay, Carrie?
Carrie: If you started running around at the 
first part of break, you should keep running 
around for the lines to get what Henry 
wants to get. But if you walk for like a 
minute [E], then sat down for a little bit [F], 
and then walked the exact same [E then F] 
for a minute more, and then sit down the 
same amount, and then stand up, it would 
be like Samantha says

(continued)
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Speech Bodily actions

Ms. Hayley: Okay. Yes, Emma?
Emma: Kind of like what Carrie’s saying, 
and you think about it again, you have to 
have everything exactly the same, so like if 
you were running half of the break and 
sitting for half the break, there’d be two 
different chunks [G] so there’s not two 
different box and whisker plots [H], there’s 
one, they’d have to be the exact same [I] for 
the whole entire break

Samantha then offered a proposal for how to produce data at recess that would 
yield such a box plot. That involved doing the same activity the entire time (“you’d 
have to do the same thing the whole time pretty much”). She then elaborated that the 
most important factor would be making sure that each data point, representing a 
single minute of recess, had the same amount of steps. Gesturally, she expressed this 
with beat gestures to express the repetition. Then in gesture D, she explained how 
that would translate to the inscription for the data, with each point being in the same 
column in the density plot. Following that, she offered another version of a repeat-
ing activity, using a hypothetical five steps per minute with rest for the remainder of 
the minute and then repeating that cycle for all of recess. This was accompanied by 
a return to the beat gesture. With Samantha’s speaking turn, she had moved fluidly 
between individual data points and the density plot in response to how to manipulate 
the box plot.

Carrie, who was sitting next to Samantha then took her speaking turn and offered 
two possibilities for realizing the scenario that Henry had proposed. She stated that 
if running was done at the beginning of the break, it should be continued to produce 
all the data points in one spot. That was largely consistent with what Samantha had 
proposed initially. Then, Carrie offered a second alternative which was to cycle 
walking the same distance repeatedly (as indicated by the circular motion of her 
finger, as if someone was running around the entire playground or the grassy field 
outside) with sitting down. Carrie then likened that second proposal to what Samantha 
had described just before. However, she had stated that sitting and walking could be 
alternated “the same amount.” While it bore similarity to what Samantha had pro-
posed with 5 steps and then rest, it actually would produce a different distribution.

Emma caught this statement and disagreed that Carrie’s second proposal—walking 
for a minute or more and then sitting for the same amount of time—would produce the 
data display that Henry had originally proposed. Emma responded both verbally and 
gesturally that Carrie’s second proposal would produce two different “chunks” of data 
in the data frequency plot. She extended both hands in front of her as if she were hold-
ing two different sets of data points or two different box plots. While each of these two 
“chunks” had a vanishingly small box when taken individually, Emma stated that 
there needed to be only one box and whisker plot. That is, the set of recess data needed 
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to be taken as a whole. Making the same gesture of bringing hands together that Henry 
and Samantha had made before, Emma was reiterating that each minute would have 
to be the same value. In essence she was also taking up Henry’s challenge, agreeing 
with Samantha, and challenging Carrie while talking in hypothetical and prospective 
activities and talking about how the data would be represented. Her manipulation 
involved talking about the aggregate set of data points in reference to what minute-by-
minute activity behavior would have produced and then referencing the box plot. 
Thus, she was traversing three different ideational spaces in her turn. One was in ref-
erencing what would take place with bodies enacting research activity. Another space 
was related to how points would appear on the density plot. The last was related to the 
box plot representation and how lines would align with one another. This traversal of 
ideational spaces (recess activity, densities of points, and box plots) also applied col-
lectively to this set of students and demonstrated a complex but substantive exchange 
about how box and whisker plots are produced and how recess activity can be trans-
lated into that inscription.

12.5  Discussion

The two episodes in this chapter, presented as cases of multimodal communications, 
show how students were demonstrating competence and sophistication with two 
canonical statistical inscriptions. These were both inscriptional forms that the stu-
dents were only then learning, yet they were able to interpret them and articulate 
how a particular form of activity tracking data could yield those forms. The students 
were talking about a form of firsthand data that was about the movements of them 
and their classmates, and consistent with the literature on such data, were able to 
engage in interpreting and discussing those data rather than re-establish the prior 
context (Hug & McNeill, 2008). In that respect, the experience of being the source 
of the data mattered. The active gesturing and moving suggests that this was under-
stood, not just as declarative information, but also in a way that was amenable to 
bodily expression.

In STEM education, there has been a recognition that embodiment can play a 
critical role in shaping how we understand different disciplinary ideas (Abrahamson 
& Lindgren, 2014; Hall & Nemirovsky, 2012; Lee, 2015). A core tenet of that 
emerging perspective is that how we physically engage with the world shapes the 
conceptual understandings that we eventually develop. To that position, this chapter 
establishes the importance of the communicative features that are expressed with 
the body in learning situations. The full meaning of what students are thinking and 
how much they understand can be better documented through acknowledgment of 
the multimodal nature of how we communicate, especially in learning situations. In 
the particular project from which these two episodes originate, students were delib-
erately supported in doing this by using bodily experience as the object of inquiry 
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and as a means to think about canonical representational forms. The use of students’ 
bodily movements as data privileged and supported the expression of their ideas in 
the ways that were presented above.

Considering some additional current discourses the body and STEM education, 
this elicits broader questions about where do meaning and understanding reside. In 
disciplinary educational research that has spotlighted analyses of gesture and bodies 
in action, some of the same authors have suggested that the manipulation of bodies 
in particular ways itself is actually the understanding that we seek to cultivate 
(Abrahamson & Sánchez-García, 2016; Nemirovsky, Rasmussen, Sweeney, & 
Wawro, 2012). In this view, involving the body is not a matter of teaching mathe-
matics more efficiently or in a unique and clever way. Those ways of moving, 
speaking, and acting are fundamentally the mathematics that one comes to 
 understand. That which we have historically privileged as mathematics and its 
understanding, such as what appears and is done on to figures and numbers on a 
sheet of paper, is a product of longstanding infrastructures common to classroom 
depictions of the discipline. When that infrastructure is disrupted, such as when 
geometry moves off a sheet of paper and is instead re-scaled to a large playfield, we 
can more readily see how mathematical understanding may appear to be different 
from what we traditionally treat as how one understands mathematics but still 
involves complex, coordinated understandings that still are fundamentally mathe-
matical in nature (i.e., by addressing relations and properties of entities in relation 
to one another, in the case of Cartesian geometry) (Hall, Ma, & Nemirovsky, 2015).

The examples provided in the analyzed classroom excerpts above can be seen as 
illustrating that, albeit in a less dramatic fashion. Ultimately, the examples using 
canonical inscriptions and classroom conversations still serve to show some fea-
tures of coordinated movement (expressed along with speech and inscription) as 
rich understandings. As we work toward new models of STEM education in the 
future, it would seem that providing students with direct bodily experiences and 
opportunities to reflect upon those could be one productive means for us to better 
equip students to participate in complex forms of expression in ways that are natural 
and accessible. By doing so, educators may be incrementally conveying that daily 
experience and seemingly straightforward ways of communicating are valued in the 
disciplines and are, in actuality, the basis from which any STEM discipline is ulti-
mately accessed and understood.
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Chapter 13
Facilitating Enactment in STEM Teacher 
Education Within and Across Learning 
Spaces

Janette Bobis

Abstract Prompted by the desire to improve initial teacher education to better 
prepare novice teachers to support their future students to live and work in STEM 
rich societies in which critical thinking and reason are paramount, mathematics 
education has emphasized approaches focused on principles and practices of 
inquiry, student-centered and problem-based learning. However, the visions and 
practices of such approaches have consistently proven difficult for beginning teach-
ers to translate into practice. In this chapter, I present findings of a study aimed at 
exploring prospective primary teachers’ enactment of targeted practices for teach-
ing mathematics in innovative ways when opportunities to approximate such prac-
tices were provided across university and school settings. Data were gathered from 
54 prospective primary teachers as they undertook their first mathematics methods 
course and at the conclusion of their first professional experience. Analysis of writ-
ten reflections from all 54 novice teachers, teaching observations and semi- 
structured interviews with four novice teachers, reveals that particular teacher 
education pedagogies, namely, rehearsals, video, and teacher educator modeling of 
practices and coaching during co-teaching opportunities in a range of designed set-
tings, were particularly effective in supporting the enactment of targeted practices. 
I interpret the affordances of these pedagogies through an enactivist lens and, in so 
doing, highlight the benefits of applying embodied perspectives to explore and help 
develop a better understanding of learning to teach in STEM disciplines.
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Strengthening the science, technology, engineering and mathematics (STEM) disci-
plines is a vital and urgent goal of education (English, 2016). The increased interest 
in STEM has resulted in recent reconceptualizations of what students as future 
STEM knowledge users need to know and how they should learn. Preparing stu-
dents for this type of knowledge work requires particular approaches to teaching 
and to the initial preparation of STEM teachers. Learning new ways of teaching, 
whether at preservice or inservice levels, is almost universally plagued by “prob-
lems of enactment” (Kennedy, 1999, 2016). Initial teacher education programs tra-
ditionally conduct lessons outside of classrooms, yet novice teachers are expected 
to enact new behaviors inside classrooms. Such expectations have proven over-
whelmingly difficult for beginning teachers (Wideen, Mayer-Smith, & Moon, 1998) 
with the majority teaching the way they were taught (Bobis, Mulligan, & Lowrie, 
2013). Echoing the views of Grossman and McDonald (2008), I argue that initial 
teacher education [ITE] programs need to incorporate pedagogies of enactment to 
facilitate the learning to teach process and help teachers “develop the conceptual 
sophistication needed” (Davis & Simmt, 2006, p.  293) to effectively enact their 
knowledge for teaching. One such pedagogy involves designing learning spaces for 
ITE to utilize both within university settings and across school settings.

In this chapter, teaching and learning in initial primary teacher education pro-
grams and the implications for how the problem of enactment can be addressed in 
STEM disciplines are explored through the lens of enactivism. Drawing upon inter-
national research that reflects changes in pedagogies and learning contexts in ITE 
programs, a case is made for designing a range of learning spaces as part of a com-
prehensive repertoire of pedagogies for facilitating enactment in the preparation of 
primary teachers of mathematics with a focus on approximations of practice and 
rehearsals. I discuss findings of a study aimed at exploring the enactment of tar-
geted practices when opportunities of approximation were provided to prospective 
primary teachers of mathematics within the university and across school settings. 
My aim is to provoke discussion around theories and pedagogies of practice that 
facilitate enactment in STEM teacher education.

13.1  Background: New Pedagogies for Initial Teacher 
Education

Informed by constructivist theories of learning, recent approaches in mathematics 
education have been focused on principles and practices of inquiry, student- centered 
and problem-based learning (Anthony & Hunter, 2012). However, the visions and 
practices of such approaches adopted by ITE programs in the past have consistently 
proven difficult for novice teachers to translate into classrooms (Bobis, 2007; 
Kennedy, 1999; Lampert, 2010). In a study designed to explore how to better sup-
port preservice primary teachers learn to teach mathematics using an inquiry-based 
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approach, Nicol (2006) provided extended opportunities for her preservice teachers 
to interact with grade 6/7 students in an embedded two-week field experience. 
Despite the support and encouragement provided throughout the course, student 
teachers resisted teaching in new ways. To the surprise of the researcher, the major-
ity of preservice teachers found the reform-oriented visions and practices frustrat-
ing, problematic, and stressful to enact. Similarly, Aldridge and Bobis (2003) found 
that preservice primary teachers who received extensive experiences to interact with 
children that were embedded into their ITE program espoused beliefs and visions 
reflecting constructivist-informed teaching practices. However, once they transi-
tioned to the classroom, the “realities of the classroom” caused beginning teachers 
“to make compromises” as to if and how they enacted these practices (p.  7). It 
appears that constructivist-based approaches to learning, including increased expo-
sure to students and practice-based experiences during initial teacher education are, 
by themselves, insufficient to ensure that novice teachers can comfortably and 
effectively enact new practices when they transition to the classroom. The gap 
between what beginning teachers know and what they are able to do in a classroom 
context is a persistent problem of enactment that challenges all teacher education 
providers (Kennedy, 1999, 2016).

The past decade has seen an emerging body of research literature and a growing 
number of international mathematics and science teacher educators whose goals are 
to prepare teachers for “teaching that is more socially and intellectually ambitious 
than the current norm” (Lampert et al., 2013, p. 241). According to Forzani (2014), 
the goals of ambitious teaching are founded on the anticipation that all children will 
develop higher-order thinking, reasoning, and problem-solving skills—essential 
knowledge and skills for a STEM-focused society. In the pursuit of these goals, 
researchers are systematically exploring the effectiveness of various pedagogies 
that support beginning teachers translate the theory and knowledge they learn in 
their ITE methods courses into classroom practice. What each of these teacher edu-
cation programs have in common is a focus on a set of core teaching practices—the 
teaching routines and strategies associated with high-quality instruction and consid-
ered essential for novice teachers to learn before assuming independent responsibil-
ity for their own students (Forzani, 2014; Grossman, Hammerness, & McDonald, 
2009; McDonald, Kazemi, & Kavanagh, 2013).

Closely linked to the study of core practices in teacher education programs is the 
development of what Grossman et  al. (2009) call pedagogies of practice. These 
practices are the strategies and approaches teacher educators apply to develop 
beginning teachers’ understandings and effective use of core practices. 
Approximations of practice is one of these key pedagogies for teacher education. 
Approximations of practice are the learning experiences developed by teacher edu-
cators that provide novice teachers the opportunities to practice teaching in safe and 
approximated settings of reduced complexity.
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13.1.1  Approximations of Practice

Approximations of practice are based on the belief that ITE programs need to pro-
vide multiple opportunities for novice teachers to “practice” teaching. Such oppor-
tunities occur in iterative cycles throughout practice-based methods courses and are 
not relegated solely to separate field placements. Approximations can occur in a 
variety of designed settings, “from more controlled settings in the university through 
the more authentic settings of classrooms” (Grossman et  al., 2009, p.  284). For 
example, Ghousseini and Herbst (2016) used a transcript-writing task involving a 
constructed dialogue between a teacher and her students around a mathematical 
problem to approximate the practice of eliciting students’ reasoning during problem- 
solving tasks. Parts of the teacher’s dialogue were erased, with prospective teachers 
asked to complete the transcript by inserting moves a teacher might make to elicit 
students’ mathematical thinking. Others such as Tyminski, Zambak, Drake, and 
Land (2014) provided prospective primary teachers opportunities to work in small 
groups of peers to plan and enact a brief mathematical activity with their classmates 
role-playing students. Approximations of practice used by Bobis (2007) provided 
opportunities for small groups of prospective teachers to co-teach a sequence of 
mathematics lessons with a small group of children at a local primary school while 
both the teacher educator and classroom teacher were present to provide feedback. 
Importantly, teacher educators deliberately design their settings in which the prac-
tices of teaching can be approximated with varying degrees of authenticity, gener-
ally becoming increasingly more authentic as the methods courses progress and 
novice teachers grow in skill and confidence to enact ambitious teaching practices.

It is through approximations of practice that pedagogies of enactment (Grossman 
et  al., 2009) come to the fore in practice-based teacher education programs. 
Pedagogies of enactment are the strategies teacher educators use to assist novice 
teachers put their knowledge about practices into practice. Foremost among these 
pedagogies is rehearsal (Kazemi, Franke, & Lampert, 2009). Similar to its meaning 
in the performing arts, rehearsals allow novice teachers to practice particular 
instructional activities so as to improve their enactment in preparation for a public 
performance with children in the classroom. Critical to rehearsals in teacher educa-
tion is the nature and processes used to provide feedback to teachers. Lampert 
(2010) argued that the complexity associated with teaching requires feedback to be 
given from a “knowledgeable other who could comment on aspects of the perfor-
mance that would need to be improved” (p. 27). This means that rehearsals need to 
occur in settings that allow opportunities for knowledgeable others (namely, teacher 
educators or practicing teachers) to view and provide feedback. Furthermore, for the 
feedback to be effective, there must be mutual agreement as to the components of 
the practices or criteria by which the success of their enactment can be measured. 
This means that in the process of learning about core teaching practices, the compo-
nents need to be clearly identifiable and articulated to novice teachers. Decomposition 
of a practice’s components occurs when novice teachers critically reflect upon the 
practices they witness in each approximation of practice setting. Hence, the need for 

J. Bobis



237

multiple opportunities to rehearse the same practice in a range of designed settings 
with increasing levels of authenticity.

In the remainder of this chapter, I report and discuss findings from a study aimed 
at exploring the impact of a mathematics methods course that provided opportuni-
ties for novice primary teachers to enact their teaching practices when opportunities 
of approximation were provided within university and across school settings. Prior 
to this, the conceptual framework underpinning the methods course at the center of 
the study is presented.

13.2  Conceptual Framework

Similar to Grossman et al. (2009), Ghousseini (2017) and others who are working 
to refine their own pedagogies of enactment, my work surrounding the development 
of ITE programs for primary mathematics was originally conceived from construc-
tivist and situated perspectives of learning. In particular, a situated perspective 
acknowledges that all knowledge is situated, meaning that some types of knowledge 
are best constructed in one context rather than another and, the more authentic the 
context, the more effective the interaction between theory and practice (Aldridge & 
Bobis, 2001; Putnam & Borko, 2000). A situated perspective in teacher education 
does not imply that the learning of teaching practices can only occur in “real” class-
room settings. As argued earlier, settings can be designed to approximate teaching 
contexts with various levels of authenticity in which specific practices can be 
rehearsed. In this way, knowledge for teaching is situated in practice—learnt while 
teaching rather than being taught as abstract or “inert” knowledge to be applied in a 
future field experience (Kennedy, 1999). However, as I progressed through analyti-
cal phases of the current study, novices’ enactment of practices required interpreta-
tions beyond either a constructivist or situated perspective. While adequate to 
interpret novice teachers’ responses to the social and intellectual challenges they 
faced in each new context, both perspectives failed to account for how non- cognitive 
knowledge (Begg, 1999) such as intuitions and emotions influenced their actions, 
particularly when children became involved. Enactivism provided the lens in which 
the intellectual, social, and emotional aspects of findings from this study could be 
more thoroughly interpreted.

Enactivism is a theory of cognition (learning) that views human knowledge and 
meaning-making as processes that involve the whole body, thus combining ele-
ments of constructivism and embodied cognition. Constructivism views learning 
and “coming to know” as predominantly an internal human construction that 
emerges as learners try to make sense of their experiences and environment; thought 
and actions are considered as separate. With enactivism, thought and actions are 
combined. Learners are not viewed as being situated within particular contexts, as 
in a situated cognition perspective, but inseparable. Learning is considered to be 
more than an intellectual activity; it is viewed as an embodied process, involving a 
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complex web of interactions and incorporating intuitions, emotions, physical sensa-
tions, the environment, and the broader community (Sumara & Davis, 1997).

An enactivist perspective emphasizes the complexity of learning and of learning 
teaching (Davis, Sumara, & Kieren, 1996). As an interactional activity, the success 
of each instructional sequence is contingent upon the constant and complex inter-
play of ideas and interactions between teacher and student; they co-adapt to the 
context as one responds to the actions of the other. In the case of ITE, the different 
contexts designed to shape novice teacher knowledge and practices are therefore 
never static. The contexts themselves are constantly being reshaped as the interac-
tions between teacher–learner and teacher–educator change each other’s content 
knowledge and knowledge of teaching practices while practices are being enacted. 
This means that no matter how well a teacher may have planned and rehearsed an 
instructional activity, or how many times they teach the same activity, there will 
always be some level of uncertainty as each teaching situation is unique. An enactiv-
ist perspective helps to explain why the outcomes of teaching the same activity the 
same way to different students can never be entirely predicted—what might work in 
one context might not work in another. The point of rehearsals though, is that repeti-
tion of practice with opportunities for reflection will deepen novices’ understand-
ings of knowledge for teaching and better prepare them to respond to all the 
complexities of teaching. In terms of enactivism, routinizing many of the common 
core practices of teaching, teacher capacity is freed to interpret and respond to the 
non-routine student responses and intuitively restructure learning experiences 
“in-the-moment.”

13.3  The Study

The aim of this study was to explore the enactment of targeted practices for teaching 
mathematics when opportunities of approximation with increasing complexity and 
rehearsals were provided to prospective primary teachers within the university and 
across school settings. In particular, I wanted to know if certain pedagogies 
employed in the course were effective in supporting novice teachers enact these 
practices. In the remainder of this chapter, I provide an interpretation of the study’s 
findings through an enactivist lens. My intention is to explore how an embodied 
perspective can help develop a better understanding of effective pedagogies for sup-
porting novice teachers enact ambitious teaching practices in STEM disciplines.

13.3.1  Context and Course Design

The context of this study was a twelve-week semester-long primary mathematics 
methods course in a University situated in a major capital city of Australia that was 
attended by 54 prospective primary teachers. The course was the first of two such 
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methods courses in a postgraduate initial teacher education program that includes 
three professional field experiences, the first of which took place approximately six 
weeks after the methods course ended. The content of the course focused on the 
development of children’s early number knowledge. In the fifth week of the course, 
novice teachers worked in pairs to conduct individual diagnostic interviews with 
two to three children aged 5–8 years from a local primary school. After analyzing 
student diagnostic interview data to determine number knowledge and mental strat-
egy use in the four operations, three to four novice teachers collaborated to plan, 
rehearse, and teach a sequence of three lessons in weeks 10 to 12 of the course. 
Hence, the course was designed to not only assist novice teachers learn the knowl-
edge and practices needed to progress children’s arithmetical strategies, but to learn 
how to enact the knowledge and practices. The practices focused upon in the course 
were selected for their relevance to achieving this goal, including (but not limited 
to), eliciting and responding to students’ mathematical reasoning, orchestrating pro-
ductive group discussions, using mathematical representations, and teaching 
towards a clear mathematics instructional goal. The practices and their components 
targeted for scrutiny in this study are presented in Table 13.1.

Novice teachers were introduced to and learned to enact the practices by embed-
ding them into instructional activities suitable for young children in their first three 
years of school. Without an actionable context for enacting the practices, they 
“remain an abstraction of the work of teaching” (McDonald et al., 2013, p. 382). 
Providing well-designed instructional activities allows novice teachers opportuni-

Table 13.1 Practices and their components targeted for exploration in the study

Practice Practice components

Elicit, interpret, and respond to 
students’ mathematical thinking

This practice requires teachers:
  (a) Know how to elicit students’ reasoning/strategies via 

an individual diagnostic interview and whole class 
discussion

  (b) Know how to interpret students’ reasoning according 
to research-based frameworks of children’s cognitive 
development in number

  (c) Plan and teach appropriate instructional activities that 
will help progress students’ reasoning to the next 
developmental level/stage

Orchestrate group discussions This practice requires teachers:
  (a) Know how to implement talk moves
  (b) Establish and facilitate student–student and student–

teacher interactions
  (c) Ensure all students are cognitively and emotionally 

engaged
Use mathematical 
representations

This practice requires teachers:
  (a) Represent mathematical ideas using different 

mediums
  (b) Know how to elicit and respond to student-generated 

representations
  (c) Assist students make connections between different 

kinds of representations
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ties to trial new practices within fairly controlled settings, thus allowing them the 
mental space to focus on the more complex interactional work of teaching. For 
example, the practices of eliciting and responding to student thinking and orches-
trating a class discussion were introduced to novices in the methods course through 
a range of instructional activities, including a targeted strategy discussion (Kazemi 
& Hintz, 2014), that were generally modeled by the teacher educator or explicated 
via a video of a classroom teacher enacting particular practices.

The methods course utilized three types of approximations of practice with each 
setting gradually increasing in its level of authenticity and complexity. The first set-
ting occurred in the third week of semester (but was repeated on three other occa-
sions using different instructional activities), when novice teachers role-played the 
part of students as their teacher educator modeled an instructional activity. Partway 
through the activity, modeling was paused and novices were provided with a par-
tially completed lesson plan. The teachers were required to work in pairs and sug-
gest the next series of moves the teacher educator could make to elicit children’s 
thinking strategies and the likely responses from children as a result of each move. 
These moves and likely student responses were discussed and reflected upon with 
the whole class. Hence, from an enactivist perspective, the interactional relationship 
of teacher and learner was emphasized early in the course, and the potential for both 
teaching and learning to take several paths as a result became recognized as integral 
and inevitable to the learning environment.

The second type of approximation occurred in weeks 6, 8, and 9. At this stage, 
the teachers had already met and conducted individual diagnostic interviews with 
two or three children. Using one of the instructional activities modeled in university 
tutorials and adjusted to suit the needs of their targeted children, novice teachers 
planned and then rehearsed the implementation of a brief activity with peers role- 
playing the students. The teacher educator paused rehearsals at particular points to 
give feedback, and at times asked novices to repeat short segments to enact the sug-
gested changes.

In the third approximation, small groups of novice teachers repeated the instruc-
tional activities they rehearsed in university tutorials, with the same group of chil-
dren they had interviewed in week 5. These lessons took place in a primary school 
located near the university in weeks 10 to 12 of the course and were observed by the 
teacher educator and classroom teacher, both of whom provided feedback to nov-
ices and occasionally stepped into the role of co-teacher if needed. As part of their 
assignment, novice teachers collaboratively prepared lesson plans and collected 
records of the teaching practice including digital video and still images of children’s 
responses. These data were used to reflect on their teaching in preparation for their 
impending field experience.

The whole cyclic process of learning to teach—from introducing and learning 
about the practices to preparing for rehearsals; from enacting the activities within a 
range of designed settings that gradually increased in their level of authenticity, to 
reflection on their enactments in preparation for teaching in real classrooms—is 
represented in Fig. 13.1.
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Fig. 13.1 Cycle of learning to enact targeted practices in the methods course (adapted from 
McDonald et al., 2013)

13.3.2  Data Sources and Analysis

Three types of data sources were used in the analysis: written reflections for all 54 
novice teachers, focused observations during the co-teaching school setting, and 
semi-structured interviews with four case study teachers. The reflections were 
posted to an online discussion board in weeks 2, 6, and 10. The reflections provided 
insights into the novices’ developing understandings of the practices and instruc-
tional activities learned and the value they attached to each one at three key points 
of the course—at the start of the course, immediately after conducting diagnostic 
interviews with children, and immediately after their first co-teaching experience 
with a small group of children. The four case study teachers were randomly selected 
for observation during the three co-teaching sessions—two co-teachers from each 
of the two tutorial groups. During co-teaching sessions, field notes were taken of 
observations that focused on the teachers’ intentional planning for (evident in lesson 
plans) and enactment of the core practices. Semi-structured interviews with the four 
case study teachers took place immediately after their field placement. Each inter-
view was approximately 1 h in duration, was conducted on the University campus 
and audio-recorded for later transcription. The interviews focused on novice teach-
ers’ perceptions of their capacities to enact specific practices during their recent 
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field experience and aspects of the methods course they considered best prepared 
them to do so.

Data analysis occurred in three phases. The first phase focused on the online 
reflections to reveal novice teachers’ developing understanding, valuing, and confi-
dence to enact several practices that were explicitly introduced during the course. 
The second analysis phase focused on observation and interview data to capture 
evidence of the four case study teachers enacting the practices. In the third phase, 
all data sources were reviewed to search for evidence indicating the pedagogies 
considered most effective in supporting novice teachers to enact these practices, 
paying particular attention to the impact shifts in settings had during approxima-
tions of practice.

Each phase of analysis involved several waves of coding according to apriori and 
emerging codes (Strauss & Corbin, 1998). Apriori codes for phase 1 analysis were 
created based on the practices and their components listed in Table 13.1. Practices 
were identified when novices mentioned aspects of a particular practice, the instruc-
tional activities in which each practice was nested, or resources used in the activities 
(e.g., ten frames). For example, instances when novices acknowledged the signifi-
cance of particular talk moves to encourage student engagement in class discussions 
were coded as “discussion: valuing [DV]” and when teaching observations revealed 
enactment of talk moves, data were coded “discussion: enactment [DE].” Similar 
coding processes were used for phases 2 and 3 whereby apriori codes reflected the 
foci for each phase of data analysis as previously outlined. An open coding process 
was then applied to all data sources to capture instances that revealed relevant 
aspects of the study but were not represented in any of the existing codes.

It quickly became obvious during the analysis process that novice teachers’ growth 
in understanding, valuing, and confidence to enact the practices were inextricably 
linked to the pedagogies employed in the methods course as part of the cycle of learn-
ing to teach (Fig. 13.1). That is, understanding and valuing of the practices seemed to 
be enhanced through the actual opportunities provided to enact them—the settings 
especially designed by the teacher educator to support approximations of practice. In 
the following section, data sources are treated holistically as per phase 3 of the analysis 
process to reveal how and why these settings impacted novices’ capacities to enact 
particular practices. Hence, reporting and discussion of findings is presented in relation 
to each of the approximations of practice: modeling and role-play, rehearsing while 
teaching peers, and co-teaching a small group of children.

13.4  Findings

13.4.1  Modeling and Role-Play

Modeling of practices in university tutorials involved the teacher educator mod-
eling an activity as novice teachers role-played the students or via observation of 
a video set in a real classroom with an experienced teacher enacting the prac-
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tices. In each case, the components of the practices were unpacked during fol-
low-up discussions and novices were expected to anticipate possible student and 
teacher responses. This unpacking process assisted the novice teachers develop a 
deeper understanding of the practices and recognize their importance for use in 
the classroom. The importance of using and making connections between a range 
of mathematical representations was one of the first practices novices began to 
develop a deeper appreciation of. Online reflections in week 2 referred to how 
the instructional activities in tutorials helped novices “recognize the importance 
of making learning visible through concrete materials…they make learning 
enjoyable and engaging” for students. By the sixth week of the course, online 
reflective comments were completely dominated by novices exclaiming their 
“mind explosion” and “light bulb moment” after role-playing students in an 
instructional activity demonstrating fractions as division that was modeled by 
their teacher educator.

I’m still reeling from the simple but incredibly clever fraction as division activity mod-
eled in class. Who knew that by simply holding the plate of chocolates above our heads 
that the plates would become the “vinculum" of the fraction and we could clearly see how 
many parts the chocolate bars would need to be partitioned into to give each person 
underneath a fair share?! Amazing!! I’ve chosen my language carefully here as I’ve 
realised how important the language of fractions is to the process of learning them. 
(Andrew, Reflection Week 6)

I had a light bulb moment during our tutorial last week… when I was told to raise the plate 
of chocolate bars above my head, I could instantly ‘see’ how fractions were just a way to 
work out how to divide. This highlights the importance of visual representations in mathe-
matics when it comes to helping students understand key concepts. (Amanda, Reflection 
Week 6)

As demonstrated by the previous quotes, the physical act of lifting a plate of 
chocolates above their heads to model a fraction was a powerful “lightbulb” 
moment when mind and body intertwined and their knowing of fractions was 
deepened. Learning the mathematics while role-playing students reinforced the 
value of using materials to visibly represent mathematics concepts and of mak-
ing connections between different kinds of representations.

Online reflective comments and interviews with the four case study teachers 
conducted after their field placement revealed how valuable “the videos in class 
were in providing a model to show me how to conduct a maths discussion…” 
(Cahlia, Reflection week 10). Novices considered the videos to be particularly 
“helpful to watch how those teachers taught those ideas, especially in a whole 
class setting…” (Joh, Interview). While talk moves and whole class discussions 
were regular parts of the methods course tutorials, it was the “real” class setting 
shown in the videos that novices found particularly powerful to assist their own 
enactment of conducting class discussions and asking questions to elicit student 
thinking.
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13.4.2  Rehearsal and Peer Teaching

Rehearsals of lessons occurred with peers role-playing students in university tutori-
als one and two weeks prior to the co-teaching sessions in schools. The problem of 
enactment was evident even during rehearsals and peer teaching sessions. One nov-
ice reflected in her online posting that “despite learning and practicing these skills 
all semester, I still found that they didn’t all flow… it was harder to implement than 
I thought.” The complexity of teaching was a source of frustration to many novice 
teachers, with some turning to mental rehearsals prior to rehearsing with their peers. 
Jacklyn reflected:

Teaching is problematic! Is my lesson too easy or too hard? Will I remember to use talk 
moves? I have been working on retraining my brain and my mouth! I visualize teaching 
students and using talk moves so they will come easier…

Jacklyn’s comment highlights that building connections between knowing teach-
ing practices and doing them takes effort and how mental and/or physical rehearsals 
provided opportunities for enacting pedagogical knowledge; in this sense, she real-
ized that her mind and body needed to work in sync for her to effortlessly enact 
these practices. Teaching was acknowledged as “hard work” and the benefits of 
rehearsals were not immediately realized as indicated by Annicka in her week 10 
reflection:

I also found it helpful to watch other people rehearse their lesson plans, as there were some 
great ideas and valuable constructive feedback from [teacher educator], which we all ben-
efited from. I walked away from that tutorial thinking about how I will effectively wrap up 
each lesson in a way that will help consolidate learning.

As Annicka’s comment indicates, the benefits were often only recognized after 
multiple rehearsals or after viewing other groups rehearse and they had time to 
reflect on the feedback.

13.4.3  Co-teaching a Small Group of Children

Throughout the semester we have been given the skills and techniques to be able to start to 
teach students mathematics. At times I’ve been overwhelmed with the responsibility I 
have…. However, today’s school visit and teaching our four year 1 students has put it all 
into perspective, and not made my responsibility seem too overwhelming, because it’s all 
been put into context. (Michael, Reflection week10)

In his comment, Michael captures the emotional and cognitive build-up and 
eventual release of tension many of the novice teachers experienced going into the 
co-teaching setting. Co-teaching a small group of children in a local primary school 
was without doubt considered to be the most powerful setting in which novices 
could approximate their teaching practices. Reflective comments from novices 
repeatedly referred to the co-teaching experience as: “Putting it into context,” 
“working with real children,” “cementing ideas,” and “actual implementation.” As 
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indicated in Anthony’s online reflection, a number of teachers commented on how 
the setting provided new insights regarding the valuing of certain practices:

What struck me in particular was how important our ‘talk moves’ were when teaching the 
children. We covered talk moves in one of the first classes and revised them when rehears-
ing teaching, however it wasn’t until we were with the children that I realised the impor-
tance of these strategies.

Another reflective comment from Rebecca in week 10 illustrates how she felt the 
new practices seemed quite easy to enact, possibly due to the repeated exposure in 
university-based tutorials:

We were definitely using a lot of the 'talk moves'. I think I have found that they are used so 
frequently in our own learning in tutorials that they have become ingrained in us as teachers 
ourselves. They certainly don't feel like something that I have to force or fabricate and seem 
to work well with the students.

Rebecca’s comment illustrates how exposure to and repeated opportunities to 
rehearse certain practices helped her enact them intuitively. Such instinctual 
responses, or knowing-in-action, provided Rebecca with the empowered feeling 
that “…I can do this!”.

Observations of the four case study teachers during the co-teaching sessions 
revealed that they explicitly planned to elicit student reasoning through questioning. 
For instance, Olive and Bec asked questions during their interactions with children 
such as “Can you explain how you got your answer?” “Is there another way to find 
the answer?” and provided the children with mini-whiteboards to draw representa-
tions of and explain their strategies to each other. Bec later commented in her inter-
view that “when we were taught to use questioning to elicit student thinking…I 
thought their main benefit would be during tests…Yet when teaching, I found them 
far more useful as classroom tactics to get the students to really think and explain 
their strategies.”

One of the reasons Joh, a case study teacher, considered the co-teaching sessions 
with children to be so invaluable was the presence of the teacher educator being able 
to “come in and out of the lesson to show us how to re-engage a girl we were have 
trouble with. It helped me deal with a similar issue on prac…I knew what to do.” 
Similarly, case study teacher Nikky reflected in her interview that the co-teaching 
with children was successful in supporting her learn many of the practices because 
it was “quite a controlled environment…you’re not kind of managing the class and 
managing everything–you can focus on your teaching. On prac, I was doing the 
same practices but in a kind of scaled up version.” In each of these cases, the 
 previous exposure to similar circumstances, albeit of less complexity, provided nov-
ice teachers not only with the knowledge of what to do in the classroom, but the 
actions.

Two other aspects of the co-teaching setting that novices considered helpful in 
improving their teaching were the opportunities to observe and receive feedback 
from their co-teachers and the opportunity to film “myself teaching.” Olive com-
mented in her interview that watching “others teach, being filmed and receiving 
feedback from my co-teachers really helped to fine-tune some of my questioning 
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skills and my pacing” of lessons. She even sought to “copy many elements of their 
teaching styles” in her lessons on field placement.

Overall, teachers’ responses regarding the co-teaching setting illustrate how they 
felt that the co-teaching approximation of practice allowed them to bring all the prac-
tices that they had been learning together and enact them in a relatively safe setting. 
They felt that the complexities of teaching were relatively controlled, but still pro-
vided them with sufficient experiences of everyday teaching problems, such as that 
faced by Joh, to enable them to manage similar problems when on field placement.

13.5  Drawing It All Together: From Decomposition 
to Complex Teaching

The initial focus of tutorials was on introducing and decomposing the practices of 
teaching. While the decomposition of practices has met with some resistance and 
even skepticism in the field of teacher education, it is most likely resulting from an 
incomplete understanding of the pedagogy or confusing its intent with previous 
approaches in initial teacher education programs that focused on isolated micro- 
skills with no accompanying enactment pedagogies such as rehearsals to assist the 
translation of such skills to the complexity of real classrooms (see Forzani, 2014). 
In the current methods course, decomposition of practice ensured novices not only 
developed a deeper understanding of the components but were able to approximate 
these practices in small “chunks” during carefully designed settings so as not to 
overwhelm them immediately with the complexity of a real classroom. To achieve 
this, the design and selection of settings in which novices were provided to enact 
these practices were critical; the gradual increase in authenticity and complexity, 
however, must be balanced with the underpinning conceptual knowledge—why is 
this practice important? How can this practice enhance student learning? Nikky 
shared her appreciation of being provided the opportunity to deconstruct, discuss, 
and reflect upon each practice in her interview:

Everything that I did in that classroom while I was on prac was influenced by what I did in 
that course. Everything. As I learn things at university, I have to understand them at a con-
ceptual level…doing something in practice doesn't make sense to me unless I've made sense 
of it in my head first. So everything that we learnt in that course came together and helped 
me develop a pedagogical approach that I could take into the classroom.

In terms of enactivism, Nikky’s comment reminds us of how teaching actions/
practices must make intellectual sense for them to “come together” and be adapted 
for each new classroom environment. Other case study teachers’ comments con-
firmed the same sentiments of feeling “well prepared” to teach mathematics using 
the practices focused upon in the course. Joh excitedly recounted in her interview, 
“When I went into a real classroom, I was doing it—and it worked!” Meanwhile, 
Olive was pleasantly surprised because she entered field experience “expecting a 
little bit more of a confrontation between what I learnt in university and what it 
was like in the real classroom. But for maths, it seemed to work really perfectly, 
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especially when I could get the kids to talk about strategies.” Enactivist and embod-
ied perspectives refer to this capacity of teachers to intuitively enact practices as 
knowing-in-action, implying a deep understanding and coherence between the 
mind and body. Such knowledge-in-action of common practices frees up cognitive 
space, allowing teachers to deal with the more cognitively sophisticated aspects of 
teaching (Davis & Simmt, 2006).

Ultimately, it was not just the settings—within the university and across 
school contexts—that empowered these novice teachers to begin enacting 
new practices in real classrooms. The settings, by themselves, have all been 
“done” before in ITE.  It is the effect of combining the settings with some 
complimentary pedagogies such as modeling, rehearsal accompanied by 
coaching from a knowledgeable other and co-teaching.

13.6  Facilitating Enactment: An Enactivist Perspective 
of Teacher Education

The methods course and associated pedagogy at the center of this study were origi-
nally conceived from constructivist and situated perspectives of learning with the 
aim of addressing the perennial problem of enactment. The pedagogy of ITE has, 
until recently, been mostly hidden partly due to the fact that teacher education has 
not only lacked a common language around which to describe, share, and debate 
effective pedagogy, but as noted by Grossman et al. (2009) and Lampert (2010), has 
also lacked a comprehensive theory to better understand initial teacher learning. 
Attempts to analyze novices’ enactment of practices in the current study revealed 
the need for a theory beyond constructivism or a situated perspective—one that 
could account for the intuitive or knowing-in-action aspects of novice teachers’ 
knowledge that became prevalent as opportunities to approximate practices became 
more authentic in context. Enactivism provided the lens by which findings from this 
study could be more coherently interpreted and has ignited a re-thinking of how my 
novice teachers learn to teach in all aspects of my courses.

Reframing and re-examining my pedagogies involving approximation of prac-
tice and rehearsals from an enactivist perspective helped highlight the potential of 
embodied perspectives for better understanding effective pedagogies that support 
novice teachers’ enactment of ambitious teaching practices in STEM disciplines. I 
am not yet able to declare a definitive relationship between the enactment of certain 
practices by novices and their pedagogical effectiveness for teaching mathematics 
to children. However, it is clear that there is still much to learn about effective peda-
gogies for ITE, particularly those that facilitate enactment and position novice 
teachers in roles of greater agency when learning teaching.

Hey I'm a teacher! I think it's the first time I've ever said that, and it feels fairly appropriate, 
ha! (Nikky, Interview)
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Chapter 14
Narrative Co-construction of Stances 
Towards Engineers’ Work in Socio- 
Technical Contexts

Ayush Gupta, Chandra Turpen, Thomas Philip, and Andrew Elby

Abstract As part of their jobs, professional engineers engage in ethical, environ-
mental, social, and economic negotiations with other engineers, managers, and with 
the public. Therefore, they need to understand the social impact of new technologies 
in a global context. However, research on students’ developing sense of engineering 
ethics often emphasizes the “micro ethics” of research, mentoring, and publications. 
In comparison, only limited research has explored how future engineers understand 
“macroethics” pertaining to the social, ethical, environmental, economic, and politi-
cal impact of their scientific and technological contributions. In this chapter, we 
present a thick description of an interview between Ayush, an engineering faculty 
who is also an engineering education researcher, and “Tom” (pseudonym), an engi-
neering undergraduate student. The interview conversation focused on the macro-
ethics of designing weaponized drones. Drawing on tools from narrative analysis 
and interaction analysis, we model how Ayush and Tom co-construct stances per-
taining to the ethics of technology use and design. Specifically, we show how the 
co-construction of Ayush’s and Tom’s roles in the conversation as question-asker 
and responder, respectively, constrained sense-making and entangled with the 
reproduction of the social-technical divide in the conversation. The fine-grained 
modeling of how these roles crystallized in conjunction with the emergence of the 
socio-technical divide provides insight into how activity systems should be designed 
to foster heterogeneous meaning-making in conversations on socio-technical issues.

Keywords STEM education · Engineering education · Macroethics · Justice · 
Engineering ethics

A. Gupta (*) · C. Turpen · A. Elby 
University of Maryland, College Park, MD, USA
e-mail: ayush@umd.edu 

T. Philip 
University of California, Berkeley, CA, USA

© Springer Nature Switzerland AG 2019
P. Sengupta et al. (eds.), Critical, Transdisciplinary and Embodied Approaches 
in STEM Education, Advances in STEM Education, 
https://doi.org/10.1007/978-3-030-29489-2_14

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-29489-2_14&domain=pdf
mailto:ayush@umd.edu
https://doi.org/10.1007/978-3-030-29489-2_14#DOI


252

14.1  Introduction

In their jobs, professional engineers engage in ethical, environmental, social, and 
economic negotiations with other engineers, managers, and the public. Therefore, 
they need to understand the social impact of new technologies in a global context 
(Bucciarelli, 1994; Herkert, 2005). Responding to this need, engineering programs 
increasingly offer engineering ethics education (Haws, 2001). Though a few courses 
take a different approach (e.g., Colby & Sullivan, 2008; Doorn & Kroesen, 2013; 
Philip, Gupta, Elby, & Turpen, 2018), most engineering ethics courses focus on 
micro-ethics—codes of professional conduct, treatment of co-workers, responsibil-
ity to clients, etc.—to the exclusion of broader ways of thinking about the beneficial 
and detrimental role of engineering products and solutions (Herkert, 2005). This 
distinction between a focus on individual engineers and their relations with clients 
and co-workers versus broader socio-political entanglements of technology has 
been captured in various ways: professional versus social ethics (McLean, 1993), 
and ethics “in” versus “of” engineering (De George as discussed in Roddis, 1993), 
and, perhaps most popularly, “micro” versus “macro” ethics (Ladd, 1980; Herkert, 
2001). Real-life scenarios demand professional engineers to negotiate between 
 personal and professional values and to balance responsibilities towards self, team, 
employer, and society (Bucciarelli, 1994; Hauser-Kastenberg et al., 2003; Herkert, 
2005; Riley, 2008). Engineers design technologies—social media apps, cybersecu-
rity technologies, big-data analytics, and others—that reinforce or alter the socio-
political-economic landscape, for better and/or worse.

To reason deeply and responsibly about these issues during the design process, 
engineers need to understand a cluster of concepts drawn from sociology, anthro-
pology, and science and technology studies (STS) called social constructivism 
(Bijker, 2001; Bijker, Hughes, Pinch, & Douglas, 2012). Social constructivism is 
the idea that society and technology form a complex system in which societal and 
technological developments influence each other in multiple direct and indirect 
ways, and hence issues of power, privilege, policy, and politics in a globalized world 
shape and are shaped by technology (Bijker, 2001). A social constructivist frame-
work pushes back against common narratives about engineering and technology—
that technologies and other engineered solutions should be judged only by their 
intended and obvious uses and effects, that certain kinds of technological “prog-
ress” are inevitable and a net good, and that engineers are ethically walled off from 
the complex long-term effects of their work. Although not all long-term beneficial 
and detrimental effects can be anticipated, good design thinking includes integrat-
ing technical and moral reasoning to consider the short and long term, intended and 
unintended effects, direct stakeholders and those affected indirectly (Banks & 
Lachney, 2017; Leydens & Lucena, 2017).

Our educational systems, however, have made limited progress towards empow-
ering engineering students to engage in socially responsible design practices, espe-
cially with respect to social constructivism. Courses on engineering ethics and/or 
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single lectures in engineering courses have not produced enough of an impact on 
learners’ ethical formation as engineers (Bielefeldt & Canney, 2016; Cech, 2014). 
Cech attributes this in part to an engineering culture at universities that upholds 
“three ideological pillars: the ideology of depoliticization, which frames any ‘non- 
technical’ concerns such as public welfare as irrelevant to ‘real’ engineering work; 
the technical/social dualism, which devalues ‘social’ competencies such as those 
related to public welfare; and the meritocratic ideology, which frames existing 
social structures as fair and just” (Cech, 2014, p. 45). Slaton (2015) and Riley (2008) 
similarly pose technocracy, the valuing of technical as separate and superior to the 
social aspects of any domain, as a cultural aspect of engineering that limits the inte-
gration of ethics in engineering education.

These critiques resonate with insights from science and technology studies 
 documenting that engineering culture is dominated by technological determinism 
(Smith & Marx, 1994), a loose cluster of cultural narratives stating that

• Technological development inevitably leads to progress.
• Technical experts know best how to govern new technologies (technocracy).
• Technology homogenizes cultures.
• Society adapts to technology rather than shaping it.

An engineering education that takes seriously the “ethical” formation of engi-
neers will need to be designed to challenge the narratives of technological determin-
ism and strengthen learners’ resources for understanding and practicing social 
constructivism. However, as research in discipline-based education has shown reli-
ably, responsible and effective design of curriculum on a topic requires a deep 
understanding of students’ thinking on that topic (McDermott & Shaffer, 1992; 
Redish & Hammer, 2009). While some progress has been made in quantitative stud-
ies of engineering students’ ethical stances (Bielefeldt & Canney, 2016; Cech, 
2014), qualitative studies on modeling students’ reasoning about socio-technical 
issues has been limited. Our paper seeks to build towards filling that gap.

In this chapter, we present a thick description of an interview conversation on the 
ethics of designing weaponized drones between Ayush, an engineering faculty who 
is also an engineering education researcher, and “Tom” (pseudonym), an engineer-
ing undergraduate student. The conversation weaves in Tom’s trajectory into engi-
neering, the genesis of his course project on the ethics of weaponized drones, and 
explorations into the ethics of engineers designing these drones. The stances that 
emerge during the interview conversation are not a “read-out” of Tom’s ideas; 
rather, these stances are shaped by both speakers, Ayush and Tom, and we model 
them as such (Gupta, Elby, & Sawtelle, 2016; Wortham, 2000, 2001). Through this 
modeling we hope to shed light on how engineers might co-construct stances 
towards engineering ethics in the context of socio-technical issues. These co- 
construction processes inform the design of research and classroom environments, 
as we discuss towards the end.
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14.2  Data Collection and Methodology

Our data corpus consists of nine videotaped interviews with junior/senior engineer-
ing majors and engineering graduate students recruited through targeted outreach to 
the Science, Technology, and Society Scholars Living Learning Community (STS- 
LLC), Engineering without Borders (EwB), and Women in Engineering (WiE) at 
the University of Maryland, College Park (UMD). Participants were compensated 
$20 for their time.

We designed the interviews to be open-ended and ill-structured, following 
themes salient to the participant. So, the interview “prompts” were intended mostly 
to get students talking about some of these themes. Example prompts included ask-
ing students about their journey into their chosen major, their experience with STS/
EwB/WiE programs (as relevant), their interest in socio-scientific issues, and how 
they saw the role of ethical reasoning in their future profession as an engineer.

Brief field notes taken after each interview guided preliminary data selection. We 
hoped to help expand a research landscape where qualitative analysis of learners’ 
discussions on socio-technical issues is very limited. Many interviews, we felt, lent 
themselves to this theme. The topics of conversation ranged from life journeys to 
religious beliefs, and the technologies that came up also covered a wide range—
prosthetics, digital technologies, agricultural technologies, new materials, weapon-
ized drones, and more.

Two of the students, Tom (a junior-year engineering major at the time of the 
interview) and Matt (a junior-year computer science major at the time of the inter-
view) talked about weaponized drones as part of their interview. As sophomores, 
they had written about this topic as part of a capstone research project in the STS- 
LLC program. We were intrigued by this topic, partly because of our own interest in 
the ethics of engineers participating in the design of military technologies, and 
partly because we were simultaneously analyzing a classroom discussion on the 
ethics of weaponized drones (Philip et al., 2018). Also, Tom and Matt were very 
willing to talk and share their views. And at least at that time, we felt that the inter-
view allowed for exploring their views and individual histories in good depth. 
(Below, however, we argue that the interview missed several opportunities to expand 
the sphere of possibilities that could have been explored.) Given the limitations of 
personnel time and resources, we could conduct fine timescale conversation analy-
sis for a limited number of interviews. We chose Matt’s and Tom’s interview for 
initial analysis presented at the Annual Conference of the American Society for 
Engineering Education (Gupta, Elby, & Philip, 2015). For this chapter, we further 
restrict our analysis to Tom, given length considerations and space required for turn- 
by- turn conversation analysis.

We had the interview professionally transcribed. Then, Gupta generated a con-
tent log of the interview, i.e., a summary of every ~2–3 min of the interview conver-
sation. After this, we viewed the video in our research meeting as a group (Derry 
et  al., 2010) with the four authors as participants. We aimed to understand what 
constructs contributed to Tom’s construal of engineers’ responsibility. Later, David 
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Tomblin, the Director of UMD’s STS-LLC program, also participated in some anal-
ysis meetings. We also presented the preliminary analysis to a wider local commu-
nity of physics and science education researchers for feedback. We took notes of our 
conversations at the meetings and generated analytical memos to capture our pre-
liminary model of the constructions of engineers’ responsibility in the context of 
weaponized drones. Subsequently, we reviewed the data systematically looking for 
instances that confirmed or disconfirmed our emerging understanding (Engle, 
Conant, & Greeno, 2007). In our analysis, we loosely draw on tools from micro- 
genetic analysis (Siegler & Crowley, 1991), interaction analysis (Jordan & 
Henderson, 1995), and narrative analysis (Wortham, 2000, 2001).

Following Wortham (2000, 2001), we take the orientation that the form and con-
tent of the storytelling that unfolds in an interview is a co-construction between the 
interviewer and interviewee (see also, Gupta et al., 2016); and, that particular utter-
ances simultaneously place the speaker in a specific relationship to the listener as 
well as to the characters and action in the story itself. In doing so, the speaker is also 
locally constructing themselves in that particular moment and context. Understanding 
the dynamics of these simultaneous positionings is important to understand the con-
struction of the narrative. In our case, the story that we follow foregrounds how 
aspects of social constructivism or technological determinism are constructed 
through the conversation between Ayush and Tom. Since these stances often emerge 
over a single or a few turns of talk, our orientation from micro-genetic analysis 
(Siegler & Crowley, 1991) is to engage in analysis at a time scale shorter than that 
emergence so we can “see” the processes of construction. As such, we engage in 
line-by-line analysis of the transcript. From conversation analysis (Schegloff, 2007), 
we draw on the orientation that conversations proceed via turn-taking in which a 
turn of talk responds to the prior context while also altering/shaping the context in 
which the next turn of talk occurs. Thus, we try to analyze short segments of talk to 
show how qualities of their conversation, such as when we see the emergence of 
social-technical dualism, are being co-constructed by Ayush and Tom. We also draw 
on some other tools of conversation analysis such as attending to pauses (Button, 
1987), repairs (Schegloff, Jefferson, & Sacks, 1977), evaluative words (Wortham, 
2001), and hedge words (Kärkkäinen, 2003) to analyze how Tom and Ayush co- 
construct the conversation, whether and how stances taken up are weighed, and to 
what extent they are trying to make sense of the socio-technical scenarios in 
the moment.

14.3  Profiles of These Conversational Partners

Before we present the conversation between Tom and Ayush, we want to briefly 
present profiles of Tom and of Ayush, so that we could better understand their posi-
tionalities in the conversations. While we do not tie specific features of their histo-
ries to the bits of conversation analyzed, we feel that the profiles will give the reader 
a sense of who these people are, which could help in following the conversation. 
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The information on Tom is gleaned from his conversation with Ayush during and 
before the interview. The paragraph on Ayush is autobiographical.

14.3.1  Introducing Tom and Ayush

Tom responded to an email recruiting students who had “graduated” from the 2-year 
Science, Technology, and Society Scholars Living Learning Community (STS- 
LLC) to participate in interviews on their thinking about socio-technical issues. At 
the negotiated interview time, Tom came to Ayush’s office and they walked down to 
the interview room. As they walked, Ayush engaged Tom in conversation about how 
his semester was going, what classes he was taking, etc. Tom was finishing his 
junior year in college as a mechanical engineering major. In his first year, Tom had 
joined the engineering college without declaring a major. He wanted to do some-
thing related to math and science, having succeeded in those courses in high school. 
He was also drawn towards design, which he distinguishes at various points in the 
interview from engineering because his father, who was an engineer, worked in 
graphic design. His mother, also an engineer, worked in marketing. He noted in the 
interview that being in STS-LLC with other engineering students helped make up 
his mind to both stay in engineering and pursue a mechanical engineering major. 
Tom shared that, through internships and undergraduate research experiences, he is 
still trying to figure out where exactly his interests lie. He wanted a design compo-
nent in whatever he did, attributing this interest to being inspired by his father. He 
expressed that he loved the technical side of engineering but was convinced, after an 
internship, that he did not want project management to constitute a big part of his 
work. Towards the end of the interview, he said that while he thinks engineers often 
focus only on the technical aspect of the product, he would personally like to engage 
with the entire product development cycle from conceptualization to prototyping to 
the design of the final product.

Through this brief introduction to Tom, we want you to get a glimpse into his 
relationship with engineering and how that is entangled with his relationships with 
peers and family and his experiences in various learning environments inside and 
outside the classroom. During this time and later in the interview, neither person 
talked explicitly about race, nationality, or gender identification. We can glean from 
information in the interview conversations that both Tom was brought up in the 
United States. To Ayush, Tom presented as a white male.1

Ayush, the interviewer, was a faculty in physics and in engineering at UMD. He 
was leading the data collection in this project. So, the emails for recruitment had 

1 About 8 months after the interview, Tom participated in several group conversation sessions on 
socio-technical issues, also facilitated by Ayush and another facilitator. At the conclusion of those 
sessions (~1 year after the interview), he (and other focus group participants) filled out a survey. 
On that survey, Tom self-identified as male, Caucasian, and a US citizen.
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come from him, and students interested in interviewing met him at his office in the 
Physics building. Ayush was doing electronics engineering major in college, which 
he finished in India. After graduating, Ayush immigrated to the United States to 
pursue a Ph.D. in electrical engineering. His dissertation focused on laser-plasma 
physics. After his Ph.D., Ayush shifted focus to work on physics education research 
and engineering education research. At the time of the interview, Ayush had taught 
a first-year introductory course on engineering design for 3 years. Through some of 
the interactions during the interview, we glean that Tom positions Ayush as an engi-
neer and Ayush reinforces that positioning. At the time of the interview, Ayush also 
self-identified as a gay, cis-gender, South Asian male, who had been in the United 
States for 14 years. Going into the interview, Ayush had been thinking about how 
engineers think about ethical aspects of socio-technical issues, and especially how 
students think about whether ethical issues are entangled with the technical work 
engineers do. However, some of the language we now use in the manuscript, such 
as social constructivism, socio-technical duality, or technological determinism, was 
not familiar to Ayush at that time. Ayush was also not aware that the conversation 
during this interview would turn to military drones. However, it is important to note 
that Ayush was (and is) critical of military interventions as of utility in the world, 
and he moved from laser-plasma physics to physics education partly because he 
wanted not to work in industry or research related to the defense establishment. This 
made the topic of engineers’ responsibility in the context of weaponized drones 
especially interesting to Ayush. Given that our protocol allowed for improvization-
ally following where the conversation took us, within the broad fence of talking 
about socio-technical issues and engineers’ responsibility, Ayush could pursue 
engaging Tom in considering engineers’ responsibility with respect to designing 
and producing weaponized drones. As we will see later, Ayush’s lack of prior atten-
tion to social constructivism of technology limited his ability to pursue certain lines 
of reasoning or word questions in a manner that might have expanded the scope of 
the conversation. This, in turn, limited the potential for the space to be a more 
expansive learning experience for Tom and Ayush.

14.4  Results/Data

We first present the coarse-grained content log of the 1-h videotaped conversation 
between Tom and Ayush (See Table 14.1). In this chapter, we focus on the segments 
of conversations where weaponized drones and the responsibilities of engineers 
become the central focus. These segments of the conversation are in bold font in 
Table 14.1.
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Table 14.1 Coarse-grained content log of the videotaped conversation between Ayush and Tom

Intro/Getting Started
Journey of life. Major choice. Family influence. STS influence
Negotiating the meaning of “journey of life” question
Internship experiences and future career choices; does not want to be a project manager. Project 
management is not engineering but lots of CE do it. Wants “some design”—connection to dad
Design as part of career; distinctions between design and technical work; also between the full 
product development versus the math/science calculations part. Design gets tied to the aesthetics 
of product
Tom changed his major from arts to engineering and then got into STS program. STS program 
helped build community/make friends. Describes STS experiences
Describes the STS capstone project. First mention of the thesis of autonomous warfare 
“dehumanizing us.” Excitement about the project experience
How Tom chose the project, family reference, TED talk reference, describes TED talk 
content as drones are “going to dehumanize people”
Feelings towards the topic of drones
Campus spaces to have (or not have, to be precise) socio-technical discussions. How it is 
difficult to have these kind of discussions though some opportunities with fellow STS students
Is technology morally neutral? social impact of technology; social responsibility of 
engineers
Thinking about solutions to the “dehumanizing” problem. Accuracy is an issue
Role of engineers in mediating/regulating technology use
Social responsibility of future self as engineer; notion of engineering mindset (hearkens to 
earlier social-technical divide)
Back to mom/dad references and career, elaboration on design-engineering divide to say that 
design and engineering “mesh together” (distinct but connected). Separation between product 
design and marketing
Going back to whether and how design connects to the use of the technology
Whether engineers should stop designing drones. National affiliations. Pride in country. 
Weapons as deterrent to other nations
Engineers’ agency in regulating drone use—limited agency; but “should have some say”
Smart phone issue
Social responsibility of engineers in the context of smartphone use and app design (unsure how 
to fully parse this)
Nanotech in low SES areas, causing pollution, scenario

The portions of the conversation that are analyzed in more detail in this manuscript are in bold

14.4.1  Segment-by-Segment Analysis of the Conversation 
Between Tom and Ayush

While describing his experience in the STS-LLC, Tom mentions enjoying doing the 
Capstone project. Ayush asks him to say a little bit more about the Capstone project. 
Tom first describes how the Capstone course is situated within other curricular 
requirements of STS-LLC and then, says:
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1 Tom: Mine happened to be...what was it...it was the effect of...it was basically the effect of 
autonomous warfare on our society and I think my thesis was along the lines of like 
dehumanizing us and making us less sensitive to war because they have drones with 
cameras on them and the footage is being shown. People are seeing war and death all 
the time. It’s just going to dehumanize society ultimately.

Initial hesitations in Tom’s speech at the start of this utterance suggest he might 
be trying to recall the project details. Tom’s recounting of the project foregrounds the 
dehumanizing effect of weaponized drones on American (“our”) society. Tom then 
shares a bit more about the STS-LLC poster session where students present their 
project reports. Ayush asks him for more details about how he explored this topic:

2 Ayush: So how did you go about your research?
3 Tom: Um the first thing I wanted to do was just find something that interested me. I have a 

couple...not family members but relatives who are in the military. They always tell 
me all these stories about like the new developments in technology that’s coming out 
with our army and our navy and whatnot. So I did some research on that. I still 
didn’t know what topic I wanted to pick ‘cause there’s not many like issues going...
well there aren’t many issues but like one that would be relevant to the class. There’s 
actually this really interesting Ted Talk which was directly related to my thesis that 
basically talked about you know how these autonomous drones with no people inside 
them have no problem doing suicide bombings with somebody behind a keyboard 
thousands of miles away. It’s just going to dehumanize people. It’s just going to 
make things less sensitive. You’re not actually like performing the action and seeing 
this trauma like right before you. Uh so that was the whole idea behind the Ted Talk 
and I think that ultimately made my decision.

4 Ayush: To be [inaudible]
5 Tom: Yeah. It was a really interesting topic. I mean there’s a lot of research going on with 

it. Just because it’s emerging so fast these new technologies, I was able to do a lot of 
research on that which I actually enjoyed. I think they’re...I don’t want to say I think 
they’re cool ‘cause they’re not exactly a good thing but um it was interesting to 
research just from an engineering standpoint.

6 Ayush: And you’re saying it’s not a good thing because of this dehumanization.
7 Tom: Yeah.

Two things emerge in Tom’s narration (#3): (a) stories of military technologies 
helped mediate Tom’s relationship with some family members, (b) potential for 
autonomous drones to dehumanize people, and (c) looking across this and the previ-
ous utterance, Tom’s capstone project is closely aligned with the TED Talk that he 
saw. In #5, Tom expresses some hesitation in labeling the military drones as cool, 
even while acknowledging that he enjoyed doing research on the topic. In this utter-
ance, we see a glimmer of the separation between technical and moral consider-
ations: drones that dehumanize society (#3) are described as interesting to research 
“from an engineering standpoint” (#5).2 Ayush’s next utterance (#6) does not take 

2 This separation of the moral and technical is connected to the history of development of military 
drones (Whittle, 2013).
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this up, however, but revoices a stance towards drones as “not a good thing” or 
 contributing to “dehumanization.” Next, Ayush segues the conversation into whether 
Tom finds opportunities to have such discussions in other spaces on campus or with 
friends. After that, Ayush asks Tom how engineers should think about their ethical 
responsibility.

8 Ayush: Tell me like um here’s a...sometimes I hear things from the engineering students 
when I talk to them. Here’s a view I’ve heard a couple times is the technology like 
as an engineer I’m designing technology. The technology itself is free from ethics. 
You know like sure people make [inaudible] for good uses or bad uses but as an 
engineer I’m trying to push the boundary...the technological boundary.

9 Tom: Right. That’s the dilemma isn’t it? I mean engineers...the whole idea behind 
engineering is to build technology that makes our life simpler. That’s the whole 
idea behind it. That’s what we’re trying to do with the whole information age but 
you know the whole dilemma is that if you’re an engineer and you’re putting these 
technologies...when do you cross the line where you’re responsible for its impact 
on society? Just because you’re building it and you know whatever you’re signing 
off on that you know you’re not responsible for how people use your technology. 
That’s kind of part of the debate. I’m not too well versed on like you know the 
different technologies besides autonomous warfare that are coming out that can 
have potential serious impacts on our society. Um I’m sure there’s plenty of them. 
You probably know more than I would.

10 Ayush: So how do you think about this issue. Like where are the boundaries of the 
engineer’s responsibility? Can you talk a little bit more?

Before interpreting this segment, we want to note that so far, it is mostly Ayush 
who has asked questions and Tom has responded to those questions, a trend that 
mostly holds during the interview. This has consequences. It legitimizes their rela-
tive positioning as information seeker (Questioner) and information provider 
(Answerer). Tom’s response (#9) suggests that he is trying to make sense about this 
landscape, framing it as a “dilemma,” and possibly inviting Ayush to share his views 
(“You probably know more than I would”). Ayush does not take up that bid to share 
his own views, supporting the construction of the Questioner-Answerer roles for 
Ayush and Tom, respectively. However, through these roles, both Ayush and Tom 
still contribute to the substance of the conversation, co-constructing the stances that 
emerge. Here, for example, Ayush’s question (#8) introduces engineers’ technical 
responsibility in a more abstract way rather than concretely drawing on drones. It 
also introduces the notion of ethics-free technology, and the separation between 
designers and users into the conversation, which Tom had not explicitly brought into 
this conversation previously. Here, we can observe the socio-technical divide being 
co-constructed over multiple turns of talk by both speakers (Tom and Ayush). Tom 
also raises the notion that there might be some threshold at which technology cannot 
be considered ethics-free, which allows for Ayush (#10) to probe deeper on this 
issue (but also functioning to position Tom as the answerer):
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10 Ayush: So how do you think about this issue. Like where are the boundaries of the 
engineer’s responsibility? Can you talk a little bit more?

11 Tom: Um well there is an engineering code of conduct, right? Um I’m not sure exactly 
what that states. You know I’ve never seen it before. Um but I think it does hold 
engineers liable for the things that they build. I’m not...see I think what the debate 
is if an engineer builds a bridge or something and it collapses that’s obviously 
they’re fault. If an engineer builds like you know a weapon of mass destruction and 
they distribute that, whose responsibility is that if they use it in like a bad way?

12 Ayush: So so you’re saying that uh there are engineers who are designing these weaponized 
drones and in some sense you’re talking about how this is having an effect on 
dehumanizing the population. What I see you’re expressing some sort of uh like it 
isn’t clear whether the engineers who are designing these bear some responsibility 
towards that. You’re placing the question mark around that. Is that what I’m...

13 Tom: Um hum. Right I mean these engineers are building these drones but you know 
they’re not the ones using them. So it’s kind of a question of who’s responsible. Is it 
the one who’s actually using them or is it because you know they’d never be using 
them if these engineers hadn’t made them.

14 Ayush: So of course this is a sensitive topic. People have strong opinions on both sides. 
There are people who talk about engineers really being responsible. There are 
others who would say no they’re not responsible.

15 Tom: Right.
16 Ayush: And how to decide between which position reigns truer?

In response (#11), Tom notes explicitly that the conversation is venturing into 
spaces that he might not have thought out fully before, suggesting that he is trying 
to make sense about this situation in the interview context, rather than sharing pre- 
formed or stable conceptions of engineers’ responsibility. In doing so, Tom con-
trasts the “weapon of mass destruction” with the case of a collapsing bridge. To 
Tom, the latter seems a simpler case in which the engineer should be liable for their 
work. But for the weaponized drones, Tom frames the question of responsibility by 
drawing, again, on the relationship between designers and users of technology. 
Tom’s utterance (#13) suggests that he’s struggling between the stances that the 
engineer, as uncoupled to the user, is not responsible for the unethical impact of 
weaponized drones, and the counter-stance that the very act of creating drones is 
what leads to its use and impact. Ayush’s next move (#14 & #16) frames the 
“dilemma” as a debate between these two stances. This framing has consequences: 
it precludes, or at least makes more difficult to emerge in the interview context, the 
examination of more nuanced positions that explore the connections between the 
different stakeholders of weaponized drones (and the emergent impact) rather than 
the dichotomy of engineers as responsible or not. This dichotomy is linked in the 
discourse to the dichotomy between creators (engineers) and users of technology; if 
engineers aren’t morally responsible for adverse effects of technology, it’s because 
the user—“the one who’s actually using them,” in Tom’s words—is responsible 
instead, with the word “actually” underscoring the distinction between creating and 
using. This twofold dichotomy gets further reified in the following conversational 
segment:
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16 Ayush: And how do decide between which position reigns truer?
17 Tom: I’m a little biased because I am an engineer. Um I don’t even know I mean... 

I didn’t really touch on that in my research. I more just don’t like the effect on  
our society. I’m not much on responsibility. I just touched on the actual debate 
behind it. Um like personally I think it’s hard to blame the engineers because 
ultimately they’re doing like I said before they’re building technologies to help  
us improve as a society. They don’t have any mal-intentions with the technology 
they are building. If someone takes their technology and uses it in a bad way I  
think that’s more the person who used it. That’s my personal I mean you may 
disagree.

18 Ayush: No no no I just want to kind of get a sense of where you know how you see the 
issues.

19 Tom: Right. Like I said I’m obliged because I’m an engineer.
20 Ayush: [chuckles] Me too.
21 Tom: Yeah exactly. I think you know I don’t know how relevant it is to like the 

autonomous warfare thing but let’s say an engineer builds like you know a gun and 
someone goes out and uses that gun. You know you can’t really blame the engineer 
for them using that.

Responding to Ayush’s dichotomous question about responsibility, Tom (#17) 
refers to the intent of engineers that engineers are trying to help society without bad 
intent. (This had come up earlier in line #9.) His response (#17, #21) also retraces 
the separation between the engineer as the designer of technology and those who 
use that technology. Tom notes that his stance might be informed by his own 
 identification with engineers; but the verbal hedges in his utterance also suggest 
some distance from this stance or discomfort in stating this stance, as does his 
explicit acknowledge that “you may disagree” (#17). Ayush’s utterances (#18, #20) 
might be aimed at alleviating some of that discomfort. The ending of Tom’s 
 utterance in #17 could also be understood as a bid by Tom to open up the space for 
Ayush to share his opinions; Ayush’s reply in #18 functions to not take up that bid, 
reinforcing Ayush’s control over the direction of the conversation.

Ayush’s next question asks Tom to think about what would be a responsible way 
forward for engineers who are building drones. Tom’s response highlights the inac-
curacies of the drone technology and its political ramifications:

22 Ayush: So what practice do you see forward for, um, this now opinion. We’re using these 
weapons which are dehumanizing society. So what practice are there moving 
forward?

23 Tom: Um what do you mean by that?
24 Ayush: So like how do we sort of address this issue of dehumanizing society?
25 Tom: I wish I had my research paper in front of me.
26 Ayush: [chuckles]
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27 Tom: Um I think what it’s going to take is something big. I think I touched on that too. I 
mean at this point like we’re just kind of getting into these drones. You know 
they’re not perfect at all. In fact I have a whole section in my research paper about 
this one type of drone you know it’s autonomous obviously. I think you can control 
it remotely but it’s very inaccurate. They’ve been using it...I can’t remember the 
country. I want to say Pakistan but I’m not sure. Don’t quote me on that. They’ve 
been using it. It’s been killing civilians because of its inaccuracy and I think there’s 
going to come a point where people at least our government is just going to have to 
take a stand. Obviously the government of Pakistan is not going to tolerate that. It’s 
going to come a point where we might be in a potential war because of these drones 
in like you know their impact on not only our society but other people’s societies.

Tom expresses concerns for the civilian deaths caused by the inaccuracy of drone 
attacks. He links that to the geopolitics between the United States and the countries 
where the US military is operating drones as well as to the impact on non-US 
societies.

Ayush next asks Tom that, given the high stakes, could engineers have a say on 
how the technology is used. The conversation there explores briefly whether engi-
neers have any agency towards regulating technology use. Ayush refers to the earlier 
part of the conversation where Tom had expressed an interest in professionally par-
ticipating in the whole design cycle of a product (not just the technical aspects) and 
asks how he might think about his own professional responsibility going forward 
within a future job context:

27 Ayush: Projecting forward into the future imagine what kind of job you’re doing and then 
thinking about whether in your job you would have to grapple with this issue of the 
impact of your actions on society. Do you think that could be more you know how 
you feel about that?

28 Tom: Um I mean I think it’s something that you know every engineer is kind of … It’s 
kind of a slippery slope. I think every engineer knows that they are partially 
responsible but none of them kind of...I don’t think any of them...I wouldn’t say 
any...I don’t think a lot of them kind of grasp the true impact of what they’re 
making could have on society or a particular group of people in general. Um just 
because you know engineers can be very closed minded. Um you know we’re very 
technically oriented. We don’t think a lot about our impacts like that. We don’t 
really think in that way. I read that somewhere when I was doing my research too is 
that you know as engineers we don’t really think about social impacts. We kind of 
just stay focused on what we’re doing and then we kind of leave that all to whoever 
we manufacture it to.

Prompted to think about his own personal responsibility, we see a slight shift in 
Tom’s stance from before. Now Tom says that all/most engineers know that they 
bear some responsibility for the societal impact of their design; the user doesn’t bear 
all responsibility. But this acceptance of responsibility is balanced by his next state-
ment where Tom says that a lot of engineers do not grasp the “true impact” of their 
designs, the “but” connecting “[engineers] are partly responsible” to “...[don’t] 
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grasp the true impact of what they’re making” positions the ignorance of societal 
effects as countering the idea that engineers are “partially responsible.” And this 
countering coheres with Tom’s earlier statement (#17) that it’s “hard to blame the 
engineers” partly because they “don’t have any mal-intentions with the technology 
they are building”; if engineers don’t fully grasp the potential adverse effects of 
their designs, they couldn’t have intended those adverse effects to occur. Returning 
to turn #28, we also note the hedging and multiple starts around this utterance. 
These again suggest that Tom, rather than presenting previously thought-out ideas, 
is trying to seek some coherence between ideas that appear to be in conflict. Tom’s 
sense-making here also draws on perceptions about how engineers think, simultane-
ously constructing self and engineers (as in, “...you know as engineers we don’t 
really think about social impacts...”).

Subsequently, when asked about himself, he says that given the influence of his 
parents, he is more disposed towards thinking about the social impact of products, 
beyond the “engineering mindset.” Ayush prompts him if he sees the work of engineer-
ing as compartmentalized into that of engineers who design the technical prototype 
and those who take that prototype towards a designed marketable product. Tom clari-
fies that at times, as in computer-aided design, design and engineering can merge 
together, but the packaging and marketing of the product usually remain separate. He 
notes that the software used by the engineers can help test the safety and reliability of 
the products, but notes again that the end users of a product will often use the product 
with their own intent, which might differ from the engineers’ intent.

At this point, Ayush asks him if engineers stop working on weaponized drones, 
given that drones can be misused:

29 Ayush: So you know you mentioned about improving the accuracy of the drones. So what 
about the view that you can’t control how people use these things. You mentioned 
about how technology drones get into other hands. Even the stakes are so high. 
Poor countries don’t do war kind of a thing. Um would you say engineers shouldn’t 
even design drones in the first place?

30 Tom: That goes into a whole different topic...That goes into like you know our nation’s 
defense and us being prepared for...I mean that’s a whole other debate. I mean just 
building up our arsenal of weapons. Many people have debates you know are we 
spending too much money on that? Are we spending too little money? I think it’s 
important to have this kind of technology so that if we ever need to use it we can 
but I don’t think we should be using it entirely for the purposes that we are, 
basically using it accidentally...misusing it I guess. Not intentionally but I don’t 
think we should be using it to the extent that we are because it’s causing a lot more 
problems than helping I think.

31 Ayush: You’re referring to the civilian deaths?
32 Tom: Yeah. I do think it’s important to have them and to keep developing these 

technologies because that’s the only way we are going to stay you know a nation 
well respected. You know what I’m saying like you know one that’s prepared for 
anything.

33 Ayush: Why is that important?
34 Tom: Why is what?
35 Ayush: Being a nation that is prepared?
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36 Tom: I mean because I know we’re not the most respected nation and we get into things 
that sometime we shouldn’t. If another nation is continually developing their 
technology and their technology is more advanced than ours and we get into war 
with them, we’re kind of screwed if we don’t have that kind of technology to 
counteract theirs.

37 Ayush: So it’s sort of like keeping these technological developments on levels alive.
38 Tom: Right. It’s kind of like a cold war so to speak. There’s actually not any tension. It’s 

more just like at least all the first world nations are just developing this technology 
constantly in preparation for anything that could happen with another first world 
nation.

39 Ayush: So you think that is okay like don’t misuse it, don’t kill civilians.
40 Tom: Right. I think it’s definitely a [inaudible]
41 Ayush: But it’s important.
42 Tom: Um hum. Yeah I think it’s important to market that as well. Let other nations know 

that you know hey we have these weapons so that they know not to mess with us.
43 Ayush: Sort of like you’re saying use it simply as a piece. Don’t actually use it kind of 

thing. Okay we have these things. Don’t mess with us.
44 Tom: Yeah I mean I think more defense standpoint. I mean I don’t see any reason to use 

it for purposes that aren’t completely necessary. So if we’re being threatened by 
someone else I think it’s important to use these weapons or at least let them know 
we have these weapons so that they don’t you know start a war or whatnot. I don’t 
think it should be used for much more than that personally. That’s another debate.

Ayush poses a stark choice for Tom to consider: should engineers participate in 
the design of drones at all? In sense-making about this, Tom draws on notions of 
national security but also signals that he sees this as a different topic than what was 
being discussed before. In his response, he characterizes the current use of drones 
by the military as “misuse” but also notes that it is important to develop this technol-
ogy. He poses two interconnected reasons: defending the country in a war with 
another “first world nation,” and deterring that scenario in the first place. He con-
nects both of these ideas to being a nation that is “well-respected” and “prepared for 
anything.”

Ayush asks if engineers should have a say in determining military policy towards 
using drones, and Tom responds that he thinks they should but is unsure about to 
what extent that is feasible. The conversation then moves on to other socio- 
scientific issues.

14.4.2  Analysis: Patterns Across Segments of the Conversation

In this section, we look across multiple segments of the conversation between Ayush 
and Tom to extract some of its salient features.

Co-construction of Ayush as question-asker/interrogator and Tom as responder/
position-taker: Through most of the interview, Ayush asks questions and Tom 
responds to them. Ayush’s questions and responses to Tom’s answers set up 
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 possibilities within which Tom is sense-making about the scenarios. In multiple 
ways, the constraints on the structure of the conversation are jointly achieved. For 
example, Ayush’s questions often frame a dichotomy: are engineers responsible or 
not for the negative consequences of weaponized drones? Should engineers build 
weaponized drones? Tom’s responses tacitly take up these dichotomies, without 
challenging them. The interaction pattern constrains the possibilities for more 
nuanced explorations of how engineers are embedded in broader social-political-
economic networks and how to think about (a) responsibilities as distributed within 
these networks and (b) the impact of technologies as emergent from the interactions 
within these networks.

The pattern of Ayush asking questions and Tom responding also limits joint 
sense-making around these issues. Ayush affirms or accepts some of Tom’s responses 
and probes further using questions, but doesn’t jump into offering original ideas for 
sense-making around these issues. At various points, Tom hesitates from answering 
the questions or acknowledges limitations of his knowledge about the topic or the 
plausibility of other viewpoints (e.g., #9, #17). As shown above, however, Ayush 
rejects these bids to join Tom in sense-making, in a way that reinscribes his position 
as questioner. The questioner-answerer positioning limits the range of ideas that can 
arise in this space, as compared to if Tom and Ayush had collaboratively contributed 
to making sense of the scenario.

Co-construction of a divide between the engineer and user: A recurring theme in 
the interview is the relationship between the engineer who designs a product and the 
user of the product. Over several segments of talk, a separation—even a dichot-
omy—emerges between the engineer/designer and the user. In most utterances, the 
engineer is constructed as being responsible for the technical design of the product. 
In the case of drones, the negative impact of their use was constructed as resulting 
from their misuse by agents/users other than the engineer. As constructed in the 
interview, this stance did not include a pathway by which the social impact of wea-
ponized drone technology would affect the work of engineers who design these 
technologies. This separation between the engineer and the user constructs the work 
and responsibility of the engineers as limited to technical design and its evaluation 
based on technical considerations: sound structural analysis of bridges, improving 
the accuracy of drones, etc. Engineers are held accountable to failures on these 
fronts, but not for broader social impacts of their designs. This stance of separation 
also limits the “democratic control of technology” (Feenberg, 1991).

However, there are also moments when counter-stances emerge. In the interview, 
Ayush notes that Tom is putting a “question mark” on whether the engineers design-
ing weaponized drones bear responsibility for their impact. To this, Tom poses the 
dilemma that the users of weaponized drones wouldn’t be able to use them if engi-
neers hadn’t designed them. This dilemma not only acknowledges that engineers 
could reduce the adverse impacts of drones, but also hints at the possibility that 
users’ intents and actions are likely influenced by technologies that exist, thereby 
connecting engineers’ work to user intent. In the segment where Tom expresses the 
importance of designing drones to deter war, Tom and Ayush also tacitly construct 
the enterprise of technology design as entangled with the broader social-political 
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machinery. Later, when Ayush asks Tom about his own trajectory, the question 
 possibly allows for conceptualization of the issues in a more personal context. 
There, Tom expresses a desire to participate in the entire process from the technical 
design to determining social impact of that technology. These brief moments allow 
us to imagine possibilities of divergence from the stance of engineer-user divide. 
But these moments were limited within the specific context of this interview. An 
interview or a group-discussion setting structured towards generating and pursuing 
a diversity of stances could likely have led away from convergence on the engineer- 
user divide.

Under-explored themes for future exploration: Family, Gender, Militarism, 
National Discourse, and Camaraderie: There are a variety of aspects of the conver-
sation that we haven’t analyzed in depth. We explore here, with unsure footing, 
some of these themes in the hopes that we (or other scholars) can pursue them in 
the future.

At the start of the interview, we see Tom noting that his interest in the topic was 
partly spurred through conversations with family members who have military asso-
ciations. Tom’s interest in engineering design as a future profession is also guided 
by his perceptions of and experiences with his parents. What role might these asso-
ciations and Tom’s “history-in-person” (Holland et al., 2001) have played in shap-
ing the ideas that emerge in this conversation?

In the context of the interview conversation, Tom seemed to identify with 
American interests and the idea that drone-based technologies are needed to protect 
American supremacy in the world. The idea of nationalism, patriotism, and milita-
rism is, however, intimately connected with gender. Our military and political sys-
tems tend to draw power from patriarchy; are male-dominated spaces; and embody 
stereotypical notions of masculinity (Di Leonardo, 1985; Nagel, 1998). The identi-
fication of masculinity with the role of protection overlaps with how militarism is 
also seen as serving the function to protect. This segment of the conversation, then, 
can be interpreted as the playing out, in this instance, the broader social connection 
between gender and militarism. However, alternative interpretations are also possi-
ble (Toktas, 2002). We need to explore further the interview as a microcosm where 
the gender-nationalism connection that shapes the public discourse around milita-
rism and patriotism is being played out.

The stances that emerge in the conversation are reminiscent of public discourse 
in the United States around drone warfare and the general ways in which the pur-
pose of engineering is seen in society: drones have a dehumanizing effect on society 
(Docksey, 2013; Healy, 2013), the need for the United States to protect against ter-
rorist threat (Byman, 2013; Petesch, 2018), engineers as serving society, govern-
ment as the only entity responsible for regulating, etc. Thus, the interview 
conversation between Tom and Ayush can be seen as embedded within the national 
discourse in the United States around war and engineering and as an example of that 
national phenomenon playing out in a local, private setting. In the future, we would 
like to explore the possibly causal micro-macro connections between talk in 
meaning- making about socio-technical issues and broader societal narratives.
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At various points in the conversation, we get a sense of camaraderie between 
Tom and Ayush. For example, they both acknowledge their identity and affiliation 
as engineers, and they share laughs and smiles. This camaraderie could have roots 
in disciplinary identity (as engineers) and/or some (presumed) gender identity. 
What role might this have played in structuring the conversation? Could this have 
served to limit some of the directions that could have been pursued, or was this a 
missed opportunity to leverage as a footboard for launching more divergent thinking 
around the ethics of weaponized drones? In the future, we would like to explore how 
the qualities of interaction patterns such as friendship or camaraderie can affect the 
dynamics of the substance of talk.

14.5  Discussion

In this section, we zoom out further from the details of the conversation between 
Tom and Ayush, to draw out implications for the design of research and/or learning 
environments focused on discussions of socio-technical issues.

Questions probing socio-technical issues may unintentionally reify socio- 
technical divide: As discussed in the Introduction, very limited research has 
addressed the conversational dynamics that emerge in discussions of socio- technical 
issues. In this chapter, we have carefully documented the co-construction of stances 
within an interview setting, arguing that the interview wasn’t a space for simply 
“eliciting” the interviewee’s thoughts; rather, the stances that emerged were actively 
shaped by all the participants in the conversation (Gupta et al., 2016). This suggests 
that in educational settings where instructors or discussion leaders might think that 
they are eliciting students’ views on socio-technical issues, the instructor’s prompt 
itself may shape the landscape for discussion. Our analysis of how dichotomies 
emerged in this interview context suggests that a fruitful direction for future work 
may be to examine how discussion prompts in educational settings, such as asking 
students to take a stance on whether society influences technology or technology 
influences society may unintentionally reify the socio-technical divide.

Conversational roles of Questioner-Answerer within interview setting may con-
strain sense-making: Across multiple segments of this conversation, we consistently 
saw Ayush taking on the role of question-asker, and Tom taking on the role of ques-
tion answerer. Within these roles, Ayush did influence the form the narrative takes 
(in ways discussed above), but he does not engage in active co-reasoning with Tom. 
In this way, Ayush remains more peripheral from the interpretative work and 
position- taking with respect to specific socio-technical issues. These stable roles 
within this activity system constrain the possibilities for sense-making about ethics 
within this setting. Tom may have explored very different narratives and stances if 
there was another active participant sharing different perspectives. So, the interview 
context did not provide for expansive or liberatory possibilities—and this should be 
interpreted as an emergent characteristic of the activity system that was built in this 
interview context rather than as a shortcoming of Tom. For these reasons, this inter-
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view context does not tell us how to facilitate heterogeneous meaning-making 
(Rosebery, Ogonowski, DiSchino, & Warren, 2010).

Research should explore how activity systems could be designed to encourage 
heterogeneous meaning-making: The limitations of the interview space that become 
visible through our analyses point to the need to design novel activity systems that 
would allow for heterogeneous meaning-making (Rosebery et al., 2010) and diver-
gent thinking in the context of socio-technical issues (Haws, 2001). Activity sys-
tems with multiple participating learners, such as a focus group setting or classroom 
discussion, could allow for more divergent perspectives to emerge. However, here 
too there is the possibility of early convergence to socio-technical duality if the 
facilitation moves aren’t designed to monitor for and gently nudge the discussion 
away from early convergence (Philip et al., 2018). We need to explore the design of 
facilitation prompts that do not tacitly embed socio-technical duality, perhaps using 
a version of the “hypothetical disagreement” type of question common in physics 
education research-based curricular materials (e.g., McDermott & Shaffer, 1998). 
Such questions present a brief discussion among hypothetical students who partly 
agree and partly disagree about a topic, with each student laying out their stance. 
The real students using these materials are then asked to reason through the differ-
ent positions. In the context of socio-technical issues, this “hypothetical disagree-
ment” style of prompt could be used to seed the discussion space with a variety of 
contradictory perspectives, with learners asked to meaning-make about these posi-
tions, explore the implications of each, and examine whether and why some posi-
tions seem more sensible or plausible to them.

Some of the counter-stances we observed in the interview emerged when the 
conversation allowed for the exploration of personal histories and meaning-making 
in the context of Tom’s past and future trajectory. We need to explore how group 
learning environments could be designed so as not to truncate this kind of deeper 
exploration of individuals’ histories.

14.6  Conclusion

Through this case study, we want to highlight how participants in an interview rea-
son about engineers’ ethical responsibility in an affectively charged ethical context 
such as autonomous warfare. For many engineering and science students, these con-
texts will not be mere hypotheticals in their future professional lives. As such it is 
important that engineering learning spaces provide opportunities for students to 
grapple with these issues. For instance, we feel that engineering ethics courses 
should include more discussions of such emotionally charged and geopolitically 
complex ethical issues since many of our students are likely to face these issues in 
their professional lives. As engineering students become more diverse, engineering 
classrooms will likely include a greater diversity of backgrounds and perspectives. 
And it is likely that discussions around these topics will be emotionally charged for 
students and draw on various aspects of their identity. In order to design instruc-
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tional strategies to facilitate such discussions in a safe yet productive way, we need 
more research into understanding the socio-cognitive dynamics of how engineering 
students talk and think about complex socio-scientific issues. And we need to design 
these learning environments with the goal of allowing for divergent thinking about 
ethics and social responsibility of engineers (Haws, 2001). We have ventured to 
speculate on how the gender-nationalism-militarism connection and public narra-
tives around drone warfare and engineering are yet other lenses through which we 
can view the interview interactions, but these are exploratory interpretations that we 
hope to flesh out in our future work.
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Chapter 15
Moving Beyond the Singular: 
A Deconstruction of Educational 
Opportunity in Science Through the Lens 
of Multiples in an Era Marked 
by Globalization and Neoliberalism

Jrène Rahm

Abstract In this chapter, I challenge the functionalist view of informal science 
education and instead, through “a lens of multiples,” attend to youths’ diverse forms 
of meaning making of science and self in science; and how these processes are 
charged by and grounded in placemaking (entanglement of feelings with materials, 
bodies, and multiple ways of knowing, being, and becoming in STEM). I do so 
through two case studies, first, a video production project in ArtScience, a club that 
is part of a Saturday school that reaches out to elementary school level children and 
families with histories of recent immigration; and second, a joint video project 
about a girls-only afterschool program by now young women of color who no lon-
ger participate in that program. I show how the two projects took for granted the 
heterogeneity of forms of engagement with science and identities as insiders to sci-
ence and thereby became critical sites of critique and transformation of informal 
science education and visions of who can do and be in science, mediated in part also 
by the researcher who as a collaborator contributed to that transformation. As such, 
the chapter challenges visions of colored youth as disposable through a discourse on 
multiples.
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In 2009, the National Research Council in its report about informal science learning 
put forth the argument that “informal environments can have a significant impact on 
science learning outcomes for individuals from non-dominant groups who are his-
torically underrepresented in science” (Bell, Lewenstein, Shouse, & Feder, 2009, 
p. 301). Supported by research at the time, it spurred the development of design 
studies in informal science across a vast array of settings, assumed by researchers 
and communities who still struggle today to offer clear evidence in support of that 
kind of a functionalist argument. While the direct impact of the informal science 
field on youths’ interest in science and pursuit of science careers is difficult to mea-
sure, its implicit objective of documenting “non-dominant students’ mastery of 
dominant forms” is what needs critique. That lens to learning and identity work in 
science further perpetuates a narrow vision of what science learning implies and 
who can do science. It leaves unexplored the potential of informal educational set-
tings in transforming “historical inequities and political structures that substantively 
shape learning” (Bang & Vossoughi, 2016, p. 175). It neither addresses nor ques-
tions deep assumptions about who can become an insider to science and scientist, 
and what we recognize and value as science. It leaves unquestioned assimilative 
narratives of participation in science.

In this chapter, I challenge that functionalist vision and its focus on the singular. 
Having pursued research on science literacy development in an array of informal 
settings in underserved communities for many years, I show instead what “a lens of 
multiples” can reveal about emergent learning opportunities in informal science 
practices owned by youth in an era marked by globalization and neoliberalism. 
Grounded in sociocultural-historical theory, I document expansive and transforma-
tive learning and identity work, which in the end takes me often away from science 
to other places and discourses that constitute the social futures of the youth I have 
worked with. It naturally also leads to questions about “how race and power operate 
in learning settings, especially as they may relate to privilege and marginalization” 
(Nasir & de Roystone, 2013, p.  266). Essentially, I re-engage with the study of 
creative ways of becoming, interpreting, and learning that Vygotsky had so much 
to say about and which the commodification of education has so eloquently mar-
ginalized or erased altogether. Re-engagement with creative learning also makes 
possible an unpacking of socio-material practices “analyzing agency ‘non- 
anthropocentrically, as a situated process in which material culture is entangled’” 
(Knappett & Malfouris, 2008, p. xii, cited in McKenzie & Bieler, 2016, p. 14). It 
makes possible the documenting of “situated or practical experiences” that function 
as “pedagogical pivot points in enabling critical learning and social change” for 
learners often forgotten about in the current market driven education system 
(McKenzie & Bieler, 2016, p. 16).

It also calls for a focus on the affective dimensions of informal learning and, in 
particular, placemaking and belonging, key dimensions for understanding learning 
and identity work in science in informal and formal settings (Ehret & Hollett, 2016). 
I assume that youths’ affective life is tied up with learning and becoming in science 
in complex ways. I also wonder how youth mobilize “feelings” or “our emotional 
relations to others and our emotional reactions to events—for constructive pur-
poses” (Ehret & Hollett, 2016, p. 252).
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Finally, I build on the call by Kress (2012), to engage deeply, and possibly in new 
ways, with “signs of learning” in our times of complexity and mobility. It takes me 
beyond a focus on the multimodal and multisensory in learning and identity work 
toward the unpacking of “agency evident in semiotic work” and hence, a new read-
ing of affordances and possibilities (Kress, 2012, p. 129). I attend to the affective 
life and underlife of informal educational settings, and in what ways the coming 
together through social relations over time leads to the emergence of learning 
opportunities that matter, driven by deep emotions and shared affect, and tied to 
placemaking and belonging in ways empowering and potentially supportive of 
transformation and change at multiple levels, resulting in voice and agency (Ehret 
& Hollett, 2016). Given my work with immigrant youth, I also ground the work in 
the vast literature on transnational youth and youth circulations, implying travel 
both real and imagined among cultures and languages that we take as a rich toolkit 
and constitutive of who they are and are becoming (Lamarre, 2013). As such, I posi-
tion the youth I work with as agents of their learning and identity in science and 
distance myself from neoliberalism’s vision of youth as disposable (Giroux, 2012).

I begin the chapter with a brief overview of the theoretical framework and a 
selective literature review of the use of video production in science education. I then 
present case 1, the making of a video project in Art-Science, a club we ran for 2 
years within a Saturday school organized by a community organization reaching out 
to immigrant families. Case 2 offers an analysis of a joint-video production among 
a group of six young women about Les Scientifines, an afterschool science program 
for girls only that they all participated in. In the conclusion, I return to the challenge 
raised by Bang and Vossoughi (2016), namely how to design for learning and iden-
tity in science in ways supportive of “sustainable and transformative change” deeply 
committed to and open to multiples.

15.1  Theoretical Framework

In line with a theoretical grounding in sociocultural-historical theory, it is assumed 
that learning opportunities emerge from interactions among youth and materials in 
place. Hence, learning is understood as a process of making meaning through doing, 
talking, and becoming in action and place (Wells, 1999). The latter offers affor-
dances for certain forms of learning and becoming that, once appropriated by par-
ticipants, result in multiple learning outcomes and as such can be understood as 
expansive (i.e., as building on prior forms of knowing, doing, and becoming) and 
transformative (i.e., resulting in new agentive ways of knowing, doing, and being) 
(Vygotsky, 2004). Meaning making and becoming in place are also understood as 
intertwined with the affective in that through interaction in place, participants 
develop social and material attachments to such programs, activities, and each other. 
As noted by Ehret and Hollett (2016), “the affective intensities of bodies moving, 
feeling, and generating social connections to each other, to place, and to the com-
mon goals of change-making” (p. 250) are key for understanding informal learning 
environments’ multiple contributions to youths’ lived experiences and future selves. 
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Meaning making and identity work emerges from and is grounded in placemaking, 
entailing the “active engagement of human beings with the places they inhabit” 
(Fettes & Judson, 2010, p. 124). As well said by Duff (2010), “to experience place 
is to be affected by place” (p. 881).

Placemaking is also an anchor for youths’ identity development (i.e., assumed 
identity) and identity work (i.e., the making of new identities). It is through youths’ 
participation and contribution to a community of practice and its affective force that 
youth can assume their identity in place while simultaneously forge new identities 
from place. If youth experience places in positive and empowering ways, engage-
ment results in agency and voice and new imagined possible selves. Yet, affect like 
identity do not reside “in individual places or individual bodies but rather in the 
dynamic and relational interaction of places and bodies” (Duff, 2010, p.  886). 
Building on the work of Holland, Lachicotte, Skinner, and Cain (1998), I take iden-
tity work to imply an interplay of figured worlds (i.e., realms of interpretations of 
STEM and self in STEM), positional identities (i.e., how the system and others 
position the youth in STEM or in the world), the authoring of selves (i.e., how youth 
think of themselves in light of the former), and the making of worlds (i.e., the cre-
ation of new meanings and selves through this dynamic and ongoing process). The 
two case studies offer insights into the dynamic between meaning making and iden-
tity work in STEM and beyond.

15.2  Joint Video Productions with Youth in and About 
Science

Any human act that gives rise to something new is referred to as a creative act, regardless 
of whether what is created is a physical object or some mental or emotional construct that 
lives within the person who created it and is known only to him. (Vygotsky, 2004, p. 7)

To facilitate creative forms of engagement with science, we engaged youth in 
video productions. Building on the work of Furman and Calabrese Barton (2006), 
we were curious in what ways video can become a means for youth to tell stories 
about science and reconfigure their relationship with science and “to communicate 
on their own terms” (p. 670) their understandings of science. Since we worked with 
youth with histories of immigration, video also seemed a promising tool to express 
understandings of science and selves in science in multiple ways other than through 
language alone and essentially engage youth in the creative use of media (de Block 
& Buckingham, 2007). In prior work (Gonsalves, Rahm, & Carvalho, 2013), we 
used video to engage in joint-questioning about science in the lives of girls and their 
peers in an afterschool program. The girls we worked with opted to interview others 
about science and its role in their lives, and then produced a rich story about figured 
worlds of science of urban youth. The production process led to rich discussions 
about science and what counts as science in different settings, and how these mul-
tiple ways of understanding science constituted their identity as learners of science. 
It also led to discussions about the manner engagement with science is marked by 
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social status, power, and gender. While the produced video made evident youths’ 
funds of knowledge and everyday practices of science, the girls discounted it as not 
being about “real science.”

In these studies, video production became a means to speak back to dominant 
visions of science and stereotypical images of doers of science (Luttrell, 2010). 
Video production supported “hybrid, unsanctioned literacy practices” and encour-
aged youth to pursue multimodal representations of science and their positioning in 
science with a critical gaze (Rogers, Winters, LaMonde, & Perry, 2010). Video pro-
duction also implied deep questioning of their role and place in science and engage-
ment in a critical reading of science, a reading that could then become transformative 
and agentive, leading to new ideas about how to promote more equitable engage-
ment and futures in science. An interest in these kinds of processes and goals drove 
our projects, and the use of video led to a focus on the following: First, youths’ 
meaning making of science (the construction of new science knowledge in light of 
their past ways of knowing and understanding) and self in science (how they per-
ceived themselves in relation to STEM); and second, how these processes were 
charged by and grounded in placemaking (entanglement of feelings with materials 
and bodies and multiple ways of knowing, being, and becoming in STEM). Case 1 
speaks more closely about challenges second language learners experience in edu-
cation, whereas Case 2 attends more closely to the being and becoming in STEM 
over time of young women of color.

15.3  Case 1. Video Productions in ArtScience: Stories 
About Languaging, Meaning Making, and Becoming 
in Science

15.3.1  Context

ArtScience was embedded in a community program, Aspiration, reaching out to 
immigrant families. In the context of their Saturday tutoring program that they run 
in collaboration with six elementary schools within an ethnically diverse under-
served community in Montreal, we co-designed ArtScience, a science club we ran 
for 2 years from 2009 to 2011. Its goal was to create a space for student interest- 
driven science activities, animated in part by a science major, a graduate student in 
education, and myself. The design of the club was inspired by a previous work that 
explored the effects of “doing science” on language minority students’ learning and 
becoming (Rosebery, Warren, & Conant, 1992). Inquiry science was understood as 
a tool for language and STEM literacy development. We worked with two groups of 
14 youth, aged between 8 and 12 years, primarily from the Philippines, Sri Lanka, 
Bangladesh, Morocco, China, and the Caribbean. All activities were recorded on 
video given our goal to document with them student-owned engagement with sci-
ence and a science practice responsive to their needs (Vossoughi & Escudé, 2016).
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15.3.2  Emergent Learning Opportunities, Affordances, 
and Transformation

French was the language of instruction in ArtScience, as mandated by the commu-
nity organization and the language charter of Quebec which declared French as the 
official language of Quebec in 1977. However, most youth in ArtScience struggled 
academically due to that language charter and the kind of language discontinuities 
they experienced between their home and school. Most youth who participated in 
the club were at ease in English, had oral fluency in their native language, but strug-
gled with French. They were still developing strategies to manage the “language 
obstacle course” they faced daily (Lamarre, 2013). In the club, we encouraged stu-
dents to mobilize their entire language repertoire. Hence, they switched forth and 
back constantly between English, French, and native languages, when working in 
their teams, while whole group dialogue mediated by us was typically conducted in 
French. I focus on a video production of three youth, Vasu (11 years old), his brother 
Viskar (9 years old), and Sami (11 years old). They were born in Canada to parents 
from Sri Lanka and spoke primarily Tamil and English at home and with each other, 
and French at school. Viskar was sent to the program by his teacher to work on 
sentence structures and reading, Vasu to work on his attention and to develop effec-
tive working strategies, while Sami was described by his teacher as very hardwork-
ing yet in need of more opportunities to engage with others in French. Together, 
they pursued a video about volcanoes as shown in the timeline in Fig. 15.1. Their 

Fig. 15.1 Visual depiction of the storyline of the video
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video entailed some video footage of a simulation of an eruption of a volcano with 
images, sound, and strolling text, and periods of talk by each one of them looking 
directly into the camera, conveying some scientific information and terminology 
about the kinds of volcanos that exist and forms of eruptions. Sami responded to the 
question about how long an eruption might last, while Vasu offered a list of the 
scientific terms of the different volcano types, and Viskar explained what type of 
volcano they had constructed for the simulation.

As shown, their video production was multimodal, weaving together images, 
movie clips, presentations assumed by them, text, and sound, attesting to much 
creative joint work. Taking a closer look at their work, I was struck by the energy 
and time the team put into the recording of their voices. Each one of them had a 
handwritten note of scientific information that they had copied from the web and 
reformulated somewhat with the help of the instructor who encouraged them to use 
their own words. The team struggled appropriating the scientific terms and pronun-
ciation. The recording called for concentration and patience, but at the same time, 
was supported by respectful relationships among youth and the instructor as 
shown below:

Talk Image Activity

Sami: An eruption 
lasts one to six 
months in 10% of 
all cases of 
volcanic 
eruptions, six 
months to an year 
in 12% and 
5–10 years in 2%, 
less than 
10 minutes in 10% 
of all cases

Sami is reading his 
note that he placed on 
the right side of the 
screen. We can see his 
face being recorded in 
the middle, and his 
finger on the keyboard, 
controlling the 
beginning and the end 
of the recording.

Sami: Yeah, done, 
finished!

Calling out loud with a 
big smile

Ray: Wait, no, it 
cut the last ten 
percent, Sami, can 
you redo, sorry…

Instructor checks 
recording and notes 
that the beginning was 
cut off

Sami: What?
Ray: Yes, see 
here…
Sami: I do not 
hear a thing…
Ray: We miss the 
five…
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Talk Image Activity

Sami: Oh no, not 
again…

Third trial.
Straight back signals 
level of concentration 
by Sami

Ray encouraged Sami to try one more time. The peers of Sami stepped back and 
practiced their portion of the talk, giving him the space needed to begin the record-
ing anew. Video self-recordings are challenging, but even more so for second lan-
guage speakers whose accents and struggles with pronunciations are readily evident 
in such recordings. Listening to oneself on video can also be emotionally charging. 
Yet, the team did not shy away from trying it. Other groups resorted to the inclusion 
of written text only. This team essentially experienced and lived “the gift of confi-
dence” that Mahn and John-Steiner (2002) discussed, in that they knew that it was 
safe to try. The instructor’s insistence on redoing it and getting it right made evident 
the high expectations he had of them yet also confidence that they could succeed. 
These kinds of affectively charged moments led to the development of a sense of 
belonging to ArtScience. Essentially, play with language in this manner constituted 
placemaking (Lamarre, 2013). It implied teamwork and solidarity among the youth, 
as the following excerpt makes evident:

Talk Image Activity

Sami: One, two, 
three, go!

Sami is standing 
behind Vasu.

Vasu reads: There 
are six types of 
volcanos, the 
fissure, the 
shield, the dome, 
the ash- cinder, 
the composite, and 
the caldera

Ray, standing on 
his right, holds 
the paper. Vasu in 
the middle reads 
the script and 
records himself.

Note above and also in Fig. 15.2 (left) how the team worked together with Vasu 
looking on while Ray and Sami held up the poster board with the questions they had 
developed, thereby also ensuring an artistically interesting background. They all 
supported Viskar’s recording who was nervous about recording and doing it well. 
Following the recording, the team sat together with Ray to check the video for accu-
racy and potential glitches as shown in Fig. 15.2 to the right.
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Fig. 15.2 Affectively charged moments recording (left) and reviewing their video clip (right)

What was at stake is evident from their facial expressions. They were anxiously 
watching the recorded clip together with the instructor on the left. Notable are the 
signs of relief on the right, once they judged their video a success. It makes evident 
their emergent and yet still developing identity as speakers of science but also mas-
ters of technology and French. The video project gave them the opportunity to 
author selves as “being able” to engage with science in French, their third language. 
In essence, they were on their way toward “finding a voice, or controlling a new 
discourse” (Rosebery et al., 1992, p. 92) to which they had little access to elsewhere.

The excerpts above also make evident what it takes to support students’ transfor-
mation of feelings in ways supportive of constructive purposes (Ehret & Hollett, 
2016). Initially, the level of stress was high, with some teams abandoning the idea 
of videotaping themselves. By persisting and taking up the challenge to film oneself 
in this manner, however, these teams developed an affinity that mediated placemak-
ing and belonging in ArtScience. In many ways, the case makes evident “how iden-
tities are formed (improvised) in the flow of historically, socially, culturally and 
materially shaped lives” (Rogers et al., 2010, p. 300). Improvisation and risk-taking 
constituted in important ways the participants’ engagement in the activity. The chal-
lenges video production implied in this context (e.g., mastery of technology, mas-
tery of science content, language), and the kind of embodied learning it supported, 
also led to the “thickening” of relationships. As such, learning was more than a 
cognitive act. Instead, as Linds et al. (2015) describe it, “learning is felt” and “is a 
sensation” (p. 6). Those kinds of feelings and sensations then led to empowering 
images of selves and possible future selves—as youth who can achieve and be suc-
cessful. And it is that kind of identity work which challenged the functional impera-
tive typically associated with informal science clubs. The club was not about STEM 
per se. In fact, the club barely had them engage with and think scientifically through 
the video project. Yet, it certainly opened up a small part of the world of science to 
them. In that process, heterogeneity was valued in terms of the languages youth 
could use to talk science, in terms of the format the video production could take, and 
the kind of multimodal modes they were encouraged to leverage to convey meaning 
(Rosebery, Ogonowski, DiSchino, & Warren, 2010). Hence, the project empowered 
youth to come to see themselves in new ways, as youth who can succeed despite 
their complex histories of immigration and struggles with language, two dimen-
sions still too often seen as barriers rather than strengths for meaning making and 
identity work in science and beyond.
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Fig. 15.3 A timeline of the introduction

15.4  Case 2. What the Joint-Creation and Sharing 
of a Documentary About a Girls’ Afterschool Science 
Program Reveals About Being and Becoming in Science

15.4.1  Context

Les Scientifines is an afterschool science program in Montreal, serving girls from 
two elementary and one high school in its community. They offer hands-on science 
activities, the opportunity to pursue science fair projects, and a science newsletter 
activity. The video production project I report here took place in the winter of 2013 
and is an extension of a previous 2-year video ethnography of the afterschool pro-
gram and its scientific newsletter activity that took place from 2009 to 2011. My 
research assistant and myself worked with six girls, some of whom were no longer 
with the program given their age and having moved on to college. We met six times 
to produce a video about the program for an international science conference. The 
six participating girls then had a chance to share their video production and exchange 
with youth from other informal science programs at an international science educa-
tion meeting via video conference. The six girls had complex immigration histories. 
Their parents came from Bangladesh, Trinidad, St Lucie, and Sri Lanka. Five of the 
six girls were born in Canada. All of them had traveled back to their home country 
for family gatherings and were tightly connected with the families and culture of 
their country of origin, often dialoguing with family members through the Internet.

15.4.2  A Lens of Multiples, Science, and Being in Science

The joint video production about Les Scientifines is an interesting mix of multiple 
discourses. The video begins with the program logo and a read aloud by one girl of 
an introduction in English as follows:
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      Les Scientifines is a non-profit organization founded in 1987. 
Its goal is to promote science and develop life skills in young 
girls. They hold different free activities every day afterschool 
from the journalism workshop to the science fair.

After the logo, two girls enact “doing science” in stereotypical ways by mobiliz-
ing powerful markers of science. It begins with the mixing of colors in beakers, 
pursued by two of the girls who are wearing lab coats and eye protection. The two 
girls mix two colors (red and blue). One color is in an Erlenmeyer flask, whereas the 
other liquid is in a beaker. Then both the colors are mixed in a bigger-sized beaker 
in front of the camera. While mixing happens, the camera briefly zooms in on the 
mixing and the emergent color “brown” and then backs out and closes in on the two 
girls who are engaged in the doing of science, and who show much excitement 
about their accomplished experiment. Achyntia jumps up in the air, while Saliha 
then takes the lead in mixing vinegar with baking soda in a test tube, resulting in a 
bubbling substance that then spills out of the small test tube, followed by expres-
sions of excitement and waving by Achyntia, marking the end of that staged perfor-
mance. Figure 15.3 offers a timeline of that introduction:

The rest of the movie shows the girls sitting in front of the camera See Fig. 15.3, 
image on the lower right), first introducing themselves, and then presenting the pro-
gram. They basically respond to staged questions by the research assistant and offer 
prepared answers, a script they co-created and practiced. As with the youth in ArtScience, 
the taping of their staged dialogue was a challenge and implied many trials to get it 
right. Unlike the other group, the girls were fluent in English and French, leading them 
to introduce the program in English given the audience they were targeting (science 
educators at an international conference), while the informal dialogue that followed was 
pursued in French, and later translated, and subtitles added. The girls exhibited flexible 
multilingualism in that they moved among languages constantly in their informal talk 
but knew when boundaries between languages mattered (Lamarre, 2013).

Yet, the documentary about the program was about “things thicker than words” 
(Rogers & Schofield, 2005). It was about a program that most of the girls consid-
ered as their second home and that helped them develop aspirations for their future 
by identifying and being encouraged by other women who were successful and by 
engaging in meaningful science activities with others who shared an interest in 
becoming educated:

      One of the goals of the program is to get girls interested in 
science, since science, at least traditionally, was not for women. 
Pursuing a career in the sciences was also not something women 
thought about traditionally. So, giving girls the taste for science 
so they can pursue their futures in or beyond science is important. 
And the women working in the program, and all the invited guest 
speakers are all good role models for the girls in the program. The 
participating girls can be inspired by them and become like them. 
It gives all of us a taste to learn more about science, to be curi-
ous, to ask questions, to become better adults… for me, Les 
Scientifines is an inspiration.  [Alana, Group interview, 2010]
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Participation in the program supported the development of “a science affinity- 
identity” (Adams, Gupta, & Cotumaccio, 2014, p.  15)—in that the girls learned 
about science but also contributed to science by becoming the next generation of 
role models as women in science, and as women pursuing nontraditional careers in 
the sciences—goals the program was designed for. Yet, that vision was not as read-
ily articulated and apparent in their video, where they presented themselves primar-
ily as youth living in an underserved community and in need of a safe place to go 
after school, and as needing additional educational opportunities of high quality. 
Take for instance the first part of the dialogue that followed the introduction in the 
documentary:

Audrey: Personally, what did you get out of Les 
Scientifines?

Sari: Mmh, doing better academically, for instance, in 
French, the writing. That’s it, it also improved 
our understanding, or for doing research, if they 
gave us a project at school, where we had to do 
research, we knew from Les Scientifines how to do it 
and also knew about some scientifically sound 
websites that we could then consult.

Achyntia: Me, here, me, here, what I like at Les Scientifines 
is the fact that I feel safe here, ‘seriously’ (to 
emphasize she mixed English ‘seriously’ into her 
French) I feel really at ease and safe here 
(giggling)

Alana: It’s also, it’s also for the parents, they know 
that you go some place serious after school, a safe 
space, and that you are not about to just hang out 
in the street.

Achyntia: Yes, exactly!
Alana: Later So it’s really good for the parents also.

You feel like being at home here

The dialogue positions the actors and the program in an underserved community 
which might not be safe for hanging out on the street. The program offers safety to 
girls who need it given how busy their parents are. In doing so, the program helps 
the girls’ parents to “feel good” despite the fact that they cannot offer their children 
an education in a safer neighborhood. It positions the girls and their families as in 
need of programs that help them manage their lives and integration in an educa-
tional system that is new to them. Interestingly, the girls themselves contributed to 
the maintenance of such a discourse given the manner they presented the program, 
science, and themselves in the documentary. At the same time, the program sup-
ported the emergence of a collective identity and “a sense of group membership 
with like-minded peers” (Adams et al., 2014, p. 16), in that it was a safe space to 
show interest in science and in becoming somebody.
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Later, when they were asked to find one word to describe Les Scientifines, they 
referred to it as “fun” while others added, “you do things you would not do other-
wise outside of school” or another, “we have access to experiences that are really 
interesting.” That discourse hints at the value of making such quality programs 
accessible to girls in underserved communities. Simultaneously, it makes evident 
some of the many contradictions that marked the girls’ everyday lives, such as not 
having access to quality education as youth growing up in an underserved  community 
or being shameful about their community and sense of self, as became apparent 
through informal talk during a work session:

     To say the truth, it is only recently that I realized that Les 
Scientifines is a program that aims to support youth in underserved 
communities. And I lived through a period when I was ashamed to be 
from that community. At my current high school, there are girls 
from many different neighborhoods from Montreal, and most are not 
poor, and so it was really embarrassing for me to admit that I came 
from this neighborhood. Yet, now, I can say that I am from an 
underserved community and it is what made me become who I am now, 
and I am very proud about who I have become… and thanks also to 
having participated in Les Scientifines, I realized that I do not 
have be ashamed about living in an underserved community, it is 
just a fact, and it actually helped me to become better, more open- 
minded, and better able to understand others who are ashamed about 
their place of origin. [Mohini, Informal conversation, 2013]

In the end, through the video production, opportunities emerged to work through 
some of those contradictions by naming contradictions and the positionings they 
implied of them, and build on each other’s experiences. As such, the program was 
about much more than science, the initial depiction of it up-front in their video.

15.4.3  Storying of Selves, Selves in Science, and Science

Through five editing sessions, some parts of the script were cut out or readjusted, 
other episodes were filmed a second time or readjusted, a time-consuming and not 
always trivial process inherent to video editing as shown in Fig.  5. Hence, that 
tedious yet collaborative effort over a couple of weeks not only led to a video pro-
duction, but also supported the girls’ reflections about selves, selves in science, and 
science (Gonsalves et al., 2013). As shown in the brief exchange below, it led to the 
development of deep affinities given the affectively charged work the video produc-
tion process implied, and placemaking in ways we described in case 1.
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Talk Image Activity

Achyntia: Ah, 
c’est laid (Agh, 
it’s awful)

Watching video clip 
together and 
deciding how to 
edit it.

The storying of selves through the making of the documentary and the video 
production was tied up in complex ways with the kinds of resources and tools youth 
had at their disposition. Yet, the documentary also became both, “a window to the 
world” the girls lived in (see quote before by Mohini) and a “window to identity.” 
The latter is evident in the following dialogue where some of the girls position 
themselves as science savvy and doers of science (see also Fig. 15.3):

Achyntia: And there is the newsletter too, where you write 
articles.

Alana: That’s it, you do your research.
Achyntia: That’s it!
Alana: And as you say, you go to many websites and find 

information, it helps you become critical, to know 
when something is credible.

Achyntia: That’s when I decided to become a writer, because of 
the article I wrote.

Sari: Yes, its like this, you read, and when you do the 
research on internet, you improve your capacity to 
make a summary in your own words, you do the 
research, you use synonyms and other words.

Alana: You learn to popularize science.
Sari: It’s popularizing science and all, that makes your 

whole life simpler, when you do oral presentations, 
when you do research, you no longer just copy things.

Essentially, the program supported the development of an identity as a writer and 
communicator of science. It enlarged their figured worlds of science and sense in 
science, leading to the authoring of new selves and worlds not always aligned with 
the manner the system positioned them. Through the program activities, the girls 
were essentially offered opportunities to “try on” and play with other types of iden-
tities that then positioned them as insiders to science, at least momentarily. It is in 
this manner that the program offered opportunities for meaning making in science 
and the storying of selves, selves in science, and an introduction to the multiple 
discourses of science.
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15.5  Discussion

15.5.1  Critical Science Literacy and the Case for Multiples

What do we mean by critical STEM literacy? And how do the two cases speak to 
critical science literacy? In what ways do the two cases transcend power differences 
between researchers and youth, between what counts as science in mainstream and 
what may count in an informal setting? In what ways do they contribute to the refig-
uring of who can become somebody in science?

As suggested in the report by the National Research Council (Bell et al., 2009), 
informal science programs may play a particularly important role in offering espe-
cially youth in underserved communities with opportunities to critically reflect 
upon their relationship with science and build the confidence needed to come to see 
themselves as insiders to science. The two cases certainly suggest that video pro-
duction became a tool to engage with science into them meaningful and new ways, 
leading to rich reflections about science and who can be an insider to science. In 
doing so, the video production projects also challenged the singular view of what 
science is, what form participation in science takes, and what an identity as an 
insider to science looks like. The projects took for granted the heterogeneity of 
forms of engagement with science and identities as insiders to science. Those 
diverse forms and practices were not seen as a problem in need of fixing, but instead, 
as fundamental to learning and as a richness to mobilize (Rosebery et al., 1992; 
Rosebery et al., 2010).

It is in this way that the case studies are about multiples. They were told in ways 
to highlight different notions of doing science and being in science. The visual eth-
nography and participatory video projects were a means for “working with things, 
objects and artefacts” (Mitchell, 2011, p. 37). The process of co-production was 
also a powerful means to support youth’s placemaking and develop a sense of 
belonging. These affective dimensions are essential features of a practice supportive 
of student-powered learning and transformative forms of participation and identity 
work in science. Both programs and emergent practices supported students’ engage-
ment in learning in ways they valued and could come to own. The two practices also 
encouraged critical reflections about that learning and identity work. The joint cre-
ation of videos led the teams to engage in deep reflections about themselves as 
learners, as learners of science, and also about their future selves in and beyond 
science. The projects helped youth refigure who they are and who they thought of 
becoming. The study of youths’ editing choices and processes of co-creation also 
make transparent youths’ bids for recognition of selves and programs in ways 
aligned with imagined images and discourses of STEM that ensure public recogni-
tion (Halverson, 2010). Essentially, they can be read as “trying on” identities in 
STEM and as such are about local agency and voice. They also orient the participat-
ing youth toward “new” or “different” social futures and aspirations for which they 
initially did not feel entitled to or knew about.
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Counter-stories as those offered in this chapter are essentially about relationships 
between non-dominant youths’ everyday experiences and discourse practices and 
“the everyday practices of professional disciplines” (Rosebery et al., 2010, p. 324). 
And as shown here, these everyday practices “can be mobilized productively in 
learning and teaching” (ibid). For instance, had we insisted on the use of French only 
in ArtScience, as mandated by the current language policies in Quebec, we would 
have compromised youths’ participation. By valuing the tool kits and language rep-
ertoires they brought to the program, we literally multiplied opportunities for learn-
ing. It made the teams take up the challenge to tape their science talk, even if it took 
them multiple trials and was emotionally tasking. Clearly, the narrow vision of lan-
guage development and learning and current language policy in place needs to be 
revised (Lamarre, 2013). As is, that policy undermines the complexity of current 
language practices of multilingual youth in Montreal, and their skills at navigating a 
vast array of educational practices that all have different stakes attached to them in 
terms of the language that needs to be spoken, and in terms of the kind of knowledge 
that counts. Attending to that multiplicity and youths’ incredible navigation skills of 
such a complex and politically charged educational landscape can only help us move 
forward toward a more inclusive and empowering system of education. It would 
offer rich insights into what STEM as practices of critical literacies could imply and 
how we may design for it in a vast range of educational practices together.

In sum, the stories in this chapter make evident that we need new ways to study 
learning and identity work in STEM, that we need to reposition programs as those 
described here as sites of critique and transformations, and our own position as 
researchers from collaborators to co-constructors of such change-making over time. 
We need longitudinal studies with youth and programs to develop the kind of affin-
ity and emotional safety that is needed to work together on voice, agency, transfor-
mations, and new social futures. As researchers, we also need to move with youth 
and be open to scale making with them while contributing to it—the latter makes 
our work naturally political and steeped in practice with them. It might also move 
us away from STEM as we know it toward an appreciation of multiples, and most 
important, beyond a discourse of youth as disposable.
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Chapter 16
Critical Transdisciplinary STEM: 
A Critical Numeracy Approach to STEM 
Praxis by Urban Environments 
and Education Research Coven

Atasi Das and Jennifer D. Adams

Abstract Aligned with the call to view STEM as critical literacies, we will describe 
the Crit-Trans approach (Strong et al., Mind, Culture, and Activity, 2016) where we 
emphasize research, teaching, and learning centered on the lives and geographies of 
learners, their local knowledges, and place experiences and accentuate critical, 
decolonizing, and desettling frameworks to provide learners and educators tools 
necessary for critical civic participation in STEM. The Crit-Trans (Strong et  al., 
Mind, Culture, and Activity, 2016) heuristic emphasizes a critical numeracy that 
critiques and connects the form and content of mathematics education to struggles 
and realities of learners, particularly those at the K-16 levels. Critical numeracy 
emerges from experiences, reflections, politicization, and research into public 
schooling as a site of tracking (Oakes, Keeping track: How schools structure 
inequality (2nd Ed). New Haven: Yale University Press, 2005), exploration (Dewey 
& Small, My pedagogic creed. Battle Creek, MI: E.L. Kellogg & Company, 1897), 
death (DeJesus, http://www.pennlive.com/news/2016/05/carlisle_indian_school_
repatri.html, 2016), and possibilities (Giroux, Teacher Education Quarterly, 31, 1, 
2004), indicating an urgency to organize, teach, and practice toward human eman-
cipation particularly as State violence continues to intensify forms of occupation in 
a settler colonial and anti-Black society (Patel, Decolonizing educational research: 
From ownership to answerability (1st ed.). New York: Routledge, 2015; Hudson & 
McKittrick, The CLR James Journal, 20(1/2), 233–240, 2014).
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16.1  Introduction

In order to move toward STEM as critical literacies, we must first address the 
Eurocentricity and presumed objectiveness that underlies STEM and subsequently 
STEM education. This rests in understanding the coloniality embedded within sci-
ence, which Maldonado-Torres (2007) defines as the “long-standing patterns of 
power that emerged as a result of colonialism, that define culture, labor, intersubjec-
tive relations, and knowledge production” (p. 243). It becomes necessary to focus 
on the socio-historical-political context of knowledge production in STEM, enabling 
the underlying coloniality of science and mathematics education to be unveiled, 
thereby creating a more nuanced understanding of pedagogy and curriculum. It is 
about decolonizing colonized objects, in this case the European ownership of scien-
tific and mathematical knowledge, in order to promote an inclusive and empowering 
vision of science education (Adams, Luitel, Afonso, & Taylor, 2008).

Furthermore, with numbers being a basis of the presumed objectivity of STEM 
and the foundation for tracking and creating hierarchies of who gains entry to the 
STEM fields, we need to problematize the meanings of numbers. The Crit-Trans 
(Strong et al., 2016) heuristic emphasizes a critical numeracy that critiques and con-
nects the form and content of mathematics education to struggles and realities of 
learners, especially those at the K-16 levels. Strong et al. (2016) outline the param-
eters of Crit-Trans heuristic,

which are neither fixed nor hierarchical: (a) Contextualize and historicize knowledge; (b) 
Challenge assumptions of neutrality and objectivity through critical inquiry; (c). Decenter 
hegemonic notions of knowledge production; (d) Situate place and space; (e) Privilege 
process over product; and finally (f) Promote participatory teaching, learning, and research. 
We view these parameters as useful challenges in guiding educators in their teaching and 
scholarship to help unsettle neoliberal reforms in science education. (p. 3)

A Crit-Trans stance forwards the idea that we can work collectively to collabora-
tively critique and reconstruct educational research and practice despite diverse 
lived experiences and historically intersectional subjectivities.

Transdisciplinarity, embedded in the aforementioned Crit-Trans heuristic, draws 
on a number of works contesting the created, reproduced, and hegemonic boundar-
ies of disciplines. Osbourne (2015) historically contextualizes the use of transdisci-
plinarity, highlighting the basis of discipline, or institutionalized methods of 
transmitting intellectual practices, and academic disciplines, or the rules governing 
the production, reproduction, and socialization of knowledge. The Crit-Trans heu-
ristic builds with Pratt-Clark’s (2010) articulation of transdisciplinarity underscor-
ing a purpose and politics of knowledge production in that multiple theories, 
approaches, and frameworks are employed to “understand, strategize, and imple-
ment transformative initiatives in society” (p. 19).

Critical numeracy emerges from experiences, reflections, politicization, and 
research into public schooling as a site of tracking (Oakes, 2005), exploration 
(Dewey & Small, 1897), death (DeJesus, 2016), and possibilities (Giroux, 2004), 
indicating an urgency to organize, teach, and practice toward human emancipation 
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particularly as State violence continues to intensify forms of occupation in a settler 
colonial and anti-Black society (Hudson & McKittrick, 2014; Patel, 2015).

The Crit-Trans approach is the conceptual and practical space to center what 
Wynter calls a science of being human (scientia); one that “unsettles our familiar 
(Darwinian, objective, racist, sexist) governing cores of scientific thought…and 
seeks to locate [scientific] knowledge-making as connected to the human lived 
experience and recoding science through representational and biological feelings- it 
is, as noted earlier, a project scientia. This is an interdisciplinary and collaborative 
task, one that allows us to think about how the creative narrative can and does con-
tribute to what is otherwise understood as “laws of nature,…” (McKittrick, 2015, 
p. 154).

In this piece, we contend critically with science and math, in that the disciplines 
themselves are problematic in many ways but also there continues to be many 
unrecognized or silenced aspects of knowing. A critical engagement with STEM 
would have to interrogate these marginalized or dismissed knowledges. A recent 
piece by the Politics of Learning Writing Collective (2017) has urged researchers to 
contend with the rise of US nationalism in relation to learning environments. 
Connected to this call, we mean to engage in a deep critique of number while also 
actively engaging and transforming in our communities through our teaching and 
research.

16.2  Background

Criticality: explicating meaning and practices. Jennifer: I have been a science 
educator in both formal and informal context, from secondary to postsecondary 
education. It was not until my work at the American Museum of Natural History and 
my interactions with the artefacts in the “people” halls that I began to rethink STEM 
and question the hegemony of the Western Modern Science presented in the science 
halls versus the lesser emphasized people halls. For me, the people halls provided 
notions of science that extended well-beyond Western ways of knowing and demon-
strated deep and complex knowledges of the natural world. This prompted me to 
view these artefacts as technology and rethink how I approached science in formal 
education settings and everyday learning. I also brought this line of thinking into 
our research group, the Urban Environment and Education Research Coven as a 
way to rethink how we have been framing and positioning STEM, especially in rela-
tion to people’s lived experiences and connections to places.

Atasi: Having been an educator in an elementary classroom for a number of 
years, I have been thinking about science and math for some time. However not just 
science and math, but these “subjects” as integrated in the larger spaces of teaching 
and learning. Critical literacy in STEM provides the possibility of radically rethink-
ing and redoing how we engage and how we understand science and math and for 
the purpose of improving the conditions of all human life. Ongoing collaborations 
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with fellow witches have helped shape and make clearer my emerging framework 
for critical numeracy.

We are both witches in the Urban Environment and Education Research Coven 
where we have converged our multiple experiences and analyses toward articulating 
and enacting a critical and transdisciplinary stance to STEM teaching, learning, and 
research. In the following sections, we will explicate some of the ways we have 
made meaning and practiced criticality. In this chapter, Atasi will explicate her work 
on numeracy by socio-politically situating its discourse and practice and assert a 
critical numeracy as potential to transforming collective forms of agency. The first 
person will be used throughout the piece to forefront Atasi’s practice and voice in 
the process of making meaning of critical transdisciplinarity.

Further the meaning and practice of criticality has been centered in numerous 
dialogues and practices. In our Coven, we have had lengthy discussion about criti-
cality and how it influences our research, practical work, and activism. Critical 
pedagogy, stemming from the Frankfurt School to the works Freire and Illich, has 
been one major avenue. We have made the concerted effort to draw on scholars of 
color and/or from the Global South in order to shape our notions of criticality. As 
such, we pull from scholars such as Sylvia Wynter, Samir Amin (1989, 2014), HLT 
Quan (2012), Cedric Robinson (2005), and W.E.B. DuBois, among many others. 
These scholars resituate the entry point into activities of knowing and being outside 
of confines of the overly reified concept of modernity. This is key in extending the 
conversation so that criticality can thus be considered from the historical to the pres-
ent phenomena, one that deeply acknowledges the relationship between past and 
future in the very present. Criticality in this sense links both material conditions and 
knowledge production in direct opposition from Cartesian separations of 
subject-object.

The consequences of this form of criticality in relationship to localized knowl-
edges is that all notions which are taken for granted are called into question. It is 
unsettling for some yet liberating for others. Some of the questions a praxis of criti-
cality poses are: How do we know what we know in the deepest of ways? How can 
we develop our engagements of knowing and doing in ways that ground, critique, 
extend, and transform knowledge and material production? How is numeracy con-
nected to or divorced from these activities?

Diverse forms of critical literacy and critical pedagogy. Within recent scholar-
ship of learning sciences, Takeuchi (2018) has forwarded diverse ways of knowing 
elevating mathematical practices in out-of-school practices in immigrant communi-
ties in Japan. Similarly, Hostetler, Sengupta, and Hollett (2018) extends critically 
anchored through Freire’s work in human geographies through computational simu-
lation based on agent-based modeling.

This piece proposes a deep engagement in critical literacy grounded in critical 
pedagogy. Munir Fasheh, an educator, researcher, and mathematician from Palestine, 
presents several concepts toward reclamation of situated knowledges and outlines a 
particular form of agency in learning. As he recounts his mathematical training 
within a British colonial education system, he names this mathematical knowledge 
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as toxifying. Fasheh (2015) described toxification as knowledges advanced through 
a logic of universality, modernity, and bestowing high status while incongruent to 
everyday concerns and struggles. He was rewarded and regarded as intelligent and 
gifted through the mathematics knowledge and certifications he accumulated while 
his mother, a seamstress living in the West Bank, would be classified as illiterate and 
uneducated. Toxification served as a form of occupation, in the case of mathematics, 
an occupation of the mind. Fasheh’s (2015) critical discovery emerged as he real-
ized his mother’s mathematical practices as a seamstress. Her mathematical prac-
tices were something that he was unable to understand despite his training and 
effectively confounding despite her apparent illiteracy/innumeracy with institution-
alized knowledges. This compounded with a realization that the mathematics he 
was taught did not connect him to various forms of Palestinian resistance against 
Israeli occupation preceding and continuing during the first Intifada (Palestinian 
uprising) in 1987. Fasheh (2015) compared the mathematics he had been celebrated 
for as disconnected to the daily lived experience of people in the West Bank and 
Gaza. Fasheh reveals forms of agency through his conscientization around the poli-
tics of mathematical knowledge. Fasheh shares concepts/activities/processes 
through which critical literacy takes place. I bring forward one concept from Fasheh 
(2015) below:

Mujaawarah: This term refers to a medium for learning and building in community. It is 
expressed through a group that freely decides to meet regularly in order to learn, under-
stand, and act. It is about personal and communal freedom to learn and act. For example, 
neighborhood groups during first Intifada in 1987 were created when all schools and insti-
tutions were closed. These were the instantiations of mujaawarahs. Although critiques of 
military repression in academic settings were tolerated similar conversation through the 
medium of neighborhood groups, mujaawarahs, were seen as dangerous by those in power. 
These neighborhood committees consisted of people who thought and acted in freedom as 
part of a practice of critical literacy. (Fasheh, 2015, pp. 48–49)

This particular enactment is one that connects to critical numeracy in that a col-
laboratively created space is organized as part of transformative understanding and 
activity. Further, the concept of mujaawarah connects to a Crit-Trans heuristic 
emphasizing an on-going process of reflexivity and reflection.

Further, we engage critical pedagogy from the works of Freire:

When people lack a critical understanding of their reality, apprehending it in fragments 
which they do not perceive as interacting constituent elements of the whole, they cannot 
truly know that reality. To truly know it, they would have to reverse their starting point: they 
would need to have a total vision of the context in order subsequently to separate and isolate 
its constituent elements and by means of this a clearer perception of the whole. (2000, 
p. 85)

In this vein, we assert that numbers are created, constructed, languaged, and 
communicated in a culture with a history of production. Numbers are not neutral. 
Following this, how do we make sense of people’s lived experiences in relation 
to number?

Socio-political positioning to critical work. In many respects, this work emerges 
out of eruptions (social and political), deconstructions, and critical reflections (per-
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sonal and collective); a cauldron of numerous experiences from living and being in 
a world of great injustice, schooling as a site of tracking and possibilities, active 
political consciousness and organizing, and an urgency to act in light of a legacy and 
continued violence of occupation in a settler colonial and anti-Black State. We can 
see this in the violent enactments organizing private property (stolen land, water, air, 
minerals, bodies and labor, and the excavating and mining, which is numerated as 
well as monetized) as it is necessary within capitalist development. Following this, 
we attempt to develop a theory and praxis that centralizes agency and social justice 
to a conception of number. In order to make sense of this proposed project, we must 
take a look at the terrain in which a historical, political look at numeracy and num-
ber has unfolded. We can look at how numbers are utilized and constructed and 
connect it to the realm of numeracy.

16.3  Theoretical Framework: Engaging with Numeracy 
and Number from a Crit-Trans Perspective

This following section focuses on emergent theoretical, onto-epistemological con-
nections between numeracy, a globalized political economy, and knowing and 
learning. There are two main parts in this piece: One details the theoretical ground-
ings and analysis around mathematics, numeracy, critical literacy, and critical peda-
gogy. The second serves to explicate these notions in practice. These two parts are 
linked as part of an on-going activity to make sense of a critical numeracy.

Historical and theoretical positioning of mathematics in society. We might 
have heard the common phrase that “numbers don’t lie.” From this phrase, numbers 
are defined as immutable facts as well as entities in and of themselves. Numbers 
have been used by humans in diverse ways to count, track, categorize, measure, and 
differentiate everything from humans or living things to our environment and even 
atomic particles.

However if we are to suspend an uninterrogated acceptance of the validity of 
number, we can then posit that numbers are descriptive, operationalized, and dis-
seminated in a social, historical politicized world. Numbers and acts of numerating, 
in the form of data, are incredibly pervasive and increasingly influential to our lived 
experiences (i.e., points for college entry and credit scores).

“Western” mathematics positions math as the science of “real objects” and as a 
science of properties of measurable and calculable magnitude (Lasserre, 1964). 
Bertrand Russell extends this understanding of mathematics in the following state-
ment, “Mathematics is the science concerned with the logical deduction of conse-
quences from the general premise of all reasoning” (in Lasserre, 1964, p. 14). The 
implication from Russell’s statement is that mathematics produces truth and there-
fore is an uncontestable reality.
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Connected to this brief insight into mathematics, research in ethnomathematics 
has situated the use and purpose of mathematics in terms of a historical, cultural, 
social, and political relationship to production. Ethnomathematics is a study of how 
mathematical thinking and logic are tied to specific histories and cultures of people. 
Mathematics education researchers, Arthur Powell and Marilyn Frankenstein 
(1997), assert that Eurocentrism permeates mathematics education. Like other 
forms of math, Eurocentric or academic mathematics is tied to specific histories and 
cultures, in this case emerging from the project of modernity. Ethnomathematics 
grounds the emerging agenda of critical numeracy to situate the multiplicity of ways 
of number systems, classifications, logic systems and categorizations have been cre-
ated within human relations. A historicized understanding of human relations is 
necessary to construct a critical consciousness of prevalent forms of abstraction, 
such as data or mathematics.

One example that highlights a historicity of mathematical practices/instruments 
is the Ishango bone, dated in some accounts to around 20,000 BCE. This particular 
bone was excavated in the 1950s by Belgian archeologist, Prof. de Heinzelin, nearby 
the Ishango fishing village on the shores of Lake Rutanzige (otherwise known as 
Lake Edward), which straddles the border of the Congo and Uganda in central 
Africa (Joseph, 2011). The asymmetrical markings on the bone point to mathemati-
cal practices such as the conceptualization of prime numbers and/or to the tracking 
of menstrual cycles. However, the Ishango bone is one of the oldest mathematical 
artifacts in human society. Even still, it is not widely acknowledged indicating that 
mathematical knowledges emerging from the African continent (Zaslavsky, 1999) 
stand in contradistinction to knowledge as produced through the project of 
Modernity (Wynter, 2003).

Ethnomathematics emphasizes and situates diverse mathematical practices 
across the world. The theories and assertions from this line of research connect to 
the area of numeracy to provide insight into the ways that Eurocentric and white 
supremacist ideologies are privileged and used as tools of domination over other 
systems of knowledge. Numbers, as particular forms of abstracting and making 
sense of our world, can be situated as part of broader, interconnected human activity 
as opposed to simply a “Western” phenomena.

Positioning number and numeracy. Mathematical practices as they emerged 
from Western Europe maintain a hegemonic relationship to positioning number and 
numeracy. I go behind/beyond the disciplinary silos from which a concept of num-
ber is put forth. Historically, numeracy is positioned as a policy and as an indicative 
measure for curriculum and instruction (i.e., numerate/innumerate). At the same 
time, various terms are used interchangeably with numeracy, such as quantitative 
literacy and quantitative reasoning, among many others. While there is an interrela-
tionship between various terms from numeracy, quantitative literacy, critical math-
ematical literacy, mathemacy, matheracy, and statistical literacy (Niss & Jablonka, 
2014), this piece will forefront the term numeracy. The term numeracy can be dated 
back to a British government report from the late 1950s, the Crowther Report. The 
Crowther Report forwarded the need in the emerging global order for an education 
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of English citizens that included both literacy and numeracy. Additionally, the 
British Cockcroft Report of 1982 brought numeracy further into the policy lexicon. 
It emphasized and situated the need for numeracy as a tool for students to cope with 
adult life and work, forming the “good” citizenry. The need for numeracy was later 
popularized in the United States in the late 1990s through John Allen Paulos’s 1988 
book, Innumeracy.

Various definitions of numeracy include the following: “connoting mathematical 
topics woven into the context of work, community, and personal life” (Ginsburg, 
Manly, & Schmitt, 2006, p. 1); Johnston and Yasukawa state numeracy is, “the abil-
ity to situate, interpret, critique, use and perhaps create mathematics in context, 
taking into account all the mathematical as well as social and human complexities 
which come from that process unless it is political [it] cannot pretend to be objective 
and value free” (in Atweh, Forgasz, & Nebres, 2001, p. 279). While there is no con-
sensus on its definition, this argument of numeracy concerns the utility and purpose 
to engage quantitative information as part of an on-going sense making and doing 
in the world. We share this to emphasize the particular connection of numeracy and 
mathematics to economic life across time. In other words, we make these connec-
tions to demonstrate the use of numeracy in reproducing particular relations in a 
capitalist society. The connection between numeracy and development of the citizen 
is thus necessary to underscore as we continue to develop this analysis.

Extending from Yasukawa and Johnston’s stance above, critical numeracy is pro-
posed as an on-going practice (praxis) as all humans engage in the production of life 
and making sense/struggle in the world. By praxis, we mean action that is formed 
by theory through ongoing reflexivity and reflection. In thinking through how criti-
cal numeracy is grounded in a social practice, this argument draws inspiration from 
various critically oriented scholars in mathematics education. Skovsmose 
(2012) offers,

Mathematics simplifies the designating thing, reducing it to a single feature. It dismembers 
the thing, destroying its organic unity, treating its parts and properties as autonomous. It 
inserts the thing into a field of meaning which is ultimately external to it. (p. 120)

Number has overwhelmingly acquired an ontological status of truth. While we 
do not question the function of number in mathematics, we do interrogate the truth 
produced through mathematics on the presumption that number is always objective 
truth. Mathematics is seen as unveiling unquestionable truth in relationships. 
However, this assumption needs to be desettled in a world that is organized by 
global monopoly (and financialized) capital.

Numeracy has been defined in many ways. However, in many of those articula-
tions, numeracy is currently theorized as divorced and uncontextualized from soci-
ety. Number is theorized as static and not in movement. In contrast, this piece 
defines numeracy as a socially based activity embedded within historically derived 
social relations, integrating math, numbers/abstractions, and ways of being. In this 
conception, numeracy must be recognized as always in movement. Further, a  critical 
transformative numeracy links an analysis of contradictions between labor and capi-
tal to political struggle. Crit-Trans also employs that numeracy as critical conscious-
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ness is functioning to (re)form what is real, what we know, and what is human. This 
engages more than just a critique of number, numerating, and the term, numeracy. 
Both mathematics education and numeracy must be situated, contextualized, histo-
ricized, politicized, and most importantly must connect to a creative life force that 
is rooted in all human activity.

16.4  An Illustrative Case: Examining a Praxis to Develop 
Critical Numeracy

I demonstrate an emerging and changing understanding of critical numeracy in one 
vignette in my on-going praxis of refining and defining a critical numeracy. A 
teacher organizing group called New York Collective of Radical Educators 
(NYCoRE) puts together Inquiry to Action Groups (ItAG) for teachers in New York 
City each year. One particular ItAG group met to critically examine STEM as well 
as their teaching practice in New York City schools. I facilitated a session using an 
emergent framework of critical numeracy. My goals for this session were to high-
light what and how critical numeracy could be conceptualized and enacted. As a 
starting point, we watched and listened to a piece by renowned poet, Amiri Baraka, 
entitled Why Is We Americans? The poem powerfully emphasizes a long history of 
struggle and resistance of exploitation in the United States. Below is a short excerpt 
of this piece:

What I want is me. For real. I want me and my self. And what that is is what I be and what 
I see and feel and who is me in the. What it is, is who it is, and when it me its what is be…
.I’m gone be here, if I want, like I said, self determination, but I ain’t come from a foolish 
tribe, we wants the mule the land, you can make it three hundred years of blue chip stock in 
the entire operation. We want to be paid, in a central bank the average worker farmer wage 
for all those years we gave it free. (Baraka, 2002)

Participants were prompted to reflect on and share major themes from his poem. 
With this introductory activity, educators engaged in analyzing social and political 
dynamics of a particular place—in this case the United States. Through engaging 
Baraka’s compelling poetry, the teachers broadened their views, examining the leg-
acy of racialized capitalist exploitation as well as social resistance. In essence, his 
piece served as a call to enlarge our political engagement with numeracy. This his-
toricizing activity through Baraka’s poem invites the possibility to link social- 
political understanding of history with numbers and human production relations 
(Fig. 16.1).

Following this introductory activity, participants engaged in a simulation as a 
means to examine the lived dynamics of exploitative relations, as well as latent 
unrehearsed activities of resistance. This teaching activity, called “The Organic 
Goodie Machine,” was adapted from the work of Norm Diamond and Bill Bigelow 
in a curriculum called The Power in Our Hands: A Curriculum on the History of 
Work and Workers in the United States (1988).
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In the simulation, participants were introduced to the conditions and structure of 
a “new” society: “everyone lives together in the same location and everyone needs 
food, clothing, and shelter to live. In this society, the organic goodie machine serves 
as the sole means to produce food.” As the facilitator, I took on the role of owner of 
the organic goodie machine. From this basis, an entire economy including the wages 
for working the machine and taxes for maintaining a society was outlined (Fig. 16.2). 
Participants were either hired by the owner of the goodie machine (i.e., hired by me) 
as workers or unemployed. From this point onwards, we engaged in the simulation: 
enacting the activities of producing food in real time (for this version of simulation, 
assembling toy blocks together as “goodies”), earning wages, and using wages for 
food/resources, as well as fast forwarding through time to look across the immedi-
ate experience to assess broader social conditions/lived experiences. For example, 
in the dual role of facilitator and owner, I would at times apply pressure to working 
conditions by demanding more goodies or cut wages in shorter time frame. 
Periodically, I would also ask participants to share at particular points how they 
imagined life to be like (Fig. 16.2).

It is important to note that this is not a scripted or predetermined activity. 
Participants could choose to do a number of things over the course of the simula-
tion. For example, some participants who were working in the factory would start 
sharing their earnings with those who were unemployed. Participants also organized 
to demand better wages and some even organized to wrest control over the organic 

Fig. 16.1 Participants 
identified poignant words, 
phrases, and overarching 
themes from Amiri 
Baraka’s poem
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Fig. 16.2 Outline of Organic Goodie Economy from Diamond & Bigelow (1988, p. 28)

goodie machine itself. As the owner and facilitator, I would respond to changes in 
accordance with the owner’s central focus: accumulating profits. In one example, I 
(as owner) created a police force and a prison to protect the machine and to counter 
organized resistance. The simulation ends once participants make an organized 
effort to change not only their conditions but the basis of them as well. Engaging in 
such a simulation is always chaotic, confusing, revelatory, and inspiring as partici-
pants learn about power of collectivity and voice as a form of enacted numeracy, 
and as an ongoing praxis, I make connections between emerging political con-
sciousness, learning contexts, and historically intersectional subjectivities.

Following the organic goodie simulation during the ItAG, participants and the 
facilitator reflected upon what they encountered. They recalled particular moments as 
well as overarching themes that resonated from this simulation. This experience was 
extended by describing and analyzing those very same relations through the use of 
number. Figures 16.3 and 16.4 show some of these processes. Figure 16.3 shows our 
calculation of how many goodies were produced by eight (8) workers (88 goodies) 
and the amount of goodies which were accumulated as part of surplus and profits at 
the end of 1 day (26 goodies). Figure 16.4 is a table that shows the amount of goodies 
that remained in the hands of workers (w), the unemployed (u), and the owner (o).

Through these activities, we repositioned the use and purpose of employing 
numbers. The starting point did not center the tool of number or use of arithmetic, 
but instead focused on the historical and unfolding relations between people. In the 
final portion of this session, we connected the simulation back to Amiri Baraka’s 
poem (Fig. 16.5).

It was from this basis that we engaged in critical literacy, or reading the world, a 
practice of making meaning with number and numerating within a particular politi-
cal and economic relationship. In this way, critical numeracy is a practice of critical 
literacy. Our discussions prompted a number of connections as can be seen in 
Fig. 16.5. In the process of making connections, as the facilitator, I asked: What 
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Figs. 16.3 and 16.4 (Left and right) Charts of numerically re-presenting the simulation during the 
debrief

relevance or use does number have to understand the world around us? How are 
particular historical conditions reified and transformed through the asserting of 
number? In what ways did Amiri Baraka’s poem connect to other movements, such 
as in Black Lives Matter or No DAPL in Standing Rock? How do these unfolding/
political relations intersect with number?

16.5  Discussion

Theorizing a politicized understanding of learning and knowing. Zooming out 
from the account above, we forward the concept of situated knowledges as a means 
of knowing and learning, in this case about number and numeracy. Situated knowl-
edges as oriented by Haraway (in Carpenter, 2012) relates that all knowledge is 
partial, located, grounded, and subjective and yet has a common materiality in its 
configuration. Number form is a partial representation of life processes enforcing 
rigidity and static-ness. The static-ness of number/numerating was challenged 
directly with a politicized engagement in the historical present. For example, as 
workers produced goodies, they eventually realized that the number of goodies they 
earned did not allow them to “survive.” At a particular point in the simulation, work-
ers and those who were unemployed would organize to challenge the number of 
goodies in their control. Situated knowledge foregrounds the possibility to  challenge 
a normativity that is deeply embedded in the teaching and learning of number.
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Fig. 16.5 Connection 
participants made between 
overarching themes from 
Amiri Baraka’s poem and 
the Organic Goodie 
Machine simulation

Furthermore, Carpenter and Mojab (2017) assert, in “apprehending a phenome-
non [with number or numeracy], these phenomena must be connected to either part 
of or as the result of a historically developed social relations” (p. 5, emphasis mine). 
Additionally, Carpenter’s (2012) assertion of experience and learning extends 
beyond mere representation (static description of quantity or qualities) to reimagine 
a possibility of transforming experience. We must develop and connect our under-
standing of experience (which is simultaneously individual, social, and global) in 
order to change the conditions that we live in. In this way, number can be indicative 
of relationality in that it infuses difference, contradiction, and possibility. A trans-
formative engagement with number can advance a more incisive tool to discern 
racialized production relations and class struggle.

A critical numeracy that centers production relations and human agency as the 
primary means of opposing all logics of exploitation and oppression can form the 
basis of a critical literacy of STEM. This criticality can be explored when thinking, 
operationalizing, and disseminating number.

Critical numeracy as on-going critical engagement with STEM. Why is this 
important for STEM? Critical numeracy must compel us to organize, teach, and 
practice toward human emancipation particularly as State violence continues to 
intensify forms of occupation in a settler colonial and anti-Black society (Hudson & 
McKittrick, 2014; Patel, 2015). Considering this, we want to come back to the fol-
lowing questions: Where do our ideas come from? Why do we educate? What is the 
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world we wish to see? Answering these questions with STEM and the analysis 
above in mind, I articulate connections for educators and researchers using critical 
literacies.

At this time, STEM is representative of an amalgamation of historically distinct 
and interrelated disciplines. STEM initiatives are also backed by powerfully funded 
organizations such as Microsoft, Lockheed-Martin, Verizon, and IBM among oth-
ers, in terms of workforce development and global competitiveness. STEM, as it 
stands, forwards an uninterrogated agenda of presumed objectiveness of Western 
Modern Science.

We posit that a transformation of STEM through critical literacies is possible by 
focusing on processes of historically moving social relations as opposed to an 
engagement that centers number as indicative of truth. This can work to interrupt 
on-going activities of exploitation at this time while broadening a scope of 
STEM.  Having offered our own engagement, we further pose the question to 
researchers and educators: how can you/we use critical literacies to create the world 
we wish to see through our teaching and various activities?

Forwarding critical literacies to de-settle STEM. Critical literacy has the poten-
tial of being subordinated to agendas maintaining hegemonic power over knowl-
edge production. This is not inevitable. While de Sousa Santos (2007) proposes that 
“abyssal thinking” is the current system of delineated thinking, dividing society 
separating life and various ways of knowing, we assert that this forced separation is 
possible to subvert. Not only is it unnecessary but transformative and unexpected 
ways of knowing emerge in moments of broad, embodied, and reflective dialectical 
explorations. Desettling literacy must question all taken-for-granted notions which 
force us to broaden our engagement. The critiques and connections that are empha-
sized by the Crit-Trans heuristic forefront the struggles and realities of all learners 
in a way that respects many ways to knowing.

Critical numeracy as articulated in this piece can be elucidated as an unrecog-
nized and silenced aspect of knowing. Drawing from our earlier discussion of hier-
archies of knowledge, we articulate this version of critical numeracy as a political 
tool of pedagogy that desettles relations of domination and control—both within 
STEM and beyond. This is one of many forms of critiquing and deconstructing that 
actively engages and transforms our very lives.
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Chapter 17
Queering Virtual Reality: A Prolegomenon

Dylan Paré, Pratim Sengupta, Scout Windsor, John Craig, 
and Matthew Thompson

Abstract In this chapter, we investigate how innovations in STEM, such as Virtual 
Reality (VR) and 3D Sculpting, can support the development of critical literacies 
about gender and sexuality. Our work arises from the concern that the assumed 
“naturalness” of male/female binary categories in biology is often at the center of 
the queer, trans, and intersex panics in public education. Echoing sociologists and 
critical scholars of gender and sexuality, we posit that transgender and queer identi-
ties should be positioned as realms of playful, active inquiry. Further, we investigate 
how new forms of computational representational infrastructures can be leveraged 
to support productive and playful experiences of inquiry about gender and sexuality. 
We present a retrospective analysis of a design group meeting of a small group of 
friends in their early thirties with gender nonconforming and queer identities and 
life histories. The group interacted in VR-based environments, where they engaged 
in two different forms of constructionist learning experiences: creating 3D sculp-
tures of personally meaningful objects, and re-creating their VR avatars in VR social 
media. Our analysis illustrates how such experiences can be productively analyzed 
using social constructivist perspectives that situate knowing as boundary play and 
figured worlds, and the roles that play and friendship have in supporting deep and 
critical engagement with complex narratives and marginalized experiences of gen-
der and sexuality.
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17.1  Introduction

In this chapter, we investigate how innovations in STEM, such as Virtual Reality 
(VR) and 3D Sculpting, can support the development of critical literacies about 
gender and sexuality. Our work is motivated by the concern that the assumed “natu-
ralness” of male/female binary categories in biology (Bazzul & Sykes, 2011; 
Westbrook & Schilt, 2014) is often at the center of the queer, trans, and intersex 
panics in public education and sex-segregated spaces. This also undergirds oppres-
sive legislation and cultural policing of trans people’s access to sex-segregated bath-
rooms (Cavanagh, 2010), medical panics that create perceived “emergencies” 
around assigning a binary sex to intersex people (Davis, 2015; Davis & Murphy, 
2013), and the panic in sports over whether and in which gender category intersex 
or trans athletes can compete (Karkazis, Jordan-Young, Davis, & Camporesi, 2012; 
Travers, 2017). To challenge this assumed naturalness of male/female binary cate-
gories especially in pedagogical contexts, echoing Thorne’s (1993) call for re- 
considering gender as social action and not merely as a category, Grace (2015) 
argued that we need to reconsider transgender and queer identities as “a realm of 
active inquiry, play and creative expression” (p.  49). Building on this work, our 
chapter investigates how new forms of computational representational infrastruc-
tures—e.g., 3D Sculpting in VR—can be leveraged to support productive and play-
ful experiences of inquiry about gender and sexuality.

Empirical research has also shown that embodied interactions and projections in 
virtual worlds—the fundamental form of experience in VR environments—can help 
people take on perspectives that would be otherwise difficult for them to adopt, in 
complex topics ranging from physics and chemistry to animal rights, racism, and 
ageism (Abrahamson & Lindgren, 2014; Ahn, Le, & Bailenson, 2013; Groom, 
Bailenson, & Nass, 2009; Hostetler, Sengupta, & Hollett, 2018; Lindgren & 
Johnson-Glenberg, 2013; Oh, Bailenson, Weisz, & Zaki, 2016; Peck, Seinfeld, 
Aglioti, & Slater, 2013; Vea, 2019). Our chapter furthers this line of work by illus-
trating the roles of play, friendship, and embodiment in the context of creating and 
exploring complex representations of gender and sexuality in immersive VR. And, 
while sociologists and gender scholars have shown that informal gender play and 
conversations with friends shape and/or reify our understanding of gender and sex-
ual identities (Risman & Banerjee, 2013; Thorne, 1993), there is little understand-
ing of how such playful experiences with friends can be leveraged to support the 
development of a more socially just epistemology of queerness and transgender 
identities.

We present a retrospective analysis of a design group meeting involving all five 
authors, with a focus on the four authors who are friends in their early thirties with 
gender nonconforming and queer identities and life histories. These participants 
engaged in two different forms of constructionist learning experiences in VR-based 
environments: creating 3D sculptures of personally meaningful objects, and re- 
creating their VR avatars in VR social media. Our analysis illustrates how VR-based 
learning environments can be designed to support productive and playful learning 
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experiences about gender and sexuality, and furthermore, how such experiences can 
be productively analyzed using social constructivist perspectives that situate know-
ing as boundary play and figured worlds (Holland, Lachicotte Jr., Skinner, & Cain, 
1998; Sengupta & Shanahan, 2017).

17.2  Theoretical Background

17.2.1  Play, Friendships, Figured Worlds, and Pivots

Learning scientists have shown that playful learning environments can greatly facil-
itate learning of complex topics across a range of disciplines (Berland & Lee, 2011; 
Kim & Ho, 2018; Sengupta & Shanahan, 2017). Following Vygotsky (1980), 
Holland et al. (1998) argue, it is through play that imagination becomes embodied. 
In this view, play can be viewed as the experience of imagination, and Vygotsky 
also argues that it is deeply connected with desire, albeit in the context of children’s 
development. Play thus creates contexts for us to experience virtuality, which as 
Leander and Boldt (2018) argue, is about “what could happen that is unplanned, 
undesigned” (p.  35). This is because in play, the meanings and imaginations of, 
rather than the mere physicality of, the objects shape the experience of the partici-
pants. The context of play thus brings into the picture learners’ desires, which goes 
beyond both the notions of designing learning environments and the teachers’ and 
designers’ intentionalities (Leander & Boldt, 2018; Massumi, 2002). Leander and 
Boldt (2018) argue that this leads to difference making, where learners’ experiences 
unfold in a non-deterministic manner, often differently from the curriculum—not 
necessarily within the curricular activities.

This is also resonant with the scholarship on playful learning, which shows that 
when learners are playfully engaged in a virtual environment, they can (re)shape the 
learning activities even within a structured setting, such that the activities are both 
personally meaningful and relevant to the disciplinary context of learning (Azevedo, 
2018; Farris & Sengupta, 2016; Kim & Ho, 2018). These activities range from 
problem- solving to invention, modification, and transgression of the underlying 
rules that govern the virtual environment (Kim & Ho, 2018), and even bringing 
together, unexpectedly, different disciplines and realms of experience (Sengupta & 
Shanahan, 2017). In such contexts, learners are positioned in agentive roles, i.e., in 
ways that enable them to engage in a deeper exploration and inquiry of canonical 
practices and ideas through manipulating and even transgressing them, as well as 
through affective engagement (Kim & Ho, 2018).

One might then ask: What is the nature of imagination that can arise through 
such forms of play? The notion of figured worlds is useful in answering this ques-
tion. Holland et al. (1998) argue that, “… [Play] allows for the emergence of new 
figured worlds, of refigured worlds that come eventually to reshape selves and lives 
in all seriousness” (p.  236). Figured worlds are “sociohistoric, contrived 
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 interpretations or imaginations that mediate behaviour and so, from the perspective 
of heuristic development, inform participants’ outlooks. The ability to sense (see, 
hear, touch, taste, feel) the figured world becomes embodied over time, through 
continual participation” (Holland et  al., 1998, pp.  52–53). In this view, figured 
worlds manifest themselves in the form of people’s activities and practices.

Pivots play an important role in the experiences of our participants in the context 
of their representational work of building identity artifacts. Building on Vygotsky 
(1980), Holland et al. (1998) argue that pivots are culturally defined artifacts that 
shift the frame of an activity and evoke or “‘open up’ figured worlds” (p. 61). The 
elements of a figured world—its artifacts, storylines, characters and their concerns, 
and the activities—help in positioning oneself meaningfully in relation to the fig-
ured world and can also serve as pivots. Pivots enable participants to swivel across 
multiple figured worlds. This swiveling back and forth between multiple figured 
worlds can also take the form of boundary play (Sengupta & Shanahan, 2017), 
where the pivots act as boundary objects at the intersection of multiple social worlds. 
The primary feature of pivots is that the same objects are meaningful in multiple 
social worlds, even though those meanings may be different or even contradictory. 
Sengupta and Shanahan (2017) show that boundary play in computational worlds 
allows learners to meaningfully bring together multiple figured worlds in the con-
text of interpreting and explaining complex phenomena. In the context of our work, 
we believe that the notions of figured worlds, boundary play, and pivots can be use-
ful for understanding queer and trans experiences as they unfold in virtual reality 
environments.

Finally, we draw from a small but growing body of research on the relationship 
between friendship and learning. While some studies show that the dynamics within 
friendships may sometimes present challenges for learning (Esmonde, Brodie, 
Dookie, & Takeuchi, 2009; Mitchell, Reilly, Bramwell, Solnosky, & Lilly, 2004), 
Takeuchi (2016) found that group work with friends can also offer greater opportu-
nities for access to a wider variety of complex, disciplinary work practices and 
positional identities, for example, by enabling students to take on roles of both 
experts and learners. Takeuchi’s work further shows that learning with friends can 
be particularly helpful for marginalized learners, whose lived experiences outside 
the classroom often become the sources of social isolation and marginalization 
within the classroom. Furthermore, sociologists have also shown that informal 
interactions and conversations with friends play a formative role for the develop-
ment of gender and sexual identities for children and youth. This is evident in sev-
eral forms, such as informal gender play (Thorne, 1993), and informal discourse 
about gender, sex, and sexuality (Risman & Banerjee, 2013).
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17.2.2  Emergent and Figured Worlds of Queerness, 
Body- Becoming, and Compulsory Heterosexuality

We draw from queer theory, specifically Butler’s (2006) concept of the heterosexual 
matrix, Ahmed’s (2006) queer phenomenology, as well as from Lane’s (2009) call 
for trans and queer studies to engage with a fundamentally more complex, new 
materialist biology and the concept of the body-becoming. A proliferation of lan-
guage to describe the assumed naturalness of the gender binary and how it is rein-
forced through heterosexuality arose out of lesbian and gay studies scholarship in 
the 1980s and 1990s, including Butler’s (2006/1990) heterosexual matrix, Adrienne 
Rich’s (1980) compulsory heterosexuality, Monique Wittig’s (1980) heterosexual 
contract, and heteronormativity by Michael Warner in 1991 (Jeppesen, 2016). The 
heterosexual matrix highlights the social system of constraints shaping understand-
ings of gender and sexuality, where bodies are expected “to cohere and make sense” 
by expressing a stable, binary sex and gender through compulsory heterosexuality 
(Butler, 2006, p. 208). Beyond Butler’s (2006) notion of the heterosexual matrix, 
Ahmed (2006) further argued that bodies take shape as an effect of how they are 
continuously oriented within the world through the experience of compulsory het-
erosexuality. Ahmed wrote that bodies become “contorted” (Ahmed, 2006, p. 67), 
through repeating specific gestures (and not others), or through being orientated in 
specific directions (and not others). The metaphor of contortion indicates that our 
bodies get “twisted” into shapes that enable some action “only insofar as they 
restrict the capacity for other kinds of action. Compulsory heterosexuality dimin-
ishes the very capacity of bodies to reach what is off the straight line” (Ahmed, 
2006, p. 67).

Ahmed’s work offers a way to see how gender and sexuality are produced in 
everyday moments of interaction with objects, others, and the spaces we inhabit. In 
this light, our everyday experiences, including language, can be seen as oriented 
towards heteronormativity, which is reinforced socially, institutionally, politically, 
and culturally. However, as both Butler (2006/1990) and Ahmed (2006) pointed out, 
what makes this more complicated is that gender and sexuality are typically experi-
enced as originating from within oneself, and the interactions which reproduce the 
gendered subject are displaced and hidden from view. Ahmed (2006) explains what 
it takes to go “off the straight line,” using the example of being/becoming a lesbian: 
“It takes time and work to inhabit a lesbian body; the act of tending toward other 
women has to be repeated, often in the face of hostility and discrimination, to gather 
such tendencies into a sustainable form” (p. 78).

However, it has also been argued that by focusing primarily on homosexuality as 
a means to disrupt heteronormativity, earlier scholarship in lesbian, gay, and queer 
studies failed to recognize how transgender experiences could be antiheteronorma-
tive (Stryker, 2013). Thus, transgender studies emerged alongside—sometimes 
within, and sometimes in opposition to—lesbian and gay studies and queer studies, 
and from this history, developed its own language to highlight transgender experi-
ences (Currah & Stryker, 2014). This language includes cisnormativity and cishet-
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eronormativity, which indicate the co-occurrence and/or intertwinement of both 
cisnormativity and heteronormativity in our everyday experiences. In this context, it 
is important to note that Ahmed’s approach to understanding queer experiences—i.e., 
non-dominant and marginalized experiences related to gender and sexuality—aligns 
with Lane’s (2009) new materialist approach to queer and trans studies which argues 
that “feminist analysis needs to move from ideas of the body as constraining, fixed, 
and given toward ideas of the ‘body becoming’ as dynamic, transformative process” 
(p. 141). In this perspective, the body is both the place where gender is experienced, 
and a dynamic and public representation of one’s gender and sexual identities. To 
actively take up the “body-becoming” approach to understanding gender and sexu-
ality, we must recognize how gender and sexuality are dynamically shaped and 
experienced in the body within interactions. This is where Ahmed’s work provides 
a productive analytic framework for understanding gender and sexuality phenome-
nologically by attending to how we turn towards or away from certain objects, oth-
ers, and places as well as how objects, others, and places in turn might offer 
opportunities for the extension of our bodies.

The analytic framework we use combines the theoretical work in queer and trans 
studies with the literature on figured worlds (Holland et al., 1998). We posit that 
compulsory heterosexuality can be interpreted as a figured world because it comes 
to be inscribed upon the body, and embodied as part of one’s identity, through 
everyday participation in reproducing the figured world. As will become evident in 
our analysis in the following sections, boundary play in VR involves the creation 
and use of pivots in the form of 3D sculptures, reflections and conversations around 
which can help us engage in both personally meaningful and socially disruptive 
discourse about heteronormativity.

17.3  Virtual Reality Environments Used in this Work

We used two applications during the project, Oculus Medium and Facebook Spaces. 
Oculus Medium is a VR digital sculpting application which allows the user to sculpt 
an object floating in space in front of them within the virtual environment. The user 
places digital “clay” in the environment and then can shape the clay into whatever 
object they desire using a variety of digital tools. The application also has a feature 
called Studio Share which allows a user to invite a friend (their Oculus accounts 
must be linked as friends) to sculpt in the same virtual space. The users can see and 
hear each other in real time and both can see what each person is sculpting. They 
can sculpt directly in the space that the other is sculpting, but they cannot alter the 
other person’s sculpture. This application was chosen for two reasons. First, one of 
our participants, Scout, is a professional digital, VR sculptor. We designed the 
sculpting activity so that Scout could support other participants in learning to navi-
gate the new application.

The second application used during the research was Facebook Spaces. We origi-
nally had not included Facebook Spaces in the design of the research, but during a 
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break one participant, Matthew, suggested we try out the application. It is an explic-
itly social application that relies upon you and your friends all being available at the 
same time and Matthew saw the research event as an opportunity to try out the 
application since he had three of his friends available. In Facebook Spaces, one user 
invites up to three other people to join the same virtual environment. Since we only 
had three VR systems available, we could only have three participants in the virtual 
environment at one time. We used the version of Facebook Spaces that was available 
in late 2017. The application has since been updated and some of the functions 
described below have changed.

Within the Facebook Spaces virtual environment, the users embody avatars that 
are positioned around a circular table. Users can speak and gesture with their hands 
and head to friends around the table without requiring their physical presence. The 
application requires users to sign in with a Facebook social media account when 
launching the application. Once in the virtual environment, the user can play with 
virtual objects in the space such as dice, a drawing pen, a selfie stick, or virtual fish-
ing game. The user can also connect with media they have shared on their Facebook 
account to display it in the virtual environment to their friends, or the user can 
access public media content available within the application, such as 360° photos 
and videos. Users can also modify their avatars while looking into a virtual mirror 
at their avatar, using preset options that are organized into the following categories: 
eyes, nose, head shape, skin color, hair style and colors, ears, mouth, eyebrows, 
facial hair, T-shirt color, and glasses. Color options for eyes include two shades of 
blue, four shades of green/hazel, and three shades of brown. Skin color includes 14 
shades that run from pale beige to dark-medium brown. Seventy-two hairstyles are 
included and nine natural hair colors, including grey, orange, red, two shades of 
blond, three shades of brown, and black. Sixteen mouth shapes and 14 shades of lip 
colors are included, including one natural skin color that changes shades depending 
on the user’s selected skin color, as well as non-natural lip colors, including blue, 
purple, turquoise, green, black, and various shades of pink. The user also has the 
option of having the application analyze a Facebook profile photo that the user 
selects from a list of polaroid-style photos on the right side of their mirror. The user 
can grab a polaroid photo and the application will generate five possible avatars 
from which the user can select one and further modify if they wish.

17.4  Method

17.4.1  Participants and Settings

We are presenting a retrospective analysis of conversations, interactions, and design 
artifacts from a design group meeting. As designers, we wanted to collaboratively 
explore the possibilities that existing virtual reality tools might have for represent-
ing gender and sexual identities. The design team is comprised of all five authors 
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and all were present in the design meeting. Our initial idea was to bring together a 
design team of friends with interests in virtual reality development. The design team 
decided prior to the meeting to record their interactions in case they came up with 
ideas for new technology designs. The design team members agreed to video record-
ings because it was easier than making written notes which would have prevented 
us from participating in the virtual reality activities. As the conversations ensued 
and became more personal, the first and second author checked that the design team 
members still wished to share their experiences. Half-way through the meeting, 
there was a food break during which the authors discussed and agreed that there was 
value in collaborating and sharing the design conversations at an upcoming STEM 
symposium. All participants agreed to serve as co-authors and share their personal 
stories and pictures of their artifacts. The order of authors was decided based on the 
contributions to conceptualizing and writing the paper. Member-checking was done 
by the first and second author several times during the analysis and the writing of 
the paper in the form of informal meetings and phone and text conversations.

The analysis focuses on four of the design team members, who are all friends 
with each other, and in their early thirties. They all have gender nonconforming, 
queer identities and life histories. Some parts of their identities and life histories are 
shared and are presented in the analysis. The design team members who are the 
focus of this analysis are all white and were born and raised in Canada. The partici-
pants’ pronouns are as follows: Scout (she/her), John (he/him), Matthew (he/him), 
and Dylan (they/them).

Scout is a professional 3D digital sculpture artist, who works in VR and non-VR 
applications. John is a computer programmer and works as an IT technician. 
Matthew is a game designer and worked as the manager of immersive technologies 
at the local science center. He has worked in the gaming industry in various roles for 
over a decade. Dylan is a PhD student in the Learning Sciences and has worked as 
an educator in gender and sexuality for post-secondary, community, and workplace 
settings. In addition, it is important to note that all participants had previous experi-
ences with VR explorations. This enabled them to dive into the designed activities 
right away, instead of learning to use VR controllers and navigate VR worlds. This 
was important for the on-site time constraints that we were working within, although 
in future studies, our goal is to involve people who are new to VR.

We conducted the design meeting in the immersive technologies studio in a pub-
lic museum in a Canadian metropolitan city, as part of a collaboration between the 
University researchers (authors of this paper) and the museum. The design meeting 
activities occurred over approximately 4 h. The first activity involved VR sculpting 
using the Oculus Medium VR sculpting application and Oculus Rift virtual reality 
systems (Fig. 17.1). The second activity used Facebook Spaces, a social VR space 
that includes forms of identity development and sharing, like avatar creation and 
“selfies,” and involved undirected activity initiated by the one of the design team 
members that was not initially part of the design meeting planned activities. During 
the VR sculpting activity, the prompt provided to Scout and John asked them to 
think about their experiences of gender and sexuality, rather than normatively used 
identity labels such as “queer” or “trans.” That is, we asked them to focus on 
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Fig. 17.1 Room setup with three oculus rift virtual reality systems

 experiences that they felt were meaningful for their own coming into their gender 
and sexual identities. Specifically, the prompt to design a symbolic object was 
phrased as, “Try to sculpt something that represents your experience of gender and/
or sexuality. For example, a time when your gender or sexuality was policed, chal-
lenged, or questioned.” This shift away from a focus on normative gender and sexu-
ality labels and towards complex, emergent expressions is grounded in queer theory.

The observed conversations and interactions between the participants were audio 
and video recorded. Recordings were transcribed and analyzed through a phenom-
enographic lens (Marton, 1981; Sengupta & Shanahan, 2017). Central to phenom-
enography is attending to people’s experiences of a phenomenon and how these 
experiences shape their behaviors, conceptualizations, and interpretations related to 
the phenomenon. This is particularly important for our theoretical focus on figured 
worlds and boundary work, which involves not only how we act in the world, but 
also how we conceptualize and interpret our actions and the environment where we 
are situated. To this end, a phenomenographic approach attends to relationships 
between the participants and the world around them, including conceptual thought, 
immediate experience, and physical behavior. In addition, phenomenography is also 
based on the premise that there is a deeper structural dimension that shapes experi-
ence that underlies the diversity and variability of participants’ experiences and 
sense-making (Marton, 1986, pp. 41–42). This is important for our work, given that 
our experiences of gender and sexuality are “oriented” (Ahmed, 2006) by the social 
and historical forces at and across multiple levels: personal, interactional, and insti-
tutional (Risman, 2004). Therefore, our analysis focuses how the participants’ 
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 interactions, explanations, and responses reveal their ways of sense-making, and 
also some of the underlying structural forces that shaped their experiences, both 
historically and in-the-moment.

To this end, in our analysis, we focused on the relationship between participants’ 
creative work in VR, their conversations with friends, and their gender and sexual 
life-histories and identities. A key characteristic of boundary objects is that they can 
be used by different people or groups in different ways—i.e., the same boundary 
object can take on different meanings in different social realms (Star, 1988; 
Shanahan, 2011). As Shanahan (2011) aptly put it, boundary objects have “interpre-
tive flexibility,” which is the form of data that we focus on in our analysis. Interpretive 
flexibility is deeply connected to the work of figuring, through which the partici-
pants constructed and represented their figured worlds. So, our analysis focuses on 
presenting relevant segments of the transcript and relevant images of the partici-
pants’ work that make explicit both how they engaged in the work of figuring—the 
active construction of meaning—and their interpretive explanations of the meanings 
of their VR sculptures. Our analysis thus shows that the figured worlds of the par-
ticipants are also emergent and dynamically constructed through their interactions 
with creative work in VR and with each other. We also identify how elements of the 
computational infrastructure served as pivots, enabling participants to shift across 
multiple social realms of their experiences. That is, the theoretical lenses of figured 
worlds and pivots offer us language to describe the form of participants’ sense- 
making, while the “content” of their sense-making—a key commitment of phenom-
enographic approaches—is evident in the rich descriptions of the illustrative cases 
we present in the findings.

17.5  Findings

Our analysis, presented in the form of illustrative cases, shows how participants’ 
figured worlds of gender and sexuality emerge through the creation and use of piv-
ots (Finding 1), how engaging playfully with friends in VR enabled them to repre-
sent their appearance in VR and find affirmation of their identity (Finding 2), and 
how playful conversations and 3D sculpting together with friends enabled some of 
the participants to talk about their experiences of hurt pertaining to their gender and 
queerness (Finding 3).

17.5.1  Finding 1: Pivots and Figured Worlds of Gender 
and Sexuality

When prompted to create an object in VR that represented a personally meaningful 
aspect of her gender and/or sexual identities, Scout, a professional VR artist and 
sculptor, initially sculpted a three-dimensional “gender key.” She explained her 
work as follows:
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So when I was sculpting, it was really interesting because you asked us to sculpt something 
that had to do with a time that our gender, specifically, a time that our, like, people felt that 
we were too much one way or another, and so, I was trying to think, like, ‘Okay, what can 
I sculpt?’ And so I started sculpting a key without thinking because it was the first thing that 
came to mind. And I was like, ‘Oh, it’s like the key of… the gender key!’ But then as I was 
sculpting, another thing came to mind, and I was like, oh, I remember when I was younger, 
I didn’t get my ears pierced until I was seventeen and I only got one ear pierced. And that’s, 
like, really unusual for women, um, to only have one ear pierced.

In this excerpt, Scout explains that, for her, sculpting and imagining are deeply 
intertwined, in a manner that is analogous to Pickering’s (2010) description of sci-
entific practice as a “mangle”—an inescapable intertwinement of conceptual and 
representational work. Rather than first imagining what the sculpted object should 
be, Scout started with a key because that is what came to her mind. The key, or what 
became the “gender key,” is a pivot between figured worlds of heteronormativity 
and queerness. Pivots serve to shift us between different figured worlds, moving us 
from one representation and figured world to another. The pierced ear is a represen-
tation of the figured world of queerness, whereas the gender key serves as a meta- 
representation by serving as the pivot between two figured worlds—a figured world 
of heteronormativity and a figured world of queerness. For Scout, the gender key 
represented the struggle of being between conflicting figured worlds. In order to 
reflect upon and represent her experiences of gender and sexuality, Scout first began 
with representing this struggle of being between conflicting figured worlds. The 
meta-representation of the “gender key” signified the “in-betweenness” of two fig-
ured worlds. As a pivot, the “gender key” symbolically unlocked the movement 
from heteronormativity to queerness that arose in Scout’s process of sculpting her 
life experience. The action of rendering shape to the initial sketch of the key 
reminded Scout of how she shaped her own body by piercing her one ear in order to 
represent her queer identity when she was a teenager. Sculpting the key became a 
pivot for Scout into a figured world of queerness. The gender key served as a meta- 
representational pivot—a key that would unlock the worlds of queerness for her by 
allowing her to belong to that world through re-making her body, thus shifting her 
from a figured world of heteronormativity into a figured world of queerness. The 
pierced ear then became a pivot for Scout to launch into deeper reflections about her 
queer past. She further explained:

So yeah, I only got one ear pierced and that was really unusual and I remember thinking at 
the time, ‘Uhh, I don’t know which ear is the gay ear.’ But I wasn’t out yet. […] And a lot 
of gay men used to use that, right? But I got one ear pierced. I believe it was my right ear 
and uhh, I left it like that for two years and so that was a little, that was something that was, 
like, not quite correct for my gender, to only have one ear pierced, and so that was a memory 
that came up while I was sculpting that wasn’t something I was thinking about. I actually 
hadn’t thought about it at all until.. […] I was already, like, a little bit queer compared to 
some of the, you know, girls in my school. I’d already been told I was too masculine by 
some of the boys.

Sculpting the gender key led Scout to remember a moment in her past when she 
had been reflecting on queer identity markers and ways of signaling queerness 
through re-making the body—an example of body-becoming (Lane, 2009), which 
emerged in Scout’s reflections as a central part of her figured world of gender and 
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sexual identity. She mentioned that her memory occurs prior to her coming out—
meaning prior to publicly claiming a label outside of cisheteronormative expecta-
tions of gender and sexual identities. This suggests that her figured world of gender 
and sexuality was shaped through her own sense of incongruity with social expecta-
tions, as expressed by her peers who thought she was too masculine. She expresses 
her emerging awareness of this incongruity with gender and sexual norms in terms 
of being “a little bit queer compared to some of the, you know, girls in my school” 
and being told she was “too masculine by some of the boys.”

Her story highlights a significant experience of body-becoming—i.e., her experi-
ence of inscribing gender and sexuality upon her own body—and it also presents a 
complex and nuanced image of her figured worlds of gender and sexuality as a 
teenager. Her figured world was at once improvisational and rooted in her implicit 
desire to be recognized as queer, while at the same time being grounded in her own 
interpretation of the heterosexual matrix.

17.5.2  Finding 2: Play, Intimacy, and Desire for Recognition 
in VR

The second activity in the design meeting (the Facebook Spaces application) was 
initiated by Matthew, whose life history of play shaped his desire to direct his 
friends into playful activities. He explains his ongoing commitment to play in 
his work:

I often will try to encourage, like people [at work], to play more. And very often in a work 
environment, you feel this automatic pushback, like, “Yeah, we value play,” but like, the 
play has to have a purpose or we have to like be doing it, you know, to try to get at some 
learning. It has to be for “team-building” or something like that. And I try to push back 
against that has hard as I can to say that play has value for play on its own. And I know that 
there are benefits to development and benefits to socialization, but I feel like we shouldn’t 
have to defend play. It should just be allowed to be play. Like, yes, it has benefits, but even 
if it doesn’t, it has intrinsic value, I think.

In the context of our design meeting as well, Matthew explained that he was not 
even necessarily trying to consciously make everyone play. Matthew’s own figured 
world has been shaped by and is centered around play and his desire to encourage 
play among others. This influenced him to invite all of us to play both in the sense 
of inviting us to use his work space to meet and in the sense of inviting us to play in 
the Facebook Spaces application.

Play among friends in Facebook Spaces became influential to the exploration of 
gender and sexual representation by developing intimacy and encouraging explora-
tion of bodily representation and modification. One way in which play and body 
modification occurred was through drawing modifications. Scout and Matthew had 
learned that it was possible to draw items using the VR pencil that could then be 
attached to a player’s avatar when Scout had drawn a pair of glasses which Matthew 
had been able to attach to his avatar’s face. Scout went on to draw another object 

D. Paré et al.



319

which Matthew then picked up, duplicated, and put on his avatar’s ears to turn the 
objects into earrings. When Dylan entered into the application, they also attached 
the earrings to their avatar. In the following exchange, Scout, John, and Matthew 
discuss the significance of these objects:

Scout: I just love that you’re both wearing those ridiculous earrings. They actually 
look fun. It’s kinda cool. Do you guys want to draw new earrings for 
yourselves?

John: They want to wear “Scout.”
Scout: They want to wear..? Oh yeah! Earrings by Scout.
Matthew: A Scout original.

Scout suggests to Matthew and Dylan that they could create their own objects to 
wear, but John and Matthew both affirm that the objects created by Scout hold more 
meaning, signifying the importance of friendship that is attributed to the objects 
created by Scout. Earrings had been an important part of gender and sexual repre-
sentation for Scout as demonstrated in her initial sculpt in the first activity. Earrings 
became a significant object in Facebook Spaces as well. They signified intimacy and 
friendship as objects created by Scout and worn by Dylan and Matthew, and they 
signified gendered objects that were playfully worn in ways that challenged their 
gendered meaning.

Another way that body modification became important to exploring gender and 
sexuality was through avatar modification. Within Facebook Spaces, the player can 
modify their avatar as they face a virtual mirror of their avatar’s body, including 
head, torso, arms, and hands. Their avatar projection in the mirror moves with the 
player’s movement, increasing the sense of embodying the avatar. Facebook Spaces 
requires the player to login to their Facebook social media account and in the avatar 
modification menu, the application will load profile pictures from the player’s 
Facebook account. The player can grab a profile picture and the application will 
offer suggestions for avatars based upon the picture the player chooses. When Dylan 
entered the avatar modification menu, they noted that the avatar choices were not 
divided into binary genders where the player first chooses a gender and then subse-
quent avatar modification options are limited by the initial choice of gender. Instead, 
the application did not ask for a gender and offered a variety of modification choices 
as detailed in the above section on virtual reality environments used. However, 
when Dylan picked up a profile picture to see the suggested avatars the application 
would generate based on the picture, the suggested avatars all had long blond hair. 
Dylan tried choosing other profile pictures, but continued to receive the same sug-
gestions despite having neither long nor blond hair.

Dylan went on to modify their avatar without using the suggested avatars to 
approximate a likeness to their real self. They faced another limitation in hair color. 
For Dylan, who often colors their hair non-natural colors, the available hair colors 
were a significant factor in limiting their ability to recognize themselves in their 
avatar. As Dylan encountered the limitations of the application, they voiced their 
frustration to their friends. Upon exiting the avatar modification menu, Dylan joined 
Matthew and Scout around the virtual table. Scout suggested that she might be able 
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to modify Dylan’s avatar to look more like them by drawing purple into their hair. 
Scout stretched her virtual arm out towards Dylan’s head and Dylan exclaimed sur-
prise at how real it felt to have Scout move into their personal (virtual) space. Once 
Scout colored Dylan’s hair with purple, Dylan used the virtual selfie stick to see 
how they looked and posed for a picture (Fig. 17.2).

Dylan shared this selfie to their Facebook social media from within the applica-
tion. Upon having their hair modified by Scout, Dylan gained a sense of recognition 
with their avatar and thus shared this representation of themselves. Body modifica-
tion in real life is a part of Dylan’s life history of body-becoming that could not be 
achieved in Facebook Spaces’ avatar creation tool. Dylan’s desire for self- 
recognition and identity affirmation in VR could be achieved through intimacy and 
informal gender play with friends. Later, Matthew came back to the selfie of Dylan 
and remarked on how he felt about it:

This is my favourite picture of Dylan so I’m going to make it really big. [Puts picture on VR 
“wall”. Matthew and Dylan laughing.]

Although the Facebook Spaces application imposed limitations upon Dylan that 
impeded their ability to recognize themselves—a process of virtual body- 
becoming—Matthew and Scout found ways to support Dylan in modifying and 
being recognized in their avatar. Dylan explained after the experience what they had 
been thinking when Scout colored their hair:

It made me remember when I was in high school with Matthew. We used to get to school 
early and go to the men’s washroom to style each other’s hair. It was such a heteronorma-
tive, strict school, and I could have gotten into trouble for going into the men’s washroom. 

Fig. 17.2 Dylan’s avatar 
posing for a selfie within 
Facebook Spaces
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We got into trouble with teachers for even saying the word ‘gay’ at that time. I remember 
how Matthew and I would do things like style each other’s hair in the men’s washroom and 
it was kind of a way to challenge that.

The gesture of Scout standing close to Dylan in VR and reaching into Dylan’s 
personal (virtual) space to color Dylan’s hair was an intimate one, not merely 
because of the physical proximity, but on a more profound note, because it helped 
Dylan recognize themselves in their avatar. Recognition of oneself in virtual reality 
is also an affirmation of Dylan’s queerness through their appearance in virtual 
space—a form of body-becoming, essential for being queer. Similar to Ahmed’s 
(2006) reminder of the work that it takes to be lesbian (as mentioned earlier in our 
theoretical discussion of compulsory heterosexuality), this is an example of the 
work that it takes to see oneself as queer in a virtual environment. It took a signifi-
cant amount of work and collaboration—alongside intimacy—in order for the 
Dylan to be able to recognize themselves in VR, and this example also illustrates 
how intimacy with close friends can help significantly in this process. The selfie of 
Dylan’s avatar, once Dylan felt comfortable with their recognition of themselves in 
the virtual world, became another object attributed with the meaning of supporting 
recognition—of virtual body-becoming, achieved through intimate, informal gen-
der play. Matthew’s expression of appreciation for the selfie and gesture of support 
by putting the picture up on the VR “wall” further reinforced this meaning.

Overall, these intimate gestures of friends with each other around appropriating 
virtual artifacts to express their queerness created a shared figured world among the 
participants that was centered around supporting the desires of friends to recognize 
themselves and to be recognized by others in their genders and sexualities. This 
began with Matthew’s desire to encourage play which created the context for inti-
macy and allowed for the support from friends that was necessary to modify avatars. 
At the same time, Scout’s intimate gesture and interaction with Dylan’s avatar acted 
as a pivot for Dylan into a past memory of being with Matthew and challenging the 
heteronormative and homophobic context of high school.

In these examples, we can see how play is an important context for expressing 
and affirming gender and sexual identities. As Ahmed (2006) demonstrates, a queer 
phenomenology orients us towards questions of who and what we are oriented 
towards as well as how we are oriented by others, which we can extend to our con-
sideration of how the context of friendship and play orients us. In the context of our 
design meeting, figured worlds of queerness could be explored because of the fac-
tors of who, what, and how. The participants were oriented towards each other 
(who), because of their investment in their friendships, and towards each other’s 
queer artifacts (what), because the artifacts (such as Scout’s earrings in Oculus 
Medium and Facebook Spaces, or Dylan’s avatar) became an object that a friend 
could interact with that could be played with in order to affirm (how) their meaning 
as queer objects. The participants were also oriented by the activities to explore 
their experiences of coming to understand their gender and sexuality and this orien-
tation queered the context of learning and creating in virtual reality. The participants 
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further engaged in this activity of queering virtual reality by affirming each other’s 
queer identities and experiences.

17.5.3  Finding 3: Sculpting “Hurt” Playfully: Journeys 
in Virtual Body-Becoming

For Scout and John, gender and sexuality were shaped through their experiences of 
exclusion and incongruity in an existing cisheteronormative context among peers. 
As they proceeded further, their sculptures began to embody their experienced 
incongruities more viscerally and explicitly in the form of hurt. Interestingly, 
despite the gravity of the stories and emotions represented in their sculptures, play 
was an important element of this experience. In this section, we describe the final 
versions of the sculptures, and explain how the sense of playful exploration can cre-
ate a context for virtual explorations in body-becoming, which in turn can facilitate 
deep explorations of issues pertaining to gender and sexual identities.

When John and Scout returned to the Oculus Medium application and finished 
their sculptures after playing in Facebook Spaces, their sculptures looked very dif-
ferent from what they had completed earlier. John continued with his sculpture of 
hangers and clothing, but now he used stamps from within the application of gen-
dered male body parts (an arm and a torso) and hung the body parts from the hang-
ers instead of using clothing as he had previously (Fig. 17.3).

John explains why his sculpture took this turn from clothing to body parts as 
directly linked to the play experienced through the Facebook Spaces application:

In play it was all about being able to try something new and different, uh, colouring on each 
other, creating jewelry out of nothing, that, “hey, this is cool! do-do-do-do-do. Hey, look, I 
put it on my ear!” Little bits of creativity like that to almost exercise and get the mind going. 
Especially in that area of body exploration, which, as I say it, definitely, it brought forth 
ideas of my own body image and how it refers to gender, uh, and such. [….] Umm, in play 
it felt like I was being someone different, uh, being someone else, being playful, uh, being 
able to try different things as a different person. Here [in the second iteration of sculpting] 
was completely about how I perceived myself as I am, not really about what I want to be, 
or.. something I want to try. So I guess in that sense, being able to play and experience the 
different sides of myself gave me more perspective as to how I view myself and who I think 
I really am. If that makes sense?

John created a figured world where he could explore different sides of himself by 
creating and playing with gendered objects that sparked thinking and conversations 
about body exploration. This became the context for virtual exploration of John’s 
body-becoming, as gendered objects (such as jewelry) became pivots for John into 
the figured worlds of the gendered body. When he returned to sculpting, John was 
able to reflect not only on how he challenged gendered, heteronormative ideas about 
clothing as a youth, but also his ongoing relationship with his body within the con-
text of a cisheteronormative society. John reflected upon his K-12 experiences of 
enforced masculinity and cisheteronormativity; for example, he reflected upon 
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Fig. 17.3 John’s part of 
the sculpture showing a 
dress, two arms, and a 
torso (gendered male) 
hanging from hangers

when he wore a dress to play a female character in a school play. John explained that 
wearing a dress was treated as a joke by his peers, even though he experienced it as 
a form of playful gender expression, a form of body-becoming, that allowed him to 
explore aspects of his femininity.

Upon returning to sculpting, Scout’s sculpture also took a stronger turn towards 
the body and gendered assumptions. Scout sculpted a mannequin torso and head 
with mixed gendered characteristics (Fig. 17.4).

On one side of the mannequin, she sculpted short hair and long eyelashes, and on 
the other side she sculpted the reverse and added a beard. On the torso she painted 
two checkboxes with the letter F, representing female, and the letter M, representing 
male. Stakes were driven through each box and into the torso. Scout explained that 
the sculpture represents how “if you express a mix of masculine and feminine char-
acteristics, you are likely to experience double the injuries.” Scout’s addition to her 
sculpture further expresses her struggle of being between figured worlds of cishet-
eronormativity and queerness. She captures in her final sculpture the very painful 
and visceral limits one faces when trying to express one’s gendered and sexual 
identity through the body when we cannot fully escape the cisheteronormative dis-
course of society which imposes the interpretive lens of “male” and “female,” 
regardless of how we see and experience ourselves.
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Fig. 17.4 Scout’s part of 
the sculpture showing a 
pierced ear on the side of a 
window frame with 
curtains and a mannequin 
torso

17.6  Conclusions and Discussion

17.6.1  Analytic Summary: Intimacy, Pivots, and Virtual 
Becoming

Overall, our analysis reveals how by creating boundary objects in the form of 3D 
sculptures and engaging in playful, creative work and discussions with friends, 
Scout and John were able to represent and voice how gender and sexuality come to 
be inscribed upon the body both through their own improvisational, playful acts of 
body-becoming and through the violence of cisheteronormativity imposed upon 
them. Play and intimacy were key elements of the participants’ experiences. Gender- 
becoming is also body-becoming, and this was also true in VR. Scout’s initial sculp-
ture (a pierced ear) represented her own experience and desire to express her gender 
and sexuality through body modification, a playful act of body-becoming through 
re-making her body. This improvisation in re-making her body demonstrates an 
exploration of her own figured world of gender as dynamic and playful, and in the 
process, she shared a story that she had never shared before with anyone besides her 
partner. Play and intimacy also created an environment that made the participants 
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comfortable enough to share their hurt around their gender and sexual identities. For 
example, both of their final sculptures contained expressions of gendered violence 
inflicted upon bodies that do not conform to societal expectations of gender and 
sexuality.

In the cases we have presented, virtual objects serve as pivots in two senses. 
First, it is noteworthy that in the participants’ improvisations, virtual body- becoming 
through 3D sculpting and avatar creation served as pivotal experiences for the par-
ticipants in the sense that it enabled them to pivot between their lived histories and 
imagined selves. Once again, we see here the value of intimacy among friends, 
which created a context in which such experiences could be easily discussed with-
out fear. Gender and sexuality becoming is not merely an individual act. As Butler 
(2006) and Lane (2009) poignantly argue, we experience gender and sexuality 
through our bodies as socially and culturally sanctioned ideologies of cisheteronor-
mativity that we are expected to conform to with our bodies, and which is often 
imposed through gender violence. At the same time, virtual body-becoming through 
avatar creation applications can pose limitations for self-recognition, particularly in 
this case for those who use body modification or who are otherwise nonconforming 
in their self-expression, as was evident in the case of Dylan, who was simply 
assigned a virtual avatar algorithmically by Facebook Spaces, which was inconsis-
tent with their gender identity and expression. Play and intimacy between close 
friends, combined with tools for open modifications, like drawing and attaching 
virtual objects to one’s avatar, can offer potential opportunities in such cases, espe-
cially for those with queer and trans identities. Here, virtuality serves as a pivot 
between an unwanted, algorithmically and socially ascribed gender expression and 
a more desirable one, as well as a shift away from gender expression being a solitary 
experience to being a place for being queer along with close friends. This turn 
towards a more social and more intimate experience of gender-becoming, along 
with friends, created opportunities for the participants to interweave their histories 
of being and becoming queer with playful, intimate interactions with their friends.

Sociologists have long reported that informal conversations and learning about 
sex, gender, and sexuality play an important role in shaping our gender and sexual 
identities (Risman & Banerjee, 2013; Thorne, 1993). However, those studies also 
highlight how heteronormativity is reinforced through these informal conversations 
and interactions. Our work, in contrast, provides an illustrative example where inno-
vations in STEM—for example, Virtual Reality and 3D Sculpting—can be queered 
to create a positive space for engaging in conversations and computational creative 
work about queer and trans identities by leveraging informality and intimacy 
between close friends.
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17.6.2  Queer Phenomenology, STEM, and the Learning 
Sciences

Our work challenges the learning sciences to take up questions of not only what we 
are oriented towards (i.e., what is worth learning), but also who we are oriented 
towards, and how we are oriented in our learning. On one hand, these questions are 
deeply phenomenological in nature (e.g., see Sengupta, Dickes, & Farris, 2018), as 
they are invitations for us to peel off the sphere of givenness—the world as-is—i.e., 
as is given to us both in the form of canonical disciplinary knowledge in the class-
room, and in the form of socially and culturally mandated ways of performing cis-
heteronormativity. The phenomenological agenda must then lead us to a place of 
originary sense-making (Merleau-Ponty, 1962), which, following Ahmed (2006), 
can directly challenge our entrenchment in cisheteronormativity. What is being 
learnt here, we believe, is not simply a matter of knowing in the disciplines; in con-
trast, the experiences reported here offer a fundamental shifting away from the 
“what” to the “who” as the topic of learning. That is, such queer and trans encoun-
ters with technology can move us away from reifying domains of knowledge, such 
as STEM, towards questions of who we were, who we are, and who we can become.

Such experiences can redefine our relationships with STEM innovations, such as 
VR and 3D sculpting, which can then become spaces and tools that serve the pur-
pose of re-orienting us towards dynamic, emergent experiences of gender- becoming, 
while at the same time, de-orienting us away from our ubiquitous immersion in 
cisheteronormativity. Furthermore, in creating such spaces, we can also potentially 
reframe the purpose of learning sciences research as not merely phenomenological 
inquiry of learning, but also queering the phenomenology of learning (Ahmed, 
2006). It enables us to imagine new ways of learning where we can engage in cre-
ative and incisive re-constructions of our individual histories and narratives, for 
example, in the contexts of gender and sexuality—that often carry a great deal of 
hurt and are usually silenced in public education—through the collaborative cre-
ation of imagined futures with close friends.
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Chapter 18
Decolonizing Complexity Education: 
A Mayan Perspective

Marilú Lam-Herrera, Ixkoj Ajkem Council, and Pratim Sengupta

Abstract Our goal is to advance scholarship in STEM education by illustrating 
how computational modeling of complex, emergent phenomena can be re-imagined 
from an Indigenous perspective. Several Indigenous and Western scholars have 
argued that focusing on complexity and interdisciplinary forms of engagement with 
science can be synergistic with Indigenous ways and forms of knowing (Aikenhead 
& Mitchel, 2011; Bang et al., 2018). Building on their work, we offer a novel re-
imagination of computational modeling for teaching and learning about complex 
systems that is grounded in Mayan traditions of garment weaving, an approach we 
co-designed in partnership with the Ixkoj Ajkem Council in Xenacoj, Guatemala. 
We will first present a theoretical review of synergistic frameworks from both 
Indigenous and Western perspectives for understanding and experiencing complex 
systems. We then introduce Grafemos, a learning environment that we have been 
designing in partnership with the Ixkoj Ajkem Community Council, in order to 
understand emergent phenomena, a key characteristic of complex systems. Finally, 
we present an example of the modeling experience in Grafemos, that integrates both 
Indigenous practices of storytelling in the context of fabric design and representa-
tional practices that are also valued by Western scholarship on complex systems 
education.
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18.1  Introduction

Research on complex systems in K-12 education has been typically grounded in 
Western perspectives, emphasizing the importance of understanding emergent phe-
nomena through building progressively complex relationships among individuals, 
and between individuals and their environments (Danish, 2014; Dickes, Sengupta, 
Farris, & Basu, 2016; Levy & Wilensky, 2008; Wilensky & Resnick, 1999). 
Emergent phenomena are complex, non-linear processes (e.g., ecological interde-
pendence), which arise from simple, linear interactions between many individual 
agents (e.g., interactions between predators and prey). In a deeply synergistic man-
ner, the sense of relationship and reciprocity with the greater-than- human world is 
foundational to Indigenous cultures and research (Bastien, 2003; Cajete, 1994). 
Indigenous scholars have therefore noted that complex emergent systems, as a 
domain of inquiry, offer a great opportunity for us to integrate Western and 
Indigenous perspectives and epistemologies in science and science education (Bang, 
Marin, & Medin, 2018).

However, integrating Indigenous traditions and practices in the context of teach-
ing and learning about complex systems using computational modeling necessitates 
designing new forms of modeling in partnership with Indigenous communities, 
rather than relying solely on commonly used platforms for modeling or program-
ming complex systems designed by Western scholars. To this end, this chapter offers 
a novel re-imagination of computational modeling grounded in Mayan traditions of 
textile weaving, co-designed in partnership with the Ixkoj Ajkem Group in Xenacoj, 
Guatemala. Theoretically, our work builds on prior scholarship by Indigenous 
scholars in STEM education, as well as synergistic scholarship on complexity by 
Western scholars. From a technology design perspective, our work illustrates how 
the experience of computational modeling of complex systems, when grounded in 
Mayan traditions of weaving and storytelling, can be re-imagined without the use of 
a computer. We also discuss the implications of our work in terms of challenging 
technocentrism (Papert, 1987; Sengupta, Dickes & Farris, 2018) from Indigenous 
perspectives.

18.2  Theoretical Background

18.2.1  Complex Systems and Computational Modeling in K-12 
Education

Over the past two decades, complex systems have become an important area of 
focus in K-12 science and STEM education (Chi, 2005; Danish, 2014; Dickes et al., 
2016; Sengupta & Wilensky, 2011; Wilensky & Resnick, 1999; Wilkerson-Jerde & 
Wilensky, 2015). Emergence, as a key characteristic of complex systems, gained 
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educational researchers’ attention in designing learning environments for complex 
systems (Chi, 2005; Danish, Peppler, Phelps, & Washington, 2011; Holland, 
2000;Mitchell, 2009; Wilensky & Reisman, 2006). Emergence can be understood as 
aggregations of simple, local interactions between many individual actors which 
give rise to complex and often counterintuitive global pattern (e.g., traffic jam mov-
ing backward while cars move forward) (Mitchell, 2009; Wilensky & Reisman, 
2006). While students at all levels find understanding emergent processes challeng-
ing (Chi, 2005; Resnick & Wilensky, 1998), agent-based computational models 
(ABMs) have been shown to be successful in helping novices understand complex 
ecological systems (Danish, 2014; Klopfer, Yoon, & Perry, 2005; Klopfer, Yoon, & 
Um, 2005; Resnick, 1994; Wilensky & Resnick, 1999).

A computational agent is an individual object or actor in an ABM, and the behav-
iors and interactions between computational agents and their environment give rise 
to emergent, system-level behavior (Wilensky & Resnick, 1999). Studies show that 
curricula which utilize ABMs can help students understand complex systems and 
emergence by grounding emergent phenomena in terms of their embodied, agent- 
level intuitions (Danish, 2014; Klopfer, Yoon, & Um, 2005; Resnick, 1994; Wilensky 
& Resnick, 1999). This body of work shows that learners can build upon their 
agent-level (individual level) intuitions in order to develop deep, multi-level under-
standings of emergent phenomena through creating and modifying embodied and 
computational simulations (Dickes et al., 2016; Levy & Wilensky, 2008; Wilensky 
& Resnick, 1999). This can be greatly facilitated by helping learners represent 
individual- level interactions and mid-level “events,” and it is by summarizing and 
understanding the relationships between these events over time that even elemen-
tary grade children can develop understandings of complex phenomena such as dis-
ease spread (Levy & Wilensky, 2008), ecological interdependence (Dickes et al., 
2016), and electrical conduction (Sengupta & Wilensky, 2009). Dickes et al. (2016) 
argued that three main insights have emerged that can guide the design of pedagogy: 
(a) agent-level (individual level) provides an intuitive foundation to start thinking 
about complexity, (b) embodied cognition can be very helpful for understanding 
both individual-level behaviors as well as interactions with the environment, (c) a 
progression from embodied activities and agent-level interactions to mid-level and 
aggregate level interactions through both iteratively building and refining embod-
ied, physical, mathematical and computational models can be effective in deepening 
students’ understanding of complexity using ABMs.

The history of agent-based modeling in education is inseparably tied to construc-
tionism (Papert, 1980; Papert & Harel, 1991). Constructionism is both an epistemo-
logical perspective and a pedagogical approach. As Berland, Baker, and Blikstein 
(2014) pointed out, in the constructionist paradigm, learning involves building and 
designing creative artifacts that require complex forms of intellectual engagement, 
alongside high levels of affective involvement (Harel & Papert, 1990; Kafai, 2006; 
Papert, 1980). Constructionist learning is typically grounded in learners’ use of gen-
erative computational technologies in disciplinarily as well as personally meaning-
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ful forms. The illustrations of constructionist learning often involve the creation of 
public artifacts and working in social spaces such that learners can collaborate to 
deepen their learning experiences (Harel, 1991; Kafai & Burke, 2013; Sengupta, 
Krishnan, Wright, & Ghassoul, 2015). A constructionist approach to learning sup-
ports “detached kinds of knowing” (Papert & Harel, 1991, p. 11) where different 
worlds, identities, languages, and understandings can co-exist and intermingle in a 
particular space or moment.

The history of constructionism is deeply connected with Seymour Papert’s inven-
tion of the LOGO turtle and programming language. Working with the LOGO turtle 
recast learning formal mathematics and science as an intuitive, embodied and deeply 
qualitative experience. As Sengupta, Dickes, and Farris (2018) remind us, Papert 
(1980) argued that working with the LOGO turtle involves getting to know the tur-
tle, through exploring what it can or cannot do. Sengupta, Dickes, and Farris (2018) 
further remind us that Papert’s vision was not to reduce all ideas to computational 
terms. Instead, he argued that the early experience with turtles is a good model of 
learning and could provide foundations for deeper disciplinary inquiry. That is, “… 
it is a good way to ‘get to know’ a subject by ‘getting to know’ its powerful ideas” 
(Papert, 1980, p. 138), in the same way that we get to know a person. Wilensky 
(1991) termed this form of knowing “concretion,” i.e., an experience through which 
an idea becomes concrete as learners engage in building multiple and complex rela-
tionships with it.

Several LOGO-like programming languages and modeling environments such as 
NetLogo (Wilensky, 1999), Scratch (Resnick et al., 2009), AgentSheets (Repenning, 
1993), CTSiM (Basu & Biswas, 2016; Sengupta, Kinnebrew, Basu, Biswas, & 
Clark, 2013), and ViMAP (Sengupta et al., 2015) have since been developed to sup-
port children, and K-12 students engage in computational modeling and program-
ming. Computational models developed in such languages are more generally 
known as agent-based models (ABMs). A key characteristic of ABMs is that the 
agent-level interactions, attributes, and behaviors are often body-syntonic (Papert, 
1980)—i.e., they can be explained and understood through simple embodied actions 
such as moving and turning. This, in turn, supports even young children to model 
mathematical processes and complex scientific phenomena using such forms of 
computing (Danish, 2014; Dickes et  al., 2016; Levy & Wilensky, 2008; Papert, 
1980). In such environments, students learn by taking on the perspectives of the 
agents and different elements of the phenomena being modeled. This form of think-
ing has also been shown to be effective even for professional and established scien-
tists. For example, Evelyn Fox Keller’s biography of the biologist Barbara 
McClintock argues that thinking like the agent (e.g., a chromosome) enabled 
McClintock to make significant advances in her research on human genetic struc-
tures (Keller, 1983). Similarly, Ochs, Gonzales, and Jacoby (1996) identified that 
scientists’ sensemaking in the domain of physical sciences involves such mental 
projections of the self into the phenomenon of inquiry.
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18.2.2  Indigenous Perspectives in Science Education: 
Re-Imagining Place and Discourse

Indigenous scholars in science education have argued that central to decolonizing 
science education is the work of re-positioning human–environment relationships 
from Indigenous perspectives, with a particular focus on our relationship with land 
(Bang et al., 2014; Bang & Marin, 2015; Lowan-Trudeau, 2018; Montejo, 2010). In 
Indigenous perspectives, place is not merely a location where people live; people 
are spiritually connected to the place, and it represents their point of reference in 
their lives. In many Indigenous cultures, place is experienced spiritually as the Earth 
is seen as our Mother (Hatcher, Bartlett, Marshall, & Marshall, 2009). However, the 
systematic erasure of Indigenous histories and ways of knowing from settler- 
colonial societies through both genocide and symbolic violence (e.g., renaming 
Shikaakwa to Chicago) has resulted in the dominance of settled expectations of 
nature–culture relations (Bang & Marin, 2015; Bang, Warren, Rosebery, & Medin, 
2012). Settled expectations are the set of assumptions, privileges, and benefits that 
accompany the status of being white (González Ponciano, 2013; Harris, 1995, 
p. 277). Science education is no exception. Such expectations in science learning 
“tends to structure learning in ways that restrict experienced and possible forms of 
agency, identities, and relations” (Bang & Marin, 2015, p. 531). Bang and Marin 
noted that the key manifestation of settler colonialism is in the form of settled 
expectations of how humans position themselves in relationship with land. 
They argued:

The fundamental tenet of settler-colonial societies is the acquisition of land as property, 
followed by the establishment of settler lifeways as the normative benchmark from which 
to measure development. These are accomplished through: (1) erasure of Indigenous pres-
ence, (2) staged inheritance of indigeneity by Whites (Reardon & Tallbear, 2012) and (3) 
erasure of African descendants humanity through the structuration of slavery and resultant 
reduction to and control of black bodies (Wolfe, 2006; Bang & Marin, 2015, pp. 532)

Bang and Marin (2015) have noted that the separation of humans from the envi-
ronment is a foundational tenet of Western scientific epistemology, and this leads to 
ontological assumptions of non-human actors as objects without agency, whereas 
human beings are viewed as intentional agents. They argued that both of these per-
spectives are inconsistent with many Indigenous ways of knowing and learning, 
where both human and non-human actors viewed as intentional and agentic actors 
in the world, and neither do humans occupy a “privileged” status that divests us of 
responsibility, humility, and reciprocity in terms of our relationships to the world 
(Cajete, 2000; Kawagley, 1993, 2006).

Snively and Corsiglia (2001) positioned the overlooking of Indigenous perspec-
tives in Western sciences and science education as “systematic racism” (p. 28). They 
argued that the “spiritual base” of Indigenous perspectives coupled with their “uni-
versalist and relativist position towards nature and natural sciences” (p.  28) is 
largely regarded as dissonant from Western scientific perspectives. In Indigenous 
perspectives, the spirit holds a unifying ontological presence. It is the spirit—which 
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Kawagley, Norris-Tull, and Norris-Tull (1998) referred to as “the fifth element” 
(p. 79)—that connects our actions with our environment and our cultural and famil-
ial histories. Caring for the spirit is caring for sustainability, conservation, and 
important strategies to protect biodiversity and ecology. Rather than viewing the 
spirit as a mystical, mythical, or superstitious representation in folk culture, the 
spirit therefore signifies ecological and historical interconnectivity and links well- 
being with ecological sustainability. It makes explicit that well-being—which has 
recently received significant attention in the Western academy as fundamental to 
education and societal growth (e.g., Russell-Mayhew, Arthur, & Ewashen, 2007)—
is deeply intertwined with ecological sustainability and caring for the environment. 
This in turn can be conceptualized as an explicit acknowledgment that the ecologi-
cal system, as experienced by human beings, “exists within an entirely different 
cultural experience and set of values” (Johnson, 1992, p. 13).

In Indigenous perspectives, space and time are often viewed as both historical 
and cyclical (Snively & Corsiglia, 2001). The community’s ongoing relationship 
with nature is historically grounded, because “cycles” of observation are made over 
“several lifetimes…in all seasons” in one place (Snively & Corsiglia, 2001, p. 18). 
In contrast, Bang and Marin (2015) argued that settled expectations of nature–cul-
ture relations result in structurally shaping time-space presence in ways that are 
reflected in forms of revised “memory traces,” which are typically devoid of 
Indigenous ways of knowing. For example, Indigenous histories associated with 
different locations along the Shikaakwa river have been erased from public presence 
through place and land renaming, as well as through erasure of these histories from 
public K-12 science education (Bang et  al., 2014). Bang’s work provides a rich 
imagination of pedagogical approaches that can “desettle” such erasures by actively 
engaging Indigenous youth in “counter mapping” activities (Taylor & Hall, 2013) 
through nature walks in conversations with family members and elders. Central to 
this notion of counter mapping is questioning settler-colonial practices of naming 
places through Indigenous erasure, and explicitly focusing attention to Indigenous 
histories of places, which in turn involve engaging in both intentional acts of notic-
ing and conversations about histories and imagined futures grounded in  local 
Indigenous histories and narratives. Lowan-Trudeau (2018) also presented a similar 
perspective for re-imagining environmental education, by highlighting the impor-
tance of working in partnership with Indigenous elders and communities and incor-
porating local, historical (Indigenous) narratives that can help us reposition our 
relationships with land and place.

In re-positioning curricula from Indigenous perspectives, Hermes (2000) poi-
gnantly argued that curricula that foreground immersion in Indigenous cultures 
need to be based on practices and theories “that assume ‘cultures’ are living, that is, 
cultures are able to influence and be influenced without losing their substance, cohe-
sion, and distinctiveness of being a ‘culture’” (p. 389). Even in Native American 
schools, Hermes (2000) reported divisions between “academic” and “cultural” 
work, where academic classes are those derived from a Western European discipline 
and “cultural” referred to classes that focus on Indigenous topics. Keeping 
Indigenous cultural practices and ways of knowing separate and distinct from 
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 academic work reifies dichotomies between Western and Indigenous ways of know-
ing; furthermore, as Hermes, Bang, and Marin (2012) noted, it keeps discourse 
attached to academic disciplines “often disconnected from place, shared meaningful 
localities and the everyday lives of children and families (Gruenewald, 2003; 
Hawkins, 2004; Schleppegrell, 2004).” (Hermes et al., 2012; p. 389). Along similar 
lines, Takeuchi (2018) showed that even when informally learnt Japanese finger 
computing practices can help young children learn about academic mathematics, 
such practices remain hidden and disconnected from the visible classroom dis-
course. These historically grounded practices are not typically taught in the class-
room, but learnt by the children through informal engagement with family elders 
at home.

18.3  Toward Some Potential Synergies

Several authors have highlighted that modeling complex systems, and computa-
tional modeling and programming, share epistemic and representational practices 
such as abstraction, simulation, problem-solving, define values, and others (DiSessa, 
2000; Harel & Papert, 1990; Papert, 1980; Papert & Harel, 1991; Perkins & 
Simmons, 1988; Sengupta et al., 2013; Sengupta, Dickes, & Farris, 2018; Wing, 
2006). Recently, Sengupta, Dickes, and Farris (2018) went further, arguing that 
“computing and computational thinking, should be viewed as discursive, perspec-
tival, material and embodied experiences” (p. 3), involving both “epistemic and rep-
resentational work” (p. 6). These authors repositioned computational thinking in 
STEM education using a set of phenomenological (Merleau-Ponty, 1962) lenses 
that foreground the qualitative experiences of learners through which code and 
computational abstractions become meaningful to them. In this perspective, learn-
ing computational abstractions is neither the goal nor the signature of such learning 
experiences; rather the goal is to provide a greater account of the richness of the 
learning experiences as fundamentally heterogeneous, extending far beyond code 
(Sengupta, Dickes, & Farris, 2018).

We also believe that constructionist learning environments can offer learners 
opportunities to experience complex disciplinary forms of knowing as place- 
making. That is, learners can position themselves as creators of disciplinary knowl-
edge, and they do so by projecting themselves or their loved ones within the 
phenomena being modeled (e.g., see Farris & Sengupta, 2016). Learning with com-
putational agents can also become a rich context for incorporating personal histories 
and desires, without necessarily displacing disciplinary learning goals (Resnick, 
Berg, & Eisenberg, 2000). Through such learning experiences, disciplines can be 
transformed into lived-in spaces (Nemirovsky, Tierney, & Wright, 1998). It is thus 
no surprise that constructionist learning using agent-based computational modeling 
foregrounds personal excursions, narratives, and aesthetic experiences, where learn-
ers’ personal lives become deeply intertwined with computational abstractions 
(Farris & Sengupta, 2016; Resnick et  al., 2000). It has also been shown to be 
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 effective in supporting collaboration, leveraging (rather than ignoring) intersubjec-
tivity as key elements of the learning experience (Sengupta, Krishnan, et al., 2015).

We therefore believe that focusing on (a) complex systems as the domain of 
computational modeling, (b) agent-based modeling as the form of modeling, and (c) 
constructionism as the pedagogical approach, can offer us a potential synergistic 
milieu for Western and Indigenous perspectives. Our position builds on previous 
scholarship by Indigenous scholars such as Cajete (2000), Bang et  al. (2018), 
Aikenhead and Michell (2011). For example, Cajete (2000) has poignantly posi-
tioned Indigenous science as being fundamentally relational in nature: “everything 
is related, that is, connected in dynamic, interactive, and mutually reciprocal rela-
tionships” (p. 75). The central objective of complex systems educators, even when 
grounded in Western perspectives, has been to support students develop a deep 
understanding of interrelationships between organisms and their environments 
through computational modeling (Danish, 2014; Wilensky & Resnick, 1999; and 
others). This is also consistent with Bang et al. (2018), who argued that complex 
systems theory is also well aligned with relational epistemologies in Indigenous 
science.

It is noteworthy that Indigenous scholars such as Snively and Corsiglia (2001) 
emphasized that children should learn “how science relates to action” (p. 42). Multi- 
modality emphasizes action in various forms: perspectival noticing, embodied 
movements and modeling, creating physical and computational representations 
(Rosebery, Ogonowski, DiSchino, & Warren, 2010; Sengupta, Dickes, & Farris, 
2018). Furthermore, computational modeling of complex systems involves creating 
and analyzing different forms of spatio-temporal patterns through spatial simula-
tions and graphs (Dickes et  al., 2016; Wilkerson-Jerde & Wilensky, 2015); and 
along similar lines, the Indigenous scholars, Hatcher and colleagues mentioned that 
some of the strengths of Indigenous perspectives are the focus on the observation of 
“spatio-temporal patterns” (Hatcher et al., 2009; p. 147). To this end, Aikenhead and 
Michell (2011) offered several recommendations for integrating Western and 
Indigenous perspectives in science education, including: a) valuing students’ prior 
knowledge and experiences and building upon them, and b) using Indigenous prac-
tices such as demonstrations, Sharing Circles, and storytelling as integral parts of 
the pedagogy. Aikenhead and Michell (2011) also argued for integrating science 
with other topics such as social studies and Indigenous studies.

The goal of this chapter is to advance this line of work by illustrating how 
Eurocentric and Indigenous perspectives in science and science education can be 
brought together through re-imagining what agent-based computational modeling 
activities might look like for modeling complex systems, when grounded in a par-
ticular Indigenous perspective. In the next section, we introduce Grafemos, an activ-
ity system for modeling emergence that we have been co-designing alongside the 
Ixkoj Ajkem Council in Guatemala, and we also discuss how it has been shaped by 
Mayan fabric design and storytelling practices. We will then illustrate how working 
with Grafemos can become a context for putting some of the recommendations 
mentioned above into practice.
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18.4  The Grafemos Activity System

Grafemos is a collaborative modeling activity that involves working with 4–6 peo-
ple. The activity begins with the group selecting a specific scenario or a problem 
that is both relevant to their communities or lived experiences, that concerns both 
their individual experiences and a social issue (e.g., creosote contamination in 
Calgary; plastic contamination of drinking water in Xenacoj, Guatemala). Specifying 
the problem involves small group conversations about their concerns for, possible 
explanations of and emotions related to the topic, eventually establishing a common 
narrative within the small group that then becomes the phenomenon to be modeled. 
The next stage of the discussion involves identifying potential “characters”—i.e., 
agents—in the narrative, as well as their emotional states, relationships among 
them, and the geographical location and constraints. In partnership with the Ixkoj 
Ajkem Council, we have identified a few key categories that these “agents” belong 
to: humans; non-human animals and plants; seasons; time; duration; natural ele-
ments (e.g., water, wind, etc.); and emotions of agents. Simply put, each small 
group should have identified agents from each of these categories in their narratives 
and descriptions of the phenomena.

In the next stage, students design iconic representations of the different agents 
using a Grafemos meaning card, as shown in Fig. 18.1, and the Grafemos interac-
tion card, as shown in Fig. 18.1b. This is a multi-step process. In order to create 
these cards, participants first need to use the Grafemos physical printing device, as 
well as consult and draw upon from the Grafemos library of motifs that has been 
co-designed with the Ixkoj Ajkem Council. Each motif has been designed based on 
traditional and historical motifs used by Mayan women weavers. Once the partici-
pants select, modify, and appropriate motifs for each agent, they are given physical 
shape using thick threads that are pasted on small circular pieces of fabric (see 
Fig. 18.2). These pieces are then wrapped, with a rubber band, around small cylin-
ders with sponge, to form stamps. These imprints are then placed in the meaning 
card (as shown in Fig. 18.1), where the participants also explain their rationale for 
selecting each motif to represent specific agents. Participants then begin to fill out 

Fig. 18.1 (a) Grafemos meaning card. (b) Grafemos interaction card
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Fig. 18.2 Grafemos motif-seals inked, and the Grafemos printing device

the interaction card, one for each agent, which explains what happens when the 
agent interacts with other agents in the system. These interactions could include, for 
example, change in states of motion (slowing down or speeding up or stopping), 
change in emotional states, change in quantity, etc.

Once the motif stamps, meaning and interaction cards are designed, the motif 
stamps can be inked and placed in slots of a dodecahedron (Fig. 18.2), which is the 
physical printing device used in the Grafemos modeling activity. Participants then 
roll the dodecahedron on a large paper on the floor, and begin to “print” their model, 
as the inked motifs get imprinted on the paper (Fig. 18.3). As the model is being 
“printed,” the participants continue to collectively observe the emergent patterns in 
the form of the emerging trajectories. At the same time, they also engage in collec-
tively discussing possible interpretations of  the emergent patterns using the mean-
ing and interaction cards.

18.5  How Grafemos Is Shaped by Mayan Fabric Design 
Practices

The conceptual design of this modeling environment was principally shaped by the 
weaving and design practices of Mayan textiles of Guatemala, supported by the 
Ixkoj Ajkem Community Council of Santo Domingo Xenacoj. The Mayan Textile 
Art is more than a canvas formed by means of a textile technology. There are also 
brocade symbols that carry oral narratives and legends, details that connect it with a 
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Fig. 18.3 Grafemos dodecahedron along with motifs stamps

place, born from the heart and history of its inhabitants, their ancestors, of love, and 
the need for conservation and sustainability of their land, their traditions, and their 
daily life. Each textile is also unique, represents a different point of view and mean-
ings, tells a different story, and represents interconnectedness through its symbolic 
patterns (Lam-Herrera, 2011; Otzoy, 1992).

The design, making, and teaching of textiles are mostly a profession for women 
in the Mayan communities in Guatemala. According to the Ixkoj Ajkem Community 
Council of Santo Domingo Xenacoj, it is through this practice that the souls of their 
grandmothers are kept alive by being transmitted from mothers to daughters in their 
textiles (Ixkoj Ajkem Community Council of Santo Domingo Xenacoj, personal 
communication, 2018). These involve transmission of emotions, thus the perception 
of color as bright or dull represents the designer’s personal feeling of happiness or 
sadness (conversation with García-García, Community Council member, 2016). 
Grafemos follows this color scheme, so participants use bright and saturated colors 
to express that a symbol is positive or happy; dull and lusterless colors to show a 
symbol’s sadness or negative emotions.

Weaving is not just the interaction between the weaver, the materials, and the 
backstrap loom; for members of the Ixkoj Ajkem Community Council of Santo 
Domingo Xenacoj, it represents the thinking, psychology, creativity, and the cul-
tural values behind it. It is an integral activity. The smallest unit of embroidering to 
form symbolic patterns is called the grain. Each grain follows a designed complex 
sequence—including color, intention, narratives, locality, and perpetuation—to 
form images rich in history, tradition, and identity. Metaphorically, Grafemos’ 
structure provides a learning space through group work, using small symbolic units 
that can form complex patterns to observe, in which the participants’ identities play 
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an essential role. Hence its name Grafemos, a combination of grapheme, that is, the 
smallest unit of a writing system; and the Spanish suffix ~mos, that implies a con-
joint action, an action that includes all of Us.

In computational terms, each motif represents an agent (human, animal, plant, or 
object), seasons, time, natural elements, and such; further, Grafemos allows to add 
emotions to each agent. These categories follow the practices used by Mayan 
women weavers to represent their cultural historical narratives through the images 
embroidered in their textiles. It is also important to note that Mayan weaving prac-
tices also involve representation of narratives from multiple perspectives. This is 
also a point of alignment between Western and Indigenous epistemologies, because 
negotiating multiple perspectives (points of views) have been shown to be important 
for understanding complex systems (Danish, 2014; Dickes et al., 2016). In Grafemos, 
participants are encouraged to represent the same narrative from different perspec-
tives, using motifs that also represent their emotional states. For example, a scenario 
of cats hunting squirrels, if the topic centers on cats, the cat will be happy each time 
he catches a squirrel because he gets more food for its kittens; however, if the model 
is observed from the squirrels’ point of view, the cat is a negative or sad agent 
because each time a cat catches a squirrel it limits their survival, valuing emo-
tional states.

The final stage in each Grafemos iteration is a Sharing Circle. Participants gather 
in a circle to observe the printed system and share their interpretations of the overall 
emergent picture, relevant experiences, discoveries, and insights. The practice of 
Sharing Circles (Hatcher et al., 2009) creates the ideal space for telling stories to 
examine and exercise problem-solving, provide even opportunities to everybody to 
talk and participate, as well as an opportunity to share multiple perspectives between 
members of the community (intergenerational groups). We believe that the 
Indigenous practices of storytelling and learning circles can serve a deeply reflexive 
means to learn about complex systems, especially creating contexts for reflective 
conversations about the emergent themes in the model.

18.6  Designing Together: Beginnings of a Journey

We have begun a partnership with the Mujeres Tejedoras Ixkoj Ajkem Council, who 
belong to the Maya Kaqchikel community of Santo Domingo Xenacoj. The first 
author (Marilú), currently a PhD student in Canada, was born and raised in 
Guatemala and has worked with the women weaver-designers in the Maya Kaqchikel 
community for over 10 years. Marilú visited the community for a few days in early 
2018, and upon invitation of the elders of the community, worked with some elders 
and children for 5 days to discuss how they wanted to use and change Grafemos to 
model stories from their lives, as well as complex issues that they are faced with.

In partnering with the community at this stage of the project, our goal is to follow 
the criteria for methodological Métissage (Lowan-Trudeau, 2012). Methodological 
Métissage involves recognizing Indigenous practices and traditions such as story-
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telling and symbolizing from Indigenous perspectives as critical for teaching, 
research and the researchers, as well as working with the elders and members of the 
community during all stages of the research: conceptualizing the research questions 
and study design, conducting the study, and interpreting and analyzing data. In this 
chapter, we only present highlights from the initial discussions around Grafemos, 
including two Grafemos models that emerged from the discussions.

As mentioned earlier, working with Grafemos involves modeling the target phe-
nomenon (or a story) by first selecting six individual elements or agents that are 
relevant to the target phenomenon or story, assigning an image to provide meaning 
to each element, and then creating different combinations of the elements to model 
interactions between the agents. Elders and children discussed the importance of 
plastic contamination as a key issue in their community. Further conversations with 
elders revealed that the deterioration of the quality of drinking water, a known effect 
of chlorinated plastic contamination even in Western science (Steffan et al., 1999), 
to be an important issue for the community.

Through intergenerational conversations, the community members identified 
particular objects (e.g., specific forms of plastic used in everyday life) and actions 
(e.g., throwing away plastic objects without care) as the “agents” and “actions” that 
lead to contamination. The community members also spatially represented a map of 
their community on the chart paper, where they used Grafemos to imprint their 
model selection (See Fig. 18.4). This map included relative locations of drainage 
tubes, the public school, the village market, and an overall geographical boundary 
of their community. As the group began to imprint their model, they explained that 
the emergence of contamination resulted from the use and discarding of the differ-
ent elements of plastic which would accumulate in the drainage system. The group 
noted to Marilú that being able to work with elders and younger members on these 
issues would give them opportunities to think about both what each individual can 
do in their daily lives to help reduce contamination, as well as how they could come 
together as a community to address this issue. They reflected that working with 
Grafemos could help them visualize the overall (i.e., emergent) effect of their indi-

Fig. 18.4 Grafemos model 
of plastic contamination
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vidual actions in terms of reducing contaminants in the community. We believe that 
this is similar to the notion of multi-level reasoning used by Western scholars of 
complex systems education, including some of our own previous work (e.g., 
Wilensky & Resnick, 1999; Dickes et al., 2016). The intergenerational group further 
argued that the introduction of handwoven fabric and napkins instead of plastic bags 
and containers could potentially reduce the contamination.

The group also chose a well-known tragic legend of Guatemala called “La 
Llorona” [The Weeping Woman] as a traditional narrative that they wanted to model 
using Grafemos (see Fig. 18.5). This is a story about a woman who regretted killing 
her children and cries for them eternally, showing her pain and sorrow while wan-
dering on the streets of Guatemala. This legend is taught in schools in Guatemala. It 
is also part of the oral tradition between parents and children, often used by parents 
as a warning for children when they are misbehaving. Children in the community 
typically interpret the story as a horror story, as mentioned to us by the group. The 
initial Grafemos elements that the group selected were water, sons or daughters, a 
woman, her husband, and the action of hanging a person. The individual-level feel-
ing of sadness was also included as the sixth element, represented by choice of 
colors. As the group began to model began empathizing with both the sadness of La 
Llorona (her helplessness) and the sadness of the families whose children she was 
killing. The group was taken aback by how “sad and empty” their pattern began to 
look as the modeling progressed. Sadness was thus represented as an individual- 
level feeling, as well as a mid-level (Levy & Wilensky, 2008) interaction, because it 
also emerged as La Llorona would interact with others, as was also discussed by the 
group. They even decided to stop representing the progressive elimination of the 

Fig. 18.5 Grafemos model of “La Llorona” [the Weeping Woman]
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different elements—a consequence of the interactions between La Llorona with 
others—because they were also feeling sad and uncomfortable with the overwhelm-
ing emergence of sadness in their model, evident very visibly by the decreasing 
number of agents and the colors in their model. The elders also observed that the 
younger members of their group had begun seeing the story as one of “deep sad-
ness,” as opposed to a funny horror story, as was their previous experience. Thinking 
with the agents, in this case, created an empathetic bond between the modelers and 
the actors in the story, which in turn resulted in changing the overall, emergent 
meaning of the story from horror to sadness.

In future visits, we hope to engage in deeper conversations with the community 
members to co-design ways of engaging in modeling with Grafemos that further 
integrate the traditional craft of fabric design (as noted by some community mem-
bers), as well as co-designing analytic frameworks for looking at the discourse dur-
ing modeling. In particular, we noted that elders in the community framed the 
modeling activities as an opportunity to engage in teaching and practicing the tradi-
tional, Indigenous language—Kaqchikel—with the younger members in group, 
suggesting that discursive practices that would help the group delve deeper into 
scientific discourse may also be shaped by the deepening of the groups’ understand-
ing and practice of Kaqchikel. This partnership can also help us identify more 
clearly synergies and relationships between the noticings of both individual-level 
actions and emergent outcomes by the community members, and commonly used 
frameworks for analyzing multi-level explanations in Western scholarship of com-
plex systems (e.g., Dickes et al., 2016).

18.7  Conclusion and Discussions

Our work illustrates that Indigenous motifs and traditional forms of representation 
can serve as productive anchors for designing toolkits and languages for modeling 
complex systems. It also suggests that by positioning Indigenous communities as 
authoring partners, we can co-create opportunities for identifying critical socio- 
ecological issues within the community, as well as grounds for working together 
toward potential solutions. The work presented here is thus an important example of 
voicing with, rather than speaking for, Indigenous communities. We hope that this 
can  provide a useful starting point for understanding the affordances of a different 
pedagogical approach for modeling complex systems, one that is grounded in both 
Indigenous and Western ways of knowing and representing complexity.

Our work, as we have mentioned earlier, is an attempt to put into practice impor-
tant recommendations that have already been made by science education scholars. 
For example, Bang and colleagues have argued that complexity could be a place for 
unifying both Western and Indigenous perspectives (Bang et  al., 2018), and 
Aikenhead and Michell (2011) argued for a more interdisciplinary approach for sci-
ence education. They emphasize building on students’ personal and cultural reper-
toires that they bring with them to the institutional settings, but are almost always 
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left out of the curricular activities. To this end, co-designing Grafemos—both its 
material forms and modeling activities—in partnership with the Ixkoj Ajkem 
Council aligns the symbolic elements as well as the representational and discursive 
practices in computing with weaving practices in the Mayan community. It also 
attends to the critical problem of language practice and revitalization in Indigenous 
communities as noted by Hermes et al. (2012): As noted earlier, elders in the com-
munity framed the modeling activities as an opportunity to engage in teaching and 
practicing the traditional, Indigenous language—Kaqchikel with the younger mem-
bers in group.

Finally, our work is an invitation to re-think the design of computational model-
ing languages and activities from a decolonized perspective. Even some Western 
scholars have noted problems inherent in much of educational computing that arise 
from an overtly technocentric approach (Papert, 1987). Technocentrism refers all 
questions about technology to the technology itself (Papert, 1987), rather than 
focusing on phenomenological perspectives that can help us understand learners’ 
and teachers’ experiences and enframings of the technology (Sengupta, Dickes & 
Farris, 2018). In a technocentric approach, learning computational modeling has 
become synonymous with regurgitation of a narrowly defined set of computational 
abstractions (Sengupta, Dickes, & Farris, 2018). Our work further extends this cri-
tique by challenging the very notion that computing, especially for K-12 students, 
should be viewed only through the Western lenses of computational thinking and 
abstractions (Wing, 2006) that is also largely individualistic (Ames, 2018). In con-
trast, we present an illustrative example where the traditional weaving practices of 
Mayan women can offer a community-based, decolonized approach for modeling 
various forms of emergent patterns, also inviting us to fundamentally reimagine 
what computing can look like beyond a technocentric image of digital 
technologies.
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Chapter 19
Engaging with Complexities and Imaging 
Possibilities Across the Boundaries 
of STEM

Shakhnoza Kayumova

Abstract The emphasis on STEM education in public debates and policies often 
centers on arguments for improving academic proficiency and workforce readiness. 
Going beyond such instrumentalist calls, the chapters in this edited collection pres-
ent critical perspectives on design and epistemology in STEM education research 
and practice by highlighting the inherent ambiguities, tensions, and challenges. This 
essay explores several common threads woven throughout the book, which include 
the complexities and opportunities associated with research, teaching, studying, and 
designing STEM learning environments, as well as the productive possibilities, 
from which learning scientists and the educational community can (re)imagine and 
(re)configure the emerging field of STEM education.

Keywords STEM education · Power · Equity · Justice · Epistemological pluralism 
· Complexity

I am grateful for this opportunity to participate in a discussion related to STEM 
education and learning. We live in an era where the emphasis on improving aca-
demic proficiency and broadening participation in STEM, the acronym for “science, 
technology, engineering, and mathematics,” has become one of the “hot” topics that 
occupy the public debate, as well as the discourses of educational policy. In spite of 
what seems like an “obsession” to dramatically increase STEM proficient citizens, 
the papers in this edited collection present critical perspectives about some of the 
ambiguities, tensions, and challenges that come with the current STEM initiatives. 
In doing so, the studies also provide a vision for possibilities from which learning 
scientists and the educational community can (re)imagine and (re)configure this 
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emerging field. I noticed several common threads woven throughout the book, 
which include the complexities and opportunities associated with research, teach-
ing, studying, and designing STEM learning environments. My goal in writing this 
chapter is to engage with these ideas, and also provide my views and braid my own 
“critical and contextual struggle[s]” back into this text (Fine, 1994 p. 71).

What does an integrated STEM approach entail, and how do we teach it? Davis, 
Chandra, and Bellochi’s (Chap. 1) paper raises important issues related to complexi-
ties inherited within the integrated STEM approach to learning, and the kinds of 
pedagogical challenges it poses on teachers and teacher candidates. As it stands, 
STEM is an interdisciplinary as well as a transdisciplinary field, constituted of 
unique epistemic domains, practices, values, and norms (Shanahan, Burke & Francis, 
2016). Situating their research within initial teacher education programs, Davis and 
colleagues propose the notion of epistemic fluency to address the pedagogical 
demands put on teacher candidates as it relates to the integrated STEM approach to 
learning. Much of my own work with teachers and teacher candidates resonates with 
the pedagogical challenges raised by Davis, Chandra, and Bellochi. However, in the 
context of the United States where I am situated, I also cannot help to notice how, 
both in research and public discourse, teachers are yet again positioned in deficit 
terms, in which their knowledge, practices, and beliefs need to be developed in con-
gruence with the new STEM initiatives and reforms (Kayumova & Tippins, 2018). 
In my experience, this has been especially the case for the early childhood, elemen-
tary, and middle grade teachers who are constantly disempowered by deficit dis-
courses. As described by some other contributors to this edited book, calls for 
urgency in STEM education are premised on instrumentalist and neoliberal notions 
of autonomous and economically driven subjects (see Sengupta et al. (Chap. 1) for a 
review). STEM integration in public education is thus situated within the discourse 
of national global competitiveness. This reminds me to be cognizant of what 
Britzman (2012) called “a contest between what the technological society demands 
of its teachers and the personal visions of those teachers,” and how “often repressed 
notions of what is desirable and what ought to be” makes teachers feel as though 
they are “being watched, and viewing the self through the eyes of others” (p. ix).

As I engage with these ideas, I have to keep reminding myself of my own power 
and privilege when I work with teachers and teachers’ candidates, and make sure 
that I do not contribute to epistemic (knowing) and ontic (being) injustices. As 
Bobis (Chap. 12) argued, the integrated STEM is not only a new way of thinking 
and knowing (epistemic) that teachers are expected to grapple with, but it is also a 
new way of teaching (being). Bobis’ research emphasizes the importance of provid-
ing teachers and teachers’ candidates with ample opportunities to enact their knowl-
edge and ways of knowing to better prepare them to respond to all the complexities 
of STEM teaching. There are a number of papers in this volume that attempt to 
provide a variety of theoretical positions and empirical evidence on how to support 
teachers in integrating STEM disciplinary practices and also advance new models 
of integrated STEM pedagogy. For instance, Kim, Rasporich, and Gupta’s (Chap. 3) 
research demonstrates how a teacher, Stefan, enacted STEM integration with eighth-
grade students by supporting students in planning and building a sustainable village 
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in a virtual fantasy world. The authors discuss how Stefan’s teaching practices 
helped students create sustainable communities in the Minecraft environment as 
they interacted with their imagined land and characters. The findings demonstrate 
how teaching practices situated in humanistic and aesthetic approaches (Dewey, 
1934; Farris & Sengupta, 2016) can help students and teachers not only to engage 
in sophisticated STEM learning, but also to engage in topics regarding equity, soci-
etal norms, values, and practices. I find that Kim, Rasporich, and Gupta’s research 
provides an excellent example of how STEM learning cannot be reduced to only 
disciplinary knowledge and skills, but must also include axiological orientations for 
students and teachers. To this end, Alonzo-Yanez and colleagues (Chap. 2), also 
provide valuable insights about why axiology is as crucial as epistemology and 
ontology by highlighting the importance of focusing on critical sustainability as a 
context for STEM integration (I will return to the relationship between axiology, 
epistemology and ontology later).

Another good example is presented by Paré, Sengupta, and colleagues (Chap. 
16) who present a case how STEM could be also an environment for supporting 
deeply personal and yet playful experiences of inquiry about gender and sexuality. 
The authors present a re-imagination of how gender and sexuality can be experi-
enced using innovations in STEM such as 3D sculpting and Virtual Reality through 
engaging in deep conversations and joint artifact creation in VR with close friends. 
An implication of this work is that the authors showcase how STEM can also poten-
tially become a safe pedagogical space for students who are marginalized due to 
their gender and sexual identities, particularly in pedagogical contexts.

The chapters reviewed so far show that teaching practices do not happen in a 
vacuum; they are dynamically constituted with students and learning – a worlds in 
themselves that are quite heterogeneous. This implies that research and evidence 
related to student learning has to be an integral part of teacher preparation. For that 
purpose, I find studies by Lee (Chap. 11), Rahm (Chap. 14), Takeuchi and 
Dadkhahfard (Chap. 10)—to have important insights about the nature of STEM 
learning. These studies demonstrate how STEM practices require the sophisticated 
deployment of multiple communicative modalities and systems of representation 
(e.g., see Lee, Chap. 11). As a collective, these studies underline the importance of 
supporting students’ learning by making their learning visible in ways that go 
beyond the use of privileged linguistic forms and promote the use of students’ bod-
ies for both expressivity and meaning-making. For instance, Lee’s (Chap. 11) study 
underlines the importance of providing students with direct bodily learning oppor-
tunities to better support student’s STEM participation with “complex forms of 
expression.” Lee critiques the current overemphasis and privilege given to language 
as one of the primary forms of communication, as evidence for learning or knowing.

A similar critique is provided by Takeuchi and Dadkhahfard (Chap. 10), and 
their critical approach allows researchers to examine how students’ bodies become 
implicated in relations of power. As Foucault (1982) said, the body becomes 
“directly involved in a political field: power relations have an immediate hold upon 
it; they invest it; mark it; train it; torture it; force it to carry out tasks; to perform 
ceremonies; to emit signs” (p. 25). In Takeuchi and Dadkhahfard’s study, research-
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ers attend to power and privilege issues in learning, which allows them to account 
for how minority students’ informal knowledge of mathematics is embodied in their 
bodies, despite being subjugated within the formal spaces of learning, which also 
carry cultural and historical potentialities that can help desettle privileged ways of 
knowing. These expressive and productive dimensions of body in learning pro-
cesses are also discussed by Rahm (Chap. 14). Rahm’s analysis of learning within 
informal spaces goes beyond multimodal learning to show how body and affect 
imbued within learning spaces allow students to mobilize their agencies as they 
connect their learning to their everyday lives and geographies. The authors of both 
studies, Rahm, Takeuchi, and Dadkhahfard, effectively raise concerns about how 
the current STEM initiatives driven by functionalist and instrumentalist discourses 
reduce bodies and the value of learning to economic rationalities.

Similar critiques are provided by O’Neill (Chap. 6) and Dickes and Farris (Chap. 
7) in relation to the current computational thinking movement. O’Neill (Chap. 6) 
argues that driven by functionalist rationality and corporate interests, the current 
hype with computational thinking, spearheaded by Kids Code Movement, lacks an 
intellectual foundation and evidence in relation to its claims about long-term bene-
fits. This reminds me of Stephen Ball’s (1990) argument that the field of education 
is not only subject to social, political, and economic discourses, but also part of “the 
selective dissemination” and “social appropriation of discourse” (p.  3). Ball’s 
research showed how in the 1970s, scholarship sociology of education “informed 
and reinforced the ‘problem of working- class underachievement’” (p. 4). Ball states 
that the educational studies and research findings of the time constructed working-
class families as underachieving and represented them as being deprived of social, 
cultural, and epistemic capital. O’Neill’s historical analysis also showcases how 
arguments about the importance of teaching children coding and programming are 
being constructed by social, political, and economic discourses and corporate values 
and visions of the present age. One such structuring has to do with instrumentaliza-
tion of coding and programming and the need for STEM workers with these skills. 
After all, STEM is “a very human activity whose focus of interest and theoretical 
dispositions in any historical period were, and are, very much a part of and not apart 
from the dominant cultural and political issues of the day” (Lemke, 2001, p. 298). 
Gupta, Turpen, Philip, and Elby (Chap. 13) provide further context to consider how 
entangled the social, technical, and political are. By drawing on social constructivist 
epistemology, the authors showcase how society and technology are inextricably 
intertwined. The authors call attention to “considering the short- and long-term, 
intended and unintended effects, direct stakeholders, and those affected indirectly.”

Based on these readings, it seems to me that for an emerging field, we might be 
acting too quick and overly enthusiastic to adopt, develop, and design new ecologies 
and approaches for learning by approximating epistemic practices of S-T-E-M dis-
ciplines. Partly, these approximations are made possible due to the representational 
affordances of computational tools and current technologies, which are transform-
ing not only how knowledge can be constructed and expressed, but also understood 
within and across fields. However, despite the advances in technologies and repre-
sentational capabilities of our current tools, there seems to be uncertainty about how 
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to characterize and account for diverse ways of knowing and learning when engag-
ing with representational affordances of computational tools. Moreover, “neglecting 
the political dimension[s]” of STEM learning and assuming neutrality behind prac-
tices, materialities, representations, and tools in the construction of students’ 
knowledge(s), skills, and their relationships to these disciplines, means presuppos-
ing that a unanimous and ahistorical reality is “out there” to be represented; and 
such assumptions also dismiss the interpretive, sociocultural, and political nature of 
learning and practice. This reminds me of ethnographies of science (see Knorr-
Cetina, 1983, 2013) and feminist studies in sciences (Haraway, 1988). These schol-
ars systematically examined scientific practices, thereby exposing the socially 
constructed nature of science (Knorr-Cetina, 1983, 2013; Haraway, 1988) and also 
called for the recognition of gendered, raced, and classed history of STEM, empha-
sizing that knowledge-making is an inherently value-laden practice (Haraway, 
1988). In relation to the history of science, as Ruth Hubbard (1990) cogently 
described,

Science is both a social activity and the kind of knowledge about nature that this activity 
produces. The people who “do” science and so produce that knowledge are called scientists. 
Because of the time and place in which modern Western science—and that is what people 
nowadays mean by science—developed, scientists predominantly have been men. As this 
kind of knowledge and its applications have expanded into a dominant world view over the 
past two or three centuries, men have become so identified with all phases of it—the activ-
ity, product, application, and world outlook—that science as both product and activity has 
come to be thought of as essentially masculine. (p. 41)

The history of STEM is not so much different from science. Given the historical 
legacy of present inequities in STEM (see Das and Adams’ Chap. 15), as well as the 
overtly colonized form of scholarship in STEM education (see Lam-Herrera, Ixoqui 
Ajkem Council and Sengupta’s chapter (Chap. 17)), I wonder if we are ready to 
really and genuinely attend to the epistemic heterogeneity in the sense that Farris 
and Sengupta (2016) positioned Aesthetic Experience (Dewey, 1934) as fundamen-
tal to learning STEM – i.e., “seeing more” rather than merely “seeing as” – and thus 
reifying epistemic, systemic and historical injustices in STEM education. For 
instance, decades of research showed that the issue of underrepresentation in STEM 
fields is directly connected with the ways in which culture of science (which 
includes tools and practices) has maintained two forms of injustices – epistemic 
(systems of knowing) and ontic (categorizations of being) (Haraway, 1988) – often 
by failing to value, recognize, and legitimize socially and culturally diverse ways of 
being, doing, knowing, and experiencing the world, and by conceiving this hetero-
geneity in deficit terms. Several chapters in this book extend this body of work and 
provide more in-depth critiques and empirical analysis (see Das & Adams, Chap. 
15; Gupta et al., Chap. 13, and Rahm Chap. 14). The argument is that many of the 
conventional and taken-for-granted knowledge-making practices in STEM educa-
tion/research are rooted in histories of dominance, which continue to manifest in 
contemporary forms of representational and epistemic hierarchies (for more see 
Kayumova, Zhang, & Scantlebury, 2018). For many decades, various groups, such 
as people of color, women, and indigenous communities, have questioned the pre-
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sumed neutrality of tools and practices used in STEM, and whose ways of being and 
knowing are legitimized in understanding and defining the world (see Harding, 
1990). Black, Chicana, Indigenous, and Aboriginal feminist scholars, for example, 
have emphasized the entangled nature of being, doing, knowing, and living in the 
world, highlighting the inseparability of education, learning, and pedagogy from a 
researcher’s own epistemological, ontological, methodological, and ethical assump-
tions (see Tuck, McKenzie, & McCoy, 2014).

These concerns also resonate with increasing calls for epistemologically plural-
istic views of STEM education and research practices: ones that go beyond, what 
Bang and Marin (2015) call, “settled expectations” of Western and Eurocentric 
dichotomous/binary thinking of the nature-culture, subject-object, self-other divide, 
to those that value subject–subject relations, partnering, with equal right to exist and 
respond (Barad, 2003; Bang & Marin, 2015; Kayumova, McGuire, & Cardello, 
2019; see also Lam-Herrera, Ixoqui Ajkem Council and Sengupta’s chapter (Chap. 
17)). This also speaks to previous research by Black, Chicana, Indigenous, and 
Aboriginal feminist scholars who have called attention to the entangled nature of 
being, doing, knowing, and living in the world, and have also documented how 
education and pedagogy do not stand apart from epistemological, ontological, and 
methodological assumptions and visions of researchers (see for example Delgado- 
Bernal & Elenes, 2011). As Ladson-Billings (2000) argues, although “there are 
well- developed systems of knowledge, or epistemologies, that stands in contrast to 
the dominant Euro-American epistemology” (p. 258), they are rarely, if at all, rec-
ognized, validated, or carefully attended within conventional knowledge-making 
practices of research on learning or curriculum development, resulting in inequita-
ble educational practices and experiences for children from historically minoritized 
communities.

The collection of papers in this edited volume prompts us to examine the ways in 
which STEM practices, culture, tools, and materialities (such representations) get 
entangled with students’ learning, identities, and subjectivities, provoking us to re-
think taken-for-granted assumptions in our knowledge-making practices. They urge 
us to tread carefully and humbly on the entangled and evolving tapestry of human 
understanding that promotes epistemic and ontic pluralism and heterogeneity. 
Maxine Greene (1997) said that imagination and possibility is “a matter of awaken-
ing and empowering … to name, reflect, to imagine, and to act … matter of enabling 
… to remain in touch with dread and desire” (p. 2). It is imagination, Green argued, 
that allows us to “think of things as if they could be otherwise; it is the capacity that 
allows a looking through the windows of the actual towards alternative realities” 
(p. 2). The papers in this edited volume allowed me to see alternative realities and 
imagine possibilities, within the complexities of STEM field we all are in.

S. Kayumova
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