
 

 

 

 

 

 

 

 

 

But nothing could be more absurd than an experiment in which computers are placed in a 

classroom where nothing else is changed. 

—Seymour Papert, The Children’s Machine 
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ABSTRACT 

Material rich learning environments, called makerspaces are becoming common 

in schools throughout New Brunswick. Previous research has indicated that these 

learning environments provide multiple opportunities for students to showcase 

curriculum knowledge. However, less is known about how student-constructed artifacts 

and the environments in which they were constructed influence a mathematics learner. 

This qualitative case study examines students’ mathematical experiences, from K-12, 

during the construction of an artifact. The collected narratives were analyzed for 

curriculum linkages and interpreted in context with the new theory of inclusive 

materialism. 

 This study presents three cases, from Grades 2, 7 and 10, each from a different 

area of New Brunswick, Canada. A student constructed artifact from each case was made 

from an assemblage of materials. Rather than conveying their mathematical knowledge 

through paper and pencil calculations, students' material-mediated decisions influenced 

their mathematical knowledge. It became apparent that it was the materials, both physical 

and non-physical, within the maker-centred learning environment that contributed to the 

students’ expressions of mathematics. This research provides insights on how to foster a 

culture of making, mathematics, and materialism throughout a multi-grade level learning 

community, and how to use maker artifacts as assessment evidence for student 

mathematics competency.



 iii 

DEDICATION 

For Tasha. You are right – “Math is pretty”. LJ. 

 



 iv 

ACKNOWLEDGEMENTS  

It is with immeasurable gratitude that I acknowledge the support from those 

individuals who have been with me on this journey. For me, it has been a journey of 

learning – for you a journey of patience.  

I would like to express sincere appreciation to my thesis advisor, Dr. David 

Wagner. There was one point during the last 5 years that you mentioned how great it is to 

be able to obsess. While there were many times that my obsession for mathematics and 

maker culture should have manifested into a completed thesis, it was ultimately this 

obsession that brought new clarity to my professional practice. Thank you for inspiring 

me to explore this obsession.   

I am exceedingly fortunate to have had the support from my employer, Brilliant 

Labs / Labos Créatifs. Specifically, it was Mr. Jeffrey Willson who empowered me to 

continue this research regardless of what it uncovered. Your ability to ask questions that 

provoke reflection always encouraging.  

Finally, I wish there was a way that I could express the extent of my profound 

gratitude to my wife, Natasha Lingley and our daughter, Mackenzie Lingley. The pause 

button was pushed on this thesis several times over the last few years. It is those pauses 

that I cherish. It was during those pauses that I learned the value of experience, play and 

time from the two people for whom I have infinite admiration.   

 In the pages below, I refer to the word assembly – a collection of items grouped 

for a specific purpose. I am humbled to know that the reason all of you are assembled on 

this page is for my support.   

 



 v 

Table of Contents 

ABSTRACT ....................................................................................................................... ii 
DEDICATION .................................................................................................................. iii 
ACKNOWLEDGEMENTS ............................................................................................... iv 
Table of Contents ................................................................................................................ v 
List of Tables ...................................................................................................................... ix 
List of Figures ...................................................................................................................... x 
Chapter 1 ............................................................................................................................. 1 
 

1.0 Mathematics and Making .......................................................................................... 1 

1.1 From Contrivance to Creativity ................................................................................. 7 

1.2 Research Questions: Motivated by Professional Change ........................................ 10 

1.3 Transparency: My Role as a Researcher and Employee of Brilliant Labs .............. 12 

1.3.1 Simple Circuit Quizzes ..................................................................................... 15 

1.3.2 Echolocation Shoe ............................................................................................ 15 

1.4 Thesis Outline .......................................................................................................... 16 

Chapter 2 ........................................................................................................................... 19 
 

2.0 Literature Review .................................................................................................... 19 

2.1 Layers of Geometry: An Example of Maker-Centred Learning .............................. 20 

2.2 A History of Computers as Learning Materials ...................................................... 23 

2.3 Maker-Centred Learning: The Expression of Creativity ......................................... 25 

2.4 Early Technology Education Influenced the Growth of Maker-Centred Learning . 27 



 vi 

2.5 Past Theory Supports Current Practice .................................................................... 31 

2.6 Making as an Instructional Culture ......................................................................... 33 

2.7 Makerspace Maintenance ........................................................................................ 36 

2.8 Assembling Materials of Mathematics within Makerspaces ................................... 39 

2.9 A Fictional Example of Inclusive Materialism: Jean’s Conundrum ....................... 44 

2.10 The Aesthetic Link Between Mathematics and Maker-Centred Learning ............ 48 

Chapter 3 ........................................................................................................................... 53 
 

3.0 Methodology ............................................................................................................ 53 

3.1 Criteria for Project Selection ................................................................................... 54 

3.2 Case Study Design ................................................................................................... 58 

3.3 Data Collection ........................................................................................................ 60 

3.4 Participant Roles ...................................................................................................... 63 

3.4.1 Researcher as an Active Participant ................................................................. 63 

3.4.2 Educational Stakeholders ................................................................................. 65 

3.5 Observing the Presence of Mathematics in Student Activity .................................. 66 

3.6 Conveying Interesting Observations of Mathematics ............................................. 75 

Chapter 4 ........................................................................................................................... 81 
 

4.0 Presentation of Cases ............................................................................................... 81 

4.1 Case 1: Cardboard Carnival Games at Suburban Middle School ............................ 82 



 vii 

4.1.1 Contextualization.  

4.1.2 Data Collection ................................................................................................. 89 

4.1.3 Observations of Specific Mathematics Curricular Outcomes .......................... 90 

4.1.4 Observations of Interest .................................................................................... 91 

4.1.5 Qualifying an Observation ............................................................................. 121 

4.1.6 Reflections of Making and Mathematics from Suburban Middle School ...... 125 

4.2 Case 2: Desk Organizers at City High School ....................................................... 131 

4.2.1 Contextualization ............................................................................................ 131 

4.2.2: Data Collection .............................................................................................. 144 

4.2.3 Observations of Specific Mathematics Curricular Outcomes ........................ 145 

4.2.4 Observations of Interest .................................................................................. 150 

4.2.5 Reflections of Making and Mathematics from City High School .................. 168 

4.3 Case 3: Literature-Inspired Cardboard Robots at Countryside Elementary .......... 171 

4.3.1 Contextualization ............................................................................................ 171 

4.3.2 Data Collection ............................................................................................... 179 

4.3.3 Observations of Specific Mathematics Curricular Outcomes ........................ 180 

4.3.4 Observations of Interest .................................................................................. 181 

4.3.5 Reflections on Mathematics and Making from Countryside Elementary ...... 188 

4.4 Summary of Findings Pertaining to the First Research Question ......................... 190 

Chapter 5 ......................................................................................................................... 194 
 



 viii 

5.1 The Entanglement of Mathematics and Making ................................................... 197 

5.1.1 A Vector Analogy: Making as Unification for the Entangled Phenomena .... 201 

5.1.2 Mathematics and Making: The Aesthetic Dimension .................................... 203 

5.1.3 Mathematics and Making: The Inclusive Material Assemblage .................... 217 

5.2 Material Assemblage Mediated Manifestation of Mathematics ............................ 226 

5.3 The Material of a Mathematics Concept ............................................................... 232 

Chapter 6 ......................................................................................................................... 236 
 

6.1 From Curriculum Alignment to Dis-Alignment .................................................... 236 

6.2 Implications Generated from Case Observations .................................................. 249 

6.2.1 Becoming Comfortable with Observations of Student Conceptualizations ... 249 

6.2.2 Maker-Centred Learning that Promotes Transdiciplinarity ............................ 252 

6.3 Student Access to Increasingly Virtual and Sensuous Materials .......................... 255 

6.4 Assembling Materials to Make Mathematics: A Conclusion ................................ 259 

References ....................................................................................................................... 263 
Appendix A ..................................................................................................................... 273 
Preliminary Data Instrument For School Visits .............................................................. 273 
Appendix B ...................................................................................................................... 275 
Informed Consent Letters Requesting Permission to Conduct Research ........................ 275 
Appendix C ...................................................................................................................... 280 
Permission to Conduct Research and Post-Study Sharing Consent Forms ..................... 280 
Appendix D ..................................................................................................................... 283 
Draft Example of Unstructured Interview Questions ...................................................... 283 
Curriculum Vitae



 ix 

List of Tables  

Table 1 Demographics of the Three Cases in this Research ............................................. 56 

Table 2 Instances of Mathematics and Curriculum Alignments from Case 1 ................... 77 

Table 3 Student Arguments as they Relate to Curricular Outcomes ............................... 147 

Table 4 Exemplar Instances of Obs. Mathematics from Range Tout Interviews ............ 152 

Table 5 Inclusive Materialism & Alignment with Curricular and Disciplinary Math .... 227 

 



 x 

List of Figures  

 

Figure 1 Distribution of Obs. Mathematics from Suburban Middle School ..................... 90 

Figure 2 Vincent and Carter's Cardboard Plinko Carnival Game  .................................... 93 

Figure 3 Possible Outcomes of Vincent and Carter’s Plinko Game ................................. 98 

Figure 4 Vincent and Carter’s Plinko Circuit .................................................................. 106 

Figure 5 Lacey’s Code and Calculations  ........................................................................ 112 

Figure 6 Lacey’s Scratch Project  .................................................................................... 117 

Figure 7 Un Range Tout from Mme Perrot and Mme Allard’s Class ............................. 131 

Figure 8 Illustration of Scott and Noah’s Pencil Holder Design ..................................... 137 

Figure 9 TinkerCAD Screenshots ................................................................................... 139 

Figure 10 Distribution of Obs. Mathematics from City High School ............................. 145 

Figure 11 Table Leg Mounted Range Tout  .................................................................... 151 

Figure 12 Trajectory for Student Arguments During Range Tout Construction ............  155 

Figure 13 Student Geometric Sketches on Whiteboard Desk  ........................................ 157 

Figure 14 Student Calculations of Cylinder .................................................................... 158 

Figure 15 An Example of Student Created Cardboard Robot ......................................... 173 

Figure 16 Caitlyn’s Micro:bit code made on https://www.makeblock.com ................... 175 

Figure 17 Austin and Ellie’s Robot Constructions .......................................................... 178 

Figure 18 Distribution of Obs. Outcomes from Countryside Elementary ....................... 180 

Figure 19 Ellie with her Cardboard Robot ...................................................................... 187 

Figure 20 Distribution of Observed Outcomes of all Cases ............................................ 191 

Figure 21 A Vector Analogy of Making ......................................................................... 200 



 xi 

Figure 22 Aesthetic Response Flow-chart ....................................................................... 208 



 

 

1 

Chapter 1 

Introduction 

1.0 Mathematics and Making 

In my six years with Brilliant Labs, an organization devoted to providing students 

with the innovative materials they require to construct artifacts of their learning, I have 

often heard teachers say they are convinced that students using these materials in a 

collaborative learning environment acquire skills that are relevant to subject-specific 

curricular outcomes. However, evidence of such learning has yet to be fully documented 

and applied to any one subject area curriculum (Kafai et al., 2014).  

Educators have long understood mathematics to be a subject area in which 

students require diversity in the instructional materials available to them to further their 

understanding (Boaler, 2016; de Freitas et al., 2017; de Freitas & Sinclair, 2014; Papert, 

1993b; Upitis et al., 1997). From pattern blocks and geoboards to dynamic geometry 

software, many different materials have been used by mathematics educators to inspire 

students to create relevant, meaningful, and accessible representations of the content 

knowledge. Educators and researchers of school-based mathematics tend to agree that, 

along with these instructional materials, the learning environment can significantly 

influence a learner’s conceptualization of mathematics content (de Freitas & Sinclair, 

2014). A material-based mathematics learning experience can produce rich content 

conceptualizations that are often better aligned with the discipline than the subset of 

concepts offered by school-based mathematics curricula (de Freitas & Sinclair, 2014).  



 

 

2 

 Furthermore, mathematics educators suggest that the learning students experience 

is significantly enriched when students have the opportunity to create physical artifacts 

that convey their understanding of and appreciation for the curriculum knowledge and the 

discipline that knowledge represents (Boaler, 2016; de Freitas & Sinclair, 2014; Harel et 

al., 1991; Resnick, 2017). When material-rich learning environments, known as 

makerspaces, began to emerge across New Brunswick, an opportunity existed to 

determine how this educative space could allow a student the agency to engage in a 

culture of mathematics as described by those mathematics education researchers who 

support material-rich learning experiences.  

 The term makerspace is a particular form of physical learning environment. The 

associated educational movement that has been growing in international popularity is 

known as maker education. The extent to which schools adopt the maker-education 

philosophy can vary. However, one consistent characteristic among adoptive schools is 

the creation of a dedicated space in which innovative and materially diverse activities can 

occur (Dougherty, 2012). These spaces are named by the larger school community (e.g. 

FabLabs, Hackerspaces, or Labos Créatifs1); however, they are most commonly referred 

to as makerspaces (Andersen, 2014; Dougherty, 2012; J. Willson, personal 

communication, January 28, 2015). These novel learning environments commonly 

 

 

1 The French term Labos Créatifs is both the French name of Brilliant Labs as an organization and the 
common term given to most francophone makerspaces in Atlantic Canada. Anecdotal evidence supports the 
view that this is in response to the growth of Brilliant Labs/Labos Créatifs in Atlantic Canada, which could 
be the inspiration for a study that analyzes the cultural influence of a third-party organization on a school. 
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include a range of low-tech construction materials to high-tech computational devices, 

such as three-dimensional printers and virtual reality headsets.2 

Maker education is a component of a vibrant international community of makers 

who have often been united by the commercial entity Make: Community (Clapp et al., 

2016; Dougherty, 2016). Founded by Dale Dougherty in 2005, the company aimed to 

celebrate those who passionately make, hack, innovate, iterate, and then share their 

creations with a larger audience (Dougherty, 2016). The celebrations that united makers 

of all ages began with a print magazine and grew into international events called Maker 

Faires (Dougherty, 2016). Maker Faires often attracted educators because many exhibits 

had direct application to school-based content knowledge, which partly contributed to the 

rise of makerspaces within schools; educators who either attended Make: Community 

events or heard about exhibits through Make: Community’s active social media presence 

were motivated to apply the maker mindset to their own educational communities (Clapp 

et al. 2016; Dougherty, 2016; D. Dougherty, personal communication, September 12, 

2018). 

While Dougherty’s Make: Community and Maker Faires have been instrumental 

in inspiring schools to integrate maker culture, some researchers have disassociated 

 

 

2 In my experience of observing local practices, there is a disconnect between professional practice and 
pedagogy. What may be considered novel in local school communities is not entirely new or unique when 
considering the instructional philosophy offered by Dewey (1938/1997) and others. The use of the word 
“novel” refers to the propensity for these spaces to be new to a school and also a perception of novelty due 
to the availability of modern instructional materials. 
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Maker Education from the corporate connection, preferring to use it as a colloquial, 

pedagogical term (Clapp et al., 2016). In an effort to eliminate any corporate bias and to 

ensure inclusivity, agency, and empowerment in students and educators who use the 

creative act of making, the educational research group Agency by Design created the term 

maker-centred learning (Clapp et al., 2016). I will use the term maker-centred learning 

throughout this case study, to refer to both the act of making by students and the 

associated learning that occurs from the act of making.3  

Given that maker-centred learning is a relatively new educational construct, 

stakeholders and researchers have been attempting to understand the quality of student 

learning that occurs within makerspaces. Some research indicates that valuable student 

learning occurs within a makerspace learning environment; however, there has yet to be a 

study that identifies the subject-specific learning a student acquires during a maker-

centred learning project (Kafai et al., 2014). There has however, been significant research 

done by de Freitas & Sinclair (2014) that suggests that the diversity of materials available 

to students influences their conceptualization of mathematics knowledge.  

It is at this intersection, between specific learning within a makerspace and the 

materials of a learning environment that influence the manifestation of mathematics 

concepts in students, that my research interests begin. Even though de Freitas & Sinclair 

 

 

3 The term making is often italicized throughout my thesis for two reasons: (1) to make sentences easier to 
read when they do not include a reference to the object that has been made from the act of making and (2) 
to emphasize that making refers to the process of an artifact being made within a makerspace or as part of a 
maker culture (Dougherty, 2012).  
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(2014) do not mention makerspaces specifically, their research suggests that mathematics 

educators may find merit in a qualitative analysis that outlines the specific mathematics 

learning by students in a materially diverse environment (de Freitas & Sinclair, 2014). 

The rest of this introduction may resonate with new mathematics educators 

because I wrote it as a retrospective of my own beginnings as a middle-school 

mathematics teacher. Early in my career, I became increasingly uncomfortable with the 

predominantly text-based instructional materials I used to teach Grade 8 mathematics. 

Like many new teachers, I had a perception of professional accountability to the 

curriculum. In the first year, more often than not, I tried to follow the curriculum in the 

way that I had been taught. Perhaps it was the pressure of the provincial standardized test 

at the end of the year, or simply inexperience as a teacher, that prompted me to ignore the 

first few pages of the curriculum document and teach directly from the specific 

curriculum outcomes. Known as the front matter of the New Brunswick Mathematics 

Curriculum Guide, those first pages of the curriculum document contextualized the 

specific curriculum outcomes within the wider discipline of school mathematics. During 

those first years as a mathematics teacher, regardless of the materials present in my 

classroom, I led my students in abstraction rather than construction. 

Encouraged by my colleagues and motivated by my students’ disengagement to 

the traditional mathematics instruction, my professional practice became significantly 

influenced by constructionism, which is a pedagogical theory founded by Seymour Papert 

(Harel & Papert, 1991). In their 1991 book, Constructionism, they attest that 

constructionism continues the work of the closely related instructional theory of 

constructivism whereby a learner continues to build their own knowledge structures. 
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However, rather than those structures being abstract, learners in a constructionist 

environment use their knowledge to physically build structures of their knowledge (Harel 

& Papert, 1991). Teachers who adopt constructionism in their classrooms permit their 

students to make physical artifacts of their learning, while recognizing and celebrating 

their discoveries throughout the iterative design process (Ackermann, 2011; Harel, et al., 

1991).  

After embracing constructionism in my teaching, I filled the shelves of my 

classroom with an assemblage of diverse materials, from popsicle sticks and glue guns to 

batteries and interactive electronics, instead of class sets of textbooks. This assemblage of 

materials began to influence the authenticity of mathematical experience my students 

expressed in their work.  

I use the word authenticity to draw attention to the change in which my students 

seemed to appreciate their knowledge of mathematics through materials. Rather than 

students abstracting their mathematical knowledge, they were authoring new experiences 

with concrete materials. For me, this was an authentic experience in that my students 

were beginning to physically make a version of their reality where mathematics concepts 

were no longer intangible. I recognize that I am possibly capitalizing on my current 

knowledge to interpret these memories of material influence in my classroom nearly 

eleven years ago. However, I have a vivid memory of an interactive prime factorization 

board that led to my own ideological shift in mathematics instruction, an obsession for 

the maker narrative, a new job placement, and this research. 

The remainder of this chapter will provide a contextual overview of the 

experiences within my own professional practice that inspired this research. Before 
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presenting my two research questions, however, I will relate the initial experience that 

made me curious about the role of materials in student constructions of mathematical 

concepts. I will then provide an overview of how I transitioned from a classroom teacher 

to a seconded teacher working for Brilliant Labs, a not-for-profit organization that 

supports maker-centred learning initiatives. Finally, to convey a sense of not only the 

diversity of materials available to students, but also the material combinations that can 

lead to complex artifacts of their learning, I will provide descriptions of exemplar 

projects from my first years with Brilliant Labs. 

1.1 From Contrivance to Creativity 

One of the specific outcomes in the Grade 8 New Brunswick Mathematics 

Curriculum requires students to understand square numbers and square roots 

symbolically, pictorially, and concretely (Department of Education and Early Childhood 

Development, Province of New Brunswick [EECD], 2009c). One activity suggested by 

the curriculum to improve students’ understanding of square roots is to create a prime 

factorization tree. At this point in the early stages of my new embrace of constructionism, 

I became obsessed with finding activities that would afford students an opportunity to 

create a physical representation of the concept of a prime factorization tree. After a quick 

Google search for something like “prime factorization model,” I found a photo of 

someone wearing a knitted sweater that depicted the natural numbers 2–100 in a 10x10 

grid, using colourful segments of yarn for each number’s prime factors (Eklund, 2009). A 

few of my students were instantly enamoured by the colourful materials selected by the 

original maker, imagining the materials they could use to make their own replicas of this 

model. 
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While my classroom was already filled with a diverse assemblage of materials, it 

did not include yarn, knitting needles, or even someone who knew how to knit. The 

students embraced their own creativity and constructed a prime factorization model using 

colourful paint swatches, glue guns, scissors, a computer, and an electronic device to 

permit a layer of interactivity. When they were finished, these students had made an 

incredibly sophisticated, creative, and electronically enabled model of prime 

factorization. It was an exemplary representation of the concept outlined in the 

curriculum document. However, to this day, I am not sure if their making influenced their 

understanding of prime factorization or simply how to cut hundreds of small polygons 

from paint swatches donated by a local hardware store. Nevertheless, watching students 

cutting their preferred paint swatch colours is my earliest memory, as an educator, of a 

material-influenced mathematics conceptualization.  

For this group of students, the prime number “2” became their enemy of sorts. 

They often lamented that they were always running out of seafoam green, the particular 

colour they had chosen to represent “2.” When I asked why they could not use a 

substitute colour (even the one that appeared on the same paint swatch, directly below 

their preferred seafoam green), their response was enough to make me not question their 

aesthetic choices again. As their compliant teacher, I had depleted the supply of seafoam 

green swatches at one store location, but my students informed me that it was still not 

enough. Fearing the wrath of the employees in the paint section at the next store I would 

have to pillage, I asked these students to approximate the number of swatches they 

required to finish so that I would not have to go through this again. I remember 
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wondering why it was taking them so long to produce their approximation. However, 

once they handed me their sheet of meticulous calculations, I understood.  

My students had complied with my instructions and presented me with a 

definitive number of swatches to collect. Their computations were so elaborate that the 

simplicity of their answer almost insulted the intricacies of their work. The students 

informed me that, sympathizing with my fear of retaliation by the employees in the 

hardware store, they wanted to ensure they gave me an accurate number of paint 

swatches to retrieve. Not only did these students expertly use the idea of limiting 

resources to precisely optimize the paint-swatch surface area required for each seafoam 

green prime factor segment, but they also accounted for a certain percentage of extra 

material. I remember asking if they had feared ruining one of their cuts and had therefore 

allowed for some overage. It turned out the students were not worried about their cutting 

skills; they were more worried about my paint-swatch negotiating skills. 

I remember being awestruck by the materiality of this student-created 

mathematics experiment. These students had applied their own knowledge of surface area 

to ensure a favourable outcome if a negotiation had to happen between a student and a 

skeptical paint department employee. As the students continued to work on the prime 

factorization model over the next few weeks, I often marvelled at how the student-

selected materials themselves had transitioned from being artistic materials to become 

materials that foundationally influenced student-expressed mathematics. 

In addition to the seafoam green material experience described above, other 

instances of students selecting materials to make projects piqued my curiosity about the 

role of materials in the learning of mathematics. Serendipitously, in the same year that 
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my students constructed the prime factorization project, my school constructed a 

makerspace. Just as my students had had access to an assemblage of diverse, low-to-high-

tech materials, all students in the makerspace would have access to these materials to use 

in their own projects. Due to the increased material access provided by a centrally 

located, communal makerspace, I became even more interested in how students selected 

their preferred materials, the mathematics involved, and the narrative learning experience 

they authored throughout the process of making. The research I will be presenting in 

these case studies formalizes my engagement with this interest. 

1.2 Research Questions: Motivated by Professional Change  

 My interest in materials that students use to express mathematics soon expanded 

beyond my own classroom as my professional role changed from a classroom teacher to 

the New Brunswick Director of the not-for-profit, educational organization, Brilliant 

Labs. This new role significantly influenced my research interests because it permitted 

access to dozens of makerspaces, each with its own material assemblage. Furthermore, as 

discussed later in this chapter, in my position as Director at Brilliant Labs, I ensured that 

expressive, computational devices found in makerspaces were integrated into instruction 

rather than simply perceived as yet another fleeting technological novelty. 

 Regardless of the rich instructional and creative affordances technology can 

provide any student, teacher, or other educational stakeholder, it is exceedingly difficult 

to advocate for a technology or movement without considering the tensions that such 

advocacy creates. As the literature review in Chapter 2 will indicate, the creative 

potential of technology as a classroom material can significantly contribute to the 

creativity of a student’s learning artifact. Even though many teachers recognize that 
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technology includes all tools that improve the process for which they were designed, I 

have observed that computational devices are often used for information consumption or 

instructional efficiency rather than part of a creative instructional process. creative 

potential they offer as a component of a larger instructional purpose. 

 Most of the insights that inspired this research came from direct instructional 

experience with students and educators throughout New Brunswick during the early years 

of my secondment at Brilliant Labs between 2015 to 2017. During that time, six 

makerspaces were created throughout the province, and the novel technologies captivated 

the intended makerspace audience. It was common to spend multiple days learning even 

the most basic code to light up an LED connected to a microcontroller. This time was 

never spent in isolation. Students, teachers, and members from the larger school 

community were always engaging in this collaborative learning and teaching experience. 

Those experiences have inspired and informed this research. 

 As I will discuss later in more detail, Brilliant Labs is one of the primary agencies 

that has been collaborating with schools in New Brunswick to establish makerspaces that 

offer a range of diverse technological materials. Given the novelty of some materials, 

such as virtual-reality headsets, computer-numeric-controlled (CNC) milling machines, 

and programmable microcontrollers, anyone who was to visit a makerspace could 

become preoccupied with the new functionality and the potential that these materials 

could provide to the local cultures and community. Indeed, audible gasps could often be 

heard from those who had previously not witnessed the seemingly magical experiences 

provided by some of the technology in the makerspace. As the Director of Brilliant Labs, 

I was concerned to establish a learning context for these new material experiences so that 



 

 

12 

the excitement could contribute to a growing culture of material integration and 

diversification rather than focus on the merits of any single piece of technology. 

 It was important to construct thesis research questions situated within 

mathematics that remained inclusive, applicable across the range of diverse materials 

common to makerspaces in different geographic regions. The intent of this research is to 

understand student learning within a maker-centred learning context and how it relates to 

students’ knowledge of school-based mathematics. The scope of this study is large, 

including participant narratives from each of the three levels of grade-school education in 

New Brunswick: elementary, middle, and high school. Using comparative analysis, I will 

collect their narratives about constructing their projects and combine them with my own 

observations to address the following research questions: 

1. What specific mathematics curricular outcomes were observed within each 

project?  

2. How do the material characteristics of the learning environment (human, physical, 

aesthetic, and cultural) influence the manifestation of these outcomes?  

The classroom observations that contributed to answering these questions will support a 

pragmatic argument for educators who are interested in using maker-centred learning. 

This research aims to define, constitute, and explore the credibility of the discipline-

specific knowledge that is present within a maker-centred learning project. 

1.3 Transparency: My Role as a Researcher and Employee of Brilliant Labs 

Given that my research and instructional philosophy are closely linked to those of 

Brilliant Labs, I think it is important to address the possible perception of a conflict of 

interest. I have attempted to honour my moral obligation to be as objective as possible 
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during this case study. Objectivity is foundational not only to all research, but also to the 

potential implications this research may have on the reputation of Brilliant Labs as an 

organization. As a publicly funded educational organization, Brilliant Labs’ work is 

vulnerable to any disinformation due to misrepresentation of research findings. This 

research will provide insight into the entire maker process rather than the discrete 

technological materials often requested by a school. In an attempt to clarify the role of 

Brilliant Labs within New Brunswick’s education system, I will explore the rise of the 

organization and how its objectives relate to this research. 

Through a personal learning network that included fellow, like-minded educators 

and information technology industry leaders, I became involved in conversations that 

ultimately led to the establishment of Brilliant Labs. It was the original goal of Brilliant 

Labs to enact the vision of the two founding entrepreneurs, David Alston and René 

Boudreau, which included providing schools with innovative learning environments 

where students could increase their computer programming proficiency (Alston & 

Boudreau, 2014). While this was similar to public and private computer programming 

initiatives in other provinces (British Columbia, Nova Scotia, and Ontario), the way in 

which students applied their new skills required Brilliant Labs to include maker-centred 

learning as one of the primary pedagogical philosophies, just 6 months after 

incorporation (Casey, 2014; Hemmings House, 2014). In September of 2015, I was 

seconded by the Department of Education and Early Childhood Development to assist 

Brilliant Labs as its Program Director. It has been in this role that I have been able to 

develop the justification and necessity for the research involved within this case study. 
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Brilliant Labs’ mandate to provide innovative learning experiences for K–12 

students in Atlantic Canada has been fulfilled in New Brunswick by following a 

trichotomous approach: 

• support innovative student projects, 

• support innovative teachers, and 

• support the creation of school makerspaces.  

The organization’s use of the subjective terms “innovative” and “innovation” is 

purposeful. In my recent experience, educators and students commonly assume that an 

innovative school project will include a technology component. The level of 

technological engagement, however, is dependent on many factors, including culture, 

community, access, user competency, and one’s own interpretation of innovation. Having 

supported more than 110,000 New Brunswick student learning experiences since the 

organization’s inception in 2014, Brilliant Labs has supported a range of diverse projects 

that include the applied integration of a continuum of materials. Regardless of the extent 

of technology use within a project, it is common for students involved in a Brilliant Labs 

project to make an artifact of their learning.  

Examples of projects where artifacts are made by students can be found in a 

cross-section of completed or on-going projects from Brilliant Labs’ engagement with 

Atlantic Canadian students and teachers. The following descriptions of two student 

projects (simple circuit quizzes and echolocation shoe) provide some further context as to 

the nature of learning artifacts, students’ connection with content knowledge and the 

maker-centred learning environment in which the artifacts were made 
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1.3.1 Simple Circuit Quizzes 

One of the Grade 6 science curriculum outcomes includes the study of parallel 

and series circuits. In an effort to provide a concrete, interactive learning opportunity in 

which the students could demonstrate their curriculum knowledge, the teacher presented 

students with the project goal of creating a multiple-choice, cardboard-supported, 

electronic-circuit-powered quiz game. While the content of the quiz questions was 

selected by the student, the process of the construction permitted the organizing teacher 

to assess the depth of circuit knowledge students had acquired. 

Students created these circuits using a 3V coin-cell battery, conductive tape, and 

an LED. Most circuits were constructed on the inside of the cardboard quiz box in order 

to not assist the user in selecting the correct response. A quiz token would be placed by 

the user on one of the four choices; when the token was placed on the appropriate 

response, an LED would be illuminated.  

1.3.2 Echolocation Shoe 

A Grade 4 student visited the new makerspace in his school. Looking at the 

assorted materials and electronics, he became enamoured with electronic sensors that sent 

a signal to a buzzer when an obstacle approached. Amazed by novelty and prompted by 

the teacher’s inquiry, the student asked the makerspace teacher if the sensor functioned in 

a fashion similar to that of the biological process of echolocation. The student was 

correct. An ultrasonic distance sensor transmits a wave-based signal that reflects and 

rebounds off the surface of an obstacle, then returns to a corresponding receiver module 

on the sensor. This process is similar to the biological navigation mechanisms of a bat or 
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a dolphin, two animals that this student’s teacher had used as examples when teaching the 

class about echolocation. 

The student then expressed interest in discovering if the same electronic device 

could act as an assistive device for visually impaired individuals. His initial design 

included an ultrasonic sensor on the toe of a shoe and a loud, shrill buzzer at the ankle. 

After months of prototyping, this student produced an echolocation-inspired shoe that 

buzzed when an obstacle was within 20 cm of the wearer. 

The support from Brilliant Labs has facilitated a number of makerspaces and 

student projects across New Brunswick and, as a result, the opportunity for this research. 

There is a shared interest among educational stakeholders from within and beyond our 

formal New Brunswick system of education, particularly given the enthusiasm about how 

Brilliant Labs’ initiatives could influence the skill set of a future labour force. However, 

significant pedagogical insight is required to understand the qualities of student learning 

within these dynamic spaces. As suggested in the learning scenarios above, the diverse 

content knowledge expressed by students can include curricular outcomes from several 

grade levels and across numerous subject areas. It is clear that students are learning in 

these shared interest spaces. This research will permit greater understanding of the 

context for that learning, the facilitative materials, and the culture that allows the learning 

to occur. 

1.4 Thesis Outline 

 This research follows a traditional thesis format with one exception—rather than 

have one chapter provide a conclusion and discussion, I have opted for two chapters. The 

section below will provide some contextual clarity for all chapters. 
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While mathematics is an expansive discipline on its own, the pedagogical 

philosophy found in past and current literature that provides the interdisciplinary context 

for this research is similarly complex. The literature review in Chapter 2 will explore 

research that has previously acknowledged the linkages among pedagogical theories that 

support learning-by-doing (Dewey, 1916/2010; Libow Martinez & Stager, 2013; Papert, 

1993b). In Chapter 2, I will also examine emergent research about the role of diverse 

materials in mathematics education in order to discuss how this relates to the philosophy 

of maker-centred learning. Given the prevalence of computational devices found in 

makerspaces, Chapter 2 will also provide a brief review of the historical role of 

computers in education. 

Chapters 3 and 4 will follow the traditional format to offer the research 

methodology and the presentation of cases, respectively. Chapter 3 will outline my 

research methodology and provide context as to why the results are unconventionally 

structured. Chapter 4 will present three cases, one from each of the three levels of public 

school in New Brunswick: elementary, middle, and high. For each case, I will 

contextualize the classroom’s instructional culture, review additional details regarding 

data collection practices, and then present findings. In order to acknowledge the variation 

among cases, I will present the findings for each of the three cases in two sections:  

• Observations of Specific Curriculum Outcomes  
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• Observations of Interest 

In these sections, I will explore the alignment and dis-alignment4 between the 

observations and the curricular documents. 

As noted above, Chapters 5 and 6 are marginally unconventional. Given the 

complexity of the implications presented by this research, I felt it was necessary to have 

distinct chapters to answer the research questions initially stated and to discuss the 

potential for further research. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

4 I use the neologism dis-alignment purposefully in this thesis rather than the word 
misalignment. If something is misaligned then it is often interpreted as being out of place, 
bad, or imperfect in comparison to what is correctly aligned. With regards to my 
observations during this research, there was nothing that was misaligned, rather an 
observation that is displaced from the accepted alignment.   
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Chapter 2 

Literature Review 

2.0 Situating Maker-centred Learning 

It has become increasingly evident that, when students are provided with an 

opportunity to engage in a learning environment where product construction is 

encouraged, they develop a passionate bond to the associated curricular content 

(Halverson & Sheridan, 2014; Martin, 2015; Resnick et al., 2000). While the recent 

increase in the number of makerspaces and the presence of newly released technology 

may contribute to the perception that maker-centred learning is a new educational 

movement, the underlying instructional philosophy is far from novel. Proponents of 

learning by doing have spent decades extolling the benefits when students are empowered 

to construct design-rich examples of their learning (Halverson & Sheridan, 2014; Martin, 

2015; Resnick et al., 2000). What is novel, however, is recognizing the potential impact 

that makerspaces have on the mathematics learner since these learning environments 

combine the benefits of celebrated pedagogy with access to expansive arrays of familiar 

and new construction materials. 

For those unfamiliar with maker-centred learning, it may be difficult to imagine 

the role of diverse materials within school-based mathematics. This difficulty increases 

when many materials become entangled with each other in any student created artifact. 

The materials in a makerspace form an assemblage representing the particular maker 

culture that is shared by the users of the space. The following section shows how 
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mathematics could be situated within the collaborative learning environment of a 

makerspace.  

2.1 Layers of Geometry: An Example of Maker-Centred Learning  

Any attempt to define the style of learning within a makerspace is complicated by 

the number of varying student activities that occur in that same space. A tour of 

makerspaces throughout New Brunswick has revealed students working with different 

instruments and materials. From my recent visits to a number of makerspaces in Atlantic 

Canada, it seems as though the majority of student activity in a makerspace centres 

around the construction of a virtual or physical artifact. This artifact is often a 

manifestation of their curiosity, interest or the educational purpose for which the student 

was initially sent to the makerspace.  

Given the diversity of materials available to students in a makerspace, not to 

mention the variety of educational purposes that would have brought them there, it can be 

difficult to qualify the learning that occurs in such an environment. Therefore, I have 

constructed the following narrative from a number of different experiences I had while 

working with students in New Brunswick. The narrative outlines one example of student 

activity within a makerspace and the apparent integration of mathematics throughout the 

project’s trajectory. 

Jillian listened to her middle-school mathematics teacher explain that the school 

had finished installing a makerspace in their library. The teacher described some of the 

tools that were available in the makerspace and how they might assist students in their 

current study of geometric solids. Jillian became particularly interested in the three-

dimensional printer because her teacher’s explanation of it implied that a great deal of 
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mathematics would be involved. The teacher explained that, as the printer moves along 

each of its axes, it added layers of extruded plastic to the build-plate below. Jillian 

decided that she would attempt to make a spherical pendant for her necklace as a final 

product in her geometry project.  

Under the direction of her teacher, Jillian used the cloud-based, computer-aided 

design software BlocksCAD (https://www.blockscad3d.com) to model her necklace. 

Having already sketched out a preliminary model of her pendant in her journal, Jillian 

was delighted to find that she could use two of the default geometric solids provided by 

the software: the sphere for the pendant and the cylinder as the negative space that would 

become the hole through which the necklace would pass. The familiarity of the drag-and-

drop blocks that connected together to render the shape allowed her to quickly iterate 

several designs before choosing her final product. 

The final pendant design required Jillian to orient both the sphere and cylinder on 

a three-dimensional Cartesian plane. To determine the size of the spherical pendant, 

Jillian first used the software to place the centre of the sphere on the point of origin and to 

increase the volume proportionally until the radius had a length of 20 units. Pleased with 

the size of the sphere, Jillian then used the software to draw the cylinder around the same 

point of origin, allowing a radius of 3 units, just large enough for the necklace material to 

pass through the sphere. In an attempt to finish her design quickly, she typed in her 

desired height for the cylinder as 20 units. Upon clicking the button that rendered her 

project, Jillian was bewildered because she could not see the cylinder that she had coded 

the software to produce. 
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 After consulting her teacher, Jillian realized the disparity between the radius of 

the sphere and the height of the cylinder. With the assistance of her teacher, she changed 

the height of the cylinder to match the diameter of the sphere and clicked the render 

button again. While the software compiled, Jillian became once again perplexed because 

the cylinder appeared to stick out of the top of the sphere rather than extend through the 

sphere from top to bottom. Looking at the z-axis, Jillian discovered that the top and 

bottom of the sphere were positioned on the points z = 10 and z = –10 respectively, while 

the bottom of the cylinder was drawn at z = 0 and the top at z = 20. She realized her error 

and navigated the cursor to the translate tool. After she completed the required translation 

of z = –10, the cylinder was correctly positioned such that the top and bottom were 

aligned with the dimensions of the sphere. The final step of converting the cylinder to a 

negative space was required in order to complete her final design. 

Jillian was initially unsure about how to turn the cylinder into a hole. Under the 

software category of set operations, she discovered a function named difference. This 

block of code allowed Jillian to create a virtual relationship between the sphere and the 

cylinder such that, when she clicked the render button again, it created a negative, 

cylindrical space through the sphere, thus fulfilling Jillian’s design for her pendant. With 

the help of a three-dimensional printer, the virtual pendant could become physical. 

Students gathered as Jillian prepared the file for printing. The teacher suggested 

that she pay close attention to the amount of plastic she instructed the printer to use for 

the interior volume of the object. After a discussion with her friends, Jillian was 

convinced that a heavy pendant may cause the wearer discomfort and, therefore, a 

volume of 10% should be sufficient. The final setting that required configuration was the 
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layer height. Since the class was almost over, Jillian elected for a coarse print resolution 

of 0.3 mm which would print faster but with noticeable striations between each layer of 

filament. The class then watched in amazement as the printer’s extruder heated to 230 °C, 

and the nozzle began to extrude thin layers of plastic, one on top of the other, in the shape 

of a sphere. 

This narrative has been added to provide clarification to the reader who may be 

unfamiliar with the kind of experiences students may have within a makerspace. 

Furthermore, Jillian’s necklace project demonstrates the entanglement between physical 

material and the digital tools that permit the virtual manipulation of physical space. This 

complex manipulation demonstrates one application in which students in a makerspace 

would be dependent on the use of computers. While many of the technological 

peripherals in a makerspace are new, insight gained from the scholarly work that has 

outlined the applications of computers in education (Cuban, 1986; Cuban et al., 2001; 

Papert, 1993a). 

2.2 A History of Computers as Learning Materials  

 For decades, advocates of technology in education have outlined the benefits that 

computers and computational devices can provide within a learning environment (Cuban, 

1986; Cuban et al., 2001; Papert, 1993a). Throughout his career of advocacy for the use 

of technology in education, Larry Cuban has found that the divisive financial, social, 

political, and institutional barriers surrounding educational technology have impeded 

access to the same devices that researchers have declared to be instrumental in fostering 

student creativity (2001). Fortunately, the growing international community of designers, 

engineers, crafters, artists, and computer scientists who use technology as an expressive 
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tool and the decreasing cost of technology have been influencing students and educators 

to recognize technology as a tool for students to express their learning (Dougherty, 2012). 

This expression of student passion not only recalls the early research in creative 

computational thinking by Seymour Papert (1993a), but also continues to be evident in 

many school-based makerspaces around the world (Dougherty, 2012). 

Educators who incorporate aspects of the maker-centred-learning philosophy 

within their classrooms often begin their journey by collecting and maintaining a core set 

of materials that inspire student creativity (Martin, 2015). These are the conditions that 

often lead classrooms to become areas for making, a movement popularized by 

Dougherty’s Make: Media company and supported by the research completed by 

Halverson and Sheridan (2014) is expressed in a number of student and community 

maker-centred projects. The physical locations in which these materials are collected and 

maintained can be as diverse as the materials themselves. Makerspaces become most 

effective when they are implemented in proportion to the demand created by a school’s 

culture for making (Dougherty, 2012; Sheridan et al., 2014). While the mechanism 

through which makerspaces are established within individual institutions has yet to be 

thoroughly documented, research analyzing the establishment of similar learning 

environments suggests that they are usually created in response to a growth in student 

demand (Hargittai, 2010). 

While most school-based makerspaces are initially established with inexpensive 

construction materials, students quickly realize the creative capacity offered by 

expressive computational devices like robotics, wearable electronics, and three-

dimensional, additive printing. When school makerspaces are created in parallel with an 
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existing school culture that supports maker-centred-learning activities, they have the 

potential to grow from occupying the corner of a teacher’s classroom to redefining the 

entire wing of a school (Hargittai, 2010; Kafai et al., 2014). 

Despite research demonstrating that the move to create computer labs stifled 

students’ appreciation of the creative potential of computers, restricting areas of a school 

to a particular activity suggests that the community values the learning that occurs in such 

settings (Hargittai, 2010). This may indicate a societal trend towards embracing the 

culture of making, leading to makerspaces becoming the dynamic learning environments 

that reflect the instructional goals of institutions (Andersen, 2014). Furthermore, this 

transformative undertaking empowers an increasing number of educators to provide new 

learning experiences via old technologies that had been relegated to a technology 

laboratory (Kafai et al., 2014). 

2.3 Maker-Centred Learning: The Expression of Creativity 

 Maker-centred learning may be characterized as a tendency for students to be  

actively engaged in the creative production and subsequent sharing of a learning artifact 

that embodies particular knowledge and expertise (Clapp et al., 2016; Dougherty, 2012; 

Halverson & Sheridan, 2014; Martin, 2015; Sheridan et al., 2014). It is the students who 

are making something. This style of learning could also apply to a number of 

complementary or competing instructional strategies, including constructivism, 

constructionism, project-based learning, and STEAM education (Ackermann, 2001; 

Dougherty, 2012; Papert, 1993b; Sousa & Pilecki, 2013). 

Rather than consider making in education to be a competing instructional 

philosophy, educators attest to its potential to provide a vector for students’ appreciation 
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of content and teachers’ assessment of their students’ curriculum knowledge (Martin, 

2015). Research from Halverson and Sheridan (2014) further demonstrates that, when 

students are provided with opportunities to explore their interests and construct 

representations of their ideas, educators are inviting those students to become part of a 

larger societal movement that embraces the expressive use of materials that can influence 

community-based problem solving. 

The process through which maker-centred learning provides opportunities for 

students to create physical manifestations of their interests and knowledge mimics the 

increasingly popular societal trend of making (Halverson & Sheridan, 2014; Kafai et al., 

2014). Proponents of making as a socially empowering activity suggest that, as global 

communities become more collaborative, the ways in which they construct projects, and 

subsequently share their convictions, become increasingly expressive (Dougherty, 2012; 

Resnick et al., 2000). An example of this expression can be found within internet 

communities, where ideas from individuals have become actualized when combined with 

the skill sets of those within a larger group (Dougherty, 2012). The enthusiasm for 

collaboration and the willingness to share ideas have provided a platform for 

communities to combine the skills and artistry of individuals in constructing physical 

representations of ideas (Dougherty, 2012; Halverson & Sheridan, 2014; Martin, 2015). 

The shared responsibility amongst group members to ideate, present, collaborate, refine, 

and construct ultimately leads to a culture within which individuals identify as makers 

(Dougherty, 2012). 

The social culture inspired by making encourages individuals who share the same 

interests to work towards project completion, relying on the combined passion of the 
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group members to persevere through inevitable obstacles encountered throughout the 

project. Such community learning is design-rich and replete with tangible examples of 

the application of knowledge (Andersen, 2014). Like community-based makers, students 

form goal-oriented groups that are driven towards goal completion (Dougherty, 2012). 

Researchers of maker-centred learning provide a link to past instructional reform 

strategies, including Dewey’s writings on “progressive schools,” Piaget’s constructivism, 

and Papert’s constructionism (Ackermann, 2001; Dewey, 1938/1997).   

2.4 Early Technology Education Influenced the Growth of Maker-Centred Learning 

 Given the pervasive use of technology in education at present, many consider the 

exponential growth of enthusiasm for the classroom computer to have been contagious. 

Like many contagions, however, without consideration of the potential impact, the long-

term effect of classroom computational devices on an under-prepared population may be 

less than desirable. 

While enthusiasm for using computers in education has spread exceptionally 

quickly—from a single device in the back of a classroom to a series of computers 

occupying whole classrooms—the underlying pedagogical theory to inform instruction 

has not been developing at a comparable rate (Cuban et al., 2001). Despite the increase in 

classroom usage of computers during the technological transition of nearly 60 years, 

stakeholders in education continued to design instructional policy that addressed not only 

access to technology, but also the provision of a learning environment that encouraged 

the effective use of the technology as an instructional delivery device (Cuban, 1986; 

Cuban et al., 2001; Papert, 1993a; Resnick et al., 2000). 
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As the number of personal computers increased in education, the early adopter 

argument that situated the computer as a device permitting creative student expression 

was replaced by one that advocated the use of the classroom computer as a mechanism to 

increase instructional efficiency (Cuban, 1986; Cuban et al., 2001; Harel et al., 1991; 

Turkle & Papert, 1992). Similar arguments were once made with the advent of the radio 

and television as devices that permitted both novelty and uniformity of instruction across 

large demographics of students (Cuban, 1986).  However, reducing the capabilities of 

educational technology to reinforce instructional efficiency positioned future 

computational technologies as devices by which users would consume content authored 

by others, rather than as devices by which users would create their own content (Cuban & 

Jandrić, 2015; Papert, 1993b). 

Another factor influencing the role of the classroom computer was the fact that 

computer functionality and professional training for their implementation in a classroom 

environment was generally limited (Cuban & Jandrić, 2015). However, educators who 

permitted students to use the computer’s primitive user interface to write their own 

programs were astonished to discover the extent of student learning (Martin, 2015; 

Papert, 1993b). The concurrent authorship of instructional policy regarding the computer 

as an instructional delivery device continued. A small number of educators realized the 

potential for a computer to be an expressive design tool for students. A larger number of 

educational stakeholders argued that the computer was the most effective instructional 

delivery innovation since the television to ensure efficient and uniform content delivery 

(Cuban, 1986; Cuban et al., 2001; Resnick et al., 2000). As a result, many school 

administrators increased the number of computers available and dedicated a physical 
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classroom to student computer use (Cuban, 1986; Cuban et al., 2001; Resnick et al., 

2000).  

The early view of the computer lab as the sole learning environment within a 

school where students were provided open access to computers perpetuated the notion 

that a computer is primarily a device used to consume rather than to create (Papert, 

1993b). Describing a computer as a tool of information consumption rather than 

creativity derives from Papert’s 1993 book, The Children’s Machine. Papert (1993b) 

positioned the computer in this binary state only to emphasize the tendency for computers 

to replace conventional instruction as computer-aided instruction increased in schools 

that had procured computers to fill laboratories in the early 1990s. Some software 

applications introduced to students—from early graphic programming languages, such as 

Turtle LOGO, to computer-aided-design applications—allowed students to create 

expressive works. However, these applications were often taught in isolation from other 

core subject areas or as an extra-curricular activity (Papert, 1993b; Resnick et al., 2000; 

Turkle & Papert, 1992). The main educational function of computer labs was to provide a 

learning environment in which educators could follow newly developed policy, which 

demanded that all students use the computers to obtain uniform content knowledge 

(Cuban et al., 2001; diSessa, 2016). 

This misalignment between the early use of computers in education and the 

creation of student-centred pedagogical policy influenced the future role of technology in 

education (Peppler & Hall, 2016). Perhaps this is a case where the contagious enthusiasm 

for computers in education was expressed before their pedagogical potential for content 

creation over consumption had been fully realized. 
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The early presence of computers in education was not entirely negative because 

many educators and students had the opportunity to use the computer as an effective 

instructional tool. However, in the absence of refined pedagogical practice, educational 

stakeholders missed an opportunity to embrace fully the creative potential of these 

devices (Blikstein & Worsley, 2016). Given the similarly infectious growth of maker-

centred learning, particular attention must be paid to ensure that student-centred 

pedagogical policy and progressive instructional practice align with the enthusiasm for 

the use of expressive computational devices that are commonly found in makerspaces. 

With the advent of makerspaces in schools, one may have expected to observe 

more computers being used as creative devices throughout the instructional culture of 

schools (diSessa, 2016). However, teachers often encourage students to use internet-

enabled, mobile devices to research content, prepare presentations, or supplement 

instructional resources, rather than capitalize on the embedded technology that could lead 

to expressive student creations if students were given adequate guidance (diSessa, 2016; 

Dougherty, 2012; Halverson & Sheridan, 2014). In schools that have a technological 

culture, computational devices can be as ubiquitous in education as the pencil once was. 

However, their role as tools for the creative expression of learning has yet to attain the 

same reputation as the pencil has had.5 Therefore, computational devices may come to 

 

 

5 The analogy between the ubiquity of a pencil in education and the presumption that a computer will 
become or should already be as ubiquitous as the pencil was also made by Seymour Papert in 1999 during 
his speech entitled Diversity in Learning: A Vision for the New Millenium.  
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assume a larger educational role in facilitating timely links among existing instructional 

practices, curriculum reform, and student interests, passions, and learning (Dougherty, 

2012; Halverson & Sheridan, 2014; Martin, 2015; Sheridan et al., 2014). 

Based on my own recent professional experience, I have noticed that teachers’ 

enthusiasm to increase students’ access to computational devices, like three-dimensional 

printers and other expressive electronic platforms, often turns to discouragement when 

they do not observe a correlated increase in the number of students who make learning 

artifacts with the technology. While this has yet to be documented with research, a 

similar trend seems to be occurring both in schools that constructed makerspaces and in 

schools that constructed computer labs (Hargittai, 2010). The capacity for students to 

create expressive learning artifacts with computational devices is not dependent solely on 

increasing access (Cuban, 2001; diSessa, 2016). Schools that adopt a philosophy of 

maker-centred learning must ensure that an instructional culture exists within the school 

to support student-designed construction of physical, learning artifacts – some of which 

may include embedded electronics (Papert, 1993b). 

2.5 Past Theory Supports Current Practice 

Foundational pedagogical arguments expressed by Dewey (1938/1997) highlight 

the importance of creating a learning experience in which a student can meaningfully 

engage with the content presented by the teacher. The intrinsic motivation, coupled with 

tactile interaction, that a learner experiences in a classroom that offers “learning-by-

doing” activities was defined further by researchers who promoted the pedagogical 

theory of constructionism (Ackermann, 2001; Papert, 1993b). 
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Whereas constructivism posits that students acquire content knowledge through 

metacognitive inquiry, constructionism claims that, when students construct a physical 

learning artifact, they become inexorably linked to the content knowledge (Harel et al., 

1999). Harel et al. (1991) noted the distinction that constructionism offers, over the 

similar psychological construct of constructivism: in addition to acquiring content 

knowledge through metacognitive inquiry, students become inexorably linked to the 

content knowledge through an activity where they construct a physical learning artifact. 

Constructionism as an instructional theory started to become popular with educators 

when students began to produce artifacts that required the incorporation of multiple 

disciplines and materials in order to complete their artifact (Dougherty, 2012; Martin, 

2015; Resnick et al., 2000). 

Dewey’s (1938/1997) observations supported constructionist learning theory—he 

argued that, during such activities, students are intrinsically motivated to share what they 

are learning and how it aligns with their passions. During this sharing, educators have the 

opportunity to collect meaningful assessment examples from classroom conversations, 

observations, and artifacts. The subsequent opportunities for dialogue that occur within 

student groups, and between students and teachers, provide a venue for students to 

present their content knowledge. It is during this constructionist-inspired dialogue that the 

instructional process—whereby students produce and then share their learning artifacts—

becomes more appropriately described as maker-centred learning (Clapp et al., 2017; 

Halverson & Sheridan, 2014; Sheridan et al., 2014).  

In addition to student enthusiasm, the expanded curriculum outcomes expressed 

through students’ learning artifacts provide evidence to educational leaders that maker-
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centred learning may be worth incorporating within a balanced instructional delivery 

model (Halverson & Sheridan, 2014; Kafai et al., 2014). Recently, however, some 

educators have been expressing concern with regard to the specific learning outcomes 

met by students engaged in a maker-inspired project. I have noted after a series of school 

visits that some subject area teachers had expressed concern that students working in a 

makerspace were missing instructional time, which meant they were not acquiring the 

same knowledge as those students who were receiving regular classroom instruction. 

While it is clear that learning is occurring in a maker-centred learning environment, 

further study is required to assess the extent to which the learning aligns with subject-

specific curriculum goals, which may alleviate concerns about missed instructional time 

in a regular classroom. 

2.6 Making as an Instructional Culture  

While a comprehensive qualitative analysis outlining the effect that making has 

had on the learning dynamic within educational institutions has yet to be completed, the 

narrative within the community of educators, the early adopters of maker-centred 

learning, provides insight into the effect this movement has had on the culture of learning 

within schools. In 2014, Kafai et al. noted shared characteristics between three student 

experiences in makerspaces and the experiences of a larger group of individuals who 

considered themselves to be part of an international community of makers. Makers are 

proud of their passions and skills, and they thrive in sharing the narrative of their projects 

with captive audiences. This socio-emotional trait of collaboration from the larger maker 

community is similar to best practices in many learning environments but they can be 

difficult for teachers to position within their assignments or topics of instruction.  
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 A common question posed to local New Brunswick makerspace educators asks 

about the source of student project inspiration. As the Director of Brilliant Labs, I often 

inquire about student inspiration and have had educators tell me that students were often 

impressed and elated by the fact that their school-based makerspace had the tools and 

materials required to replicate a project that they had found from a larger community of 

makers whom they followed on social media. It is common for sources of inspiration to 

originate from social media posts that include detailed accounts of how prospective 

makers may recreate the products of interest. 

Halverson and Sheridan (2014) and Papert (1993b) outline similar cases of 

student enthusiasm, which in turn may have caused makerspace educators to commit 

impulsively to student projects without having fully considered the implications of their 

commitments. As students become increasingly excited about completing a project, 

educators may become apprehensive when they realize that some projects require 

intricate knowledge of computational media devices. This apprehension may originate 

from the misconception that educators are among the principle arbiters of content 

knowledge within a subject area classroom (Dewey, 1938/1997). Therefore, apprehension 

about adopting a maker-centred learning project may exist if an educator believes that, in 

addition to ensuring the project encapsulates prescribed curriculum knowledge, they must 

understand each technological nuance within a project. 

It is unreasonable for an individual educator to possess the technical expertise 

required to complete any and all projects for which students could find inspiration on the 

internet. With many sophisticated electronics components becoming increasingly 

affordable, student projects can now often include components that had formerly only 
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been available to industry professionals (Libow Martinez & Stager, 2013). From working 

with students in makerspaces, I can attest that most student ideas, which are inspired from 

a community of internet-connected makers who regularly share their projects, are 

accompanied by detailed designs and build instructions. These online tutorials and the 

intrinsic motivation for makers of all ages to collaborate and share a common passion 

usually provide the agency required for students to produce their desired artifact (Papert, 

1993b). While educators may not possess the same level of technical expertise that 

students express throughout their project, their experience as educational professionals 

permit them to facilitate student learning, assess the corresponding curricular knowledge, 

and ensure that access to adequate learning resources is maintained. 

As the number of educators who adopt maker-centred learning as an instructional 

strategy increases, there is a need for a complementary increase in the motivation of 

educational policymakers to consider how this movement will influence mandated, 

subject-specific instructional time allotments (Halverson & Sheridan, 2014). Advocates 

of progressive instructional philosophy have often indicated that the static encapsulation 

of subject area knowledge, combined with the bell-mediated, abrupt cessation of learning, 

is not conducive to rich learning (Dewey, 1938/1997; Papert, 1993b). This antiquated 

educational structure continues to be a divisive force that compels students in 

kindergarten through to high school graduation to acquire subject specific knowledge and 

skills in isolation. 

Teachers who adopt a maker-centred instructional culture—where students are 

actively making artifacts of their learning that require guidance, skills, and knowledge 

beyond the expertise of the classroom teacher—can be further reassured by past 
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instructional theorists who advocated for a similar learning environment. Seminal works 

by Dewey (1938/1997) and Papert (1993a & 1993b) on instructional reform have noted 

the inherent educational value of permitting students to learn in an environment that 

supports the incorporation of several disciplines (Dewey, 1938/1997; Papert, 1993a; 

Papert, 1993b). It is apparent that a learning environment intended to support maker-

centred learning-inspired projects accords with prior theories about effective instructional 

practice (Dewey, 1938/1997; Papert, 1993b). Educators’ concerns about the diverse and 

seemingly sophisticated skills required by young makers should be interpreted as 

opportunities to refine their own professional practice. This presents an additional 

opportunity for educational researchers to reflect on the influence of maker-centred 

learning on institutional instructional goals and assessment practices that occur between 

makerspace educators and their students. 

2.7 Makerspace Maintenance  

The strategic curation of computational devices, tools, and consumable materials 

in a makerspace by a group of teachers, students, or other educational stakeholders 

represents a process followed by creators of other learning environments that similarly 

inspire innovative thought, such as a laboratory, theatre, or art class (Kafai et al., 2014; 

Sheridan et al., 2014). Each of these spaces, commonly found in schools, contains tools, 

materials, and furniture that have been hand-picked with an end-user’s experience in 

mind. Similar to other specialty classrooms, makerspaces tend to be equipped with a 

variety of raw materials to ensure equitable and adaptive creative access to a range of 

makers. Advocates of maker-centred learning and constructionist learning theory suggest 
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that there is a relationship between the diversity of materials and the agency of 

experience learners have in a makerspace (Dougherty, 2016; Resnick, 2017).  

Learning environments like makerspaces that focus on the aspirational 

experiences of students require significant maintenance and support within an institution 

(Libow Martinez & Stager, 2013).  Administrators frequently recognize the investment 

required to sustain educational initiatives that have become a hallmark of the education 

experience, but they must ensure that these initiatives continue to offer collective benefits 

to student life over the term of the investment (Martin, 2015). Therefore, with the 

documented potential of makerspaces assuming a role in innovative student project 

creation, school administrators must consider a plan that would account for the impact 

that maker instructional philosophy would have on the financial, human, and other 

material resources at their schools and throughout their communities. 

As students involved in maker-centred learning initiatives acquire increasingly 

technical skills at their schools, industry partners recognize this collective impact on 

workforce supply (Andersen, 2014). Consequently, teachers and school community 

members who wish to create a makerspace may be required to consider external 

influences related to employability and economic prosperity (Dougherty, 2016). Using 

the interdependency of the informational technology sector on our present economy as an 

example, industry leaders have been lobbying education policymakers to ensure that 

students are exposed to authentic computer programming experiences (Dougherty, 2016; 

Kafai & Burke, 2014; Resnick, 2017). This has been done in an attempt to increase the 

number of students who would be adept in a variety of computer programming languages 
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when they graduate from high school, having the skills required to positively influence 

the workforce supply (Resnick et al., 2000). 

In Atlantic Canada, for instance, responding to demands from influential industry 

leaders, government officials have made a concerted effort to ensure that students are 

exposed to computer coding activities (EECD, 2016). Rather than having students 

develop coding competencies devoid of a larger humanitarian or societal context, non-

profit organizations have been assisting educators with the funding and skills required to 

ensure students are exposed to purposeful coding initiatives that inspire an innovative 

approach to solving community-based problems. Some local examples in New 

Brunswick of students who were required to use principles of coding and computational 

media in their entrepreneurial ventures include a Grade 4 student who developed a shoe 

that detects obstacles for the visually impaired and a group of Grade 12 students who 

were recognized by a national organization for developing an electronic system for 

monitoring an endangered wetland. The collective partnership and shared investment 

among industry, community, and government present a compelling reason to sustain 

maker-centred learning initiatives and investment in schools. 

Given the meaningful learning experience that maker-style projects provide 

students, many educators would find it difficult to dissuade students from undertaking a 

complex project. While those teachers who commit to maker-centred learning frequently 

have well-defined classroom management strategies, the infrastructure management 

demanded by a makerspace requires support that extends beyond any one educator. 

Since many student learning artifacts produced in a makerspace represent content 

knowledge acquired in science, technology, and mathematics, educators may feel 
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inclined to allocate responsibility for project facilitation to one of those subject area 

teachers.  However, the knowledge that students acquire throughout a maker-centred 

learning project is not limited exclusively to any one discipline (Dougherty, 2012). 

Furthermore, many of the computer programming languages that are used to control the 

technology within makerspaces require complex, conditional language structures that 

present the potential for diverse educators to collaborate, thus building further maker 

capacity throughout a school’s personnel (Harel et al., 1991; Resnick et al., 2000). 

2.8 Assembling Materials of Mathematics within Makerspaces 

 To understand the learning experience of students during maker-centred projects, 

one must consider the relationships among the project, the learner, and the available 

materials. Subject-specific distribution of physical materials tends to follow a categorical 

system similar to that used to determine the learning activity assigned to a specific 

instructional space. For instance, upon entering a music room, one would expect to find 

musical instruments, a podium, and maybe a conductor’s baton. By contrast, a classroom 

dedicated to the instruction of mathematics may have concrete manipulatives, laminated 

posters depicting a single number system, and possibly literature about mathematics. 

An opportunity emerges in a maker-centred learning environment as students 

begin to combine traditionally unrelated, subject-specific materials in an effort to provide 

a larger context to their physical or virtual learning artifact. While makerspaces are not 

the only learning environments that provide such a material assemblage to students, they 

offer opportunities for educators to observe how learners interact with familiar and novel 

materials within the space while they strive to create a learning artifact that represents 

their knowledge. 
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Comparing insights from maker literature and observations from maker-centred 

learning experiences throughout Atlantic Canada illuminates the diversity and peculiarity 

of items found within makerspaces (Dougherty, 2016; Kafai & Burke, 2014; Libow 

Martinez & Stager, 2013). Some makerspaces have areas dedicated to textiles that have 

colourful arrays of thread overflowing into the adjacent three-dimensional printing area. 

In other makerspaces, it may be very difficult to find a roll of Scotch Tape, but easy to 

find rolls of conductive copper, aluminum duct, or woven stainless-steel tape. In a 

makerspace, it is common to find materials grouped together that make sense — tape 

with tape, and motors with motors. However, upon closer inspection those same 

groupings may contain obscure materials that seem out of place — tape with LEDs, and 

motors with hydronic tubing — and perhaps gathered together without any intention.  

In the context of a makerspace, there is an important distinction between the terms 

assembly and assemblage. Prior to conducting this research, I had used these two words 

interchangeably, hoping that the difference between either definition of the two words 

was subtle enough to not change the context of my statement. In this research, I have 

used the word assemblage, rather than assembly, to describe a collection of items that 

have been gathered together, independent of any purpose or relationship. This distinction 

is based on the use of the word assemblage by de Freitas and Sinclair in Mathematics and 

the Body: Material Entanglements in the Classroom (2014). In this book, when the 

authors use assemblage, they encourage the reader to consider the entangled systems that 

are united by a certain construct. Rather than a grouping of materials having an intended 

purpose, the purpose of the group of materials is only fully understood during the entirety 

of the material experience. Using this as a point of distinction, I understand the word 
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assembly to mean materials gathered together for a specific reason or purpose and 

assemblage to mean materials gathered together for no specific purpose.  

Referring to the items found within a makerspace as a material assemblage (as 

opposed to a material assembly) also creates an opportunity to reflect on how one 

unrelated material may influence another if their only common characteristic is the space 

in which they are found by a maker. Expanding on the example of tape from above, one 

might expect to find an assembly of adhesives grouped together in a makerspace. 

However, upon spending more time in that makerspace, observing makers interact with 

an assembly of materials to construct a diverse array of artifacts, and noting the lack of 

presumption in using any one or group of materials, an individual may become more 

comfortable referring to a material assembly as an assemblage. 

The designer of that makerspace likely assembled glues, tapes, and fasteners of 

different shapes and sizes for the shared purpose of adhering materials together. This is to 

be expected. However, the literature review suggests that there is an influential potential 

inherent within all makerspace materials that is ultimately determined by the individual 

maker (Blikstein & Worsley, 2016; Dougherty, 2016). Therefore, a prospective maker 

who is standing in front of an assembly of adhesives may begin to consider one specific 

kind of tape over the glue that they originally intended to select. This maker’s choice may 

be attributed to function, aesthetics, external influence, or a relationship between the 

material, space, environment, and experience that is difficult for that same maker or 

original makerspace designer to qualify.  

Across several makerspace studies, authors suggest that these learning 

environments predominantly offer students the opportunity to produce learning artifacts 
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that express their personal identity and passions (Kafai et al., 2014). This is commonly 

observed when students select materials that maximize their emotive expression such that 

they begin to manifest a student’s culture, interests, and knowledge (Sheridan et al., 

2014; Sinclair, 2001). Considering the influence of student-curated materials and tools, 

makerspaces may contribute to the relationship that a student forms with a particular 

assemblage and specific content knowledge. 

Recent materialism theories in education demonstrate that a learning environment 

replete with a variety of materials may have an impact on mathematics knowledge 

sophistication (de Freitas & Sinclair, 2014). In addition to the assemblage of physical 

materials a learner selects while she or he creates a learning artifact, there may be 

subjective characteristics of the materials that contribute to the combined potential of the 

end-product and the expressed mathematics (de Freitas & Sinclair, 2014). During a 

makerspace project trajectory, social, cultural, and aesthetic influences may contribute to 

the manifestation of specific mathematics curriculum knowledge. Further understanding 

of how contemporary perceptions of materialism influences a student’s conception of 

physical materials in a makerspace is required. 

Inclusive materialism is a theory developed by de Freitas and Sinclair (2014) that 

addresses diverse contexts, well beyond the scope of the current case study. However, the 

theory may offer some clarification about the effect a combination of diverse materials in 

a makerspace has on mathematics education. De Freitas and Sinclair (2014) provide an 

overview of the origins of the concept of materialism, discussing the earliest definition of 

material in reference to an object comprised of physical matter that could be 

characterized using empirical dimensions. 
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Definitions of materialism have become more sophisticated and commonly 

include abstract concepts, such as discourse, and the potential generative power of an 

idea (de Freitas & Sinclair, 2014). The abstract nature of this ontological argument about 

materialism may be too complex to be included in a mathematics education curriculum, 

but it begins to provide context for the importance that learners may place on both 

objective and subjective materials when conceptualizing their knowledge of mathematics 

within a learning environment (de Freitas & Sinclair, 2014). 

De Freitas and Sinclair (2014) suggest that the term inclusive materialism begins 

to satisfy the diverse roles and interactions of both physical and non-physical bodies as 

matter. As one material becomes redefined based on experience or interaction with 

another material, physical or virtual, then they both influence the interpretation of the 

combined material experience of the individual user (de Freitas & Sinclair, 2014). 

Therefore, when an individual attempts to recall the experiences that have influenced a 

particular concept, the entire material assemblage needs to be considered.  

This contemporary view of material may be foreign to people who consider 

materialism to be comprised of physical matter. One familiar example of a material 

assemblage that references non-physical material that may provide clarity is “course 

material.” Recalling my own university experience, it was common for professors to 

distribute syllabi that used the word “material” in the heading. As most individuals who 

have taken a post-secondary course can attest, students are responsible for nearly every 

material phenomenon that occurs during course instruction. 

Even though the course material on a syllabus refers to concept topics, students 

often assume this means text-based materials, rather than abstract concepts that could 
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have material application beyond the textbook or the professor’s notes. By the end of a 

course, students’ knowledge conceptualizations will have been shaped by an inclusive 

material assemblage. A professor’s intonation, a fellow student’s frantic scribbling of 

notes at one point during a lecture, or even one’s own emotional response while studying 

are all part of the course material assemblage that ultimately defines one’s own 

experience of learning particular concepts. 

To understand the implications of inclusive materialism on a school-based 

learning environment, consider the fictional account below of a student in a makerspace 

attempting to remove a battery enclosure from a device. As with the earlier fictional 

account, I constructed this fictional narrative from my many interactions with students 

and teachers in makerspaces. 

2.9 A Fictional Example of Inclusive Materialism: Jean’s Conundrum  

Jean became agitated when his battery-powered robot would no longer respond to 

his code. Realizing that he must replace the batteries, he gave the top of the battery 

enclosure several tugs, only to find that it was secured by a small screw. Jean had dealt 

with screws before, and he knew that he must select a screwdriver that corresponded to 

the shape of the hollow on the head of the screw. So far, Jean’s logic was sound; in order 

to remove the screw, he would have to match a screwdriver that fit into the square shape 

in the head of this screw. Unfortunately for Jean, however, this was the extent of his 

screw-removal knowledge sophistication. He headed over to a display of numerous 

screwdrivers and selected a flat-headed tool that fit into the square head of the screw on 

the battery enclosure. Jean’s confidence in his screwdriver identification competency was 
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short-lived because he soon discovered that the flat-headed screwdriver did not function 

as efficiently in the square-headed screw as he had hoped. 

The above account of the student illustrates the role of materialism in learning. If 

one were to consider only the early definition of materialism when reading the passage 

above, it would seem clear that the physical matter of the screwdriver, the screw, and 

Jean as a user were the sole materialistic influences on the student’s learning experience. 

However, from an inclusive materialism perspective on the same experience, there were 

several instances of physical and non-physical interactions that would help Jean solve his 

screw conundrum. For instance, after several failed attempts at screw removal, Jean may 

have realized that the flat-headed screwdriver fit too loosely in the square hole on top of 

the screw. He may then have heard a group of his peers discussing the diverse selection, 

and equally diverse identifying names, of the screwdrivers on the same rack from which 

Jean had selected the original flat-headed screwdriver. After interacting with his fellow 

classmates for a few moments, Jean would likely have discovered his mistake6 and 

selected the proper Robertson Head screwdriver. 

Conversely, consider the same situation where Jean discovered the loose-fitting 

screwdriver. In addition to overhearing the conversation of his peers at the screwdriver 

rack, Jean may have also recalled a geometry lesson in which his teacher had mentioned 

that the diagonal of a square is longer than the side length of that same square. If Jean had 

 

 

6 Unless, of course, it was not a mistake and Jean’s first attempt worked.  
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selected the flat-headed screwdriver because it had a similar dimension as the side length 

of the square hollow in the screw cap, then he likely would have realized why the 

screwdriver did not fit. 

In each of these eventual solutions to Jean’s screwdriver conundrum, proper 

decision-making prevailed, and Jean selected the proper screwdriver. It is important to 

consider the interplay of the physical and the virtual experiences that ultimately permitted 

Jean to recognize his mistake. While the physical slipping of the screwdriver was likely 

enough to demonstrate to Jean that he had made a mistake, the experience of classmates’ 

discourse and his recall of a mathematics concept contributed to the materialism 

experience, thereby leading Jean to increase the sophistication of his screw-removal 

knowledge. An inclusive materialism approach may improve a learner’s concept 

sophistication and future decisions surrounding the selection of materials within a 

learning environment (de Freitas & Sinclair, 2014).  

Educational stakeholders have a tendency to categorize certain materials within 

specific subject areas that are taught within a space.   These same stakeholders often 

equate the quality of student learning with the proficiency with which students express 

their specific curriculum knowledge (Popham, 2001). While the interaction between 

learner and materials within a makerspace may not directly lead to a relevant assessment 

of an individual’s or student group’s subject area proficiency, it begins to demonstrate 

disciplinary knowledge sophistication that is not directly aligned with a curriculum 

document. 

The observation of students within a makerspace will likely find them expressing 

knowledge from several different subject areas. This may provide further insight into 
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other subject-specific, instructional methodologies. However, in this study, the role of 

inclusive materialism in a makerspace will be considered specifically with regard to 

school-based mathematics, as students begin to actualize their interpretation of a 

mathematical concept through their learning artifact. In accordance with de Freitas & 

Sinclair (2014), the inclusive use of a particular set of materials during the completion of 

a maker-education-inspired project may contribute to the mathematics agency 

experienced by learners and educators within the space. 

Makerspaces replete with computational devices, including three-dimensional 

printers, wearable technology, and interactive hardware, provide students with additional 

dimensions of material expression. These materials often have the capacity to add 

movement, sound, texture and illumination to a student project. Given the presence of 

such sensory-rich materials, many maker projects add a layer of tangibility beyond non-

computational materials. However, it is important to note that the inclusion of electronic 

components within a project is not a prerequisite for a certain quality of experience to be 

gained by students (Kafai et al., 2014). Similarly, in constructionist and maker-centred 

learning environments, even projects devoid of technology afford observable, discursive 

learning (Papert, 1993b). The innovative and expressive potential provided by 

computational devices within makerspaces and across projects, however, may influence 

student material selection and the consequent development of subject-specific knowledge 

sophistication. 

The physical learning environment established within a makerspace may also 

significantly contribute to the extent of subject-specific student learning. Aesthetically 

designed furnishings, interactive collaboration tools, and innovative space design 
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expectations commonly associated with a makerspace combine to create an informal 

learning environment (Kafai et al., 2014). Sheridan et al. (2014) demonstrated that 

students who were asked to apply subject area content knowledge in the context of a 

maker-education-inspired project were less inhibited to use content-rich vocabulary in a 

makerspace than students who completed a similar project in a traditional classroom. 

Similarly, research in mathematics education showed that students within a traditional 

learning environment engaged in conversations that were less articulate than those that 

had occurred in learning environments that evoked an aesthetic response in the learner 

(de Freitas & Sinclair, 2014). 

2.10 The Aesthetic Link Between Mathematics and Maker-Centred Learning 

 The growing societal enthusiasm for maker education—as an instructional reform 

strategy that depends on a community’s integrated appreciation for science, technology, 

engineering, and mathematics—stands in stark contrast to traditional societal conceptions 

associated with the same disciplines (Dougherty, 2012; Papert, 1993b). With respect to 

mathematics education, society and influential popular media have falsely assumed that 

an individual who has a particularly passionate affinity for mathematics-related activities 

will demonstrate a proportional standard of achievement in summative mathematics 

assessments (Charles et al., 2014). However, there is substantial evidence that a learner of 

mathematics can appreciate the discipline beyond the scope of school-based mathematics 

instruction and may, therefore, demonstrate mathematics proficiency through assessment 

mechanisms that are different than the traditional summative evaluation (Papert, 1993b; 

Resnick et al., 2000; Sinclair, 2001). 



 

 

49 

 Students who study mathematics in grade school are often only exposed to 

international standardized outcomes that represent the narrowest of mathematical 

concepts. Mathematics curricula are authored using an international standard set of 

knowledge that is frequently categorized into arithmetic, geometry, statistics, probability, 

and patterning (Schmidt et al., 2005). This categorical system reduces the expansive field 

of mathematics into an exhaustive checklist of curriculum outcomes. While many 

students often argue that the instructional time allocated to mathematics is excessive, 

research suggests that this response may reveal students’ inability to connect 

meaningfully with mathematics content knowledge (Papert, 1993b; Sinclair, 2001). 

Furthermore, the tendency for mathematics educators to conform to prescribed content 

delivery techniques further constrains the learner’s opportunity to experience the 

aesthetic nuances that exist in mathematics as a discipline (de Freitas & Sinclair, 2014). 

 Sinclair (2001) indicates that mathematicians develop sincere appreciation for 

their field of study when they experience an aesthetic response towards their work. Many 

mathematicians identify this subjective, psychological response as the compelling force 

that drives their passion for intrigue and inquiry within their work (Sinclair, 2001; Roth, 

2010). Researchers who have written about mathematics education have attempted, with 

varying results, to evoke this aesthetic response in students studying mathematics (Ernest, 

1994; Harel & Papert, 1991; Popkewitz, 2004). 

 During past efforts to improve student mathematics engagement, mathematics 

curriculum specialists tried to increase student exposure to what they assumed were 

aesthetically rich mathematics activities. However, upon review of these activities, it 

became apparent that they had been designed to appeal to non-mathematically inclined 
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students by way of masking the mathematics content with themes of art and music 

(Sinclair, 2001). It is often difficult to discern the difference between one’s expressed 

passion for an artistically themed experience and an aesthetic experience. However, when 

considering constructionist-based activities pioneered by Harel et al. (1991), the role of 

aesthetics in student appreciation of mathematics becomes evident. 

In their research, Harel et al. (1991) invited students to create computer-

programmed, geometric works rather than follow a contrived activity in which the artistic 

theme had already been selected. They were interested to determine if students would 

begin to appreciate the aesthetic nature of geometry and, in turn, to understand the 

existence of a greater aesthetic dimension to mathematics (Harel et al., 1991). However, 

this early study demonstrated that, rather than an aesthetic response to mathematics, the 

emotion exhibited by students was, in fact, in response to their appreciation for an 

activity that had led to the creation of tangible learning artifacts (Einsenberg & 

Einsenberg, 1998; Sinclair, 2001, Resnick et al., 2000; Sinclair, 2004; Sinclair, 2014). 

While efforts to improve student appreciation of mathematics as an aesthetically rich 

discipline may not have been successful in earlier studies, the number of students 

exposed to sensuous, adaptive, and material-rich learning experiences in makerspaces 

may affect this outcome and therefore merits further research. 

Regardless of the number of studies or instructional reform strategies that 

advocate for the establishment of inquiry-based learning environments like makerspaces, 

educational stakeholders seem to remain unconvinced regarding the claims about the 

extent of learning that that such environments afford students. Anecdotal evidence from 

the Atlantic Canadian educational organization Brilliant Labs suggests that a number of 
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educators are apprehensive to include maker-education-inspired projects as a component 

of their instruction. When prospective makerspace educators question the instructional 

time allocated to project completion, they are often curious about whether the quality of 

learning experienced during a makerspace project is sufficient to justify students’ time 

away from their traditional classroom. In particular, mathematics educators who 

experience pressure to ensure that their students demonstrate proficiency on standardized 

assessments may become apprehensive about the amount of instructional time required to 

complete a maker-education-inspired project. 

While many studies have demonstrated that significant and rich learning 

experiences have emerged from makerspaces, a study that defines the specific curricular 

outcomes covered during a maker-education-inspired project (Halverson & Sheridan, 

2014; Kafai et al., 2014) remains to be done. When considering the propensity for 

students to create tangible, aesthetically enriched learning artifacts, makerspaces afford 

an opportunity for educational researchers to document the student learning within 

specific subject areas. Such studies may begin to alleviate some educator hesitation 

surrounding the effect makerspace involvement may have on student learning. 

Since findings from previous studies in mathematics education have demonstrated 

the role of aesthetics in student mathematics appreciation, a study that analyzes the extent 

of mathematics learning within a makerspace could help to illustrate the role of aesthetics 

in mathematics (Sinclair, 2001). Based on my recent involvement in maker-inspired 

projects, I believe that, before educational stakeholders begin to consider the subjective 

role of aesthetics in mathematics instruction, research that demonstrates the specific 

mathematics learning within a makerspace must occur. This argument inspired my initial 
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research question to identify specific mathematics curriculum outcomes present in a 

maker-centred project. Once outcomes are identified, the influence of the aesthetic, 

cultural, human and material characteristics of the learning environment on the 

manifestation of observed mathematics can be considered.
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Chapter 3 

Methodology 

3.0 Framing the Research 

Prior to beginning this research, I wanted to ensure that one component of my 

instructional philosophy of particular importance to me would remain intact throughout 

this case study: preserving the narrative. Some clarification of my use of the word 

narrative may be required since, like any narrated story, after each retelling, my 

definition becomes increasingly refined to my own interpretation. I recognize that the two 

terms story and narrative share many similarities. Both follow characters through time 

and through potential triumphs and tribulations. However, for me, narrative includes not 

only the characters within a story, but also the narrator telling the story and the 

individuals hearing the story.7 In this context, a narrative is not fixed to one plot, a linear 

timeline, or the characters who were present at the time the story was written. To put it 

simply, my definition of a narrative is the recounting of an experience from multiple 

perspectives. All relevant information is disclosed; the irrelevant information is ready to 

be disclosed upon further inquiry. Staying true to the narratives of the projects in this 

 

 

7 It was during the review of the first draft of this research that my advisor made me aware of the narrative 
inquiry qualitative research methodology. 
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research may reassure interview participants, knowing that their interviewer attempted to 

capture all relevant information to the best of his ability. 

This case study will explore narratives that arise from observations made at three 

schools that either adopted or are on their way to adopting a culture of making as part of 

their instruction. There are sections of writing during the presentation of cases in Chapter 

4 where relevant details that extend beyond a classroom of focus will be provided. 

However, the general context of this case study is localized to one class of students in the 

school and then further localized to one project within that class. There are some 

exceptions where other student participants who were not involved with the project of 

focus have been included. This was only done when it provided relevant context to 

support an observation that originated from the project of focus. Further details on how 

the narratives of each school involved were collected in this research will be provided in 

the case study design section of this chapter. 

3.1 Criteria for Project Selection 

As documented by researchers involved in similar case studies, the characteristics 

that constitute a maker-inspired project are incredibly diverse (Halverson & Sheridan, 

2014; Kafai et al., 2014). Access to materials, financial support, student motivation, 

educator experience, instructional time, and school culture can all contribute to 

fundamentally different learning environments and the trajectory of students’ projects. 

My experience from Brilliant Labs and my review of current research suggests that there 

is a predominantly common characteristic across most maker-centred, learning-related 

projects: a student aspires to make an artifact of their learning (Dougherty, 2012; Resnick 

et al., 2000; Sheridan et al., 2014). This characteristic is in accordance with 
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constructionism research, which demonstrates that, while not all student projects will 

progress to completion, the goal of all projects is to encourage students to construct either 

a physical or virtual representation of their knowledge (Papert, 1993b). 

The shared observations from the literature review and from my experience 

working in similar learning environments inspired a framework for project selection that 

would contend with the potential for contextually diverse case environments. Some 

aspects of case diversity included varying student demographics, subject area of 

instruction, and makerspace material assemblages. To account for the diversity of case 

environments, the criteria for project collection were intentionally vague: 

• A partnership exists with Brilliant Labs. 

• Students are encouraged to construct a physical or virtual learning artifact. 

• Project is supported by an educator and administrator within the school. 

• Project includes the use of multiple materials. 

This set of criteria was designed to provide a large sample of schools in which ease of 

access through Brilliant Labs had already been established, the values of constructionism 

or maker-centred learning were already in place at the school (even if the vocabulary was 

not in use), and evidence that the school supported collaborative learning environments 

with access to multiple materials already existed. 

While each of the selected student projects that became the primary research 

focus of each case met the criteria above, the learning environments had significantly 

different instructional and material contexts. The student projects were from different 

grade levels and subject areas of instruction, and students had access to very different 

makerspace material assemblages. The relevant demographics of the three cases are 
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outlined in Table 1. All names of schools and names of participants in Table 1 and 

throughout this case study are pseudonyms.  

Table 1 

Demographics of the Three Cases in this Research 

 
 
 
 

Case 1: 
Suburban Middle 

School 

Case 2: 
City High School 

Case 3: 
Countryside 

Elementary School 

Grade level 
 

7 10 2 

Subject area Dedicated 
Makerspace Class 

Mathématiques et 
Sciences 

Elementary content 
focus on Language 

Arts 
 

Language of 
instruction 
 

English French English 

Number of 
educators in 
learning  
environment 
 
 

2 2 1 

Mean number of 
students present 
during whole class 
observations 
 

26 52 22 

Years of interest in 
makerspaces or 
maker-centred 
learning 
 

3 1 1 

Prior relationship 
with researcher  

Yes  No  No 

 

The diversity among the cases also led to an unconventional research structure 

because the culture of each learning environment significantly influenced how 
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observations and interviews were conducted, data was collected, and results were 

presented. The decision to deviate from a traditional case study, in which a consistent 

structure is maintained across the research, will be explained further in the introduction to 

each case. 

A recurring factor that influenced the methodology was my professional 

obligation to Brilliant Labs. Any time where my professional role modified this research 

will be clearly identified. For instance, my travel schedule (that determined which 

schools I visited, how regularly I visited them, and the project immersion I experienced) 

was often dependent on available time to travel. This was another reason why it was 

important that the projects selected for this research had already been affiliated with 

Brilliant Labs. As these projects were complex and took place over several weeks, they 

required frequent visits to ensure that a relationship amongst all individuals was 

maintained. Furthermore, the students’ projects were often so captivating that I wanted to 

return as soon as I could to properly capture the narrative. 

While one of the main research topics is mathematics education, the research 

criteria intentionally excluded mentioning this discipline. Due to the creative and 

instructional freedom often associated with a makerspace learning environment, students 

may or may not directly participate in a project designed from a particular unit of study 

within mathematics. Furthermore, the designation of mathematics content expression as a 

criterion may have significantly influenced the scope of projects. Finally, having been a 

mathematics teacher who continues to advocate for mathematics education, I did not 

want my experience to influence the project selection, whereby I would select what I 

decided to be more interesting. 
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3.2 Case Study Design 

The diversity of activity that occurs in a learning environment such as a 

makerspace required a qualitative research design that would permit the observation and 

subsequent analysis of the entire phenomenon outlined in the research questions. I chose 

the descriptive case study because, according to Merriam and Simpson (2000), it would 

assist in revealing the presumed synergy and reciprocity among a number of variables 

within a makerspace as a learning environment. From the source of inspiration for a 

selected project to the combination of tools and materials to the conversations among the 

educational stakeholders involved in the makerspace learning environment, each nuance 

of interaction, each conversation, and each informal gesture may influence the final 

learning artifact made by students and my own interpretation of the observations meant to 

support the research questions. 

Returning to my own instructional philosophy of respecting and preserving the 

narrative of student learning, I designed this case study to include more phenomena than 

a single experience. This may be a departure from the methodology of those who 

consider a case study design to be a closed system where observation stimulates interest 

in a single phenomenon (Merriam & Simpson, 2000). Sensitivity to the external 

phenomena surrounding the phenomenon in question permits a greater sense of the 

influential experiences that participants may have had prior to being involved in this 

research. While the goal of a case study is to study the entirety of a phenomenon, it was 

difficult to know which variables in the learning environment would become phenomena 

of interest in themselves or part of a larger phenomenon of interest. In order to 

understand fully the nature of the makerspace environments visited within this research, I 
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thought of the case study design as itself a system of phenomena—each with its own 

impact on a student project’s narrative. 

In Chapter 4, the presentation of cases, it will become clear that the segregation of 

each case into a single unit in order to follow a traditional case study design was difficult. 

For instance, in the first case of Suburban Middle School, the traditional case study 

design permitted me to both observe and interview participants. It was during these 

interviews that a crucial detail was revealed and required further exploration. That 

exploration led to a series of intriguing phenomena, which were all included in this case 

study research, but not necessarily in their entirety. Similarly, in the other two cases from 

Countryside Elementary School and City High School, there were instances in which 

observations revealed phenomena that were marginally relevant to this research and were 

included, but could have been distinct phenomena on their own. 

The case study design offered minimal disruption to the makerspace instructional 

environment. Students working in makerspaces are often selected by an educator based 

on a number of learning attributes, including project management skills. Given that some 

of the students involved in this study were under a strict deadline to attain project 

completion, it was imperative that the research was minimally invasive to the students’ 

project timeline. The tendency for a case study to be a natural complement to the target 

learning activity ensured that the student work ethic in the makerspace was minimally 

affected by the reflective nature of the research experience (Merriam & Simpson, 2000). 

Mathematics will be the primary subject area analyzed. However, this design 

could also permit the evaluation of other subject area knowledge or general phenomena 

related to the learning that manifests during observations. While observations pertaining 
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to other subject areas or general phenomena may not be perceived as being obviously 

relevant to school mathematics, they may nonetheless provide further definition to the 

research questions and will therefore be mentioned when appropriate. Since relatively 

little is known about the specific subject area knowledge that may be required before, 

during, and after a learning artifact arises from a makerspace activity, this case study 

design will provide the necessary fieldwork to uncover the interplay of other aspects of 

learning. 

3.3 Data Collection  

 The process by which data was collected during this case study was primarily 

participant interviews, observation and documents relating to the project. This was in 

accordance with data collection practices for qualitative research outlined by Merriam 

and Simpson (2000). They suggested that the structure of the interview can influence the 

quality of a participant response. In the context of this case study, if an interview were 

structured to follow a specific set of questions, it may have decreased the quality of the 

narrative that arose from a participant’s involvement in the learning environment. 

Therefore, the interviews were primarily unstructured, but followed a set of guiding 

questions, which can be found in Appendix D. 

 With regard to the selection of students for interviews, the selection process was 

co-constructed by me, some students, and the primary educator or educators involved in 

each of the cases. Acknowledging that maker-centred learning environments are very 

active classrooms, we agreed that the involvement of prospective interviewees should not 

disrupt the progress of their projects or the existing material assemblages of the 

makerspaces. Therefore, I first consulted the teacher regarding which students could be 
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involved in the interview, discussed the process with the students, and then waited for the 

students’ informed consent if they were interested in participating. 

 As I had not met some participants prior to this research, interviews were 

designed to establish familiarity and build relationships. Careful explanation of the 

informed consent documents occurred with enough time for participant reflection prior to 

the first research visit. If consent were provided, the participant would be asked to be part 

of three interviews. The first two interviews would be audio-recorded, followed by a third 

that would be video recorded. This minimally invasive interview approach provided 

adequate time to build a relationship, thereby preparing participants for a final video 

recorded interview in which results could be shared after a media release had been 

approved by the participants. The three interviews occurred periodically throughout each 

project—data was collected from participants early in the project, somewhere in the 

middle of the project, and finally at project completion. Each project began and finished 

over an 8-month period. Because the students from City High School were from a French 

immersion program, they were given the option to have their interviews conducted in 

either French or English. During classroom visits to City High School, it was common for 

me to speak to students in French. In order to maximize engagement, students were 

encouraged to not compromise the content of their interview responses by attempting to 

conform to one language over another. Students elected to respond to interview questions 

in English, with the exception of a few words.  

In addition to the audio and video recordings of the interviews, a series of 

documents pertaining to each project was collected. Documents (observational notes and 

existing school publications that referenced the academic, social, and cultural goals of the 
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institution) and the student-produced learning artifacts themselves combined to provide 

further contributions for my analysis. 

This combined approach to data collection supplied the narratives required for 

this study. Adequate response to the research questions relied on consistent and detailed 

tracking of the learning that had been occurring during the progression of each project. 

With reference to documenting the acquisition of content knowledge in relationship to 

specific mathematics curriculum outcomes, I reviewed my field notes and the recorded 

interviews. This process was particularly significant when considering the quality of 

research data received with respect to my first research question that pertained to the 

presence of specific curriculum outcomes. As many students were not aware of the 

pedagogical language of specific learning outcomes within any grade level curriculum, 

asking students to comment on their knowledge as it pertained to an associated 

curriculum outcome may have significantly altered students’ appreciation or perception 

of their projects. Therefore, qualitative evidence supporting this research question was 

collected and assembled from other visits using comparative analysis after school visits. 

The objective of this data collection process was to provide evidence that would 

enable a thorough analysis of the role of mathematics in a makerspace learning 

environment. Attempts were made to ensure careful analysis of the subtle interactions, 

discourses, and collaborations among all participants. A version of the instrument used 

for documenting observations during school visits and interviews can be found in 

Appendix A. This instrument was in accordance with similar qualitative observation 

techniques developed by researchers of educational makerspaces (Kafai et al., 2014). 
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3.4 Participant Roles 

3.4.1 Researcher as an Active Participant 

Similarly, with most qualitative research in education, I was the primary 

instrument for collection and analysis of data throughout this case study (Merriam & 

Simpson, 2000). There are certain considerations regarding myself as the primary 

instrument that may have influenced the data collection process. These considerations 

included my role with Brilliant Labs, my prior experience as a mathematics educator, and 

my relationship with the educators involved in each case. Ultimately, it was these 

considerations that helped to inspire this research and therefore served as a narrative 

element within the analyzed cases.  

Prior to my current role as the Program Director of Brilliant Labs, I conducted a 

number of professional learning sessions while employed as a classroom teacher. 

Therefore, I had had the fortune of meeting and collaborating with three of the five 

educators directly involved in the cases presented below. While each of the projects were 

new to me, my prior relationships with the teachers at Suburban Middle School and 

Countryside Elementary School may have influenced my interpretation of observations. 

 As indicated in the project selection criteria, Brilliant Labs needed to have a 

previously established connection with the project. This criterion was purposeful in an 

attempt to call attention to my role as an active participant. As part of my employment, I 

am encouraged to provide access to the resources necessary to assist in student-project 

completion in makerspaces. During school visits, I frequently interact with students in a 

makerspace learning environment. My involvement in each of the cases within this study 

ranged from that of a primary educator, to simply a guest in the makerspace observing 
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project progress. Rather than solely observing projects in which I do not have direct 

involvement, this provided a more realistic research setting. While it is not the primary 

focus of this case study, the human interactions in each of the projects provided insight 

into the growth capacity of maker-centred learning and teaching in Atlantic Canadian 

schools and may become the focus of future research. 

 Regarding student interviews, in my role with Brilliant Labs it is not a rare 

occurrence for me to conduct an informal interview with students in an attempt to gain 

further insight into their decisions. Therefore, students and other educational stakeholders 

involved in the project may have subjectively prepared themselves for our conversations. 

This could have contributed to the authenticity of the recorded interviews.  

My professional experience as a mathematics educator influenced the analysis of 

the role of mathematics in each of the cases. My formal experience has only been 

instructing Grade 8 mathematics with diverse classroom composition and the frequent 

need to accommodate mathematics learning expectations. This has provided me with the 

insight into developmental characteristics of mathematics learners. The initial research 

question involving the identification of the specific mathematic learning outcomes 

evident throughout the maker-centred learning project required the identification of 

outcomes along a continuum of mathematics learning. 

The interview analysis revealed a variety of outcomes present from early school 

mathematics to some that extended beyond the scope of high school mathematics. This is 

within my professional comfort zone and level of experience. Furthermore, as indicated 

above, given my lack of experience as an educator of disciplines beyond mathematics, I 

chose to disregard their influence in shaping the construction of the students’ projects. 
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Some of this concern was alleviated during the interview process as other educators who 

do have this experience could have identified these concepts present in the observed 

project. 

Finally, this research was a product of several years of developing an instructional 

philosophy that strove and continues to strive to ensure learners of mathematics are 

provided with an innovative learning environment in which they can explore this 

expansive discipline. Much of my experience in the classroom was spent crafting an 

environment where students explored mathematics through the use of a variety of tools 

and materials. Therefore, upon discovering the broad pedagogical implications of maker-

centred learning, it was an easy and somewhat deliberate transition of instruction. While 

my students may have positively responded to this instructional reform, I attempted to 

maintain an unbiased approach during the observations of this case study. No one 

instructional strategy will work with all students or learning environments. 

3.4.2 Educational Stakeholders 

 With regards to ethical consideration for the collection of data from participants 

under the age of majority, the letter that outlined the request for permission for access to 

students as research participants is presented in Appendix C. Initial access to educators 

and student projects was requested from the school administrator.  

 There was at least one educator involved within each of the cases. The level of 

involvement of any one educator within a makerspace can vary from direct student 

engagement and instruction to simply a supervisory role to ensure responsible learning 

environment behaviour is maintained. 
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3.5 Observing the Presence of Mathematics in Student Activity 

While I was developing the two research questions for this case study, I kept 

asking myself these questions: What is an observation of mathematics? What if what I 

appreciate to be an observation of mathematics may be partially or completely different 

than that of a student, a teacher or any other interested community stakeholder? What 

will the students be doing when I make these observations? What constitutes ‘doing’ 

mathematics? The three cases below will present a context for the conditions in which the 

mathematics was observed in each of the distinct learning environments. In this section, 

and in each of the cases I attempt to first present the observations of mathematics, 

provide the situational context of why these observations are in context of the research 

questions and finally any further environmental or philosophic context required to 

appreciate the observation from my perspective. These observations may be different 

than those that I or anyone expected. Therefore, exploring an example situation from one 

student interview here may further illustrate how I observed mathematics during this 

research.  

I am using the word instance to refer to the presence of mathematics during an 

observation. This word was ultimately chosen for three reasons:  

1. It suggests that these observations of mathematics were isolated to the single 

occurrence they were observed in during the interviews and do not make an 

inference to the frequency in which they were or were not observed outside of the 

interview.  

2. It invokes a sense of transience in the observed mathematics as to not infer any 

one student or group of student’s mathematical competency. 
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3. It minimizes the importance of any one instance and encourages the reader to 

consider any instance within the group of instances, as was done throughout this 

project by students and as was a characteristic of the maker-centred, collaborative 

instructional approach present in the learning environments. 

The following is an excerpt from one of the cases in which the student responds to 

my question regarding his perception of the role of mathematics in his project. As Case II 

will develop, the goal of this project was to create a three-dimensional-printed desk 

organizer for students to store the tools they usually use in their mathematics classroom, 

such as markers, pencils, and white-board eraser. 

 

Matt:  Yeah, a lot of logical thinking. Because if you are building something, we 

have to know like how much the [three-dimensional printer] plate can 

take, because I know for myself, I made, my design and then I realized 

that it might have been a little big and I had to downsize the whole thing, 

but then I had to ensure that the holes weren’t too small for what they 

were to accommodate. So definitely logical thinking and knowing what 

you need to fit and making sure you can do that is definitely a big thing. 

 
This student’s statement is replete with valuable instances of observable 

mathematics. A more elaborate discussion appears in the presentation of Case II on page 

140, but here I focus on some of the tensions I felt in identifying and aligning with the 

mathematics curriculum connections to conclude that there is an instance of observable 

mathematics.  
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One of my observations of mathematics is in the student’s statement where he 

says “we have to […] know how much the plate can take…” Regardless of an observer’s 

mathematics education, one could deduce that the student is referring to the maximum 

available surface area upon which a volume of plastic can be printed by the three-

dimensional printer. The student continues to explain that the initial dimensions of his 

desk-organizer exceeded those of the printer. Disregarding the mention of proportional 

reasoning or “downsizing” in the excerpt above, and only focusing on this student’s 

hypothetical concept of volume, it is interesting to question the evidence of mathematics 

one might expect to observe. 

For those readers who are like me, and are not formally trained mathematicians, 

the most recognizable mathematics is numeric calculations. I know that there are other 

kinds of mathematics, but they are more difficult to recognize. While there are likely 

contributing factors, this misconception is perpetuated by the fact that most individuals 

who have attended any level of formal education have associated “doing” mathematics, 

at least in part, as “doing” number-based arithmetic. Furthermore, formal systems of 

education place a societally driven emphasis on an individual’s mathematics proficiency 

across several arithmetic-based competencies (Boaler, 2015, Boaler, 2016). Evidence of 

competency is commonly linked to an individual’s assessment results where the format of 

those assessments continues to rely on similar number-based calculations. Therefore, 

ignoring the rudimentary introduction to fields of mathematical study involving 

geometry, statistics, probability, and algebraic thinking one acquires from a New 

Brunswick K-8 mathematics education, the thought by a non-mathematician that 
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mathematics can be done without making a single mark on a piece of paper is likely rare 

(Boaler, 2015; de Freitas & Sinclair, 2014; Papert, 1993b).  

While I am far from a professionally trained mathematician, I thought that my 

creative approach to mathematics education as a teacher would have prepared me for the 

least conventional conceptualizations of mathematics by students. Throughout this 

research I continuously questioned my observations of mathematics as the instances were 

often subtle, nuanced and subjective when compared to what I was familiar with 

observing in a traditional mathematics classroom.  

Recalling Matt’s volume-related gesture in Case II, I remember hesitating before 

making a decision to document this phenomenon. In that moment, I wondered what I was 

about to attribute as a conceptualization of volume is very different than what I would 

have expected in my classroom, or what my colleagues would have accepted in an 

assessment situation. Ultimately, these thoughts that questioned my observations of 

mathematics resulted in a significant research result and a recurring theme throughout 

this case study. Therefore, while it may be redundant for some readers, this section 

continues to expand on my interpretation of these observations of informal mathematics 

and how they can easily be misinterpreted as subjective, nuanced or subtle. Finally, when 

needed, this tension is reintroduced in the respective cases in Chapter 4. This is not meant 

to be redundant, rather an attempt to convey a sense of my own introspective narrative 

each time I questioned what I had observed. For other instances of this, refer to page 132, 

172 and 190. 

Returning to Matt’s volumetric analysis of the three-dimensional-printer, our own 

experience in school mathematics may reveal a presumption of how Matt determined 
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“how much the plate can take.” Given that Matt is in high school, he has likely already 

been introduced to the concept of calculating volume. Perhaps Matt would recall that the 

volume of a right rectangular prism is determined by measuring the surface area and 

multiplying it by the height of the printer. Hypothetically, perhaps the dimensions of the 

printer are 100mm x 100mm x 100mm. Matt would likely then reach for a piece of scrap-

paper and complete the calculation to determine the maximum volume of the printer to be 

one-million cubic millimeters.  

Continuing this hypothetical example, suppose that Matt’s desk-organizer design 

measures 101mm x 100mm x 100mm, resulting in a volume of 1 010 000mm3. After 

doing one more calculation and finding the resulting difference between the volume of 

the printer and the volume of his design, he finds, based on those calculations, that his 

design is indeed too large for the printer. 

From our experience in grade-school mathematics, one may assume that Matt has 

arrived at this conclusion using a similar approach to mathematics as experienced by the 

majority of mathematics leaners. For example, an assumption could be made that in 

Matt’s early years of learning mathematics, he acquired knowledge that led him to 

conceptualize the properties of a rectangle. Young Matt may have even associated this 

new concept with rectangular objects from his own life experiences. His association of 

these very physical, material, rectangular objects from his real world were likely to be 

abstracted as he reimagined them as virtual mathematical conceptualizations in his mind. 

From here he undoubtedly would proceed to relate his knowledge of area to those 

dimensions, followed by a time where he will learn that his definition of a rectangle can 



 

 

71 

be easily extended into the third dimension by extruding into the z-plane and adding 

height. 

After a few more geometry lessons across a few more Grade levels, Matt may 

associate his concept of volume with that of a rectangular prism. It is possible that Matt’s 

knowledge of a rectangular prism is compartmentalized both between his experiences 

inside and outside of the mathematics classroom. Therefore, he has likely formed a 

dualistic conceptualization of the volume of a rectangular prism: one that represents an 

equation and one much more spatial. It is regrettable that one conceptualization may be 

by virtue of his educational experience, disconnected from the other. For example, in a 

mathematics classroom that is dominated by volume calculations, Matt may rely on his 

virtual conceptualization of volume to confine his answer to “how much the plate can 

take” to an expression of number. 

An additional point of interest from this observation is Matt’s use of a virtual 

conceptualization of volume and his ability to relate it to the physical matter around him. 

The term virtual is used here in a philosophical context similar to how Sinclair & de 

Freitas (2014) use Châtelet’s definition. Similar to a vernacular definition of virtual, 

where an object or experience bears almost the same attributes as the actual form, the 

philosophic context of virtual observed in Matt’s conceptualization refers to his ability to 

abstract his concept of knowledge away from the computer screen and apply it in the 

physical world. Manipulating an object within the CAD software is not an actual, 

physical representation of volume, rather the only physical aspect of his virtual 

conceptualization of volume is the electronics that produced the image on the screen. It 

can be further argued that Matt is expressing two stages of virtual conceptualization of 
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volume where he is using his knowledge to abstract a virtual form of his desk organizer 

that does not yet exist, but exists on a computer screen, representing that same non-

existent item. 

After Matt has completed his calculations, he has concluded that his design is 10 

000mm3 too large for the printer; even though large is a misleading descriptor if we are 

concerned about Matt’s concept of volume. However, if I was to make such an 

assumption from an observation of a few calculations that seem to reflect my 

interpretation of what is required to understand Matt’s concept of volume, I may 

misinterpret Matt’s “doing” of mathematics as knowledge of volume, rather than him 

only making reference to one number being larger than the other and making a logical 

conclusion that it would not fit. One may argue that the process by which Matt has 

reached this conclusion supports his virtual concept of volume, but an observation of a 

series of numeric calculations on a sheet of paper that satisfy a formula for finding the 

volume of a rectangular prism is not the only contextual observation of volume that I 

would accept for this research. In fact, an opportunity exists for Matt to “do” 

mathematics and convey a similar, if not more sensorially expressive, representation of 

his concept of volume without making a single notation on a page. 

Let’s suppose that Matt is standing in front of the three-dimensional printer and 

his computer which is displaying a virtual, three-dimensional representation of his desk 

organizer that he has designed. Questioning the size of his design versus the size of the 

printer, he uses his hands to gesture the length and depth of his design compared to the 

printer, followed by a second gesture comparing the height. These two gestures also offer 

an observation of mathematics such that Matt is conveying that he understands at least 
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the basic principle of volume for a rectangular prism: surface area of base multiplied by 

the height of the object. Indeed, without further investigation, one cannot be certain about 

the extent of Matt’s conceptualization of volume. In comparing his use of his physical 

concept of volume by the observation of his gestures, to the observation of hand-written 

calculations, within the context of this research, they both represent instances of 

mathematics. 

This exploration of Matt’s mathematical experience aligns with a growing body of 

academic research in mathematics education based on the theory of embodiment. 

Ignoring the nuanced variations between a number of embodiment scholars, this theory 

suggests that mathematical thought and concept development are not only situated within 

the brain but are part of a larger, more sensuous experience, involving the entire body (de 

Freitas & Sinclair, 2014). In 2014, de Freitas and Sinclair indicate that prior to a post-

humanist interpretation of the body, scholars tended to compartmentalize related 

mathematical thoughts and mathematical gestures into mind and body interpretations. 

With this dualistic separation of human mathematical experiences, there is little 

continuity between the mathematics a student encounters with their body and the mental 

mathematics representation to which they attribute this experience (de Freitas & Sinclair, 

2014). 

Reflecting on Matt’s gesture-based mathematical experience above, a dualistic 

trade-off may be occurring as he conceptualizes his notion of volume. Following this 

theory, one can observe Matt experiencing mathematics such that the motion of his arms 

is indicative of him outlining the base dimensions of the rectangular prism followed by 

the height. Perhaps he then relies on his intellectual capacity provided by his own 
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neurological processes to associate this kinesthetic activity to previously acquired spatial 

knowledge representation within his memory. In the context of a traditional classroom, 

the mathematical significance of Matt’s gesture may be reduced to an intermediary bodily 

activity that is only useful until the point that it activates a mental conceptualization. This 

is in contrast to the potential created when considering the entirety of Matt’s embodied 

mathematical experience. 

De Freitas and Sinclair (2014) challenge the traditional school-based mathematics 

tendency to compartmentalize student experiences. Their theory of inclusive materialism, 

which builds on theories of embodiment, serves to entangle more than just the sensuous 

experiences of the body and those interpreted by the mind (de Freitas & Sinclair, 2014). 

They claim that embodiment theory must extend beyond discrete physiological responses 

and include the entire “material assemblage” encountered by the student during their 

mathematics learning experience (de Freitas & Sinclair, 2014). 

The assembled body within the embodiment theory must include any material that 

influences the mathematical experience. Thus, this material assemblage could include 

traditional, physical materials such as classroom manipulatives, tools, raw-media and less 

physical materials such as the social dynamic of discourse between student and teacher 

(de Freitas & Sinclair, 2014). If we are to consider the observation of Matt’s 

mathematical experience as embodied, then it is essential for this research to consider the 

entirety of the material assemblage within the learning environment that has influenced 

this experience. 

The suggestion that an inclusive material assemblage within a learning 

environment can influence a student’s embodiment of mathematics provides an important 
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research framework for the first research question in this case study. Classroom visits 

during this case study research revealed several instances of observable mathematics that 

directly support K–12 specific curriculum outcomes. In accordance with Matt’s 

experience above, the format of these observations may embrace an embodied expression 

of student mathematics conceptualization and therefore run parallel to the expected 

criteria outlined in any one curriculum document. It is important to be cognizant of the 

potential for this research to encounter a continuum of representations and expressions of 

student mathematics knowledge. While these observations will provide evidence of the 

presence of specific mathematics curriculum knowledge, they may also provide insight 

into how students use a material assemblage to interpret an embodied mathematical 

experience. 

3.6 Conveying Interesting Observations of Mathematics 

 In accordance with the first research question, in each case, the identification of 

specific mathematics curriculum outcomes was compiled and is presented at the 

beginning of each case. As mentioned in this chapter, the identification of specific 

mathematics curriculum outcomes began when an instance of mathematics was observed. 

If the observation happened outside of an unstructured interview, then a note was taken 

as a reminder to return to that observation after the classroom visit. In order to maintain 

flow of interview, instances were gathered during a post-interview analysis of transcript. 

An example of this process is outlined in Table 2.  

 The specific curricular mathematics outcomes for each instance in Table 2 were 

first aligned with the participant’s current grade level. For instance, in the Case 1 from 

Suburban Middle School, the students were in Grade 7. Once the instances were aligned 
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with the Grade 7 curriculum document, the instance was then evaluated against each of 

the mathematics curriculum documents from kindergarten to Grade 12. Alignments were 

still attempted in speciality mathematics curricula in Grades 10-12 as these grade-level 

documents do not have the standard format of outcomes separated into general categories 

of Number, Shape & Space, Patterns & Relations and Statistics & Probability.  

This process satisfied the instances in which there was a direct alignment to the grade-

level associated New Brunswick mathematics curricula. However, in each case there 

were observations of student mathematics conceptualizations that did not conform to any 

one specific curriculum. This resulted in case structures that varied among cases. In an 

effort to remain consistent to the diverse material assemblage and maker-centred learning 

environments in each case, the design of figures and the text formatting that summarize 

these observations also differs among the cases. The following paragraphs will explain 

the differences among the data representation in each of the cases. 

 In the first and third case presented below, for reasons that can only be explained 

by coincidence and calendar availability, there were longer opportunities for discussion 

during my classroom visits. It was not surprising that during the transcription of these 

interviews I had a tendency to focus on the role of among participants. Therefore, the 

observations of interest in the Suburban Middle School and Country Elementary School 

cases are primarily presented as reflections on interview dialogue. 
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Table 2 

Example Observations of Instances of Mathematics and Curriculum Alignments from Case 1 

Instance Description Strand NB 
Math 

Curriculum 
Grade Specific Curriculum Outcome 

Amount of copper tape 
required to wrap around 
puck.  

Student demonstrated 
relationship between 
circumference and a 
linear dimension. 

Number 
Shape & Space 
Measurement 

1, 2, 3, 7, 10 Grade 1, N2: Recognize, at a glance, and 
name familiar arrangements of 1 to 10 objects 
or dots.  
 
Grade 1, SS1: Demonstrate an understanding 
of measurement as a process of comparing  
 
Grade 2, N4: Represent and describe numbers 
to 100, concretely, pictorially and 
symbolically.   
 
Grade 2, SS3: Compare and order objects by 
length, height, distance around and mass 
(weight) using nonstandard units 
 
Grade 3, N11: Demonstrate an understanding 
of multiplication to 5 × 5  
 
Grade 3, SS3: Demonstrate an understanding 
of measuring length (cm, m) 
 
Grade 7, SS1: Demonstrate an understanding 
of circles  
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Grade 10, M1: Demonstrate an understanding 
of the (SI) by: describing the relationships of 
the units for length & area 
 
Grade 10, M3: Solve problems, using SI […] 
that involve linear measurement using 
estimation and measurement strategies. 

Relationship between 
diameter of puck and 
width of column. 

Student recognized 
that rectangular game 
board could only be 
divided by a certain 
integer based on the 
diameter of the puck. 

Number 
Shape & Space 
Measurement 

5, 7, 10 Grade 5, SS1: Design and construct different 
rectangles given either perimeter or area 
 
Grade 7, SS1: Demonstrate an understanding 
of circles  
 
Grade 10, G1: Analyze puzzles and games 
that involve spatial reasoning, using a variety 
of problem-solving strategies. 

Scale of game board 
based on player height 

Student recognized 
that the physical game 
design must 
correspond to the 
height of the player. 

Number 
Shape & Space 
Measurement  
Statistics & 
Probability 

1, 2, 6, 7, 8, 
10 

Grade 1, SS1: Demonstrate an understanding 
of measurement as a process of comparing 
 
Grade 2, SS3: Compare and order objects by 
length, height, distance around and mass 
(weight) using nonstandard units 
 
Grade 3, SS3: Demonstrate an understanding 
of measuring length (cm, m) 
 
Grade 6, N5: Demonstrate an understanding 
of ratio, concretely, pictorially and 
symbolically. 
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Grade 7, SP1: Demonstrate an understanding 
of central tendency (mean). 
 
Grade 8, N5: Solve problems that involve 
rates, ratios and proportional reasoning. 
Grade 10, G1: Analyze puzzles and games 
that involve spatial reasoning, using a variety 
of problem-solving strategies. 
 
Grade 10, M1: Demonstrate an understanding 
of the (SI) by: describing the relationships of 
the units for length, area 
 
Grade 10, M3: Solve problems, using SI […] 
that involve linear measurement using 
estimation and measurement strategies. 

Note. Three examples of instances of mathematics from observations during Case 1, Suburban Middle School Makerspace. Some 

Specific Curriculum Outcomes are abbreviated where indicated with an ellipsis. Text for outcomes taken from New Brunswick 

Mathematics Curricular documents (PNB, 2008-2010). 
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As students from the City High School case had the most experience with New 

Brunswick mathematics curricula, the observations of interest in this case involved 

content that spanned the most curriculum documents compared to the other two cases. 

Therefore, combined with narrative dialogue from the interviews, observations of interest 

are presented in tables. The major theme in this case is logical reasoning. Since 

collaboration was of particular importance in this learning environment, students often 

presented arguments to their peers and awaited validation. Their process is conveyed in 

the case by presenting their arguments one at a time. 

When compiling and reflecting on the results, I wanted to communicate my 

findings that related to the first research question in a way that was as direct as possible. 

This was because, in each case, I developed an unexpected passion primarily for 

observations that were in curricular misalignment and required a presentation that fit the 

quality of experience in that moment of observation. For instance, at City High School, I 

became focused on the student’s decision-making process. In order to validate each of 

their decisions, group members often floated from one table to another throughout the 

classroom. Reflecting on the fluidity of student movement in this moment inspired the 

use of arrows when presenting the City High School case. While presenting results with 

different formats and figure design elements may be unconventional and inconsistent 

across cases, it seems fitting as each case represents a significantly different learning and 

research experience. It is my hope that this diversity complements the narrative across the 

results in each case. 
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Chapter 4 

Presentation of Cases 

4.0 Situating the Observations Across Cases 

Capitalizing on the rich learning experiences I encountered during my research, in 

the next two chapters I will use my observations from the three cases to construct a 

narrative. The construction of a narrative that provides sufficient detail, such that one can 

imagine relevant nuances of each of the three learning environments, required 

comprehensive descriptions. In addition to providing a detailed overview of each physical 

learning environment, the greater goal of this chapter is to situate the reader within a 

context that represents the conceptualizations of mathematics that I observed. 

The following subsections (numbered 4.1, 4.2, and 4.3) correspond to the three 

cases in this research: Suburban Middle School, City High School, and Countryside 

Elementary School. In each subsection, the material-rich experiences shared from each 

site by students and teachers, mediated through my active participation, will provide a 

context within which to understand the role of mathematics, materialism, and making. 

While my two research questions are dependent on the role of mathematics within the 

learning environment, they differ conceptually. The first question is specific to the 

observation of mathematics outlined in New Brunswick mathematics curriculum 

documents, and the second explores the implications and linkages amongst the 

characteristics of the learning environment that contribute to the manifestation of 

instances of mathematics. Therefore, to convey the nuances of the learning environments 

in which specific instances of mathematics were observed, this chapter will follow 
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traditional case study methodology such that each of the three cases will be presented 

independently. 

4.1 Case 1: Cardboard Carnival Games at Suburban Middle School  

4.1.1 Contextualization. Case 1 primarily follows two Grade 7 students who, 

during the course of their makerspace class, created an interactive, full-sized, Plinko 

game. Plinko is a revered game of chance from the equally revered American television 

game show, The Price Is Right (Garber, 2013). In the seemingly random game of Plinko, 

a contestant drops a puck down a vertical game board and watches as it bounces through 

a series of perpendicular pegs. The contestant wishes for the puck to land in a preferred 

column associated with a monetary prize. As if the anticipation generated while watching 

the random trajectory of the cylindrical puck were not enough excitement for the 

contestants, the enthusiastic vocal encouragement from the crowd of spectators likely 

would have intensified a contestant’s experience. It was this experience that students 

Vincent and Carter aimed to replicate in their makerspace class cardboard interpretation 

of Plinko. 

My experiences from periodic visits to the Suburban Middle School makerspace 

over a 4-month schedule are outlined below. The sections below will describe the 

Suburban Middle School makerspace and the material assemblage provided to students. 

The materials which students could use within this learning environment, that had been 

passionately curated by the teachers, Mrs. Redmond and Mrs. Frey, influenced the 

mathematical experience of the students. 

4.1.1.1 A Making Experience for all Students. In 2014, a year before Vincent 

and Carter joined Suburban Middle School, the school administration was exploring 
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options for a new class to fill an instructional vacancy after a teacher retired. Inspired by 

growing enthusiasm for maker education, a team of two educators, Mrs. Redmond and 

Mrs. Frey, had decided to share the responsibility of creating a dedicated “Makerspace” 

class for all students of Suburban Middle School.  

I used quotation marks around the term Makerspace above to indicate that the 

class at this particular school differed from the traditional definition of a makerspace. As 

discussed in the literature review in Chapter 2, a makerspace has traditionally been 

defined as a learning environment where a heterogeneous community of users are 

permitted open access to engage in the individual or group creation of a learning artifact. 

In each makerspace depicted in the case study by Sheridan et al. (2014), mandatory 

attendance was not required by users. Similarly, other researchers have identified the fact 

that the participation of community members is voluntary as one reason for the success of 

the maker movement (Dougherty, 2016; Sheridan et al., 2014). By contrast, participation 

in the Makerspace class at Suburban Middle School was mandatory; in addition to taking 

the traditional middle school classes, students in all three grade levels at Suburban 

Middle School cycled through thirteen Makerspace classes in the makerspace.  

This variation of definition between the Suburban Middle School Makerspace as 

an environment where makers could voluntarily participate and a Makerspace class 

where students were required to participate, created a tension within the culture of the 

school for Mrs. Redmond and Mrs. Frey. These teachers shared a combined teaching 

career of 50 years and a Papert-inspired dedication to constructionist education (1993b). 

Mrs. Redmond and Mrs. Frey had a goal of creating a makerspace learning environment 

in which students from other subject areas would be able to create physical 
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representations of their learning, using both familiar and novel materials. As they 

explained to me, when this teaching duo began their maker-centred journey at Suburban 

Middle School in 2014, they were not naïve—they knew that it would be difficult to 

implement their vision in a school with minimal existing capacity for making as an 

instructional mechanism.  

Mrs. Redmond and Mrs. Frey recognized that in order to achieve the teacher and 

student agency required to have maker-centred learning integrated across the instructional 

culture of Suburban Middle School, capacity for making could be stimulated from a 

structured Makerspace class. It was and continues to be the ultimate goal of these two 

teachers that students would apply their newly acquired Makerspace class skills to other 

subject area projects that would be created in the school makerspace, thereby achieving a 

maker-centred instructional culture. 
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4.1.1.2 An Inclusive Material Assemblage. I met Vincent and Carter during my 

first case study visit to the Grade-7 Makerspace class at Suburban Middle School. My 

introduction to Vincent and Carter had an element of serendipity as I was able to follow 

directly behind them, amongst their peers, into Mrs. Redmond’s Makerspace class. I had 

not expected my role as an active participant in this study to begin prior to the start of 

class. However, despite attempting to get out of the way of a flood of students entering 

the classroom, I realized that my “pardon me” doorway etiquette was inaudible to them 

as they discussed their goals and material selection for their 60-minute Makerspace class. 

I quickly understood the students’ eager, pre-class discussion motives upon entering the 

makerspace. The expansive collection of tools, construction materials, and shared 

workspaces demanded that students have at least a minimal amount of forethought. 

As it had been a while since my last visit to this makerspace, I took a moment to 

observe the physical arrangement of materials throughout the space. One physical feature 

of the classroom that likely contributed to students’ ability to flow easily throughout the 

space was the retractable wall, which was always left in the open position. On one side of 

the classroom, four sturdy workbenches were secured to the floor; on the other side, 

tables served as student seating during moments of whole class instruction and could be 

easily reconfigured to meet the daily needs of the student maker process. Around the 

perimeter of the room were various stations that organized activities according to their 

associated material. Some stations had LEDs, motors, and other electronic components 

for physical computing; the three-dimensional printer was complemented by several 

spools of filament; and a large storage cabinet housed all consumable materials, like glue, 

googly eyes, wooden dowels, and cardboard cutters. There appeared to be stewardship 
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over the space because each station was tidy, loose items stored in transparent bins for 

easy retrieval, and work surfaces were clean, commonly used tools invitingly displayed 

for the next maker.  

Every observable aspect of the material assemblage in the Suburban Middle 

School makerspace seemed to be intentionally placed to influence the learning experience 

of students. There were inspirational posters from celebrated, international inventors, 

quotes from prominent makers formed with handmade cardboard letters, and a series of 

clocks displaying the time of the cities in which flagship Maker Faires were held. A strip 

of individually addressable LEDs was attached to the ceiling. Past student projects were 

stored on every unoccupied surface. These were all physical materials; however, there 

was also an influential, non-physical sense to the curated classroom décor that 

empowered students to be creative. 

As soon as the class was seated in temporary groups around hexagonal tables, 

Mrs. Redmond began facilitating a class discussion. Facilitation truly is the operative 

word to use for her instruction in this situation as students seemed to need someone 

merely to ask, “what are we doing today?” A few students impulsively raised their hands 

as Mrs. Redmond reminded students of proper classroom conversation etiquette. Vincent 

was the first student to speak. He expressed concern about having a “mess” of alligator 

clips and wires exposed behind his and Carter’s interactive, electronically enabled 

cardboard Plinko game.  

The mess of wires to which Vincent referred was what permitted their game to 

have electronic interactivity with the player. Vincent and his partner Carter had created a 

Scratch-based (https://www.scratch.mit.edu) computer code that increased a player’s 
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points when the puck fell in a corresponding column. The computational media platform 

that linked the virtual Scratch code to the physical cardboard Plinko game was a Makey 

Makey. This device acted like a computer keyboard. However, unlike a keyboard, it 

required a physical event to complete a low-current circuit. Once this circuit was 

completed, it would send a signal to the USB-connected computer, which would initiate 

the Scratch code. Via the Makey Makey, this simple signal took only a moment to travel 

between the Plinko game board and the computer. The complexity that had led to 

Vincent’s concern became apparent in the physical layout of the wires between the 

Makey Makey and each Plinko column. All the students in this class were familiar with 

the Makey Makey, this class being their second rotation through the Suburban Middle 

School makerspace. 

Mrs. Redmond used Vincent’s mess of wires as an opportunity to remind students 

about a design concept that they had discussed earlier: 

Mrs. Redmond:  I know some of you want to make your project look good;  

 [she pauses to add emphasis] 

Mrs. Redmond:  However, remember, your game is meant to be a prototype. 

I expected Mrs. Redmond’s next line of dialogue to provide a definition of the word 

“prototype.” However, by the number of students actively nodding their heads, Vincent 
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included, it was clear that the word prototype was already part of their maker vernacular.8 

The students were well aware that they did not have to make definitive design decisions; 

rather, they were to spend their time focusing on the actualization of their carnival game 

concept.  

A by-product of this teacher–student exchange occurred in tandem with the 

students’ nods. Not only did Mrs. Redmond’s answer to Vincent’s concern seem to 

alleviate the same concern in other students, but it also stimulated energy among the 

students in the makerspace. As soon as Mrs. Redmond offered her design-inspired 

insight, students seemed reassured as they prepared for their work period. Students’ 

behaviour immediately changed. They were gesturing design concepts and giving 

“thumbs ups” to fellow classmates from across the room. As an observer, I understood 

this behaviour to mean that the amount of design-associated risk that students were 

willing to take while constructing their prototypes had changed. It seemed that Mrs. 

Redmond’s comment had changed the students’ sense of agency, thereby encouraging 

students to modify their initial designs. Mrs. Redmond’s comment had become part of the 

material assemblage available to the students. 

The impact of Mrs. Redmond’s reminder—“your game is meant to be a 

prototype”—was my first conscious observation of a non-physical material exerting a 

cascade of influence on the students’ maker process. Recall that, in this research, I have 
 

 

8 Vernacular is preferred over vocabulary because it refers to the language of a specific group—in this 
instance, a group of student makers. 
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subscribed to the postmodern view of materialism presented by de Freitas and Sinclair 

(2014). One may not consider Mrs. Redmond’s response to Vincent to be a material 

contributor to Vincent’s end-product. However, this is the first of many observations 

from this case, and the two subsequent cases will identify the non-physical materials of a 

makerspace (human, cultural, and aesthetic) that can influence the form of a student’s 

learning artifact, similar to the influence provided from traditional, physical materials. 

4.1.2 Data Collection 

 The observations below were assembled after four classroom visits to Suburban 

Middle School. The initial visit was to familiarize myself with the learning environment, 

the students, and any educators who were part of the cardboard carnival games project. A 

decision was made during this first visit to co-ordinate the three interviews so that student 

work would be minimally disrupted, I could observe as many student constructions as 

possible, and student participants would be relaxed, not worried about the interviews 

detracting from their project timeline. Because elementary students had been invited to 

play the finished games, the students at Suburban Middle School were on a tight project 

timeline, which made it necessary to adjust the interview timing.  

In total, I conducted unstructured interviews with three students. The students 

Vincent and Carter were interviewed on three occasions, while the remaining student, 

Lacey, was interviewed only once. Lacey’s interview was an unanticipated product of a 

final classroom observation and therefore does not conform to the intended three-part 

interview methodology.  
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4.1.3 Observations of Specific Mathematics Curricular Outcomes 

Through qualitative analysis of the three unstructured student interviews, I 

observed 57 specific mathematics curricular outcomes (Figure 1).  

Figure 1 

Grade Level Distribution of Observed Mathematics from Suburban Middle School 

 

 

These outcomes span New Brunswick mathematics curricula from every grade level, 

kindergarten to Grade 12, with the exception of the three curricular documents dedicated 

to the study of calculus. While further analysis of these results, compared and contrasted 

with those from the other two case studies, will be provided in the summary section of 

this chapter, below are three collections of student mathematical inquiry observations that 

are of interest. I refer to them as collections because, while the original observations were 

0

2

4

6

8

K 1 2 3 4 5 6 7 8 9 10 11 12

3

55

2

5

3

8

5

6

55

3

2

Outcome Qty

Elementary = 26 Middle = 16 High = 15

Total = 57

*

* = Current Grade Level 

1



 

 

91 

discrete, when combined together they provide clarity on how Vincent and Carter’s 

project portrays larger areas of school-based mathematics. 

4.1.4 Observations of Interest 

The observations below address New Brunswick Mathematics Curricular content, 

such as measurement and geometric thinking, statistics and probability, and logical 

reasoning. While the collections of observations are numbered below, they do not 

correspond to discrete experiences—that is, these observations were not made in isolation 

from other mathematics curriculum outcomes observed during the case study. Rather, 

these observations have been provided because they represent areas of interest that 

include school-based mathematics and indications of content extending beyond the scope 

of a K–12 mathematics classroom. 

4.1.4.1 Measurement and Geometric Thinking. If I had made any assumptions prior 

to observing the construction of the cardboard carnival games at Suburban Middle 

School, it would have been that students would rely on their measurement and geometric 

thinking abilities. However, I observed many students, including Vincent and Carter, who 

made spatial reasoning decisions that were more subjective mathematics learning 

experiences, such as marking and cutting cardboard simply based on visual inspection of 

the table upon which their game would rest. During the qualitative analysis of the 

interview data from Vincent and Carter, I included my observations of their subjective 

assessments in the results because even without objective measurement, the spatial 

reasoning still constituted a mathematics learning experience. While Vincent and Carter 

were not actively using conventional measurement tools to determine where to cut their 

cardboard, they relied on their spatial reasoning to make design-based decisions. This 
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was an expected observation because I assumed that these middle school students had 

already been exposed to similar spatial reasoning activities since as early as Grade 2, the 

New Brunswick Mathematics Curriculum indicating that Grade-2 students should 

demonstrate understanding and application of linear measurement knowledge (EECD, 

2009a, SCO SS3, pp. 62–65).  

 As the interviews and the iterative versions of Plinko progressed, Vincent and 

Carter’s reliance on measurement and geometric thinking became increasingly intricate. 

Comparing photos (a) and (b) in Figure 2, we can see that the boys had added the dowels 

that would allow the cylindrical puck to travel down the game board in a random 

trajectory that would be familiar to fans of Plinko. The photos in Figure 2 were taken at 

the beginning of each school visit: (a) Vincent stands next to an early stage of the Plinko 

project, showing the interactivity with conductive materials at the bottom of the game 

board; (b) Vincent and Carter showcase their next Plinko iteration, now complete with 

pegs and game point columns; and (c) Vincent and Carter showcase their final Plinko 

installation. In this image, they had added a puck barrier and inclined bumpers along the 

vertical side-lengths of the game board. When asked why they had chosen the peg 

placement pattern demonstrated in Figure 2, Vincent and Carter made it clear that, in 

planning their next iteration, their material decisions had been influenced by the 

mathematics related to the puck, peg arrangement, and game strategy.  
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Figure 2  

Vincent and Carter's Cardboard Plinko Carnival Game  

 

The following excerpt from one of my interviews with Vincent and Carter provides 

further insight into their decision-making: 

Lingley:  How did you come up with a pattern for your peg placement?  

Carter: What happened was we measured it out [cardboard game board], it 

is 62 cm wide, and 112 cm down.  

Vincent:  Something like that.  

Carter:  So what we did was divided 62 into 5 first, or into 6 first, then we 

realized we didn’t have enough space on the board.  

Vincent: Because at 6, the slots would have been too small and the puck 

would have got caught.  

Carter: So, we divided by 5 and then realized it worked and then divided it 

[width of cardboard] by 4 [for the next row of pegs].  

Vincent:  Because you can’t have the same thing, it would just go straight 

down. It has to be diagonal.  

Carter:  And then we marked every single slot that, every single 10 cm 

vertical I think it was, or something like that, 10.1 cm, I think it 

was.  
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Vincent:  And then we kind of just put them in the centre so that the puck 

would zigzag all the way down. 

Unfortunately, the above excerpt was not caught on video. During this audio-recorded 

interview, Vincent continually used the black, cylindrical, air hockey puck as a method of 

non-standard measurement to determine the width of the columns so that the puck would 

pass through the pegs when it was dropped by the player. This example is replete with 

specific mathematics curriculum observations:  

• Grade 1: comparing and using non-standard measurements (SS1 & SS2)  

• Grade 2: construction of three-dimensional objects (SS7)  

• Grade 3: division (N12) 

• Grade 10: spatial-reasoning puzzles (G1) 

There were other observations that were less obvious including Grade 7 circle geometry 

(SS1), and Grade 8: geometric net construction (SS2). What became apparent through the 

discussion, however, was the necessity to consider the role of the materials in order to 

observe particular mathematics outcomes. 

For instance, Vincent and Carter had to continuously consider how their end-users 

would interact with the Plinko board. While neither of them used the word “diameter” in 

the conversation above, it was clear that they understood the relationship between the 

diameter of the cylindrical puck and the width of the Plinko columns. The students began 

by using division strategies to determine the number of columns through which their 

puck would fall; when considering the random trajectory of the puck through the pegs, 

they changed their divisor so that there would be enough space to permit the 

characteristic Plinko game play. Further spatial reasoning decisions related to the 
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students’ understanding of measurement and geometry became relevant when Vincent 

and Carter began testing their game for game play optimization. 

After Vincent and Carter had placed all of their pegs in what could be described 

as a complex hexagonal pattern, they realized that the puck diameter tolerance that they 

had applied to the peg spacing resulted in an undesirable gutter-space between the 

outermost pegs and the edge of the game board. During game play optimization trials, 

Vincent and Carter expressed concern as to how a stuck puck would influence a player’s 

motivation to continue to play their Plinko game. Their solution was to add inclined 

cardboard and plastic planes to direct the trajectory of the puck. While Vincent and 

Carter did not mention the geometric connection between the radius of the puck and the 

length of the inclined planes, each iteration of their Plinko game board demonstrated 

multi-grade-level, discursive mathematics learning experiences that originated from a 

material selection process within the makerspace. 

4.1.4.2 Statistics and Probability. When I was not interviewing Vincent and 

Carter during my visits to Suburban Middle School, I spent some time listening to other 

students discuss their own cardboard carnival games. This learning environment was 

anything but silent given the sound of hand tools, the clicking of Scratch coding blocks, 

and a repetitive ticking sound. This ticking sound occurred every time Vincent and 

Carter’s plastic puck ricocheted off one of their strategically placed wooden pegs. The 

only reprieve from the ticking sound occurred when the puck finally came to rest in one 

of the point-associated columns. This too had a unique sound, which I can only describe 

as a “clunk.” However, the clunk sound was hardly ever heard because whenever a puck 

nearly finished its descent towards the bottom of a column no other classroom sound 
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could be heard over Vincent and Carter’s enthusiastic exclamations of success or 

reluctant groans of failure. 

 The rationale Vincent and Carter provided for the inordinate amount of time spent 

playing their Plinko game could be interpreted as one of altruism and intrinsic 

motivation. Altruism is used to describe Vincent and Carter's behaviour and the 

psychological origins of their actions. As this case will describe, in order to ensure their 

game fulfilled the expectation of enjoyment for the end-user, Vincent and Carter invested 

considerable effort and persevered through several failed iterations. The term “altruism” 

describes a selfless act that benefits another individual or group without regard to the 

negative impact this act might have on oneself. Given the amount of laughter and the 

number of smiles on the faces of Vincent and Carter during my class visits, it is difficult 

to consider their efforts having been to their own disadvantage. However, the time that 

they dedicated to the experience of others could have been allocated to another aspect of 

their project. 

  At the beginning of the project, Mrs. Redmond and Mrs. Frey informed the 

students that they would be designing and constructing these games for an audience of 

elementary students. Both teachers spoke to me about the diligence that students had 

demonstrated during the work sessions as they tested and re-tested their carnival games to 

make sure they were functioning to the best of their ability:  

Mrs. Frey:  What Mrs. Redmond does now is invites elementary classes 

over to play the games, and they walk. The kids walk over. 

And there are usually 60 kids who come over to play their 

games. That element adds…  
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[Mrs. Redmond interrupts to add emphasis.] 

Mrs. Redmond: Oh yeah! 

Mrs. Frey:  [continuing] That element adds a real quality to the game. They 

care about it more because they know that kids are going to be 

playing their games. They think about that: about the height of 

their game off the floor, about how hard it is, about will little 

kids be able to play the game, so a real audience changes the 

nature of their games. 

This audience-focused perseverance to improve end-user game play is another example 

of a non-physical material influencing the physical form of the cardboard carnival games. 

Moreover, the physical material nature of the audience influenced the iterative process 

that Vincent and Carter applied to their project, such that they began to use statistics and 

probability experiments to support their next iteration to please their audience: 

Carter:  We had to make sure it would work every single time.  

Vincent:  Cause we didn’t want it to like be the one time it wouldn’t work 

and it happened on one of the kids and they miss out on the little 

fun. 

The first error that Vincent and Carter rectified, using what mathematics educators would 

characterize as a probability experiment, was a design flaw. After performing several test 

runs according to their original design, the students discovered that the conductive puck 

had a tendency to fall towards the front of the game, thereby not completing the Makey 

Makey circuit, as seen in Figure 3(a) and (b). Vincent and Carter resolved this problem 

by adding a cardboard front panel bumper with a corresponding conductive strip to 
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ensure that, independent of the puck’s landing angle, the circuit would complete, as seen 

in Figure 3(c) and (d). This change made sure that the player would be rewarded with a 

sound effect played from the computer.  

This trial-and-error iteration style, the process by which Vincent and Carter 

resolved their problem, could be interpreted as manifesting common sense rather than 

mathematics. During the interview, Vincent and Carter did not use the conventional, 

probability-related vocabulary that one would expect to hear from a student who had 

completed a similar task in a mathematics classroom. However, I contend that Vincent 

and Carter were expressing and applying their knowledge of probability as they 

encountered four outcomes related to their pre-game Plinko tests.  

Figure 3 

Possible outcomes as explained by Vincent and Carter during initial tests of Plinko game 

 



 

 

99 

 

Figure 3 outlines the four possible outcomes that Vincent and Carter described during our 

interviews. Their objective was to have conductive tape around the circumference of the 

puck touch both the conductive tape (yellow) and the ground (grey). The order of the sub-

figures (in Figure 3) correlates to the chronological iterations the boys made to their 

Plinko board: 

(a) The puck lands perpendicular, in contact only with the ground. 

(b) The puck lands against the newly added front panel, in contact with the 

ground, but the conductive tape is not placed high enough to permit circuit 

completion. 
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(c) The puck lands against the back panel, in contact with the ground and the 

conductive tape, thereby completing the circuit. 

(d) The puck lands against the next iteration of the front panel, in contact with the 

ground and the conductive tape, thereby completing the circuit.  

As Vincent and Carter explained their decision-making process that led to the design in 

Figure 3(d), I was curious to know if the Grade 7 students were keeping track of the 

number of trials they had attempted as they were refining their game. 

 During Grade 7 in New Brunswick, there are a number of curriculum outcomes 

that link the statistics and probability curriculum strand and this cardboard carnival game 

project. More specifically, two outcomes became of interest when I considered my video 

recorded interview of Vincent and Carter. The first outcome requires students to “identify 

a sample space for a probability experiment involving two independent events,” and the 

second invites teachers to provide students with the opportunity to “conduct a probability 

experiment to compare the theoretical probability and the experimental probability of two 

independent events” (EECD, 2008d, SCO SS5 & SS6, pp. 94–101). 

Lingley: How often did the two of you play the game, just to change the 

way it worked?  

Vincent:  I think we took two periods? [Asking Carter] One or two periods 

just to go through the game and see how it would work.  

Carter:  And make sure it would work every single time with the Makey 

Makey and the computer and all that.  

Lingley:  Ok. Cool. At any point did you keep track of that? Like yes, yes, 

yes, no, no, no?  
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Vincent:  We never kept track of it, but we did it in our heads sort of, like we 

tested it at least 5 times. 

This transcription from the video of the interview does not permit the reader to see 

Vincent gesturing to the complete, interactive set-up of the Plinko game. When Vincent 

stated “we tested it at least 5 times,” he was referring to the number of successful 

outcomes they had achieved, thus affirming that it was this iteration that would serve as 

the functional prototype that students could play. 

This brief exchange demonstrates that while there was an opportunity for Vincent 

and Carter to explore the Grade 7 mathematics curriculum outcomes pertaining to sample 

size and probability experiments it did not happen. Furthermore, both outcomes reference 

an experimental design of two independent events, which was not a characteristic of 

Vincent and Carter’s game design. This observation is not intended to imply that the 

teacher in this situation was negligent; rather it has been made to demonstrate that both 

Vincent and Carter are using language that conveys an understanding of the concepts 

used in statistics and probability The symbolic and numeric representation commonly 

used in a probability experiment was absent from my observations of Vincent and 

Carter’s decision-making. However, the instances in which they manifested an 

understanding of statistics and probability are evidence of competency. 

The context of the instructional environment in which Vincent and Carter made 

these mathematical inferences may have provided meaning and increased the potential 

for statistics and probability competency to develop. The Makerspace at Suburban 

Middle School was one that supported Papert’s theory of constructionism over Piaget’s 

constructivism (Ackerman, 2001; Papert, 1993a). 
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In a Piaget-inspired constructivist learning environment, students would become 

more and more comfortable with the gradually decreased use of concrete objects and the 

increased reliance on symbolic or virtual representations of content knowledge 

(Ackerman, 2001). Both Papert’s constructionism and Piaget’s constructivism emphasize 

the importance of meaningful student connection to content knowledge, but it is a 

constructionist learning environment that permits students to make inferences based on 

the tangibility of their learning artifact rather than relying on the symbolic or virtual 

(Harel et al., 1991). 

In my interviews of Vincent and Carter, there was evidence to suggest that the 

constructionist approach, facilitated by Mrs. Redmond and Mrs. Frey, had permitted 

Vincent and Carter not only to make, but also to experience their mathematical 

inferences. The pathway of decision-making that led Vincent and Carter to their 

functioning Plinko prototype had been informed by altruism towards the players and their 

ultimate enjoyment in playing the Plinko carnival game. Vincent and Carter continued to 

discuss, implement, and refine elements of their game design to make a more enjoyable 

experience for the end-user. Regardless of the absence of explicitly aligned, school-based 

mathematics vocabulary and some curriculum-suggested probability experiment 

characteristics, both Vincent and Carter utilized the learning environment materials 

available to them, upon which they based their inferences and conceptualizations. 

With reference to the first design depicted in Figure 3(b), there were instances in 

which this landing configuration of the puck would have completed the circuit. However, 

upon further trials, Vincent and Carter discovered that this result was not consistent, 

which had the potential to negatively influence the motivation of the player. Therefore, 
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through perseverance, the students modified their design to ensure that every time a 

conductive puck landed at the bottom, the circuit would complete and the player would 

receive the gratifying sound effect from the attached computer that signified a successful 

gameplay, even if the player only received one game point rather than a much preferred 

higher score. 

As a mathematics educator and an active participant in this process, I was 

interested to observe Vincent and Carter engage in discourse that reflected their 

mathematical competency. Their conversations could have facilitated a teacher’s 

assessment of mathematics understanding because they provided more evidence of 

student knowledge in addition to their individual verbal explanations. In a traditional 

classroom constructivist probability experiment, where students are encouraged to make 

similar virtual inferences, students may wish to exemplify their understanding of central 

tendency or outcome probability using a tree diagram or another graphic organizer. While 

the qualitative nature of the present research does not offer an opportunity for 

comparison, this constructivist activity would not have permitted the fact of a real 

audience of children to motivate students to make inferences based on a series of physical 

game play outcomes. Furthermore, if Vincent and Carter had been encouraged to express 

their knowledge of probability through pencil-and-paper notation of their game play 

outcomes, then such notational activity may have altered the value they placed on this 

learning experience. 

Vincent and Carter spoke of one situation that exemplifies the emotional bond 

these two students had with their learning experience and game design. After dozens of 
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invited, younger students were playing their Plinko game, the wooden pegs that were 

adhered only by hot glue often detached from the game board: 

Carter:  We had a glue gun handy so that when these came off we could 

replace them. But there were so many kids hitting […] that 

[referring to the pegs] and just going into the 1 [point] column. So 

we just thought why not just take a couple of them [pegs] off and 

see what happens. And experimenting on what points they could 

get.  

Lingley:  Oh. Ok. So there was a reason for why you didn’t glue those two 

back on?  

Carter:  Because there were so many kids and we were like “aww” because 

they kept getting 1s and all that. So this [peg] fell off and one kid 

ended up getting 5 [points] and we were like “huh” maybe since 

it’s off now, maybe it can actually reach the 10 [point column] 

from this spot instead of just going into 1. 

This emotional reaction from Carter represents the sympathy he felt for the player and 

reveals an evidence-based design change he made based on the observed outcome 

distribution. This observation could be linked to a psychological, sociological, 

engineering, or simply a common-sense context, depending on the subject area of 

interest. However, given the scope of this research, the next paragraph will explore the 

implications this observation has on mathematics education. 

As suggested by Papert (1993b), a student’s emotional bond with their project can 

influence the acquisition of new mathematical skills and the development of 
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mathematical fluency. Applying this to observations of Vincent and Carter, it is apparent 

that these two students became increasingly fluent in aspects of statistics and probability 

as more players played their Plinko game. Furthermore, there are several instances in 

which an emotional response from a player prompted a physical-material-based, game-

design adaptation. In a constructionist learning environment where materials are the raw 

products with which students create their artifacts and ultimately derive meaning, it 

becomes exceedingly difficult to separate the design impact of non-physical materials, 

such as audience and emotional reaction, from physical materials. Perhaps then this 

learning experience must be shared with a wider group of teachers so that influence of 

Vincent and Carter’s inextricable link between materials and mathematics learning can be 

appropriately and academically assessed. 

4.1.4.3 Logical Reasoning Mediated by Computational Media. My qualitative 

analysis of Vincent and Carter’s interviews revealed a tendency for these students to rely 

on the use of conjecture, conditional statements, and sophisticated decision-making. In 

mathematics, decision-making based on conjecture, or heuristic knowledge, is often 

referred to as logical reasoning and remains a defining characteristic of the field of 

mathematics. Ross (1998) asserts that a mathematics learning environment must not only 

expose students to the use of algorithms; it is imperative that students must understand 

that conjecture becomes proof through logical reasoning.  

 Vincent and Carter’s final Plinko game was a meticulously polished construction 

suggesting that their decision-making process may be more appropriately described as 

logical reasoning. Similar to the often abstract presence of logical reasoning in student 

mathematics, the subtle physical evidence of logic was also difficult to observe in the 
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final iteration of Vincent and Carter’s game. Their electronically enhanced Plinko game 

was intricately designed to consider the end-user’s aesthetic response to the game. As 

revealed in their interviews, they had spent a great deal of time discussing and designing 

a way for the electronics to be hidden from the player. Given the invisibility of their 

meticulous planning, a passive observer or active player might miss the intentional and 

complex logical reasoning that had influenced the computational media-facilitated Plinko 

experience.9 In addition to their reliance on geometric reasoning to construct the physical 

Plinko prototype, Vincent and Carter merged computational media with the cardboard 

structure to create a rich, sensuous experience for the player. As the unsuspecting, young 

Plinko player watched their puck fall into a point-associated column, a signal was sent 

via the completed Makey Makey circuit to a computer that recognized this as a key press 

and triggered a Scratch block of code to play a sound effect (Figure 4). 

Figure 4 

Vincent and Carter’s Plinko Circuit 

 

 

9 This designed deception could also have been a product of meticulous game play design to keep a certain 
amount of information from the player. 
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This cascading sequence of events sounds complex, but it is an example of how the 

designers of both Scratch and the Makey Makey intentionally engineered these products 

to be accessible to all students (Kafai & Burke, 2014). What once would have required 

several lines of syntax-heavy code can be accomplished in two Scratch coding blocks. 

Figure 4 above presents a simplified version of Vincent and Carter’s combination of 

computational media that enabled a Plinko player’s experience.  

The materials that Vincent and Carter chose to craft their Plinko experience were 

the media that became the intermediary link between a player’s experience and the 

physical game itself. The word “media” is often used as a synonym for multi-media or 

even the use of technology in general. In this context, however, media is used in 

reference to a material that acts as an intermediary between two items. In Vincent and 

Carter’s example, several different materials acted as media. The Makey Makey between 

the computer and the cardboard game, and the cardboard game between the Makey 

Note. A Simplified Diagram that Demonstrates the Configuration of Computational Media that 

Interfaces the Scratch Code to the Makey Makey, the Conductive Puck and the User’s Experience 
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Makey and the end-user; both of these instances of connectivity are actualized by media. 

It was within this media-mediated connection that Vincent and Carter developed their 

logical reasoning, which was punctuated by conjecture as these two students justified 

their game-design decisions. 

Several decisions that Vincent and Carter made during the construction of their 

Plinko game required some level of logical reasoning. From the moment they determined 

the wooden dowel arrangement, to the discussion they had to optimize the number of 

game-play outcomes, to the selection of an appropriate Scratch sound effect, each 

decision required the students to evaluate the internal validity of each option. This 

heuristic method of having developed what appears to be sophisticated, logical reasoning 

during the decision-making process could be attributed to a simple case of two students 

following classroom directions, rather than deciding what to do next. However, it seemed 

that, as the diversity of materials used within the project increased, so did the complexity 

of conjecture between Vincent and Carter. This correlation between seemingly simple 

makerspace decision-making and conjecture by way of logical reasoning became 

particularly apparent when considering that many of these students were interacting with 

these materials for the first time. For instance, their reasoning for using copper tape over 

aluminum foil as a conductive medium could have been informed by prior experience. 

This type of discourse-driven decision-making is a common characteristic of logical 

reasoning, often described as a requisite attribute in higher-order mathematics (Lithner, 

2000). 

School-based mathematics curricula recognize logical reasoning as an integral 

component of a student’s mathematical process; it is included in each of the curriculum 
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frameworks in New Brunswick from kindergarten to Grade 9 (EECD, 2008a; 2008b; 

2008c; 2008d; 2009a; 2009b; 2009c; 2010a; 2010b; 2010c). This guideline has been set 

out in both the Western and Northern Canadian Mathematics Protocol (WNCP) and the 

National Council of Teachers of Mathematics (NCTM) Principles and Standards, two 

foundational documents that have been used to author New Brunswick’s mathematics 

curricular documents (NCTM, 2000; WNCP, 2006). These documents make reference to 

logical reasoning as it pertains to the study of mathematics, which encourages students to 

develop confidence in their ability to analyze and interpret information while evaluating 

the validity of arguments. 

Given that this is a middle school, it can be assumed that every student in the 

Suburban Middle School Makerspace had been exposed to an instructional culture in 

which the New Brunswick mathematics curriculum document was the guiding document. 

Therefore, at some point in their learning of mathematics, all students involved in the 

cardboard carnival games had been encouraged to justify their mathematical thinking 

through the use of logical reasoning and conjecture within the classroom. Based on this 

and inspired by Vincent and Carter’s reasoning reflected in their interview, I decided to 

compare their work with that of other students in the class to further illuminate the 

presence of reasoning. 

During this case study and the two others, I paid particular attention to the ways in 

which my presence in the learning environment affected how the students responded. For 

instance, I recall on one visit being very impressed by a group of students who had 

successfully discovered how to create a lever to stop a ball, similar to the mechanism in a 

pinball machine. The mechanism was quite advanced. It consisted of an elastic band that 
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amplified a user’s input, thereby propelling the ball up the game board. I remember 

hearing the excitement in my voice when I saw their mechanism and asked them to 

explain their design process. What I did not know was that there was a very similar game 

from another group of students who had also constructed a pinball-like mechanism. 

However, this group’s design was much less complex than the first one I had observed. 

It was not until after this experience that I considered the implications of my 

reactions on others. It is impossible to know what previous material experience the latter 

two students used in order to construct their mechanism over the version created by their 

classmates. Perhaps the more complex version was merely modified from a design they 

had found on the internet and not their original work, in which case it would require less 

sophisticated reasoning. Alas, it is important to note that, while my research decision 

outlined in the following section provided a wealth of insight into the role of logical 

reasoning, it may have altered a particularly perceptive student’s impression as to the 

perceived value placed on work accomplished by one group of students over another. 

The following section will present the outcome of my decision to shift away from 

Vincent and Carter to seek further understanding of the role of complexity and logical 

reasoning among other student projects. What is presented below may seem like a 

significant research tangent that could detract from Vincent and Carter’s work; however, 

it demonstrates the distractive nature of a makerspace. When observing the students 

working in the Suburban Middle School Makerspace, I found it difficult to restrict my 

focus to just one project. All the projects were in one communal space, which contributed 

to the same material assemblage from which Vincent and Carter received their influence. 

I therefore decided to allow my research methodology for this case to reflect the 
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interesting distractions that were the other student projects surrounding Vincent and 

Carter. Furthermore, my own shift in research methodology—to explore the role of 

complexity in logical reasoning in other projects—mimics the inspiration that students 

have experienced when they observed the intriguing decisions their classmates were 

making to their projects. This research inclusion not only informed my interest in logical 

reasoning, but also provided a sense of relatedness to the experience of a student learning 

in a makerspace. 

4.1.5 Lacey’s Complex Logical Reasoning  

After I expressed interest in broadening my focus beyond Vincent and Carter’s 

project, Mrs. Frey invited me to one of her smaller Makerspace groups comprised of 

Grade-8 students who were exploring a new computational media platform. This was 

provoked by an unprompted conversation in which Mrs. Frey and I were discussing the 

way student Scratch coding sketches vary in terms of complexity. After observing 

Vincent and Carter’s single block of code, I thought that more insight could be gained by 

accepting Mrs. Frey’s invitation to observe other projects involving code. The group that 

Mrs. Frey invited me to observe was designed to provide students who were proficient 

coders with an opportunity to extend their ability to new materials. It was here that I was 

reacquainted with Lacey.  

 I had first met Lacey when she was in Grade 7, then taking the same Makerspace 

class in which Vincent and Carter were enrolled. Lacey was a part of the first class that 

constructed cardboard carnival games with Mrs. Redmond and Mrs. Frey. Similar to 

Vincent and Carter, Lacey had constructed a game that interfaced with a computational 

media device that, when triggered, illuminated lights, repeatedly turned a servo motor, 
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and facilitated the ball return to the player. I remembered having had a similar reaction to 

Lacey as I had had to Vincent and Carter when she described her logical reasoning that 

resulted in her completed code. Intrigued by this memory, I asked Lacey what she was 

currently making. 

Lacey revealed that she was working on a project that used the Micro:bit to 

simulate fireflies. What I did not know at the time was whether Lacey chose to describe 

the firefly project because that was the project she was working on in that moment or 

because she was choosing to be modest, as I would soon serendipitously discover. This 

was one of two of Lacey’s impressive projects. The Micro:bit is a computational media 

device available to students at the Suburban Middle School. When compared to the 

combination of a project that uses a Makey Makey and Scratch as the back-end code, the 

Micro:bit offers students a similarly accessible, block-based programming language, plus 

input and output hardware capabilities within the same board. The Micro:bit platform 

(Figure 5) allowed Lacey to iterate her code through a browser-based interface and then 

upload her code to the Micro:bit in order to view the manifestation of her code by way of 

the 5x5 LED matrix.  

Figure 5 

Lacey’s Code and Calculations  
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Note. (From left to right) A series of images from Lacey's Micro:bit project. The pre-packaged code 

provided by MakeCode; Lacey’s iterations of received Message “clock” variable; Average time calculation 

for “clock” ≥ 5; Lacey’s final signal transmission latency calculation  

In order to introduce students to this new platform, the manufacturers provided several 

introductory projects on their website (https://www.makecode.com), which includes the 

basic firefly program. 

Regrettably, the pre-packaged firefly program from MakeCode left little decision 

-making for Lacey. The manufacturers likely created this sample program to demonstrate 

the wireless communication abilities between two Micro:bits. Therefore, the opportunity 

for students to apply any heuristic knowledge to this activity only occurred after the pre-

packaged code (Figure 5) was applied across several Micro:bits. Having previously 

uploaded the code, Lacey laid out and hooked up battery packs to five Micro:bits. I 

watched as each of the pixelated LED screens illuminated with different periods of 

firefly-like activity. These Micro:bits were essentially performing an electronic light 

show of biomimicry. Admittedly, I began to form my own conjecture as to how this small 

device could accomplish such an aesthetically technical task. However, my questions 

about device functionality were rendered trivial when Lacey presented her conjecture:  

Lacey:  First you have to set the radio groups and the transmit power and 

all that […] So when the radio sends a number or any number it 

will change the clock [variable] by one. Clock is what you need it 
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to be 50 or 10 [number of radio signals required before it flashes 

again]. So, once it receives so many radio signals it would flash 

and then it would restart the clock [variable] so you would need 10 

more or 50 more radio signals to flash again.  

Lacey:  One of my goals was to find out how fast the signals go. So if you 

like automatically needed this [message] so extremely bad, like it’s 

urgent, then how fast would it be able to get to the next one 

[Micro:bit]. So what I found is it takes around 0.1 second. So it’s 

pretty fast which is a good thing. But that’s just with 5 Micro:bits 

sending so if there was like 10 Micro:bits it would be a little faster.  

[Note: the order in which the two excerpts are presented above has 

been reversed to align with the situational context.] 

Lacey seemed initially to be enamoured with the firefly-like flashing between each of the 

Micro:bits in her collection. However, as the above excerpt indicates, she then applied the 

context of the existing code to one of wirelessly communicating a message. Using the 

image in Figure 5 as a reference, it appears as though Lacey was analyzing the efficacy of 

signal transmission among several Micro:bits against the latency required to reach the 

desired number of signals received. It was based on these observations that she 

determined that signal latency is directly correlated to the number of Micro:bits in the 

collection. The mathematics involved in her calculations of average transmission time is 

relatively simple compared to similar grade-level expectations. Complexity appears, 

however, when one considers the reasoning used by Lacey in this situation. Lacey had 

challenged herself to analyze the change in variable values within the code and the 
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number of available Micro:bits. This formed a familiar architecture of mathematically 

relevant conjecture, as had been observed in Vincent and Carter’s Plinko game. 

 Lacey’s experiment was rich with examples of how a novice learner could 

appreciate mathematics as both concrete and abstract. Lacey would likely never have 

described her experiment as one that explores this duality of mathematics. It is her 

affinity for the abstract application of her calculations that is indicative of her logical 

reasoning skills. In this experiment, Lacey first used a simple algorithm to determine the 

average latency between Micro:bit signal transmission. Using this result, she then relied 

on the use of conjecture to determine if her calculations would remain true across several 

different electronic fireflies. Not only did her reasoning follow a logical and iterative 

trajectory of thought and experimentation, it also demonstrated how a student could 

potentially apply both an abstract and utilitarian use of mathematics to a creative 

experience (Ross, 1998). 

 The significance of mathematical creativity in Lacey’s coded construction is 

further supported with similar findings by the formative Turtle LOGO programming 

paper by Feurzeig and Papert. In 1968, they asserted that computer programming 

reinforces the development and sophistication of mathematics knowledge in young 

learners. As documented in Chapter 2, a number of researchers have dedicated their 

careers to advocating for the use of computer programming or code to support 

mathematics education (Ackermann, 2001; Libow Martinez & Stager, 2013; Papert, 

1993b; Resnick, 2017). In an effort to respect the origin of this now vast field of study in 

constructionist education, the excerpt below from Feurzeig and Papert’s original paper 
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illustrates how code applies to the nature of logical reasoning and mathematical 

conjecture: 

Solving a mathematical problem is a process of construction. The activity of 

programming a computer is uniquely well suited to transmitting this idea. […] 

A solution to a problem is to be built according to a preconceived, but 

modifiable, plan, out of parts which might also be used in building other 

solutions to the same or other problems. A partial, or incorrect, solution is a 

useful object; it can be extended or fixed and then incorporated into a large 

structure. (Papert, 1968, as cited in Feurzeig et al., 2011)  

Reflecting on my observations of Lacey’s project, I made another relevant discovery. 

While I had not anticipated the opportunity to reflect on a student’s logical reasoning 

development across two years, equally surprising was my discovery of an additional 

wealth of student evidence to support this case while searching the Scratch database of 

projects. When attempting to find a Scratch code created by Vincent and Carter for their 

Plinko game, I stumbled across an account of Lacey’s project. This account had been 

created by Mrs. Redmond and Mrs. Frey for a cumulative repository in which students 

could save their Scratch codes during their years in a Suburban Middle School 

makerspace class. The user interface for Scratch (https://www.scratch.mit.edu) permits a 

website visitor to view the recent changes that a “scratcher” (an avid Scratch user) has 

made to their projects. I noticed that Lacey had recently updated her project, entitled 

“The Computer Lab Escape Puzzle.” Apparently, the firefly Micro:bit project was not the 

only project Lacey had been constructing.  
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 Lacey’s Scratch sketch was modelled after the popular Escape Room activity, 

where players collect and interpret a series of clues in order to solve puzzles and 

ultimately exit a physical room. As soon as I clicked on the hyperlink to begin Lacey’s 

sketch, I was immersed in a virtual gaming experience that was complete with audio 

feedback and user interactivity. One function of Scratch is that any user can “look inside” 

another user’s sketch to reveal the underlying code. I was intrigued to see if Lacey’s “The 

Computer Lab Escape Puzzle” demonstrated a similarly sophisticated level of logical 

reasoning when compared with her Micro:bit project. 

 Looking inside Lacey’s project revealed over 80 scripts of code across 11 

different sprites (similar to characters in a play). A snapshot of two of these scripts and an 

in-game screenshot is shown in Figure 6.  

Figure 6 

Lacey’s Scratch Project  
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Note. (From left to right) A series of images from Lacey’s Scratch Project “The Computer Lab Escape 

Puzzle.” An in-game screenshot of the Computer Lab; An event-based sketch that triggers a series of on-

screen actions; Another example of an event-based sketch that includes several conditional statements 

 

The block-based programming in Scratch, used by students, requires an event to trigger a 

block of code. These events are positioned on top of each block of code, examples of 

which are shown in Figure 6. Appreciation for the complete gameplay experience from 

only reading the colourful blocks of code on either of these scripts was not enough to 

fully understand the entirety of what Lacey had created. With expertise similar to that of 

a puzzle designer, Lacey had created a labyrinth of code that was impossible to follow in 

any linear sense because each of the scripts were initiated by receiving a virtual broadcast 

from somewhere else inside her code. Examining the individual blocks laid out in the 

familiar Scratch top-to-bottom code formation (ignoring the intriguing topological 

narrative created by the interaction amongst Lacey’s scripts) revealed an equally 

intriguing expression of both concrete and abstract mathematics knowledge. 

 Through the use of varying colours of blocks, Lacey’s code demonstrated her 

concrete school-mathematics curriculum knowledge in such concepts as Cartesian 

geometry, proportionality, randomness, number sense, and algebraic thinking. Lacey was 

required not only to visualize what effect a calculation would have on her sprite, but also 

to understand and to interpret the implications of this mathematical process in relation to 

end-user’s gameplay experience. 

 For instance, each of Lacey’s scripts affected the actions of an on-screen 

character, or sprite, who occupied a user-defined, on-screen surface area. In one of her 
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scripts, Lacey had created a condition that changed the on-screen surface area occupied 

by this sprite by 400%. I did not have an opportunity to ask Lacey how she had arrived at 

this number. However, considering that there were a number of on-screen visual cues that 

a player would need to contend with, Lacey likely would have had to rely on complex 

logical reasoning in order to not choose a number that would visually disrupt a player’s 

gameplay. Had Lacey chosen to increase the surface area occupied by the sprite to any 

other number, then perhaps the sprite would cover the next clue required by a user to 

solve the puzzle and exit the escape room. Or, perhaps Lacey, by herself, had attempted a 

series of trial-and-error calculations to arrive at the precise proportion that aligned with 

her imagined on-screen narrative. Regardless of the rationale Lacey used to design the 

final version of her code, this example demonstrates Lacey’s mathematical knowledge 

adaptability between the abstract nature of her logical reasoning and the subsequent 

concrete actualization of her conjecture through the use of on-screen numeric 

computations. 

 When considering her school-based mathematical knowledge in Lacey’s 

proportionality calculations, one may conclude that her mathematical expression is no 

more sophisticated than that of Vincent and Carter. In isolation, increasing the surface 

area occupied by a sprite by a set percentage could parallel any number of pencil-and-

paper tasks that one may observe in a traditional middle school mathematics classroom. 

However, if one were to analyze the entirety of Lacey’s in-game experience, one would 

begin to see the sophistication of her mathematical content knowledge and reasoning that 

linked the actions of one sprite to another across several different stages and conditions of 

gameplay experiences. Furthermore, this demonstrated Lacey’s dedication and 
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perseverance to using logical reasoning as a material to construct a unique narrative with 

an audience, a narrative with which the role of mathematics as a larger discipline—not 

only content knowledge—is inextricably linked. 

Educators and other educational stakeholders who observe projects like those by 

Lacey, Vincent, and Carter may conclude that the expression of mathematics is not in 

accordance with the corresponding grade-level expectations. If these observers were to 

make this conclusion having only witnessed student mathematics within a conventional 

classroom that relies on knowledge demonstrated primarily through the use of paper-and-

pencil calculations, then such a conclusion might be understandable. Indeed, I understand 

how such a conclusion could be made because at the outset of this case, I did not expect 

to observe the extent of unconventional examples of student mathematical 

conceptualizations that I saw in this case.  

After having been impressed by Vincent and Carter’s use of geometric and 

statistical knowledge in their makerspace learning artifact, I myself seemed to arrive at a 

similar conclusion given what I considered to be a lack of sophistication in their Plinko 

code. While I can still appreciate that this decision led me to fortuitously discover 

Lacey’s work, I later realized, in hindsight, that I had failed initially to notice Vincent and 

Carter’s apparent use of complex logical reasoning that had resulted in their choice of 

code. 

Perhaps Vincent and Carter’s decision to use only two blocks of code in their 

Scratch program was sufficient to achieve their desired user experience. Perhaps they 

decided to dedicate more time to optimize the physical game play dimensional experience 

for their audience of short, young elementary students. Or perhaps Vincent and Carter’s 
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seemingly simple use of code could be attributed to the fact that they had less experience 

in the makerspace at Suburban Middle School. Recall that Lacey was in Grade 8 (rather 

than Grade 7) and therefore had been encouraged to create expressive learning artifacts, 

using code alongside a variety of other physical and non-physical materials, for a whole 

year longer than Vincent and Carter.  

My observations allowed me to reconsider what I had determined to be simple 

code. In fact, the simplicity of Vincent and Carter's code is representative of common 

practice in computer programming. In an effort to save hardware resources and improve 

readability, programmers strive to write code that is efficient, organized, and coherent—

simple. Exploring Lacey’s work allowed me to acknowledge that describing Vincent and 

Carter’s code as simple does not mean that their understanding of coding was simple. Nor 

does Vincent and Carter having copied premade code from the internet imply that their 

understanding of coding and the related mathematics was simple, as they may have been 

adapting their code to a particular context.  

4.1.5 Qualifying an Observation  

During the recruitment process for this research, it became apparent that there was 

a link between the first research question of this study regarding the specific mathematics 

curriculum outcomes and the ultimate goal of cross-curricular integration in Suburban 

Middle School’s makerspace. Mrs. Redmond and Mrs. Frey expressed interest in 

qualifying the type of learning that students experienced in a makerspace environment. A 

mutually beneficial opportunity was presented through this research since the interview 

analysis would at least provide a qualitative summary of specific mathematics curriculum 

outcomes observed during the case study projects.  
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During my case study visits, it was evident that any mathematics curriculum-

related observation was dependent on the materials students used and the iterative design 

decisions students made during the construction of their projects. Furthermore, it became 

abundantly clear through these makerspace visits that conventional assessment for 

evidence of mathematics learning would not be sufficient.  

The role of assessment in mathematics education is often associated with a narrow 

conception of what comprises student competency and knowledge proficiency. This is 

not the case in this case study. The qualitative research analysis—as it pertains to 

observed evidence of specific curricular outcomes—does not make any direct inference 

from any students’ proficiency in mathematics as it relates to their curriculum 

achievement indicators or report cards. There were, however, instances in which students 

were observed engaging in numeracy-based construction activities that could be 

associated with mathematics curricular outcomes that were higher in grade level than the 

student’s actual grade level. While I will use this as a point of conjecture in the 

discussion of the three case studies, it was not within the scope of this research to code 

for a student’s school-based mathematics grade-level proficiency as a way to predict their 

suggested assessment, evaluation, or report card results. 

Considering the potential workflow of students while they were building 

cardboard carnival games, an observer looking for objective evidence of mathematics 

learning may prepare themselves to seek out instances in which students perform 

traditional, numeric, paper-and-pencil calculations. This would be expected from an 

observer since the students would be constructing a physical object. Therefore, a reliance 

on calculations that support mathematical concepts during construction elements, such as 
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material maximization and dimensional analysis, would be expected. However, after the 

initial case study visit to the Suburban Middle Makerspace, these assumptions were all 

but eliminated when student activity, combined with the material assemblage of the 

learning environment and the presence of increasingly subjective mathematics learning 

experiences, all collided to create a holistic observation different than had been originally 

anticipated.  

For example, students were encouraged to include a level of electronic 

interactivity in their cardboard carnival games. Students were not given any guidance on 

how this could be done; rather, they had to develop an implementation strategy that 

seemed to fit with the originally intended gameplay. The two students who built the 

Plinko carnival game began with a non-interactive, plastic, cylindrical puck that they had 

repurposed from an air hockey table. It was during construction that the students decided 

they wanted to differentiate the player feedback when the puck fell to the bottom of the 

game board. In order to do this, the students needed to wrap the puck in conductive 

material so that, when the puck would make contact with the coordinating conductive 

strip of aluminum foil at the bottom of their Plinko game, it would complete a circuit that 

would initiate the level of electronic interactivity that Mrs. Redmond and Mrs. Frey had 

encouraged. 

The two students then scavenged through a bin of conductive materials and 

eventually cut off a length of copper tape to encircle the circumference of the puck. I was 

curious to know if these two Grade-7 students had made a geometry-mediated decision 

that guided them to cut the copper tape at a length that matched a corresponding 
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circumference calculation; or did the students simply wrap the tape around the puck? 

They said later that they simply wrapped the tape around. 

It was this early example of observed potential for mathematics learning that 

revealed a material-dependent limitation of the first research question, where I had asked 

what specific mathematics curricular outcomes were observed within the project. I recall 

my strategic use of the word “observed” when I wrote that first research question. As I 

had been a middle school mathematics teacher for a number of years, I was prepared for a 

potential continuum of specific mathematics curricular outcome observations that would 

range from objective pencil-and-paper calculations to the more subjective spoken 

conjectures. However, I was not prepared for the potential of a mathematics learning 

experience produced from a simple design-based decision to “wrap a piece of conductive 

tape around a circular puck.” 

As a researcher prepared to collect evidence to help answer my question, I 

initially relied on sensory experiences to objectively interpret the mathematics being 

observed. During the case study visits to Suburban Middle School, I could see the 

arithmetic, I could hear the logical reasoning between conversing partners, and I could 

feel the slope of the cardboard. The objectively tangible nature of these observations was 

similar to conventional assessment observations from a mathematics classroom. 

However, it was the number of increasingly subjective, material-dependent mathematical 

experiences collected through interviews that began to influence what I considered to be 

an observation of specific mathematics curricular outcomes. 

It became apparent that, as a researcher, I could not ignore the more subjective 

instances of mathematics learning by students that I observed both during classroom 
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visits and during student interviews simply because these more subjective instances did 

not conform to my conventional interpretation of what constituted an observation of 

mathematics learning. While I missed the mathematics learning potential to apply a 

calculation of circumference to a linear measurement (during the wrapping of conductive 

tape around the cylindrical puck), the following three mathematics learning experiences, 

which I observed during the construction of the cardboard carnival games, are examples 

in which students made material-dependent design decisions that led to my distinct 

observations of specific mathematics curricula outcomes. 

4.1.6 Reflections of Making and Mathematics from Suburban Middle School 

 This initial case provided significant insight into the number, extent, and 

sophistication of specific mathematics curriculum outcomes that students demonstrated 

during the construction of a learning artifact in a makerspace. The classroom visits and 

the qualitative analysis of the interviews revealed that Vincent and Carter’s project, and 

implicitly others in the Suburban Middle School Makerspace, demonstrated extensive 

mathematics knowledge across several grade levels and concepts. There was, however, 

an unexpected disparity between the format in which these students conveyed their 

mathematical conceptualizations and their tendency to engage in discourse beyond the 

scope of any specific mathematics curriculum outcome. 

 At the outset of this case, I did not expect an answer to my first research question 

involving the observed specific curriculum outcomes to be as complex as what was 

revealed. Similar to my original conception of material, I had believed that my 

observations of students doing mathematics would be a sensory-rich experience. I had 

thought that I would see students using algorithms, I would hear students reciting 
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numbers as they mentally calculated surface area, and, since we were in a makerspace 

replete with computational media devices, perhaps I would even feel the tangibility of 

mathematics within a three-dimensional printed object. However, these experiences 

remained in their hypothetical form and were replaced by sophisticated, student-led, 

mathematical discourse, conjecture, and reasoning. While I had initially been reticent to 

accept that these higher-level discussions constituted students doing mathematics, it was 

the students’ material-mediated expressions of mathematics that truly inspired me to 

consider a new definition of doing mathematics. 

 My experience with the Suburban Middle School permitted me to experience the 

influence that the physical and non-physical material assemblage could have on a 

student’s expression of mathematics; it also helped me to understand and appreciate the 

significant value that subtle bodily actions could have on one’s interpretation of what it 

means for a learner of mathematics to not only do mathematics, but to share that 

mathematical experience with a larger audience. 

 A number of authors, including Papert (1993a), Turkle and Papert (1992), de 

Freitas and Sinclair (2014), and Sinclair (2004), have used their writing to explore what 

constitutes the doing of mathematics. Similar to these authors, I have used italics to 

emphasize that a social perception remains to be challenged where, in order to “do 

mathematics,” one must convey mathematical concepts through written or concrete 

expressions of alphanumeric calculations rather than through logical reasoning and 

mathematically rich discourse (de Freitas & Sinclair, 2014). 

 De Freitas and Sinclair (2014) have written about a number of seminal 

mathematicians, including Euclid and Plato, who relied on diverse methods of concept 
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expression. These philosophers and doers of mathematics expressed their ideas not only 

through the use of concrete calculations, but also by actualizing their virtual 

mathematical concepts, often through materialistic and aesthetic dimensions (de Freitas 

& Sinclair, 2014). These dimensions of mathematics are often relegated to a similar 

instructional fate as the seemingly abstract logical reasoning. However, if students 

continue to use diverse materials in their learning artifact construction, then perhaps their 

pluralistic skills for both the abstract and concrete dimensions of mathematics will inspire 

a similar mathematics understanding in others. 

When confronted with confounding results, one often relies on cognition to 

categorize experiences, such that a heuristic framework could be applied that would lead 

an individual backwards to the common origin uniting a series of seemingly discrete 

observations. I found myself having these confounding thoughts a number of times 

during the analysis of this case. I remember initially overlooking the influence that the 

flurry of activity I encountered on each visit to the Suburban Middle Makerspace could 

have had on students’ knowledge of mathematics. Not to discount the clearly visible 

kinesthetic and communicative learning opportunities evident in this flurry, however, my 

experience as a mathematics educator had mistakenly assured me that there would be 

little convincing mathematics curriculum evidence found in considering the bodily 

movements of students throughout a space.  

I had dismissed this potential even after reviewing extensive research on 

mathematics and embodiment by de Freitas and Sinclair (2014) and Papert’s (1993a) 

reference to a child’s movement through a mathematical space as body-syntonic. It was 

not until I heard Vincent’s explanation as to why they had tested their Plinko game over 
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and over again that I truly began to consider the influence that bodily movements may 

have on the sophistication of student mathematics expression, both during their 

interviews and within this learning environment. Reflecting back on the flurry of activity 

I saw when I first visited the Suburban Middle Makerspace, I can surmise that perhaps 

one of those students racing over to the rack filled with conductive consumables was 

Vincent, on his way to retrieve more conductive tape to modify the design of their Plinko 

game in an effort to reduce the number of potential negative outcomes a user may 

experience during gameplay. 

During the second part of this case, I outlined the extent to which Vincent and 

Carter’s Plinko game demonstrated their knowledge of statistics and probability. If I were 

to work my way backwards through the events that transpired to find a coherent point of 

origin, it would likely involve a thought process similar to the following: 

1) Vincent and Carter refined their material selection from the available 

assemblage to build a Plinko-inspired probability experiment.  

2) Vincent and Carter were discouraged when they realized that their Plinko 

board design contributed to a young player receiving an undesirable outcome.  

3) Vincent and Carter gestured where they would place their wooden dowels to 

construct the characteristic Plinko-puck trajectory.  

4) Vincent and Carter listened as Mrs. Redmond and Mrs. Frey presented this 

learning opportunity to the class.   

Each of these steps required some sort of bodily interaction from Vincent and Carter in 

order for them to complete their project and thus their mathematical experience. This 

thought exercise has determined that one possible point of origin for the sophistication of 
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mathematics expressed by Vincent, Carter, Lacey, and implicitly many students may be 

the constructionist philosophy crafted by Mrs. Redmond and Mrs. Frey in their 

makerspace. I believe this pedagogical decision to be the point of origin from which all 

other mathematically inclined experiences, students’ and my own, followed. Mrs. 

Redmond and Mrs. Frey constructed a learning environment that valued creativity over 

conformity, materialism over mundaneness, and student agency over student assessment 

results. It was within this environment that students were encouraged to follow their 

internal motivation and construct an inspired learning artifact that was meaningful to 

them, rather than one that was prescribed in order to complete of a unit of study. 

 The inherent value of this constructionist instructional philosophy significantly 

influences the generative knowledge experience that a student derives from this style of 

learning environment. This assertion is supported by similar work completed by Kafai et 

al. (2014), Halverson and Sheridan (2014), Turkle, Resnick, and de Freitas and Sinclair 

(2014). Perhaps the most significant support for this assertion comes from the progenitor 

of the constructionist learning theory, Seymour Papert: 

Constructionism is built on the assumption that children will do best by (fishing) 

finding for themselves the specific knowledge they need; organized or informal 

education can help most by making sure they are supported morally, 

psychologically, materially, and intellectually in their efforts. (1993b, p. 139) 

In addition to co-creating the early children’s programming language Turtle LOGO, 

Papert was a mathematician at MIT for most of his career. It was within the discipline of 

mathematics that he refined the theory of constructionism and thereby supported a 

school-based approach to mathematics similar to that experienced by students at 
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Suburban Middle School through makerspace activities, such as the construction of 

cardboard carnival games. Despite the claims of promoters of constructionism, the 

culture of mathematics instruction within and beyond any one school may impede the 

replication of this case. 

There was some evidence of such a cultural impediment at Suburban Middle 

School. Given that this research revealed that students demonstrated abstract knowledge 

of mathematics that was beyond the scope of their grade-level curriculum expectations, I 

was curious to know more about the culture of mathematics and the involvement of the 

teachers of mathematics within the makerspace. When I approached Mrs. Redmond and 

Mrs. Frey about the involvement of the mathematics teachers in the students’ projects, 

their answer suggested that an interview with the mathematics teacher (of Vincent, 

Carter, or Lacey) may promote a negative interpretation of the growth of maker-centred 

learning capacity within the school. During their interview, both Mrs. Redmond and Mrs. 

Frey indicated that they had described the educational context of their program to the rest 

of the teaching faculty, but had yet to have a mathematics teacher demonstrate a 

significant interest. Respecting this, I decided not to interview the students’ mathematics 

teacher, with hope that the students would continue to share their learning artifacts with 

the greater Suburban Middle School community. 
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4.2 Case 2: Desk Organizers at City High School 

4.2.1 Contextualization 

This case follows a group of Grade-10, French immersion students and their two 

co-teachers of mathematics at City High School. Collaborative student groups in this 

class were asked to use three-dimensional design and printing to conceive, prototype, 

refine, and produce a range tout (English translation: “store all” or “desk caddy”), a desk 

organizer for their class tools and materials; one example is shown in Figure 7.  

Figure 7 

Un Range Tout from Mme Perrot and Mme Allard’s Class 

 

 The original French language title of the project—range tout (referring to a 

singular desk organizer) or range tous (referring to more than one desk organizer)—is 

used throughout the presentation of this case because the title was enthusiastically used 

by students throughout their interviews and during class work sessions. The enthusiasm 
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that students experienced as they recited the name of their project can be at least partially 

demonstrated by the change in their intonation—Anglophones practice the characteristic 

vibrational tone when they pronounce French words that begin with the letter “r.” It was 

rare, when a student referred to their project by the name range tout, that they only said 

the name once. Equally rare was a student who said “range tout” without smiling. 

Nevertheless, students proudly presented their range tous as they filled the negative 

volume of their three-dimensional printed desk organizers with markers, pens, pencils, 

calculators, and an assortment of personally curated tools and materials that they 

determined necessary for the study of mathematics. 

 The inspiration for the range tout project is a reflection of the learning 

environment set up by the teachers, Mme Perrot and Mme Allard. Having decided on a 

new classroom arrangement, these two co-teachers designed a collaborative learning 

experience for their combined class, comprised of between 50 and 56 students from two 

courses: Mathématiques 10 and Sciences 10. Their classroom design goal was most 

evident, as the gleaming white surfaces of the dry-erase walls, boards, and tables 

dominated one’s visual field upon entry into the classroom. 

 In contrast to the previous case, Mme Perrot and Mme Allard used their 

classroom as a makerspace for their students and others throughout the school. This 

classroom was an excellent example of the diverse assemblage of tools and materials 

found in makerspaces. Since Mme Perrot and Mme Allard were dedicated to sharing the 

responsibility of providing a collaborative mathematics learning environment for their 

students, they decided to construct a makerspace within their classroom that their 

students could use during the range tout project. The materials that were found along the 
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perimeter of the classroom makerspace were selected to promote the virtual design and 

physical construction of the range tous. 

 Observing this classroom makerspace from the perimeter provides a particularly 

relevant vantage point. Traditional individual student desks were replaced with multi-

student, dry-erase tables that encouraged students to quickly sketch a design or complete 

a calculation. This had been a deliberate furniture choice since both teachers were 

interested to know if students would be less anxious when refining their work on an 

erasable white-board surface; the teachers had often experienced apprehension from 

students who seemed to perceive the work they completed with paper and pencil as more 

permanent. 

 At each of the tables, students could be seen using a selection of differently 

coloured dry-erase markers. Some marker colours added aesthetic detail or attention to 

certain parts of their work, others were used simply to satisfy a personal colour 

preference. Measurement-, crafting-, and mathematics-related tools, such as rulers, white-

board erasers, scissors, glue, compasses, and calculators were found scattered across the 

tables. Their disorder caused students to push them out of the way to permit themselves 

more surface area to express their semi-permanent, dry-erase artistic freedom. 

 In a corner of the classroom, a three-dimensional printer was slowly extruding 

plastic while the self-proclaimed “quality assurance managers,” otherwise known as 

students who had amassed expert knowledge of the device, looked on to ensure the print 

was correct. This was not the only computational media device in this collaborative, 

maker-centred learning environment. The members of this learning environment 

(including teachers and students who would “pop in” from other classrooms and other 
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subject areas) were often seen parsing through traditional, concrete mathematics 

manipulatives and non-traditional items, including spherical robots, microcontrollers, and 

a literal pile of foam core board. 

 The word parsing is appropriate here because of its importance in technological 

discourses. It reflects the prevalence of computational devices, including smartphones, 

portable computers, and tablets, throughout this classroom and the student collaboration 

afforded by the connectivity capacity of these technological devices. 

 All members of Mme Perrot and Mme Allard’s classroom had accounts on a 

social media-powered academic networking website called Fresh Grade 

(https://www.freshgrade.com). This was the platform of choice where students and 

teachers conferred beyond the temporal and physical boundaries of the school day. In this 

learning environment, it was common for students to become so immersed in their work 

that the one-hour class would end before their collaborative working group could 

adequately reflect or prepare for the next time they would meet. The virtuality and 

collaborative nature of this online medium permitted students in this learning 

environment to refine their goal of producing their own range tout, such that it would 

reflect their unique material requirements. A partial narrative of the design procedure 

from three different range tout projects is outlined in the following section. 

4.2.1.1 A Range Tout in the Making 

My first visit to City High School occurred while Mme Perrot and Mme Allard’s 

students were completing their initial designs for their range tous. This was also the day 

that the delta-style three-dimensional printer arrived in the classroom. One student group 

seemed to be both excited that it had arrived and frustrated when it was unboxed. Others 
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continued planning their designs as they held up different objects that they wanted to 

place in their range tous, rotating them around in three-dimensional space while using 

their fingers to trace what would become the negative void in the virtual design. 

It was interesting to observe students making conjectures that required them to 

clearly communicate their thought processes between physical and virtual realms. For 

example, students discussed the physical dimensions of an eraser that was to be placed in 

a virtual design, only for it to eventually enter the original physical environment from 

which it was conceived. Students found this to be quite simple. However, carrying on 

conversations that involved objects transitioning between virtual and concrete planes 

could be complex for others. There were a number of student groups involved in this 

style of discourse. 

While my initial visits to City High School involved observations of the entire 

class, a small subset of students became the research participants for this case. The 

following paragraphs in this section situate Mme Perrot and Mme Allard’s classroom in 

terms of the mindset of these students and their learning environment. 

4.2.1.1 Designing the Range Tout: A student perspective 

As mentioned in Chapter 3, two groups of two students participated in the three 

interviews for this case study. Similar to the previous case, there were instances in which 

other students contributed to my observations since they were considered to be part of the 

material assemblage of the classroom. Many students ultimately influenced the design 

decisions of their peers. Observations that involved students other than those in the two 

principle case study groups (Breagh, Grace, Scott, Noah and Melissa) will be included if 

they further inform this case.  
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The two students who first asked questions concerning the printing capabilities of 

the printer were Breagh and Grace. They knew that the printer had a circular printing 

surface. However, their reaction to its printing volume, calculated based on a diameter of 

150 mm and cylindrical height of 235 mm, confirmed that one feature of their initial 

design would not be feasible. 

In addition to having their range tout contain a selection of markers, pencils, a 

calculator, and a convenient bar over which a cloth to erase the dry-erase ink would hang, 

Breagh and Grace wanted to have a rectangular prism base that would contain loose-leaf 

paper. I watched as Grace took a ruler, measured a sheet of loose-leaf repeatedly to 

ensure that her measurements of 280 mm by 204 mm on her sketch were correct, and ran 

across the room to the newly unveiled printer to measure the diameter of the print 

surface. Since Mme Allard had just informed the class of the printer’s volume, Grace 

knew that this was a futile effort. However, it was clear that Grace required the physical 

reassurance from her measuring gesture to sufficiently qualify her suspicions. Grace 

returned to the table to find Breagh already reacting to Grace’s measuring of the print 

surface across the room—Breagh was reluctantly erasing the rectangular prism paper 

tray, thereby revealing their second range tout iteration. 

Walking around the class, I watched as two other students, Noah and Scott, 

engaged in a conversation involving the storage of pencils in their range tout. Prior to 

beginning the project, students were provided with a rubric of expectations from Mme 

Perrot and Mme Allard. One assessment criterion was that the range tout must comprise 

at least two three-dimensional shapes from the ones that they had studied during 

classroom instruction. Noah and Scott decided to use a hollow triangular prism in which 



 

 

137 

to store four pencils. I watched as Noah held up a pencil between the thumb and 

forefinger of his left hand. His forefinger of his right hand then extended out from the 

side of the pencil in an attempt to convey to Scott the virtual dimension that four pencils 

would occupy. This gesture led the students to sketch a drawing similar to that found in 

Figure 8. As soon as this sketch was finished, Scott reached for some digital calipers to  

Figure 8 

Illustration of Scott and Noah’s Pencil Holder Design 

 

measure the diameter of the pencil. This was the first time either of the boys used this 

tool. After fumbling with the adjustment knob and discovering how to zero the 

instrument, Scott devised an acceptable protocol to determine the diameter of the pencil. 

At this point, I decided to move to observe another student. As I left, I felt comfortable 

assuming that Scott had used the digital calipers to determine the measurement that 

would eventually model the gesture made by Noah when he had expressed the desired 

width of the triangular prism pencil storage compartment. 
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Just before the bell for this class rang, I was able to observe what another student, 

Matt, was designing on his laptop. Matt had already progressed past the initial sketch of 

his range tout and had opened up the browser-based, computer-aided design software, 

TinkerCAD (https://tinkercad.com). Not wanting to bother him, I attentively watched as 

Matt scrolled through the available geometric forms he could drag-and-drop onto the 

virtual “workplane” that represented the build platform of the three-dimensional printer. 

Matt began by placing a virtual cube. Hovering over it with his cursor, he discovered that 

the predefined side-length dimensions only measured 20 mm. He then used his cursor to 

drag a black anchor point in the corner of the cube, thereby proportionally increasing the 

width and depth of the cube. It was clear that Matt was not concerned with precise 

dimensions as he was only at this point familiarizing himself with the interface. 

I found it intriguing how Matt realized that he had to consider the virtual 

placement of objects in three-dimensional space. For instance, after he was satisfied with 

the larger cube, he continued to scroll through the available objects until he found the one 

labelled “text.” He placed the text where it appeared to be aligned with the superior face 

of the cube. However, once he rotated the virtual camera angle, Matt learned that, 

although the text was placed in the correct x- and z-axis position, it was a distance away 

from the desired y-axis position (see Figure 9). It took Matt mere seconds to correct this 

placement error as he changed the y-axis dimension using the “align” tool. Almost 

instantly, both the cube and the text were aligned to the x- and y-axes. One final 

adjustment was required since there was not enough text emerging from the cube. Matt 

used the cursor to translate the block of text along the z-axis until it reached his desired 

height.  
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Figure 9 

TinkerCAD Screenshots 

 

Note. Two example screenshots in reference to the two situations encountered by Matt. 

This figure also shows the interface provided by the browser-based computer-aided-

design software TinkerCAD (www.tinkercad.com). 

 

Regardless of the number of times I have seen students complete a similar task, I 

continue to marvel at the implied mathematical complexity in these cursor movements. 

This mathematical complexity becomes simple for the user because the software has been 

designed with user accessibility in mind. 

4.2.1.2 Instructing the Construction of a Range Tout 

 Many instructional design elements of the City High School Mathématiques 10 

and Science 10 class were characteristic of a traditional mathematics classroom. While 

the range tout project exemplified a student-led, maker-centred learning inspired 

assignment, it was assigned after traditional instruction where students had completed 

worksheets and summative assessments. One could consider the range tout project a 

performance task, designed to assess student competency in the unit. Even following a 

traditional classroom framework of instruction, when asked about how the range tout 
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project compared to other learning opportunities they had encountered in the past, 

students and Mme Perrot and Mme Allard spoke about how this project had presented a 

unique learning experience within a mathematics learning environment. 

 [Interview conducted in English.] 

Grace:  I think the only issue really was learning how to use TinkerCAD. 

We never really got  

[Breagh cutting in “They just gave us the site.”]  

They were like just go to TinkerCAD and here’s the site. Everyone 

was like really confused. 

Melissa:  Even they [Mme Perrot and Mme Allard] didn’t really know what 

to do. I asked them so many questions and they are like “I don’t 

know.” 

Noah:  [Speaking in jest, mimicking Mme Perrot & Mme Allard]  

 “Figure it out.”  

Melissa:  We had to like learn it on our own.  

Breagh:  Trial and error.  

Lingley:  Okay is that a different teaching style than what you are used to in 

[interrupted by all students speaking in unison] 

Group:  “Yes!”  

Breagh:  I think that’s what they are kind of leaning towards this year is like 

learn on our own and use what we already know to figure it out. 

We are always asking: how do we do this?  

Grace:  I like that though. 
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Melissa:  Like in elementary or middle school, a lot of it was like them 

standing in front of the class and telling us what we needed to do 

what strategies and stuff. And this year: figure out your own 

strategies, figure out how to do this. 

What remains unclear from this transcript is whether the student confusion and 

misunderstanding originated from a perceived mathematical inability, questions 

regarding project expectations, inexperience with novel software, or some combination of 

these or other factors. What is clear from this transcript is that some aspect of this 

mathematics instructional experience was different than the students’ original 

expectations. As novel as this learning experience may have been for these students, 

Mme Perrot and Mme Allard’s project design was a self-proclaimed mere initial step 

toward their eventual goal of a reformed mathematical learning experience for their 

students. 

 During this research, I discovered that there were many aspects of Mme Perrot 

and Mme Allard’s professional practice that changed. This was the first year in which 

they were co-teachers, essentially doubling both the surface area of their classroom and 

the number of students within this shared learning environment. It was also the first year 

in which they would reveal their reliance on, and encouragement for collaboration with, 

FreshGrade, the online social media platform for academic progress. Furthermore, a 

change that had not been expected to garner as much feedback as it did was their decision 

to encourage the use of dry-erase surfaces on which students could develop most of their 

mathematical ideas. 
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Through informal conversations with Mme Perrot and Mme Allard, I learned that 

each of these classroom changes was met with support and sometimes adversarial 

criticism from parents, students, and fellow teachers. Each stakeholder group had their 

own thoughts regarding the instructional changes. However, a unified concern from the 

collection of feedback was the influence these changes would have on students’ 

mathematical competency, preparedness, and achievement. Not only did Mme Perrot and 

Mme Allard appreciate these concerns, they admittedly had similar concerns of their 

own. However, the majority of their concerns did not originate from a change in 

classroom composition or management, but rather from their desire to create an authentic 

constructionist or maker-centred unit of study.  

Following a constructionist instructional philosophy, Mme Perrot and Mme 

Allard had intended their students not only to use traditional deductive mathematical 

reasoning, but also to experience the range tout as a physical representation of their 

knowledge (Harel et al., 1991; Papert, 1993b). In addition to the changes in classroom 

instructional culture mentioned above, this model required these teachers to shape their 

instruction so that students would rely on inquiry, discovery, and conjecture to facilitate 

their learning. Regardless of the fact that their intention for instructional reform in a 

mathematics classroom was supported by educational scholars reviewed for this research, 

including Dewey (1938/1997), Harel et al. (1991), Papert (1993b), Upitis et al. (1997), 

and Sinclair (2002, 2004, 2014), Mme Perrot and Mme Allard ultimately decided that any 

further change to their classroom would be too much for one year. 

After the range tout project was completed, a reflective interview of Mme Perrot 

and Mme Allard revealed that their suspicions for change coincided with the concern of 
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some parents. In response to my question about whether any stakeholders had expressed 

concern with the changes in the learning environment, Mme Perrot and Mme Allard had 

this to say: 

[Interview conducted in English.] 

Mme Perrot: Oh well, parents, at first. When we first talked about team 

teaching, integrated instruction… [interrupted by Mme Allard] 

Mme Allard:  I don’t think it was the project that was [introduced too much 

change], I think it was just our classroom environment. There’s 

been a lot of new stuff for them.  

Lingley: So how has your classroom environment changed for them this 

year?  

Mme Perrot:  It’s a complete 180 from what they have known. And some are 

struggling.  

Mme Allard:  And our approach is a lot different.  

Mme Perrot:  Yeah. It requires a lot of autonomy on their part and a lot of 

ownership of their own learning. Some are running with it and 

some haven’t moved.  

An insight that emerged from this interview is that some students were not able to adapt 

to a reliance on autonomy, even though traditional structures of instruction remained 

within this learning environment. 

 In an effort to account for the potential effects of instructional change and to 

remain consistent with other mathematics teachers at City High School, Mme Perrot and 

Mme Allard remained inclusive in their instruction and assessment offerings. 
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Mme Perrot:  We taught the unit the same way I would have in the past. So gave 

lecture style lessons, went over the formulas, did some 

conversions, did some calculations, we did the practice, the same 

worksheets we did in the past and this was an add-on at the end of 

the unit. 

The range tout project was assigned to students after they had completed a unit on 

geometry and spatial reasoning. According to the Grade-10 Mathematics Curriculum 

document, a student is to “solve problems that involve the surface area and volume of 3-

D objects” (EECD, 2011, SCO M5, pp. 65–66). Using their previous instructional 

experience of this unit and the curriculum document, Mme Perrot and Mme Allard 

presented students with a scaffolded project rubric that outlined all required expectations 

and mathematical knowledge. There was an uneven distribution of available value on the 

rubric between mathematical knowledge and the value relating to project creativity, 

originality, and efficacy. The majority of value available to students on the rubric related 

to topics not identified within the scope of the curriculum. 

4.2.2: Data Collection 

There were five classroom visits to City High School in which observations 

during student activity and unstructured interviews with three groups of students took 

place. During each visit, I had an opportunity to circulate throughout the classroom 

observing student activity as some students continued to work on their range tout 

projects, while others had clearly moved on to other units of study. In an effort to not 

disrupt the available in-class time that the student interview participants had to work on 

their range tous, I began the interviews in the last 20 minutes of class session. 
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In total, I conducted unstructured interviews with four different student groups. In 

recognition of the highly collaborative learning environment in which this project was 

completed, I decided to not separate the students, encouraging them to participate in the 

interviews as a group. However, this only happened for the initial interview and the final 

interview. The student groups were separated during the second set of interviews; this 

was not a methodological decision because, at the time, there was only one group of 

students available for the interviews. Furthermore, while the data collected reflects the 

interviews of four different student groups, only two of those student groups (Breagh and 

Grace’s group and Noah and Scott’s group) participated in all three interviews. The two 

other students, Melissa and Matt, participated in only one interview. Melissa had been 

part of the initial interview, but she decided to not participate in the others. Matt only 

participated in the last interview because his passion for the project and his interest in 

sharing was only discovered at the end of the research period. 

4.2.3 Observations of Specific Mathematics Curricular Outcomes 

Based on the qualitative analysis of data collected from the interviews and 

classroom visits, I found a total of 63 specific mathematics curricular outcomes were 

observed. Figure 10 shows the distribution of observed New Brunswick mathematics 

specific curricular outcomes across the grade ranges, from kindergarten to Grade 12.  

Figure 10 

Grade Level Distribution of Observed Mathematics from City High School 
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Note. Number of specific curricular mathematics outcomes observed from qualitative 

analysis of the range tout construction 

The results presented in Figure 10 and Table 3 represent only the observations that I 

made during my interviews of the students. I also made observations of mathematics 

during classroom visits when I fulfilled the role of an active participant, but I did not 

include those observations in the tally for Table 3. Nonetheless, these observations helped 

me know what to ask the students about in the interviews. Whenever I made a visit to the 

City High School class, I would frequently spend the first 40 minutes observing and 

speaking with several student groups while waiting for the formal interviews to begin. 

During these visits, I would often take notes based on my observations of student work 

and informal conversations regarding their projects. While these observations have not 

been directly included in the figures and tables concerning this case, they did influence 
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my analysis of the interview results, such that each result was compared to the notes from 

the respective class to explore the context of the observation. 

Table 3  

Student Arguments (Rows 15-23) as they Relate to Curricular Outcomes (Rows 3-14) 

Curricular Outcomes & Student Validation of Arguments Associated with Forming 
Negative Space to Hold Whiteboard Markers  

Grade Outcomes 
Associated w 
Argument 1 

Outcomes 
Associated w 
Argument 2 

Outcomes 
Associated w 
Argument 3 

Outcomes 
Associated w 
Argument 4 

Outcomes 
Associated w 
Argument 5 

12 
   

LR1 LR1 

11 
   

LR1, LR2 LR1, LR2 

10 M1, M3 A1, M2, M4, 

M5 

M1 M1, M2 M1, M2 

9 
     

8 SS2, SS3, 

SS4, SS5 

SS3, SS4 SS4 
  

7 
     

6 
 

SS3 
   

5 SS3 SS3 SS3, SS4 
  

4 SS3, SS4 SS4, N6 N6 N6 
 

3 
     

2 SS2 
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1 
     

K 
     

 Argument 1 Argument 2 Argument 3 Argument 4 Argument 5 

. How should 
the negative 

space be 
designed?  

How many 
markers 
should it 

hold?   

Is the design 
reasonable?  

Can the 
design be 
printed?  

Did the design print 
correctly?  

 
We had like 
drawn it out 
more than 
one time to 
make sure 
that what we 
were doing 
was as 
accurate as 
possible. And 
that was just 
a little 
sketch.  

So we 
multiplied our 
one marker 
surface area 
by 7 or 8 
[from one 
marker] I 
think we 
almost 
doubled it.  

So we like 
had a side 
view a top 
view and a 
three-
dimensional 
view 

Being able to 
change it [the 
infill] also 
opened up the 
limitations of 
the design. 

then we realized 
that this is like 
really dense, we are 
using a lot of 
plastic, and all of 
those triangles that 
are inside are really 
close together, so 
once Mme Perrot 
was like hey maybe 
you should change 
the infill, we 
stopped the print 
and learned how to 
de-fill it. So we 
changed the fill 
density down to 
10%.  

 
Longeur fois 
largeur fois 
hauteur?  

So like ah 
there just has 
to be 70% 
hollow so 
basically you 
can put more 
stuff in there.  

There are 
certain holes 
for certain 
things. Like 
the 
calculators, 
what I did was 
I measured all 
different sizes 
of calculators 
cause not all 
calculators are 
the same size 
right, so you 
had to 
measure them 

but 
throughout 
the process 
we realized 
that not only 
can you 
change the 
fill density of 
the object but 
also the 
density of the 
supports, so 
now the 
support 
material is 
less dense, it 

And the printer is 
all like set by 
numbers the speed, 
the fill is set by 
percentages, I think 
that was a big part.  
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to 
accommodate 
different size 
calculators.  

is a lot easier 
to take them 
out.  

 
Yeah. So we 
had to adjust 
that. And 
after we were 
ready to print 
we still had 
to adjust that 
by like not 
too much but 
by like 10 
cm. So the 
plastic 
around it. 
When we 
moved the 
object closer 
to the object, 
I was worried 
about how 
thin it would 
be.  

There’s like 4 
people around 
at each table 
so we 
multiplied it 
by 5 to make 
sure that we 
had enough 
space and that 
it wouldn’t be 
too small or 
anything so 
we wanted to 
make sure that 
we had a good 
amount.  

One of the 
items was like 
a marker and 
one of the 
things we had 
to do was take 
into 
consideration 
that there 
were a lot of 
different size 
markers in the 
class, so we 
found the 
biggest one 
and measured 
that and then 
we found the 
smaller ones 
and measured 
that to kind of 
find the 
average, and 
we multiplied 
that by… 

And we 
worked with 
him and 
between us 
we would say 
Dustin, go 
back and 
figure out a 
way you can 
make this 
printable and 
we would 
explain what 
they can and 
cannot do to 
make it 
printable.  

 

  
We were 
worried that 
like our 
measurements 
would be 
wrong and the 
volume of the 
hole, the 
space would 
be too small 
to fit what 
was 
necessary.  
So we like 
tried to make 
it a little 

 
So yeah um, 
well we 
didn’t stop it, 
the teachers 
did, it was 
like overnight 
or like 5:00 or 
something. 
And there 
also wasn’t 
supports on it 
so it wasn’t 
going to work 
there. So for 
this one we 
put supports 
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bigger to 
incorporate 
the size of the 
marker being 
a little bigger, 
and the area 
between the 
markers, 
cause there is 
that little 
space… 

for the three-
dimensional 
printer. It 
supported in 
there so that it 
could make 
those holes.  

Note. A possible set of student-created arguments that required validation in order for a 

range tout to actually hold a marker. The header of this table is the middle-row where 

each of the arguments are listed as they were encountered during the project. Rows above 

the header represent grade levels from kindergarten to Grade 12 and rows bellow header 

are quotations from student interviews.  

4.2.4 Observations of Interest 

One example of an observation that provided significant insight into this case but 

was not included in any of the tabulated results (in Table 3) is illustrated in Figure 11. It 

occurred during one visit when I was distracted by the loud knocking of plastic against 

metal. I looked around the classroom to find the source of the noise that was disrupting 

my conversation with another student group and found two students lifting up their table, 

attempting to fit a three-dimensional-printed, cuboid-like shape around the table leg. 

While I did not want to leave the conversation that I was having with other students, I 

took a moment to marvel at both their intriguing range tout design and the slightly 

peculiar installation technique. After class, I asked the students if I could take a photo of 

their creation and use it in this study.  

Due to the unstructured nature of the student interviews, examples of student 

work, such as the range tout shown in Figure 11, influenced the questions that I presented 
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to the other students who were formally included in these results. I am confident that this 

did not affect my interpretation of the research other than to inform my questions that I 

presented to the interview participants. 

Figure 11 

Table Leg Mounted Range Tout  

 

Note. One range-tout that was designed to minimize the impact on useable white-board 

surface and fit around the table leg. 

Qualitative analysis of the individual project student groups and the combined 

group interviews revealed 18 instances in which the presence of mathematics was either 

directly observed or indirectly implied. An exemplar subset, 3 of the 18 instances of 

observed mathematics are listed in Table 4, which lists the setting in which the instance 

was observed, the category of mathematics curricula in which the specific outcome is 

listed, the associated grade level, and the abbreviated text of the outcome as found in the 

associated curricular documents. Similar to the unlisted 15 instances, they demonstrate 
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the diversity of specific curricular outcomes observed during the interviews and the range 

of associated grade levels. 

Table 4 

Three Exemplar Instances of Observed Mathematics from Range Tout Interviews  

Obs. Setting 

 
Curriculum Mathematics 

Category 
  

Associated 
Grade Levels 

Students sketch 2-D 
representations of their 
designs  
  

Student 
activity in 
classroom  

Shape & Space 
Algebra 
Geometry 
 
 
 
  

K, 1, 2, 3, 4, 5, 6, 8, 10, 11 

Associated Specific Curriculum Outcomes (SCO) 
K, SS3: Build and describe 3-D objects 
Grade 1, SS3: Replicate composite 2-D shapes and 3-D objects 
Grade 2, SS7: Describe, compare, and construct 3-D objects 
Grade 3, SS6: Describe 3-D objects  
Grade 4, SS4: Describe and construct rectangular and triangular 

prisms  
Grade 5, SS3: Demonstrate an understanding of volume 
Grade 5, SS5: Describe and provide examples of edges and faces 

of 3-D objects and sides of 2-D shapes 
Grade 5, SS7: Perform a single transformation of a 2-D shape 
Grade 6, SS3: Develop and apply a formula for determining the 

volume of rectangular prisms  
Grade 6, SS8: Perform a combination of successive 

transformations  
Grade 8, SS2: Draw and construct nets for 3-D objects 
Grade 8, SS4: Develop and apply formulas for determining the 

volume of prisms and cylinders 
Grade 8, SS5: Draw and interpret top, front, and side views of 3-

D objects  
Grade 10, A1: Solve problems that require the manipulation and 

application of formulas related to perimeter, area, and 
volume 

Grade 11, G3: Model and draw 3-D objects and their views 
Grade 11, G4: Draw and describe exploded views, component 
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parts and scale diagrams of simple 3-D objects  

Calculating surface 
area of markers, 
pencils, and 
whiteboard erasers 

Student 
activity in 
classroom 
& 
interview 
dialogue 

Shape & Space 
Measurement 

1, 3, 4, 5, 8, 10 

Associated Specific Curriculum Outcomes (SCO) 
Grade 1, SS1: Demonstrate an understanding of measurement 
Grade 1, SS4: Compare 2-D shapes to parts of 3-D objects in the 

environment 
Grade 3, SS3: Demonstrate an understanding of measuring 

length (cm, m) 
Grade 4, SS3: Demonstrate an understanding of area of regular 

and irregular 2-D 
Grade 5, SS2: Demonstrate an understanding of measuring 

length  
Grade 8, SS3: Determine the SA for 3-D objects 
Grade 10, M1: Demonstrate an understanding of the l (SI) by 

describing the relationships of the units for length, area, 
and volume  

Logical Reasoning to 
determine total 
negative space to be 
occupied by a group of 
items 
 
 

Student 
activity in 
classroom 
& 
interview 
dialogue 

Shape & Space 
Number 
Algebra 
Measurement 
Logical Reasoning  

2, 4, 5, 6, 8, 10, 11, 12 

Associated Specific Curriculum Outcomes (SCO) 
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Grade 2, SS2: Relate the size of a unit of measure to the number 
of units 

Grade 4, SS3: Demonstrate an understanding of area of regular 
and irregular 2-D shapes  

Grade 4, SS4: Describe and construct rectangular and triangular 
prisms 

Grade 4, N6: Demonstrate an understanding of line and 
rotational symmetry 

Grade 5, SS3: Demonstrate an understanding of volume 
Grade 6, SS3: Develop and apply a formula for determining the 

volume of right rectangular prisms 
Grade 8, SS2: Draw and construct nets for 3-D objects 
Grade 8, SS3: Determine the SA for 3-D objects 
Grade 8, SS4: Develop and apply formulas for determining the 

volume of right prisms and right cylinders 
Grade 8, SS5: Draw and interpret top, front, and side views of 3-

D objects 
Grade 10, A1: Solve problems that require the manipulation and 

application of formulas related to perimeter, area, and 
volume 

Grade 10, M1: Demonstrate an understanding of (SI) by: 
describing the relationships of the units for length, area, 
and volume 

Grade 10, M2: Demonstrate an understanding of the Imperial 
system by describing the relationships of the units 

Grade 10, M3: Solve problems, using SI and Imperial units, that 
involve linear measurement using estimation and 
measurement 

Grade 10, M4: Solve problems, using SI and Imperial systems, 
that involve area measurements of regular, composite, 
and irregular 

Grade 10, M5: Solve problems, using SI and Imperial units, that 
involve the surface area and volume of 3-D objects 

Grade 11, LR1: Analyze puzzles and games that involve 
numerical reasoning, using problem-solving strategies 

Grade 11, LR2: Analyze puzzles and games that involve 
numerical reasoning, using problem-solving strategies 

Grade 12, LR1: Analyze puzzles and games that involve 
numerical and logical reasoning, using problem-solving 
strategies 

Note. Borders have been left in this table to improve clarity. The text of some SCOs has 

been shortened to fit in in this table. The full text is available for the corresponding 

grade-level curriculum document and can be retrieved from the following URL: 
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http://www2.gnb.ca/content/gnb/en/departments/education/k12/content/anglophone_secto

r/curriculum_anglophone.html  

As illustrated in Table 4, the range tout project presented an opportunity for students of 

City High School to demonstrate knowledge of a diverse array of curricular mathematics, 

outlined in New Brunswick’s curriculum documents for kindergarten to Grade 12. What 

is not apparent in Table 4 is the interaction that occurred amongst the larger categorical 

domains of mathematics as students frequently transitioned between grade levels and 

specific curricular outcomes. Similar to case 1, the instances of mathematics observed 

and listed in Table 4 do not indicate knowledge competency or fluency. Rather, the 

instances are indicative of the presence of mathematical knowledge that was 

demonstrated by students during their use of heuristic discourse. 

In an attempt to clarify the observed mathematical process that led to one of the 

observations listed in Table 3, the following paragraphs will describe the instances of 

mathematics that resulted in the logical reasoning to determine total negative space to be 

occupied by a group of items. During this case, I observed students frequently validating 

their own arguments while they made their range tous. This demonstrated their own 

mathematical process. This is similar to what other research and New Brunswick’s 

mathematics curricula describe as logical reasoning (EECD, 2011; Ross, 1998). 

Figure 12 

A Possible Thought Trajectory for Student Arguments During Range Tout Construction 

STUDENT 

ARGUMENTS 

How should 

the negative 

space be 

designed?  

How many 

markers 

should it 

hold?  

Is the design 

reasonable?  

Can the 

design be 

printed?  

Did the 

design print 

correctly?  

DEPLOY  

RANGE 

TOUT 
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At risk of simplifying the process of any one student or group of students who 

made a range tout, Table 3 and the narrative that follows it outlines a possible thought 

trajectory that students may have experienced as they devised a method to construct a 

holder for a group of markers. I created Figure 12 after analyzing the interview responses, 

my notes taken during classroom visits, and the supporting documents provided by Mme 

Perrot and Mme Allard. If there was one commonality across all range tout designs, it 

was that they must have a negative space in which to hold an item. The arguments 

encountered throughout the designing and making of the negative void in which to place 

markers and other items often required from students a range of mathematics that 

spanned not only multiple grade levels, but also domains of content knowledge. On the 

surface, however, most of the arguments themselves may seem devoid of traditional 

school-based mathematics. Figure 12 shows one possible set of arguments that required 

validation in order for a range tout to actually become deployed on a student’s desk. 

The narrative description that follows will expand each of the student arguments 

presented in Figure 12. While these descriptions have been written as a linear thought 

process, it should be noted that students continuously refined their virtual range tous, 

often negotiating between arguments to reach a single validation. At any time during the 

design of the negative space and the making process of the range tous, students would 

continue to question and refine their already established validations for any one argument 

against new discoveries or revelations. This is represented in Figure 12 with double-

ended arrows. Evidence of this iterative process was primarily witnessed during 

classroom visits. However, whenever possible, supporting direct quotations from my 
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interviews of students have been provided. Furthermore, the presentation of the 

arguments below will situate the instances of observed curriculum mathematics, as listed 

in the exemplars provided in Table 4. 

ARGUMENT 1: How should the negative space be designed? 

 Capitalizing on the whiteboard surface of their tables, students began with an 

initial sketch of their range tous with openings in the superior surface in which objects 

would be placed. Figure 13 shows how some student groups sketched three-dimensional  

Figure 13 

Student Geometric Sketches on Whiteboard Desk  

 

models and geometric nets of their range tout, while others relied on orthogonal drawings 

that showcased either a complete view or a subset of views. It can be assumed that, when 

this photograph was taken, the students were attempting to accommodate their negative 

space design both to hold materials and to fit around the leg of the table. At another table, 

other students were discussing the depth of the negative space so that there would be 

enough of the marker’s length protruding from the design to ensure marker accessibility. 

Figure 14 illustrates that the students decided to leave ¼ of the marker’s volume 

protruding from the top of their design so that it would be accessible to the user.  
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Figure 14 

Student Calculations of Cylinder  

 

Note. Student calculations regarding area of circle, total surface area, total volume, and three-quarters 

volume in order to allow one-quarter of the maker to be accessible by the range-tout user. 

 It was from observations such as those presented in Figures 13 and 14 that the 

associated specific curriculum outcomes from Grade 2 (SS2), Grade 4 (SS3, SS4), Grade 

8 (SS2, SS3, SS4, SS5), and Grade 10 (M1, M3) were included as instances in which 

either students expressed content knowledge or further mathematics instruction could 

have occurred by the teacher. 

ARGUMENT 2: How many markers should it hold? 

It was rare to find students only using a single whiteboard marker at their table. 

While Figure 14 shows the initial volume calculation of an individual marker, the same 

students, Grace and Breagh, discussed how they had accounted for the fact that their 

other group members would also be storing their markers in the same negative space: 

[Interview conducted in English.] 
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Grace:  There’s like 4 people around at each table so we multiplied it by 5 

to make sure that we had enough space and that it wouldn’t be too 

small or anything, so we wanted to make sure that we had a good 

amount.  

Breagh:  We were worried that like our measurements would be wrong and 

the volume of the hole, the space would be too small to fit what 

was necessary. So, we like tried to make it a little bigger to 

incorporate the size of the marker being a little bigger, and the area 

between the markers, [be]cause there is that little space. 

This interview excerpt is replete with instances of both curriculum mathematics and 

mathematics that extend beyond the scope of the New Brunswick curriculum. The 

exchange between Grace and Breagh demonstrates not only that these students 

understood even the most basic knowledge of mathematical concepts, including 

measurement (Grades 3 & 10), number sense (Grades 4 & 10), and geometry (Grades 4, 

5, 8, & 10), but also the fact that they continued to question the validity of their first 

argument in reference to the design of their negative space (EECD, 2010a; 2008c; 2009b; 

2009c; 2011). Furthermore, there is an instance in which Breagh and Grace questioned 

the “little space” between the markers that presented an opportunity to explore a 

mathematical principle if six or more markers were packed together. Perhaps left to their 

own devices, or prompted by a teacher who shared the same curiosity, Breagh and Grace 

would have also discovered the hexagonal packing properties of circles (Stewart, 2009). 

ARGUMENT 3: Is the design reasonable? 
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During the interviews, the students continued to refer to one requirement put into 

place by Mme Perrot and Mme Allard:  

[Interview conducted in English.] 

Scott:  […] we had to find out how much space was empty because we 

had to have 70% of the range tout being empty. So we had to do 

those calculations. 

As this was the first time that many students at City High School had used a three-

dimensional printer, students had many questions regarding the environmental impact of 

the PLA plastic used in the extrusion process. In an effort to reduce the total plastic 

consumed by the printer, the teachers required students to design a range tout that was 

70% hollow.  

 This one criterion resulted in various interpretations of what constituted a hollow 

design. For instance, some students interpreted the 70% hollow design to mean that the 

negative space had to account for 70% of the total volume. Other students discovered that 

the conservation of plastic could be achieved by the printer’s software configuration by 

changing the infill percentage value. The term infill was discovered by students to 

represent the density of extruded, interior support plastic used by the printer between the 

outside and the interior walls of the range tout. Depending on the interpretation students 

used to satisfy the 70% hollow requirement, the way in which students expressed their 

mathematical content knowledge changed. 

[Interview conducted in English.] 

Noah:   And it had to be 70% empty.  

Lingley:  What do you mean by that?  
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Noah:  So like, ah, there just has to be 70% hollow so basically you can 

put more stuff in there.  

Breagh:  That was a big issue at the beginning but then when we started 

printing more we discovered that you could change that by 

yourself. So as like the infill, we got that lower, because at the 

beginning ours was like 40% but now it is like 7% we realized that 

as that was lower, then that wasn’t as big of an issue.  

Matt:  But you can even notice that by looking at some of the first made 

projects and realizing that they are a lot denser than some of the 

later ones.  

Lingley:  Right. So sorry, can you explain the difference between the infill 

of 70% or you can take that to mean something else where it was 

70% of negative space where you can put things in, is that right? 

So is there one project that transitioned between the two of them, 

or did you notice that this was referring to the infill?  

Breagh: Well at first, they didn’t know that they could change the infill, so 

what they wanted us to do was to take the volume of the entire 

project and what was it you had to take that and … take the amount 

of holes and divide that by the total volume to find the percentage. 

And then that…   

Matt:  [Interjecting] We had to calculate the open space.  

Breagh:  Take the amount of holes and divide that by the total volume to 

find the percentage. And then just before we got the printer they 
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were like “don’t” because Alyssa and mine um it was at like 40 or 

50% and we were trying to make it bigger and don’t worry about it 

because we just found out that on the printer you can set that 

manually so that didn’t become a big issue.  

Matt:  And for us, only once we got to know the printer better and we 

could mess around with the settings could we don’t have to worry 

so much because once you get to know a piece of technology, you 

become more comfortable with being able to change certain things 

and it is easier to get to know the technology and being able to use 

it the way it was supposed to be used.  

This lengthy interview excerpt is one example of many where students continued 

to present their own arguments, followed by an attempt to provide validation through the 

application of specific curricular outcomes, only to either accept that validation based on 

evidence or refine their own assertions. The novelty of the technology clearly presented 

the opportunity for the students and their teachers to question the initial project 

requirement of producing a range tout that was 70% hollow. What began as an attempt to 

conserve plastic, for environmental and economic reasons, became an opportunity for 

students to apply their own understanding of percentages and how it relates to volumetric 

calculations. 

There are several curricular outcomes that correspond to the instances of 

mathematics observed in the dialogue above, including those that span grade levels and 

content areas within school mathematics. While the students validated their arguments 

about how the project criterion of 70% hollow applied to their understanding of 
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mathematics, they were demonstrating knowledge of volume found in New Brunswick 

mathematics curriculum documents, including Grade 5 (SS3), Grade 8 (SS4), and Grade 

10 (M5) (EECD, 2009b, SCO SS3, pp. 70–73; EECD, 2009c, SCO SS4, pp. 62–65; 

EECD, 2011, SCO M5, pp. 68–69). These students were able to express their combined 

grade-level-associated knowledge of varying complexity as required during their 

collaborative validation, an act of synthesis that was unlike the compartmentalization that 

so often can occur when concepts of volume are distributed across grade levels. 

While further research is required to truly understand the competency and fluency 

of students’ knowledge of volume, in terms of the New Brunswick mathematics 

curriculum that requires a student “demonstrate[s] an understanding,” these students 

achieved this goal (EECD, 2011). Furthermore, the students who were interviewed during 

the City High School visits were able to integrate and apply their knowledge of volume 

through discourse rather than performing many pencil-and-paper-style calculations. Not 

only does this form of discourse denote the content understanding required to fulfill the 

curriculum requirements of the Grades 11 and 12 logical reasoning outcomes (EECD, 

2012, SCO LR1, pp. 20–21; EECD, 2013, SCO LR1 & LR2, pp. 29–35), but it also 

presents an opportunity for these students to be authentically involved in an embodied 

conversation about mathematics rather than how they used a mathematical technique. 

ARGUMENT 4: Can the design be printed? 
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By the time students in this class would make it to this argument in their thought 

process, they would often discover that one or more of their earlier validations was no 

longer feasible. This frequently occurred when students made the unfortunate discovery 

that a component or their entire design would not fit within the printable dimensions of 

the three-dimensional printer. One student group was intent on designing and printing a 

storage space for paper that was well beyond the printer’s capacity: 

[Interview conducted in English.] 

Breagh:  The original idea was that we wanted to be able to fit a sheet of 

paper at the bottom because we use periodic tables a lot in class. 

Another student group’s design included an embedded pencil sharpener and removable 

tray to catch the pencil shavings: 

[Interview conducted in English.] 

Noah:  That is a pencil sharpener holder. We have a little problem there 

because it is a little hard to take it out. It’s small too.  

Lingley:  Cool. And what are those little ah… 

Noah:   Those are the little things to hold it in so that it doesn’t fall out. 

While they were still refining their design, Noah and his partner Scott discovered 

that, even though a three-dimensional printer can print with a precision of 0.3 mm per 

layer, they must account for some tolerance between the actual dimensions of a pencil 

sharpener and the negative volume designed to hold the sharpener. 

Between these two student groups, they had discovered two of the main design 

considerations required when using three-dimensional printers: the design must be within 

the x, y, and z dimensions of the printer and the dimensions of the design often require 
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tolerance for proper functionality. Neither discovery would have happened without the 

students having inspected and had conversations regarding the capacities of the new 

technological material in their learning environment—the three-dimensional printer. In 

addition to the novelty role this technology served within the project, it also created an 

opportunity for students to refine their application of linear measurement techniques and 

to establish a material-mediated hierarchy of knowledge expertise amongst the students. 

[Interview conducted in English.] 

Lingley:  It sounds as though the two of you are taking on a leadership role 

for the rest of the class. Tell me about that. 

Breagh:  Um, well, since we were the first ones to do it, the teachers kind of 

helped us out a little bit with it, but we knew as much or more as 

what they did. 

Grace:  They would call us over and ask us what to do. It just kind of 

happened that if there are any questions about the print or anything 

at all it’s like our responsibility to make sure everyone’s design is 

like okay, we have a list that we made with people’s names.  

Breagh:  The amount of pieces they need and how long it will take to print. 

Grace: And if the design is actually going to print. 

[…later in the interview:]  

Breagh:  If their design is good then they can put their name on the list.  

Lingley:  So, I am interested in that. If their design is good. What constitutes 

their design being good?  

Grace:  It’s mostly the size.  
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Breagh:  If the dimensions are okay, if it is not a waste of plastic, if they 

have a big part of it where it is just plastic then they might have to 

adjust that, if the dimensions can’t fit in the printer then they may 

have to adjust that. If there are any overhangs, then those need to 

be fixed, we may have to divide it into multiple and then print 

those multiple pieces. 

The last statement alone contains a number of insights that are indicative of the material-

mediated expertise these students acquired. Moreover, the leadership opportunity 

assumed by Breagh and Grace presented a unique opportunity in which they were 

encouraging their fellow students to refine designs based on their own gained experience.  

 Refinements advocated by Breagh and Grace, including changes in the 

dimensions of the range tout, exemplify one way in which these students communicated 

not only their material-based knowledge to their peers, but also their knowledge of 

proportionality. In response to their classmates’ common design flaw—their range tous 

being too large—Breagh and Grace often encouraged them to resize their designs. The 

drag-and-drop experience provided by TinkerCAD permitted users to select all 

components of their design and drag one corner of the design to achieve a new design 

size that would fit the print volume of the printer. This function of proportionality was 

exciting for students because, as soon as they discovered an issue with their range tout 

not fitting on the build plate, they could quickly change the volume of their design to be 

printed. However, a common, unfortunate consequence of this ease of use was that 

students often failed to realize that, as they dragged the anchor points to change the total 
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volume of their design, this simultaneously changed the negative space in which they 

intended to place their markers. 

The evidence of mathematical knowledge expressed by Breagh and Grace as they 

assumed their leadership role became increasingly apparent as their suggestions allowed 

more of their peers’ range tout designs to be printed; that is, one student group not only 

developed their own validations, but also evaluated the validations of their peers. 

ARGUMENT 5: Did the design print correctly? 

 Once the students reached this final argument, the only validation they likely 

required would be to determine if their intended objects successfully fit into the 

corresponding holes of their range tous. It is important to note that students were usually 

not able to validate this argument until the next day because many of the range tout 

designs took a number of hours to print. For a few students, a positive validation of this 

argument happened as soon as they were able to deploy their range tous on top of their 

desks. For many students, however, the validation of this argument occurred by way of 

disappointment from the printing process. Reasons for a negative validation, or failed 

print, included excessive printing time, insufficient support material, and failure to 

estimate the amount of required filament to finish a print. For some students, the 

disappointment experienced after having devoted numerous hours to the design of a 

project only to have it result in a failed print would have been enough to dissuade them 

from pursuing a positive validation. However, for the students in this City High School 

classroom, determination and perseverance prevailed as they continued to refine their 

projects until they reached a positive validation for this argument. This emotional 

component of the project significantly contributed to the role and expression of a number 
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of specific mathematics outcomes, including Grade-10 measurement and the logical 

reasoning outcomes in Grades 11 and 12. 

The narratives above present an overview of the possible thought processes by 

which City High School students sought validation for their arguments as they designed, 

discussed, refined, and deployed their range tout projects. Logical reasoning was used as 

a vehicle to situate all instances of curricular mathematics from the observation of the 

negative space design. This observation may also be a useful experience for the study of 

the material and humanistic factors of a learning environment and how they contribute to 

the mathematics learning experience. 

4.2.5 Reflections of Making and Mathematics from City High School 

Using logical reasoning as a vehicle through which all other student mathematical 

conceptualizations were presented is similar to how New Brunswick mathematics 

curricula present logical reasoning. As noted in this case, each New Brunswick 

mathematics curriculum document suggests that teachers instill an appreciation for 

logical reasoning in students as they collectively present their points of conjecture and 

arguments that await validation. It has been my experience as a mathematics teacher that 

students often only relate logical reasoning in mathematics in a static, utilitarian form, 

rarely using it to promote the validation and refinement of future iterations of their work. 

Students often feel that their logical reasoning relies on a set of rules abstracted away 

from the mathematical concept they represent to form proofs for their arguments. 

However, this did not seem to be characteristic of the logical reasoning displayed by the 

students of City High School as they constructed their range tous. 
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While it was never explicitly clear whether students knew that their validation 

process by which they constructed their desk organizers could be referred to as logical 

reasoning, the way in which students presented their arguments was reminiscent of 

reasoning practice. For instance, when Breagh and Grace used volumetric calculations to 

support their design suggestions for their classmates, those calculations seemed to have 

an empathetic influence on the final range tout design.  

The student behaviours implied a relationship between empathy and mathematics. 

When Breagh and Grace mentioned their leadership role in becoming stewards of the 

three-dimensional printer, their physical actions were subdued. It was as if they were 

being careful not to portray a sense of power over their fellow students. When Breagh 

and Grace were discussing what the role of a three-dimensional Printing Expert entailed, 

it took them a while to answer. I believe this was because some of the design changes 

they recommended to their classmates would fundamentally change the function of their 

range tous. Even though many of these design suggestions came from a place of truth, 

Breagh and Grace were reluctant to convey the information because they did not want 

discouragement to prevail over perseverance. 

These observations have been included in the reflection because they were not 

captured in the interviews, and they may raise further questions that are beyond the scope 

of this research. One such observation that relates to the relationship between empathy 

and logical reasoning that came from this case was when Breagh and Grace were sitting 

by the three-dimensional printer, visibly distraught. I was occupied with another group of 

students, and by the time I made it over to them, Breagh and Grace had already resolved 

the situation that had caused them concern. When I asked what it was that they had been 
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concerned about, they informed me that they had just told their classmates that a major 

component of their design would simply not fit on the build plate of the three-

dimensional printer. I cannot remember the exact sentence that Grace used to describe the 

calculations that had guided their reasoning, but it related to the students attempting 

different component arrangements and changing the depth of the range tout exterior walls 

in order to allow the design to be printed in its original form. Ultimately, the physical 

geometric constraints of the printer required a complete redesign of the range tout. 

However, this result came at the end of what was likely a complex, logical argument 

through which multiple validations were required—all from an empathetic origin.  

This case offered an extension to the inclusive material assemblage. It was after 

my observations from City High School that I began to consider the emotional dimension 

of the human component of a material assemblage within a maker-centred learning 

environment. This is an observation that requires deeper reflection and thought across a 

larger sample size. It appears as though there is an entangled relationship between the 

role of empathy, logical reasoning, and the mathematics concepts that are manifested 

from this opportunity to make. Furthermore, in this context, many of the calculations to 

support the students’ arguments were made for a utilitarian purpose, which is not 

dissimilar to the style of validation required for traditional mathematics classroom logic 

proofs. However, in this case, rather than being abstracted away from an authentic 

source, the expression of mathematics was dependent on an experience created by the 

student. This case challenges the entangled boundaries between student acts of empathy, 

mathematics, and creativity or simple curiosity. 
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4.3 Case 3: Literature-Inspired Cardboard Robots at Countryside Elementary 

4.3.1 Contextualization 

This third case follows a group of Grade-2 students and their teacher from 

Countryside Elementary School as they designed and constructed their own interpretation 

of a robot. This activity was inspired by a read-aloud session in which their teacher, Mrs. 

Quinn, read the book Boy+Bot by children’s author, Ame Dykman. Through her 

animated storytelling technique, Mrs. Quinn led the class through the short book as the 

two main characters, one human and one robot, took care of each other when they were 

ill and became friends. When the story was finished, the full class of 22 students were 

invited to design, build, and present their own versions of a robot using the materials 

available to them from a partnership between Countryside Elementary School and 

Brilliant Labs.  

My involvement in this case was more complex than the other two cases within 

this research. I was originally contacted by Mrs. Quinn to help her establish a culture of 

making both within her own classroom and throughout the rural K–8 school. While my 

involvement at Countryside Elementary School was only intended to be in a professional 

role with Brilliant Labs, after meeting Mrs. Quinn’s Grade-2 students, it became apparent 

to me that this learning environment could provide insight into this research. Therefore, 

as I supported the school and Mrs. Quinn’s maker-centred learning aspirations, I also 

scheduled repeated visits in order to follow the intricate design manifestations as the 

students built their own cardboard representations of what they considered to be a robot.  

Part of my professional capacity with Brilliant Labs has been to assist in the 

research, design, planning, and instructional culture maintenance required to construct a 
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makerspace within a school. Therefore, to have heard Mrs. Quinn say that her school was 

ready for a makerspace was not a new occurrence. What was new, however, was the 

extent to which Mrs. Quinn had meticulously prepared both herself and her instructional 

environment prior to her assertion that her school was ready for a makerspace. I 

remember looking around Mrs. Quinn’s classroom and seeing a terrarium, an extensive 

library, building blocks, a hydroponic tower, flexible seating, crafting supplies, and even 

an iPad station where students were encouraged to share what they were learning and to 

pose questions to a larger audience through Twitter. Hoping that my comment would not 

offend Mrs. Quinn, I replied, “your room is already a makerspace!” She humbly agreed 

and informed me that she had seen the affordances offered by a maker-centred 

instructional environment with her Grade-2 students and wanted her next project to be an 

exhibition in which a larger group within the school community could share in the 

experience. What was implicit in Mrs. Quinn’s response was that, within the larger 

school community, other teachers were beginning to demonstrate interest in making. This 

was the point at which I recognized that not only did Mrs. Quinn’s classroom makerspace 

material assemblage have evidence of tools, but—with the added human interest—it also 

had a strong foundation for an inclusive material assemblage. 

Our collaboration continued as students carefully curated the materials they 

required to actualize a physical representation of an imaginative robot. Some robots were 

the size of the students, while others were more the size of hand-held puppets. Some 

robots had integrated electronic and mechanical components, while others were more 

sculptural. One commonality among all the robots, however, was that each was a 

complex, material-rich construction of a personal narrative authored by the student. Many 
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students were inspired by the altruism presented throughout the book Boy+Bot and 

designed robots that would benefit their community. Some examples included a robot 

that picked up garbage, a robot that cheered you up by giving you hugs, and a robot that 

could convey its own feelings in response to its environment. Both Mrs. Quinn and I 

noted how the materials students selected, and how they refined their construction 

techniques, were reflective of an earlier suggestion regarding both form and function. 

It was clear that students were considering the form and function discussion when 

they made their material selection from the larger assemblage of materials at the back of 

the room. While introducing students to the materials, Mrs. Quinn was strategic in 

outlining the benefits of all materials, with perhaps some additional emphasis made to 

novel materials, including plastic cardboard, construction screws, specialty cardboard 

knives, and the expressive capacity of the computational media. There were many 

familiar materials that were also available to students, including various adhesives, 

cardboard boxes, and an assortment of crafting supplies. Attempting to predict or assume 

the rationale for a student’s material choice seemed to be an exercise of futility.  

 

Figure 15 

An Example of Student Created Cardboard Robot 
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Note. (Left to Right) One student’s robot creation. Caitlyn shows an angry expression 

that she created using a Micro:bit programmed with the online, block based code editor 

(https://www.makecode.com).  

Two examples in which students found specific and unique uses for materials are 

depicted in Figures 15. The left photo in Figure 15 depicts one example from which an 

observer may conclude that the student covered the front of their robot in feathers to 

convey the robot’s imaginary skill of flight. Rather, those feathers were selected to soften 

the surface of the robot so that, when the robot was giving you a hug, it would not be as 

rough against your skin as the cardboard would be. Another example of unique material 

use, shown on the right in Figure 15, involved a student who searched the table of project 

materials for something that would allow her robot to show emotions. Several students 

had similar aspirations for their robots to convey emotions. Some students used 

pipecleaners, bent in a formation that represented a happy face. However, the student, 

Caitlyn, in Figure 15 wanted a material that would be dynamic, such that her robot’s 

emotions could respond to an event. Since Caitlyn’s face is obscured in this photo, it may 
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be useful to know that her expression is one of concentration as she looks intently down 

at the device she has just programmed. Unfortunately, it was at the end of my visit to 

Countryside Elementary School when Mrs. Quinn introduced Caitlyn to the expressive 

potential of the small LED matrix on a computational media device known as the 

Micro:bit. Leaving the school that day, I was eager to see if Caitlyn would find a use for 

the Micro:bit in her project.  

The next time I returned to Mrs. Quinn’s class, Caitlyn and other students were 

ecstatic to show me their progress. Using her expert classroom management skills, Mrs. 

Quinn suggested that, before I hear from other enthusiastically energetic students, 

perhaps Caitlyn should begin by showing how she had programmed the Micro:bit to 

bring emotions to her robot. Caitlyn quickly ushered me over to the desktop  

 

Figure 16 

Caitlyn’s Micro:bit code made on https://www.makeblock.com 
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computer where she had her code loaded on the online graphical block-based coding 

application, (https://www.makecode.com). As Figure 16 demonstrates, three event-based 

blocks of code were used to give a sense of dynamic emotion to Caitlyn’s robot. When 

asked what these blocks and the Micro:bit provided to her robot, she modestly answered: 

Lingley:  What does it [the Micro:bit] do for your robot? 

Caitlyn:  It shows its impressions and its feelings. 

 I have included the example of a student-built robot in an attempt to draw 

attention to the inventiveness of the students’ use of materials while constructing their 

robots. It was interesting to observe how each student’s material choice was facilitated by 

Mrs. Quinn and by the student’s classmates. Rather than asking for a specific material, 

such as tape or a pipe cleaner, the students requested Mrs. Quinn’s help in selecting 

materials to represent a certain action or expression. Alternatively, students observed 

their classmates use specific materials to animate an aspect of their robots and asked them 

how they made their materials perform a specific function. It was common to see students 

use familiar materials, such as drinking straws and aluminum foil, alongside novel 

materials, such as the electronic prototyping platform littleBits 

(https://sphero.com/collections/all/family_littlebits) or paper circuits constructed from 

copper tape and bare LEDs. While students could choose from the assemblage of 

materials that represented seemingly unlimited combinations and permutations of 

expressive constructive potential, the student robot constructions themselves also became 

part of the inclusive material assemblage that helped students convey their intended 

narratives through their robots. 
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The observations that follow primarily result from two students in Mrs. Quinn’s 

class, Austin and Ellie. As with the other cases in this research, my questions posed to 

Austin and Ellie during the unstructured interviews were influenced by the classroom 

visits during which I interacted with most students. Any number of Mrs. Quinn’s students 

could have been selected for interviews as I found myself wanting to know about all of 

their robot constructions. However, in recognition of the instructional time already spent 

on this project, I consulted with Mrs. Quinn in order to select two students who were at a 

point in their projects that stepping away to participate in interviews would not disrupt 

the active collaboration amongst students.  

Both Austin and Ellie seemed to be eager not only to share the story of their own 

robots, but also to add insight into the design of each other’s robot. Therefore, similar to 

the other cases in this research, I elected for both students to be interviewed at the same 

time. However, questions were directed to one student at a time. This interview technique 

seemed to indicate to the student not being interviewed that it was not their turn to speak, 

permitting the other student to complete their answer. Interestingly, as one student, either 

Austin or Ellie, expressed excitement, intrigue, or enthusiasm while offering their answer 

to a question, the other student would take that opportunity to add their own insight to the 

question. Furthermore, the insight offered by the other student was often complementary 

to what the interviewee provided, rather than a distracting attempt to draw attention to 

their own robot. From this, it was clear that Austin and Ellie had collaborated with each 

other throughout their project work, and their combined interview likely provided more 

insight into my research questions than separate interviews would have. 
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Austin and Ellie each constructed a robot out of a series of compound, cardboard 

prisms, including boxes and rolls. Figure 17 shows the materials and the size of their 

robots. Austin's robot was of a size that I had come to expect from elementary makers. 

However, the visual difference between the size of Ellie’s robot and Austin’s made me 

Figure 17 

Austin and Ellie’s Robot Constructions 

Note. Austin and his cardboard construction of a robot on the left and Ellie’s robot on the 

right. 
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curious about her decision to make her robot as big as she did. Ellie explained that she 

wanted to build a robot that was large enough to be a playtime friend. In the video of the 

final interview, it is clear that Ellie’s play-focused design decision was particularly 

helpful when she and Austin took turns wearing the robot as a costume.  

4.3.2 Data Collection  

 There were four classroom visits to Countryside Elementary school during which 

observations of student activity and unstructured interviews with one group of students 

took place. Given that the student participants in this case were in Grade 2, there was 

more collaboration with the classroom teacher to ensure that trust was re-established each 

visit. Since their teacher, Mrs. Quinn, taught these students all subjects, classroom visits 

were longer than those in the other cases. Each classroom visit began with a reading 

circle, and I read from a children’s literature book inspired by robotics. Then we 

discussed the comparisons between the events in the book and their own cardboard 

robotic creations. After the discussion, Mrs. Quinn directed the students to resume 

working on their projects. It was during this time when whole classroom observations 

happened.  

 When Austin and Ellie were ready for an interview, we were invited by Mrs. 

Quinn to another classroom in order to avoid disrupting the other students. It was clear 

that Austin and Ellie had a pre-existing working relationship. Based on my observations 

of their in-class collaboration, would likely enjoy completing the interview together. 

During the interviews, it was common for Mrs. Quinn to stop by to check on our 

progress, to ask if the students needed anything, or to offer insights into other students’ 

progress. This is how Caitlyn became included in the research.  
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4.3.3 Observations of Specific Mathematics Curricular Outcomes 

 Based on my qualitative analysis of data collected from my interviews and 

classroom visits, I found evidence to support a total of 37 specific mathematics curricular 

outcomes. Figure 18 shows the distribution of these outcomes (where present) from 

kindergarten to Grade 12, revealing a significant distribution of observed mathematics 

outcomes across the elementary grade levels. This had been expected because the 

students interviewed for this project were in Grade 2 (indicated by the asterisk), only 

beginning their elementary years at school. 

Similar to the other two cases, Figure 18 outlines the instances of mathematics 

observed from students as they constructed their cardboard robots, but it does not 
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Distribution of Observed Outcomes from Countryside Elementary School 

Note. Number of specific curricular mathematics outcomes observed from qualitative 

analysis of the Literacy Inspired, Cardboard Robots constructions.  
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demonstrate the mathematical nuances manifested within Mrs. Quinn’s collaborative 

learning environment. While the identification of curricular outcomes fulfills the inquiry 

that prompted the first research question of this study, in isolation it would ignore most of 

what emerged as mathematically impressive within this project. Following the other two 

cases, the next section will analyze a subset of instances of mathematics within this case 

that were particularly impressive. My analysis of a subset of observations will clarify the 

role of curricular knowledge as students constructed their cardboard robots using a 

diverse assemblage of materials unique to this learning environment.  

4.3.4 Observations of Interest 

It is difficult not to be impressed by the knowledge Austin and Ellie conveyed 

during the interviews. In addition to the wealth of school-based curricular mathematics 

knowledge illustrated in the table above, both Austin and Ellie demonstrated knowledge 

of social constructs that were beyond what I had expected of Grade-2 students. From 

conversations with Austin and Ellie, there were times when it seemed as though the 

social behaviours that Austin and Ellie exhibited became part of a material assemblage 

that influenced the instances of mathematics. In the reflection for this case, I will 

comment on the entanglement of social concerns and mathematics and how the 

entanglement may have influenced the work of Austin and Ellie. 

In addition to the maker materials available to students in Mrs. Quinn’s 

classroom, a number of learning resources and instructional strategies from Mrs. Quinn 

may have influenced the emergence of sophisticated mathematics knowledge in students. 

Mrs. Quinn often had to redirect students when they politely bombarded her with 
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questions, but the interview recordings were not able to capture this. Therefore, it is only 

my memory that can attest to Mrs. Quinn’s intricate classroom management techniques. 

I recall that, on one occasion early in the construction of the individual cardboard 

robots, a small group of students had difficulty locating a particular cardboard box. Mrs. 

Quinn was strategic in her response, suggesting that she would be of more assistance to 

the students if they were able to provide more description when asking where to locate 

this cardboard box. She then directed the students over to a poster on the side of a 

bookcase that described two-dimensional and three-dimensional shapes. It was mere 

seconds before students returned to Mrs. Quinn and refined their original request to say 

they were actually looking for a cardboard rectangular prism instead of a cardboard box. 

Mrs. Quinn, clearly satisfied with this description and its improvement over the last, then 

directed the students to a cascading tower of tissue boxes in the corner of the room. It was 

clear that Mrs. Quinn’s instructional strategies reinforced students’ knowledge, thus 

influencing both the students’ learning of mathematics and their abilities to articulate this 

mathematics in their interview responses. 

While some of Mrs. Quinn’s instructional strategies for the development of 

student inductive reasoning were passive, similar to the poster example above, others 

were more active, reinforcing concepts of length and measurement. Tape was in high 

demand for constructing the cardboard robots. From marginally adhesive blue painter’s 

tape to extremely adhesive, colourful, rainbow-themed duct tape, there were plenty of 

tape varieties that students could use to adhere one piece of cardboard to another. When 

students required a strip of tape, there was one rule: no one strip of tape could measure 

longer than 1 metre. Tape management for 22 eager Grade-2 students took commitment 
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because, second to cardboard, it was a popular commodity. I was initially puzzled as to 

why Mrs. Quinn did not afford the same access to the tape as she did with the other 

materials. Perhaps Mrs. Quinn’s rationale in establishing this rule was based on 

economics or sustainability of limiting resources. However, maybe Mrs. Quinn intended 

for a single strip of tape to be long enough such that it promoted sharing and 

collaboration between students. Nevertheless, Mrs. Quinn created an instance of rich 

mathematical significance as she authored her own gesture that taught students the length 

of 1 metre. As soon as I saw her response to students’ requests for tape, I quickly 

understood her rationale. 

When a student approached Mrs. Quinn for tape, she reminded them that they 

could only have 1 metre. Once a student agreed, Mrs. Quinn asked them to help her 

remember the length of a metre. The student then brought their two hands together, 

centred to the midline of their body, and while saying “this is a metre” moved their arms 

parallel to the floor until their fingertips were outstretched as far as possible. While the 

fluidity with which the student returned the gesture suggested some prior rehearsal, 

students committed this representation to physical and conceptual memory, using Mrs. 

Quinn’s tape rule to reinforce their own knowledge of a metre. 

With their arms still outstretched, students took that metre of tape and applied it to 

their cardboard robot constructions. Some students ripped fractional pieces off from the 

original length of tape to adhere artistic embellishments to their robots, while others used 

the metre of tape to provide structural integrity to their cardboard robots. This method 

was often used to join two or more cardboard edges together, a method that required a 

familiar gesture. Ellie was one of many students who aligned the leading edge of the tape 
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to one side length of her robot’s rectangular prism body, only to have so much tape left 

over that she pressed the tape across the 90-degree transition to the adjacent side length 

and continued to apply the remainder of the strip. Depending on the observer, one may 

find this observation less impressive than the fluidity and accuracy of Austin’s geometric 

knowledge, but the way in which Ellie applied her gestural-associated knowledge of a 

metre is an observation that made a significant, mathematical impression in this case. 

Similar to when I had observed students using gestures to convey the volume of 

the 3D printer in the City High School case, Mrs. Quinn’s and then Ellie’s use of gestures 

to convey an understanding of 1 metre was another example in which a kinesthetic 

activity could both reinforce existing knowledge and generate a new dimension of student 

mathematics conceptualizations (de Freitas & Sinclair, 2014). In their 2014 book, 

Mathematics and the body, de Freitas and Sinclair continued Châtelet’s work on 

gesturing and diagramming by mathematicians and learners of mathematics, how 

gesturing and diagramming can influence the mobility of mathematical understanding. A 

concrete example of this gestural influence occurred within the robotic constructions at 

Countryside Elementary—Mrs. Quinn’s strategy of having each student extend their arms 

as a concrete, material representation of their interpretation of 1 metre. As students 

continued to move their hands and bodies to apply the tape to their cardboard robots, a 

more abstract implication of the gesture emerged. Extending Châtelet’s work on the 

ontology between gestures and diagrams in mathematics, de Freitas and Sinclair’s work 

describes the potential for students to make mathematical inferences by replicating the 

gestures of others (2014). Through reinterpreting Mrs. Quinn’s gesture, a student may 

have discovered a new application for or extension of their concept of a metre, such that 
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this measurement would not need to exist solely in one direction or even on one plane. 

Since these cardboard constructions existed in three dimensions, students may have used 

Mrs. Quinn’s gesture to discover, or even extend, their own understanding of the mobility 

of mathematics. The 1-metre gesture is only one way of interpreting a measurement of 

tape. Another includes a multi-point gesture where the measurement of tape continues 

over the top, around the side, and back across the bottom of their robot. It is the students 

who derive meaning from the gesture and create their own knowledge framework that 

relates to their understanding of the mathematics concept. As supported by de Freitas and 

Sinclair (2014), this was an evident example of how students’ mathematics 

conceptualizations can be mobile and inventive. 

What became particularly interesting during the construction of the cardboard 

robots was how students continued to extend or invent new applications for their 

knowledge of measurement. Time after time, I observed students lining up the tape so 

that the leading edge of a strip aligned with the leading edge of a cardboard face. In 

addition to the tape representing an opportunity to become a linear measurement tool for 

the students’ robots, my curiosity grew as I considered the potential offered by this tape-

cardboard-alignment gesture. Perhaps the act of lining up their tape offered students not 

only a sense of dimensionality to their cardboard robots, but also a point of origin in 

space, one that could become a Cartesian-like reference point from which a student could 

abstract the next inventive act of their construction. 

It was clear from listening to Ellie present her robot during her interview that her 

problem-solving had followed a similar validation process as the one presented during the 

range tout case, while also using an alignment technique of her own design. The 
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following excerpt provides insight into Ellie’s construction technique as she explained 

how she had filled in a distracting hole on her cardboard robot’s superior surface:  

Lingley:  Can you tip your robot down for the camera here and tell us a little 

bit about [it]? Uh oh, maybe it is falling apart.  

Austin:  I’ll check if a little surgery…  

[Austin’s voice trails off as he climbs inside Ellie’s robot] 

Lingley:  [Ellie], what was your plan for this here?  

Ellie:  Well there was like writing and stuff  underneath here so I just put 

this on. And over here I tried to… [interrupted by Austin]  

Austin:  Looks fine to me, Jacob.  

Ellie:  And over here… 

Lingley:  What’s going on with this little piece here? Because you have this 

flap and this flap but then you decided to put this in… 

Ellie:  This is just so it’s not an open piece right here.  

Lingley:  Oh ok. Well this fits really well. Can you remember how you made 

it fit so well?  

Ellie:  Um… I put it on the box and then looked at it and I drew a piece of 

this cardboard and then I um cut it. 
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Figure 19 

Ellie with her Cardboard Robot 

 

Note. (a) Ellie stands next to her robot as it stands upright on a table. (b) Ellie’s robot 

with the superior surface shown. 

There are many life experiences that may have contributed to the technique Ellie 

had used to fill in the hole of her robot (Figure 19a). Without documenting Ellie’s entire 

life, it is impossible to identify the individual experiences that may have resulted in Ellie 

developing this taping technique. This research does present some evidence to support 

one origin of influence: Mrs. Quinn’s gestural representation of a metre.  

 It is possible to follow the convergent and generative process from the time Mrs. 

Quinn taught Ellie’s class the tape rule in order to observe the effects this experience may 

have had on Ellie’s knowledge of mathematics. Assuming that Mrs. Quinn’s tape gesture 

did indeed influence Ellie’s concept of a metre and the way in which this translates to 

proper alignment of materials while measuring, then this gesturally mediated transference 

of knowledge permitted Ellie to at least conceive a method by which she could design, 

make, and install a solution to the problem of the hole in the top of her robot (Figure 

19b). Furthermore, one can also assume that Ellie likely extended this strategy as she 
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aligned this larger piece of cardboard over the hole, thus addressing both dimensions. 

This experience was replete with examples in which Ellie’s cardboard construction was a 

product of her ability to navigate between her abstract and virtual measurement 

knowledge while inventing a new mathematically influenced construction technique to 

support her intrinsic motivation to make a cardboard robot. 

4.3.5 Reflections on Mathematics and Making from Countryside Elementary 

 Throughout this case, the way Ellie interacted with the materials that she curated 

and elected to combine to make her cardboard robot seemed to support an emergent 

material-dependent culture of mathematics. The gestural example described above is 

meant to provide a single, complete narrative description in which a student not only 

interpreted, but also applied and generated mathematical knowledge meaning from 

material examples throughout their learning environment. This case reflects the theory of 

embodiment that was present in the City High School case and the role of both physical 

and non-physical material entanglement that was present in the Suburban Middle School 

case. De Freitas and Sinclair’s work (2014) discusses the tendency for observers of 

learning environments to situate mathematics content knowledge and the cultural 

implications of mathematics within a single resource. Rather than perpetuate this trend to 

embody the learning of mathematics within any single classroom material, de Freitas and 

Sinclair encourage an observer to consider how this learning is “distributed over a 

collective material assemblage” (de Freitas & Sinclair, 2014, p. 89). 

An intriguing and significant part of the collective material assemblage in this 

case was the role of caring, exhibited primarily by Ellie. Just as her mathematical 

competence was entangled with the material assemblage in which she was situated, so too 
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was her caring behaviour. During the first interview, the caring and conscientious 

behaviour exhibited by Ellie was impressive. At one point during the interview, she 

elected to help Austin rotate his robot so that I was able to have a better view of what he 

was explaining. I am not sure why this observation was particularly impressive to me, as 

it may have been the product of a larger cultural trend of caring within the Countryside 

Elementary community or representative of a strong family value. Nevertheless, the care 

that Ellie demonstrated in that moment was impressive and led me to consider the 

influence of any or all environments she had experienced on this manifestation of caring. 

Attributing Ellie’s caring behaviour to her environment—whether it was 

influenced by her home life, her school, the makerspace, some combination thereof, or 

even another environment altogether—may seem like I am devaluing her actions. Ellie’s 

actions could simply have been the culmination of personal reflections that resulted in her 

being an innately caring individual—caring actions that are her own. These entangled 

presumptions of influence or origin of Ellie’s actions that could be seen as devaluing 

could also be applied to how I, or another observer, might perceive her 

conceptualizations of mathematics. Assuming Ellie’s mathematical knowledge to be a 

product of experience combined with an inclusive material assemblage in a makerspace 

may seem like I do not appreciate the significance of Ellie as an author of her own 

mathematical conceptualization. This is not the case. In fact, it was my observation of 

caring that made me think about how opportunities permit mathematical skills to be 

applied across diverse environments. Perhaps this demonstrates how an inclusive material 

assemblage extends well beyond physical dimensions and can include an individual’s 

personality.  
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By applying de Freitas and Sinclair’s (2014) approach to the “material 

entanglement” that occurred in Mrs. Quinn’s maker-centred learning environment, I 

suggest that this classroom promoted their theory of inclusive materialism. Perhaps 

unbeknownst to her, Mrs. Quinn created a learning environment in which no clear 

delineation of mathematical influence exists between any physical or virtual material 

within her classroom. From the time students participated in the read-along to the time 

they were invited to tour the available materials, or to the time students invented new 

uses for their previously selected material based on their classmates’ constructions, 

students continued to use these material influences to invent new interpretations and 

expressions of their mathematical knowledge. 

Without further research or replication of this same study, it will remain unclear if 

the removal of one material within this learning environment would affect the 

manifestation of mathematics. This case presents an opportunity for future researchers to 

further qualify and perhaps quantify the interaction between the materials and the 

mathematical agency that they can provide to students, teachers, and other members of 

the learning community. 

4.4 Summary of Findings Pertaining to the First Research Question 

Describing the cumulative instances of mathematics across any one case in this 

research as an experience would require consideration of even the most subtle instances. 

Dewey (1916/2010) discussed the value of combined student experience in education 

such that removing any single component would fundamentally change that experience 

for the student. Furthermore, given that each individual student, material, and learning 

environment is uniquely bound by the temporal restraint in which the experience 
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occurred, it would be futile to attempt to replicate any educational experience with the 

expectation of similar results. This creates some concern when preparing a figure of 

results that distributes the number of curricular observations across all Grade levels 

(Figure 20).  

Figure 20 

Distribution of Observed Outcomes of all Cases 

 

There are many ways in which the results of Figure 20 could be interpreted. 

Firstly, there is an apparent concentration of elementary mathematics curricular outcomes 

covered by these projects. While this may be beneficial to those teachers who decide to 

adopt maker-centred learning within their elementary mathematics instruction, teachers 

of higher grade-level mathematics may initially disagree. Mathematics educators of older 

learners may worry either that these projects do not have the same mathematical 

sophistication traditionally found in high school assignments or that the instructional time 

required by students to construct their projects would decrease the amount of 

instructional time for their specific grade-level outcomes.  

Despite the intrinsic motivation observed in this study and the number of similar 

research studies that discuss the meaningful experiences from maker-centred activities 
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(Kafai et al., 2014; Kafai & Burke, 2014; Resnick, 2014; Resnick et al., 2000; Savard & 

Freiman, 2016; Sheridan et al., 2014), this could be a valid instructional accountability 

concern. However, it could be argued that any instructional activity ultimately requires 

students to situate the required knowledge within a chronological continuum of 

associated content experiences. The student is then dependent on memory recall of a 

previous experience that best fits the current task. The relative authenticity of that past 

experience as it relates to the present may influence a student’s ability to interpret and 

apply the previously acquired knowledge to the current task.  

The results from the three case studies have supplied enough evidence to answer 

the first research question as to which specific mathematics curricular outcomes can be 

observed throughout the duration of a maker-centred project. As expected, these same 

observations have revealed other questions regarding the role of mathematics as a 

discipline rather than a grouping of discrete pieces of school-based mathematics content 

knowledge. Perhaps I was initially naïve to believe that an enumerated list of specific 

mathematics curricular outcomes would be enough to satisfy a demand for assessment 

credibility for schools adopting a maker-centred instructional culture. This research has 

revealed numerous tensions, including those observed instances of mathematics that 

contribute to a student’s experience but cannot be strictly aligned with any grade-level 

curriculum.  

The reductionist notion of aligning some of the more mathematically aesthetic 

moments experienced by students with a single curricular outcome, or a group of 

curricular outcomes, would risk completely changing the pedagogical context of that 

experience. Therefore, the analysis of these results requires a certain amount of 
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interpretive responsibility. These results could begin to provide an educational 

stakeholder with certain mathematics instructional assurances. However, they could also 

be used to support that same stakeholder in categorizing a maker-centred experience as 

appropriate to a certain subject area over another.  

The following chapter will offer a more complete narrative that is essential to 

considering the influence of a maker-centred learning environment. The insights in the 

next chapter would not have been possible without completing the curricular alignments 

identified through the cases in this chapter. 
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Chapter 5 

Conclusion to the Questions 

5.0 Situating the Conclusion 

 To set the stage for this chapter’s look at the research questions:  

1. What specific mathematics curricular outcomes were observed within each 

project?  

2. How do the material characteristics of the learning environment (human, physical, 

aesthetic, and cultural) influence the manifestation of these outcomes?  

I will recount a particularly significant school visit during my first year travelling with 

Brilliant Labs. I had been invited to a rural New Brunswick elementary school to provide 

students with an introduction to robotics. After spending some time laying out a simple 

square perimeter track for the students to use as a guide for their robots, I anxiously 

awaited the arrival of what I thought would be a class of approximately twenty-five 

Grade 5 students. Twenty-five students did eventually join me in the classroom; however, 

only two were Grade 5 students. Apparently, I had misinterpreted the invitation. This 

rural school had twenty-five students in total, ranging from kindergarten to Grade 5. With 

no time to modify the activity, I began to introduce students to the coding required to 

move the colourful robots along the square track. 

Like many introductory robotics platforms, these robots seemed to be designed 

following a similar commitment to user accessibility and amusement offered by the 

Turtle LOGO robotic platform created by Seymour Papert in the early 1980s. Students 

were able to use a tablet and a block-based coding language to drag-and-drop commands 
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so that the robot would take particular actions.  The Dash and Dot robotics platform by 

Wonder Workshop, was easily accessible to even the youngest students in the room as it 

was clear that they were already familiar with block-based coding. I was amused to see 

students include expressive commands in their code, including sound effects, lights, and 

ping-pong ball launching. Needless to say, students were eager to code commands for the 

robots and for me — as if I was the robot — such as “Okay, we’ve got this” or “Tell me 

how you make it laugh when it launches the ball?”  

I remember working with another group of students when the sound of student 

laughter caught my attention. A small group of Grade 3 students were laughing as they 

enthusiastically watched their robot follow their commands and launch the projectile into 

a castle they had created out of foam blocks. Clearly, they had found their own materials 

around the classroom, accepted my challenge to program the robot to travel around the 

square, and constructed their own scenario.   Despite the enthusiasm, one student 

appeared frustrated. This girl had been responsible for tapping the run-program button on 

the tablet. When I asked why she was frustrated, she told me that she had to turn to the 

tablet each time she wanted the robot to move. She had unintentionally identified a 

limitation of the robot—it could only move in 30 cm increments with each tap of the run-

program button. I remember she said something like “isn’t there a way I can just group 

them together?” This was the moment that piqued my curiosity about how making could 

influence the learning of mathematics. 

No sooner did I show this Grade 3 student the “repeat” block for her robot 

program than she gestured for me to leave her and her foam-block architect colleagues to 

continue their work. As I left them to their own creative and constructive devices, I was 
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met by a teacher or an educational assistant who said, “remember, these students have yet 

to learn multiplication.” After four years, I still regret the dismissive gesture I gave this 

fellow professional; however, I genuinely wanted to see if the student could design a 

program that permitted her to watch her robot follow the line, launch the projectiles, and 

knock down the foam-block castle. Relatedly, I anticipated the possibility of observing 

the student’s use of grouping as multiplication. 

I captured the student’s castle deconstruction in a video that I have often shown at 

professional learning sessions throughout Atlantic Canada. The video depicts the student 

who, as soon as she pressed the run-program button on her tablet (the code that she 

authored, complete with the repeat block) instructed the robot to continue to move in 30 

cm segments until it turned 90° and then to launch two projectiles towards a castle that 

was as intricate as the selection of foam blocks and the time remaining in class permitted 

it to be. As soon as the castle was knocked to the ground, the three students who had 

made this entire experience, and the others in the room all cheered. The educational 

professional in the room who had told me about these girls having not yet learned 

multiplication turned to catch my line of sight and smiled. This smile suggested the 

recognition that perhaps the girls knew more about the concept of multiplication than had 

been expected simply by their age. All of these reactions happened in an instant, quick 

enough that I could return to focus on the most important event—the overwhelmingly 

complex learning experience constructed by these three young makers. 

As I continued to work with students across New Brunswick, I observed similar 

complex learning experiences in maker-centred-inspired learning environments. At first, I 

was using the word “complex” in reference to certain common characteristics of a maker 
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project. My concept of a complex project may have described the number of steps 

involved in the construction of a learning artifact, the diverse materials and technologies 

accessed by students or the multiple conversations needed in order communicate design 

decisions between peers throughout the project. However, as the number of projects I 

observed increased, so did my understanding of the word complexity when describing 

maker projects. Like the other teachers, I began to remark on the students’ ability to 

apply curricular knowledge across subject areas while purposefully constructing artifacts 

that may or may not relate to the same subject area. As educators, we knew that these 

students were authoring and participating in complex learning experiences, but we had 

difficulty assessing and evaluating the learning as it pertained to traditional subject area 

curriculum documents. This presented an opportunity to examine the role of mathematics 

during a maker-centred project; what I had not fully anticipated was that the role of 

mathematics in the maker-centred project turned out to be as complex as the learning 

experience itself. 

5.1 The Entanglement of Mathematics and Making 

Articulating the role of mathematics during a maker-centred project as it aligns 

with any one curriculum document risks simplifying what was observed in this research 

to be an immensely complex mathematical learning experience. I constructed my initial 

research question—how to identify specific mathematics curricular outcomes in making-

centred projects—not only to add credibility to “making” that could be recognized by 

educational stakeholders, but also to assure educators who were concerned about the time 

“making” would take away from instructional activities that were already strategically 

aligned with their curriculum documents. The figures presented in Chapter 4 regarding 
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my initial research question provide possible ways to align maker-centred projects with 

mathematics curriculum documents that could support any argument by educational 

stakeholders who seek to incorporate elements of maker-centred learning into the 

instructional culture of their schools. However, I caution that using my research data for 

this purpose—even though this was the intent of my initial research question—would be 

dismissive of the mathematical expressions that did not easily align with curricular 

documents. The mathematical expressions that were hard to align are characteristic of the 

mathematics done by people who study a discipline rather than a school subject. The 

maker process facilitated these kinds of mathematical experiences by the students. 

Student expressions of mathematics observed during this research were best 

described using the same characteristics of a learning environment outlined in the second 

research question: aesthetic, material, human, and cultural. Initially, I believed these 

characteristics would contribute to the manifestation of the specific curricular outcomes 

observed during maker processes. While the discussion below will reveal situations in 

which this was true, what emerged from this study was the recognition that the maker 

process itself implied the importance of the learning environment characteristics specific 

to this study and contributed to the manifestation of students’ mathematical experiences. 

In the case of the Suburban Middle School, for instance, as Vincent and Carter 

made their Cardboard Plinko game board, it became impossible to parse out the influence 

that each of these four characteristics had on the students’ mathematical experience. This 

is perhaps yet another instance in which de Freitas and Sinclair’s (2014) term inclusive 

material assemblage applies, highlighting the symbiotic relationship among the aesthetic, 
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material, human, and cultural characteristics of both the learning environment and 

students’ mathematical experience. 

It may be redundant to use the term material as a concrete descriptor and an 

experiential characteristic. However, the redundancy draws attention to the significant 

influence materialism contributed to the projects in this case study. Once the material 

aspects of the shared characteristics between the learning environment and the 

mathematical experience are situated in the context of this research, these material 

aspects will then be used to describe all other aspects of a student’s mathematical 

experience, namely the aesthetic, human, and cultural dimensions. This follows de Freitas 

and Sinclair’s (2014) notion of inclusive material assemblage as it pertains to the 

multiple material entanglements that contribute to construct a mathematical experience. 

To illustrate the entanglement among the aesthetic, material, human, and cultural 

characteristics within this research, consider the following observations from the 

Suburban Middle School case in which Vincent and Carter created a cardboard Plinko 

game. Aesthetically, Vincent and Carter revealed in their interview that they had painted 

their game board red to improve the visual appeal to attract more players. This aesthetic 

decision resulted in at least the potential for a mental tallying system in which they 

compared the distribution and frequency of their game play against the rest of the 

carnival games in the class. This could not have been achieved without Vincent and 

Carter pursuing the available material assemblage for something suitable with which to 

achieve this aesthetic response. It was then a characteristic of the maker learning 

environment that permitted the process of material selection, resulting in the boys 

choosing paint to cover their game board. This provided an opportunity for Vincent and 
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Carter to approximate the volume of paint required to cover the surface area of their 

Plinko game board. Vincent and Carter’s understanding of volume was extended when 

their classmates reminded them that their game board would likely require multiple coats, 

at which point they realized that they had underestimated the volume of paint required. 

This final example of these four characteristics influencing the mathematics both 

expressed and experienced by Vincent and Carter is a product of the human and cultural 

dimensions of the learning environment established in the makerspace at Suburban 

Middle School. 

The multi-dimensional entanglement occurring within the learning environment, 

the student mathematical experiences, and their shared characteristics can be described by 

making as the unifying, experiential phenomenon across this research. Perhaps a fitting 

analogy to describe this phenomenon would be one derived from mathematics. 

Capitalizing on his experience as a mathematician, Seymour Papert (1996) once used a 

vector analogy to describe the influence that constructionism-based computer 

programming could have on traditional mathematics education. Not only did Papert’s 

work fundamentally change the role of computational media in mathematics education, 

but he has often been considered to be a founding father to the maker movement within 

education. Similar to Papert’s mathematical metaphor, Figure 21 is a mathematical 

vector analogy that situates making as the unifying phenomenon between the learning 

environment and a student’s mathematical experience. 

Figure 21 

A Vector Analogy of Making, The Learning Environment and a Mathematical Experience 
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5.1.1 A Vector Analogy: Making as Unification for the Entangled Phenomena  

A vector is defined by its magnitude and directionality. This is a way of 

connecting a starting point to an end point. A vector can be described as series of vectors 

in addition, connecting the end point of one vector to the beginning of the next such that 

the starting point and ultimate ending point form the compound vector. There are infinite 

possibilities for series of vectors that would compound to make the same vector, more so 

in three-dimensional than in 2D. 

In the context of this research, the main vector represents a student’s potential 

project trajectory from conception to completion. The observations from this research 

demonstrate that the process by which a learning artifact is made and the experience of 
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mathematics that arise from that process is entangled within the act of making. Therefore, 

the underlying vector unifying both the students’ learning environment and mathematical 

experience is making. A commonality between both the students’ learning environment 

and mathematical experience is that they comprise several substituent vectors that 

ultimately contribute to the relative final point of project completion. This includes 

potentially infinite stages within a student’s project design or maker process and the 

instances in which they express knowledge or evidence of mathematics. Similar to a 

vector, a student maker project could be decomposed into any number of smaller project 

tasks, each with their own ability to follow an infinite number of logical pathways. 

Therefore, Figure 21 shows that for this hypothetical maker project there were six stages 

of project design and six instances of observed expressions of mathematics. However, 

given the entanglement of these two phenomena and the aesthetic, material, human and 

cultural characteristics that influence their combined trajectory, the use of an ellipse 

([…]) and the variable n is used to denote any number of possible substituent vectors 

required to reach project completion.  

While there are many contributing factors to both the magnitude and 

directionality of the making trajectory and the substituent vectors, the four pertinent to 

this research were defined by aesthetics, material, human and culture. The three cases 

within this research have demonstrated that the emergence of any one of these four 

characteristics could fundamentally change subsequent instances of mathematics or 

project design stages contributing to the overall maker vector. Therefore, deviations are 

shown at the terminal points of the substituent vectors to demonstrate the influence and 

potential that each of the characteristics may have on the magnitude and trajectory of the 
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learning environment, mathematical experience and ultimately the maker process through 

which a student completes their project. 

This vector analogy only begins to illustrate the entanglement of factors that 

contribute to the maker process. As inferred by the vector diagram in Figure 21, an 

attempt to isolate the individual roles of each characteristic on a student’s mathematical 

experience is likely futile. However, since the aesthetic, material, human and cultural 

dimension of the learning environment and mathematical experience are entangled within 

each other and across the maker process it is clear that they individually contribute in a 

meaningful way to a student’s project. 

5.1.2 Mathematics and Making: The Aesthetic Dimension 

Since my early days of teaching I was interested in the important role of aesthetics 

in learning. I have realized that it is an idea that is difficult to articulate and is subjective 

to an individual’s own experience. Similar to Sinclair in her 2008 article on the role of 

aesthetics in mathematics, I have come to understand an aesthetic experience to be one of 

intrigue, confusion or a motivation to seek clarity. 

The role of aesthetics in student learning of mathematics is discussed at length in 

Papert’s 1978 essay The Mathematically Unconscious. This essay also appears as an 

epilogue in his 1993 book entitled Mindstorms. This book is considered to be a seminal 

reference that places the role of computational media within an applied pedagogical 

context of his constructionism theory for learning. In this essay, Papert (1978/1993b) 

acknowledges the diversity of experience and interpretation of that experience when an 

individual has a mathematically-inclined, aesthetic reaction. Papert (1978/1993b) 

recognizes the same tension I confronted in my research when considering the aesthetic 



 

 

204 

dimension of a student’s mathematical experience: it is difficult for anyone to articulate 

the precise nature of an aesthetic reaction. For instance, even if a student found a 

particular mathematical experience to be confusing yet interesting, it is not necessarily 

because they are having an aesthetic reaction. They could simply be part of the 

significant population who perceive mathematics to be inherently difficult. Therefore, in 

this current research, when there was an instance in which I believed there to be an 

aesthetic quality to a student’s mathematical experience, it required a lengthy analysis to 

situate the locus of aesthetics, the influence it had on that student’s subsequent action 

within the learning environment and a conclusive determination if this aesthetic response 

contributed to the manifestation of specific curriculum outcomes. Instances requiring 

further analysis were often fleeting such as the time that Lacey from Suburban Middle 

School whispered “Ta-da” when all of her Micro:bits suddenly began to communicate 

within a network that she created. 

Prior to considering the implications of a student’s aesthetic response to their 

mathematical experience within a maker-centred environment, it was essential to 

understand the observational evidence that constitutes a student’s aesthetic response. I do 

not consider what follows to be a definitive or accurate set of identifying characteristics 

that illustrate the complex ontological, epistemological and cognitive aspects of an 

aesthetic response. In fact, an entirely new research study should be conducted to 

specifically address and define the role of aesthetics in maker-centred learning, perhaps 

independent of mathematics. 

The observational evidence that illustrated a possible aesthetic response from a 

student in this research was one of sensory interpretation. There were a number of 
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instances in which students demonstrated emotional, physical responses in reaction to an 

event during the construction of their project. Specific examples from this research 

include when Carter consciously made an enthusiastic gesture to Vincent that accentuated 

a moment of clarity in which he had subconsciously discovered a solution to a problem 

impeding their maker process. I recall Carter’s kinesthetic gesture being combined with a 

widening of his eyes and an audible inhalation. Carter exhibited gestures common among 

people who have an immediate, emotional reaction to an idea that until this moment was 

in an inexplicable, subconscious disarray or disorder (Papert, 1993b).  

Another example of an observation of an aesthetic response was when Breagh 

uttered a sigh of relief when she observed that she had appropriately configured the infill 

density of her design, as the City High School three-dimensional printer began to print 

her Range Tout. One final example of a student aesthetic response was when an entire 

class of Grade 2 students screamed “whoa” in intense enjoyment after they saw their 

classmate’s name scroll across her robot’s tiny LED array. My attribution of aesthetic 

bases to each of these responses is supported in the literature surrounding the study of 

aesthetics in education (Dreyfus & Eisenberg, 1986; Papert, 1993b). 

When discussing the concept of aesthetics with colleagues they often say, “Oh the 

‘Aha!’ moments.” As discouraging as it is to have a major component of your research 

summarized in a single sentence, there is something aesthetically pleasing when 

colleagues respond in this simplistic way. It affirms to me that most educators have 

witnessed their students have a moment of surprise even if those educators may or may 

not have had the opportunity to investigate the origin of the surprise response further 

(Dreyfus & Eisenberg, 1986; Sinclair, 2001). Nevertheless, I remain cautious about 
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incorrectly attributing a student’s behavioural response to be that of an aesthetic 

experience. I am especially when such a response occurs in a mathematical context 

because mathematics is often regarded as being objective 

Papert (1993b) wrote that a student aesthetic response is a behavioural 

representation of a student’s playful reaction to an object or event that has created a sense 

of intrigue, wonder or pleasure. Therefore, perhaps it is cavalier to assert that such 

subjective behavioural responses within a learning environment have an aesthetic origin 

of deeper meaning than more common attributions such as ownership, pride or 

celebration of success. Compounding the tension created with this assertion is that this 

research considered each of the student responses described above to not only be one of 

aesthetic origin but one that has contributed to the student’s mathematical experience. 

Past research in the aesthetics of mathematics education support such assertions. 

However, there has yet to be a study that examines student aesthetic response during a 

mathematical experience within a maker-centred learning environment. 

The diverse materialism, characteristic of the maker-centred learning 

environments found in the classrooms of this research, further confounds the locus of a 

student’s aesthetic response. Due to the novelty of materials, using a contemporary view 

of aesthetics to be one that includes an embodied, corporeal emotional response, it is 

possible that the enthusiasm, wonder, and intrigue observed is best situated within one of 

an inclusive materialism experience over a mathematical experience. For instance, 

consider the curiosity articulated by the emotional response by Noah when he had finally 

discovered that he could accommodate the fragile tips of sharpened pencils in his Range 

Tout by extending the dimensions of the negative space inside the inverted triangular 
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prism through the bottom. As he had seen on his screen, this design feature would allow 

the pencil tips to freely emerge rather than risk being broken by resting on the bottom of 

the rigid plastic structure of the range-tout. Noah’s response, punctuated by him saying 

“ohhhh,” gives evidence that it could be considered aesthetic. However, it is not clear if 

his wonder is in response to the novelty, intrigue, or potential offered by the three-

dimensional computer-aided-design experience, or if his expression is one of 

exasperation followed by success. 

Nevertheless, none of these interpretations satisfies the majority of research 

associated with a student’s aesthetic response during a mathematical experience. In fact, 

it is better explained by the traditional definition of aesthetics that describes an observer’s 

reaction to something that is inherently beautiful, orderly or “pretty” (Dewey, 1938/1997; 

Dreyfus & Eisenberg, 1986; Papert, 1993b; Sinclair, 2001). Recalling the immediacy in 

which Noah expressed his moment of intrigue, it is possible that he was having an 

emotional reaction based upon the visually-appealing structural order in his virtual Range 

Tout design. If this is true, suggesting that Noah’s aesthetic response significantly 

influences his mathematical experience is as cavalier as those instructional activities 

described by Sinclair (2001), that are given to students to entice or capitalize on their 

non-mathematical interests to coax them into enjoying mathematics. As noted by Sinclair 

(2001), this interpretation of a fleeting aesthetic response that capitalizes on students’ 

interest in another field, can be influential in improving a student’s intrinsic motivation 

associated with mathematics. However, the interpretation lacks authenticity associated 

with an aesthetic response that is situated within mathematics rather than an unrelated 

field of study. 
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As cavalier as it may be, observations made within this current case study situate 

the example of Noah’s aesthetic response within his mathematical experience. Past 

researchers interested in the factors that influence an aesthetic appeal to a mathematical 

experience have illustrated those using flow charts. In 1986, Dreyfus and Eisenberg 

suggested contributing factors of a mathematician’s aesthetic response flow together to 

form a connected, aesthetic experience. These factors that situate the aesthetic experience 

in mathematics include “clarity → brevity → conciseness → structure → power → 

cleverness and surprise (Dreyfus & Eisenberg, 1986). Following a similar flow-chart 

construction, Figure 22, describes the process by which I interpreted a student’s response 

to a situation was aesthetic. Based on research completed by Sinclair (2001), experiences 

from either branch of the flow chart have been determined to influence a student’s 

mathematical experience either as a precursory stimulus for further inquiry or as one that 

is similar to the logical elegance in mathematical process experienced by mathematicians.  

Figure 22 

Aesthetic Response Flow-chart 
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Note. Flow-chart describing the role of aesthetics during student construction of learning 

artifact, both within the field of mathematics education and beyond. 
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To further illustrate this entangled interpretation of the aesthetic dimension of a 

mathematical experience, consider the case from Suburban Middle School in which 

Carter and Vincent built a cardboard carnival game. Below are two examples of the 

contemporary aesthetic response, as defined by this research, that have been found to 

influence a student’s mathematical experience. The first involves a reflective dialogue 

that demonstrates how Carter and Vincent considered the emotional affect their design 

may have had on game players. The second involves their realization of the problem 

solving necessary in order for their game to function 

Example 1 

Lingley:  One of the other things, that is interesting about your project is that when 

you are looking at it from the front, you really can’t see the computer or 

any of the wires. Did you factor that into your design at all? 

Vincent:  Yeah, because most roller coasters don’t have the electrical wiring 

everywhere, so why don’t we keep it out of the way like normal carnival 

games. We did the best that we could.  

Carter:  Some people in the class would have like wires going all up through this 

and coming down and things. 

Vincent:  If we had to, I would put it through duct tape, just to keep stuff hidden.    

Carter:  Like the only really visible one would be through the front is like this little 

ground on the side. You have to really pay attention to see it.  

Example 2 

Lingley:  How did you come up with a pattern for your peg placement? Take me 

through that process. 
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Carter:  What happened was we measured it out. It is 62 cm wide, and 112 cm 

down.  

Vincent:  Something like that. Something like that.  

Carter:  So, what we did was divided 62 into 5 first, or into 6 first, then we realized 

we didn’t have enough space on the board. 

Vincent:  Because at 6, the slots would have been too small, and the puck would 

have got caught.  

Carter:  So, then we divided by 5 and then realized it worked and then divided it 

by 4.  

Vincent:  Because you can’t have the same thing, it would just go straight down. It 

has to be diagonal. 

The language Vincent and Carter used to describe their procedure to ensure their 

game board design remained focused on the user rather than the electronics. This choice 

could be interpreted as an aesthetic response with a sensitivity to the end user’s visual 

preferences of game play experience. In fact, in Example 1, Vincent offered the 

prospective user’s response he and Carter were attempting to avoid when he compares it 

to an individual’s reaction to exposed wires on a roller coaster. In accordance with the 

study of aesthetics in mathematics, this first example could be interpreted as a student’s 

dedication to ensuring users find their Plinko cardboard game to be visually appealing, 

inherently beautiful, or pretty (Dreyfus & Eisenberg, 1986). Furthermore, since Vincent 

and Carter’s goals appeared to be firmly associated within the artistic design of their 

carnival game board, any aesthetic response these student makers may have had is one 

based on an artistic experience rather than that of mathematics. However, it is important 
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to consider this instance of proclivity to the design as a precursory event that initiates a 

cascading, multi-event search for the most appropriate of materials in order to achieve 

their aesthetically inclined goals.  

The process by which Vincent and Carter curated the materials in order to achieve 

their artistically situated aesthetic goals, thereby hiding the electronic aspects of their 

game, was not one that was captured during the interview. However, I had the 

opportunity to observe both Vincent and Carter tour the other electronically-mediated 

projects in their Suburban Middle Makerspace then return to their station to discuss what 

they had seen, only to quickly go over to the wall of materials and select the items they 

deemed most appropriate to achieve their design goals. 

The iterative making process that followed was replete with a variety of grade-

level mathematics. For instance, consider the observed heuristic or logical reasoning 

solely involved in designing a discrete wire-management system. First, the students had 

to choose a cutting tool that had a width similar to the most compressed diameter of the 

bundle of wires that needed to pass through the front of the board. Second, before the 

students even made an initial pierce through their game board, they had to consider the 

concept of conservation of materials as if they placed the wire management hole too far 

to one side of the game board, they would then require extension wires which would 

ultimately limit the supply of available materials for the rest of the Suburban Middle 

Makerspace. Finally, now that students have decided on the location in which the wires 

would pass, they must return to the assemblage of available materials to choose an 

appropriate length and colour of duct tape so that the wires would remain hidden. Thus, 
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an observation of student aesthetic response that is seemingly devoid of mathematics has 

become a complex school mathematical experience. 

In the second example, Carter describes an instance of realization in which he and 

Vincent discovered the appropriate spacing for the conductive puck to pass through the 

characteristic peg placement of Plinko. Reading the above excerpt from the interview 

does not illustrate Carter’s aesthetic response.   In the interview, however, Carter 

described a moment of realization which could have been interpreted as a reflective 

description from a previous aesthetic response. While listening to Carter’s response 

during the interview, I recalled that he made gestures with his hands that were 

representations of the division process required to form the columns. It seemed as though 

Carter had been relying on a form of embodied mathematics to communicate to Vincent 

the calculations he must complete in order to determine the maximum distribution of 

columns across the game board. I missed how Vincent had ultimately determined the 

correct number of columns, but I clearly remember there was a point of excitement and 

intrigue situated within their mathematical experience. From this observation, there is 

evidence to support that their aesthetic response influenced their mathematical experience 

as they both had realized that, through these calculations, they had been able to discover a 

pathway by which each of the pegs could be appropriately spaced on their game board. 

These two examples illustrate the entanglement of an aesthetic experience during 

a student mathematical experience. The complexity of entanglement becomes 

increasingly apparent when one considers the observer’s interpretation of an individual’s 

corporeal responses and the role of mathematical authenticity. My research supports 

previous findings on aesthetics in mathematics education including the tension between 
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the overt behavioural characteristics of a student’s aesthetic response and the authenticity 

of the mathematics expressed by students in this case study (Dreyfus & Eisenberg, 1986; 

Sinclair, 2001). 

Many authors have explored the role of aesthetics in mathematics education 

hoping for aesthetics that would evoke similar responses in learners as they do for 

mathematicians. For example, Papert (1993b) examined the role of aesthetics in 

mathematics as non-mathematicians explored the irrationality of the square root of two 

and Dreyfus & Eisenberg (1986) studied the elegance in college-level student responses 

to multi-solution geometry problems. In each of these studies an aesthetic response was 

determined to be situated within the mathematical experience as the solutions were neat, 

orderly, precise, and elegant. All traits that are commonly used to describe a 

mathematician’s affection for a particular solution to a proof, or other mathematical 

experience. 

Past research further suggests that providing opportunities for students to explore 

mathematics in a way that promotes the aesthetic, is a way to encourage mathematical 

engagement at a level of complexity similar to that of mathematician. In their prominent 

articles on aesthetics in mathematics education, neither Papert (1993b) nor Dreyfus and 

Eisenberg (1986) asserted that similar experiences are inaccessible to young mathematics 

learners. However, there exists an inherent mathematical complexity in the examples 

these authors use to describe the aesthetic experience one may have to mathematics 

(Sinclair, 2001). As noted by Sinclair (2001) this creates an allusion of exclusion such 

that an aesthetic response to a mathematical experience is reserved for those who study 

mathematics at the highest levels, and not available to young learners of mathematics. 
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Perhaps the complex entanglement surrounding the study of aesthetics in mathematics is 

not limited to arguments including an aesthetic object being pretty versus logical, or the 

locus of action, or an individual’s mathematical proficiency, but one that must include the 

materials with which a mathematical experience is made (Sinclair, 2009). 

In their 2013 paper, Sinclair, de Freitas and Ferrara worked with young learners 

using dynamic geometry software to present students with virtual materials in which they 

could explore geometric concepts. While two of these authors have published extensively 

on the role of aesthetics in mathematics education, this study in particular focused on the 

role of inventiveness and creativity in student conceptualization of mathematics (Sinclair 

et al., 2013). The similarities in student responses during the interview excerpts in the 

Sinclair et al. (2013) study and my case study are interesting. In their paper, the authors 

used words in italics, to note the emotions evoked by students as they discussed their 

experiences, including “laughing” and “with emphasis” (Sinclair et al., 2013). Students’ 

aesthetically-inclined responses to mathematical tasks in a materially diverse learning 

environment seem to not only facilitate mathematical engagement but also influence the 

actualization of a mathematical concept. A virtual concept that remained within student 

minds until an opportunity to make a physical representation of their learning was 

availed. 

By using the influence of aesthetics in mathematics education as a lens through 

which to explore mathematical engagement in a maker-centred learning environment, the 

observations from this case study have revealed unconventional ways in which students 

use materials to express their mathematics concept knowledge. Each case in my research 

included students who capitalized on their own intrinsic motivation brought forth after 
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they had had an aesthetic response while working on their project. The influence of this 

initial or subsequent aesthetic response became significantly apparent when students 

applied their own mathematical knowledge in validation of their own solution. This then 

removed the virtual or physical project obstacle, thus permitting students to achieve their 

next design iteration. 

While not dismissing the value on the learning of mathematics offered by 

emotions of empowerment and agency during the maker process, it was often difficult to 

align or confirm the significance of these aesthetically-inclined observations to specific 

mathematics outcomes. For example during the Suburban Middle Makerspace case, 

observations of Lacey’s Micro:bit-enabled firefly exhibit required her to calculate the 

latency rate of wireless signal transmission. When Lacey enthusiastically described her 

discovery that the placement of additional Micro:bits had significantly decreased the 

relative signal transmission latency it was apparent that she had experienced an aesthetic 

response. Therefore, an argument can be made that it was the aesthetic response that 

influenced the manifestation of her Grade 8 mathematical concept knowledge of rates and 

proportionality. 

This clear observation of student mathematics engagement situated within the 

aesthetic supports the inclusion of an aesthetic dimension in a prescribed mathematics 

course. However, isolating Lacey’s mathematical experience to the study of 

proportionality alone excludes the opportunity for Lacey to explore the mathematical 

areas not aligned with curriculum that she expressed through her embodied use of 

materials in her project. Facilitated by her initial aesthetic response to the capability of a 

collection of Micro:bits to mimic a cloud of fireflies, Lacey created a final installation 
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where she hung Micro:bits from lengths of fishing line which were then suspended along 

a grid system representative of a Cartesian plane. In order for Lacey to work with her 

peers to construct this computational art installation, they relied on their own embodied 

conceptualizations of mathematics. 

The unintentional presence of embodied mathematics in the firefly installation, 

and all other cases in this research, presents an opportunity to explore the influence of 

embodiment on a student’s mathematical experience beyond aesthetics. In fact, the 

entangled nature of a student’s aesthetic response to mathematics within these maker-

centred learning environments is complemented and more appropriately realized within 

the theory of inclusive materialism (de Freitas & Sinclair, 2014). The students’ 

mathematical experiences described above were not only significantly influenced by the 

role of aesthetics, but the physical and virtual materials that comprised the maker-centred 

learning environment. As described by de Freitas & Sinclair (2014), the theory of 

inclusive materialism, as it pertains to one’s conceptualization of mathematics, 

contextualizes all contributing factors found in a space that contribute to an experience. 

The following section will use the theory of inclusive materialism to further expand on 

the characteristics of the learning environment that contributed to the entangled student 

mathematical experiences as they engaged in the maker process. 

5.1.3 Mathematics and Making: The Inclusive Material Assemblage 

I used the theory of inclusive materialism in this research to analyze the way in 

which learners benefit from the potential offered by the entire assemblage of available 

materials in their respective maker-centred learning environments. The theory of 

inclusive materialism may further inform the influence these materials have on the 
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emergent trend of these learners to express their mathematical conceptualizations in non-

traditional ways. This section will explore one specific example from each case in which 

the theory of inclusive materialism situates the entirety of a learner’s mathematical 

experience within the context of their maker-centred learning environment. Among the 

cases, there were distinct differences in the properties of the materials that influenced the 

mathematics and the overall learning experience. However, there were many similar 

instances of inclusive materialism in which it was clear that a student’s expression of 

mathematics was influenced by the assemblage.  

The results of question one from this research demonstrate that each of the maker-

centred projects in the researched cases required varying degrees of mathematical 

sophistication to be completed. While students constructed their learning artifacts, it was 

interesting to observe the material similarities of the learning environments in which the 

they expressed their conceptualizations of mathematics. 

Recall that in accordance with de Freitas and Sinclair (2014) this research uses a 

contemporary definition of materialism that extends well beyond the confines of physical 

matter. Any phenomena influential to the maker process present within these learning 

environments were considered to be part of the greater material assemblage. While this 

includes material composed of traditional properties of dimensionality, mass and 

temporal significance, it also included materials with increasing virtuality. Examining the 

maker-centred learning environments in this way permitted the inclusion of diverse 

materials from a physical pompom to the virtuality of a peer’s reaction—both of which 

are components of a larger material assemblage that influenced how students constructed 

their artifacts. Similar non-traditional, virtual material contributors included the humans 
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within the learning environment, their movements, their conversations, the culture in 

which they were teaching or were being taught and their entanglements with the more 

physical materials of the assemblage (de Freitas & Sinclair, 2014; Sinclair, 2001, 2009). 

The five most common material entanglements that may be considered more virtual 

than their physical counterparts, and their potential influence on the learner’s 

mathematical experience are explored in the following subsections: the physical 

assemblage, inclusive instruction, narrative grounding, making as a culture of agency and 

expressive materials.  

5.1.3.1 The Physical Assemblage 

Considering a more traditional sense of materialism, it was fascinating to watch 

students stand in front of a collection of physical materials, taking their time to both 

virtually envision or physically examine the potential value a particular item would add 

to their projects. I was interested in how each of the makerspaces curated a different set 

of materials to reflect both the predictive goals of students and the current or aspirational 

culture of a learning environment.  

Students frequently approached the assembled physical materials available to 

them, seeking out what was immediately familiar, only to be persuaded to make a 

different selection based on the diverse project potentialities inspired by the presence of a 

novel material. In these instances, it was apparent that significant effort was placed in the 

aesthetically inclined curation and arrangement of accessible materials. Whatever the 

function of the material, there was a diverse range of material complexity for students to 

use in their construction. For instance, in each maker-centred environment, it was 

common for there to be many adhesives. Should a student be familiar with a glue-stick, 
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they could make their selection and be on their way. However, next to those glue sticks 

was a sundry of other adhesives. This encouraged students to validate their own needs.  

Perhaps unintentional by design, this material accessibility implemented in all the 

maker-centred learning environments in this research, permitted students to explore 

familiar materials while piquing an experiential volition to use a novel material that until 

now may have been perceived to be too complex. This effect was not limited to the 

construction or fabrication materials. Like in most makerspaces, the material assemblages 

found in each of the current cases contained several computational media platforms. This 

component of the assemblage permitted students with a range of coding abilities to apply 

electronically responsive and expressive materials to their projects. Finally, the entire 

assemblage of materials, beyond those thought to be used directly in the construction of 

student projects, such as the flexible seating options, collaborative areas and visually 

appealing décor, all contributed to a greater inclusive, physical material assemblage that 

significantly influenced the general learning experience of students. 

5.1.3.2 Inclusive Instruction 

The inclusive support for the maker-process provided by the humans within each 

of the case’s spaces was another component of each of the learning environments. While 

humans may not be the first physical material one would expect to fall within the 

contemporary definition of materialism, it was the implicit, virtual messages of 

inclusionary support that significantly led students to more sophisticated iterations of 

their projects. For instance, during many school visits to any of the classrooms in this 

study, I often heard students discussing different project possibilities using phrases such 

as: “what if we…,” “do you think it would work if…,” and “is there a way that we 
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can…” These statements were frequently directed to their fellow classmates and their 

teachers.  

Many members of the maker learning environment had limited experience with 

the diverse array of physical materials available. It was rare to find an explicit and 

definitive answer to a student’s inquiry. The teachers in the learning environment 

frequently replied with statements of encouragement rather than direction. Statements 

included, “Have you thought about trying…,” “That’s a great question, let’s consult 

Google,” or “Go check with Noah, he had the same problem and figured out a solution.”  

By encouraging students using statements like these, teachers invited students to 

make complex changes and consider material potentialities in a low-risk, failure-friendly 

learning environment. This inclusivity of instruction is a common characteristic of 

makerspaces and constructionism learning environments described extensively in maker-

centred literature and early progressive learning theories proposed by Dewey in 1938. 

(Clapp et al., 2016; Dewey, 1938/1997; Dougherty, 2016; Kafai et al., 2014; Peppler & 

Bender, 2013; Resnick et al., Sheridan et al., 2014). 

It is important to situate the relatively virtual influence of the human dynamic within 

the inclusive material assemblage. In this research, the influence did not always result in 

an immediate physical change in material selection or project iteration. However, similar 

to the potentialities offered by physical materials in the assemblage, the virtual influence 

from this instructional milieu inspired changes in the maker process, student fluidity of 

movement and intrinsic motivation. 
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5.1.3.3 Narrative Grounding 

Due to the ever changing, multi-step nature of the projects in this research, it was 

common for students in this research to situate and validate their decision-making in 

reference to a temporal point along their project construction pathway. Most notable 

during interviews, it was fascinating to hear students describe their processes not as a 

series of steps, but as a narrative. Even when their projects were incomplete, students 

described iterations as chronologically and culturally connected. Students tended to 

interrupt their fellow classmates’ narrative only when they felt they had something to 

contribute to the retelling of the narrative. As each student has a unique knowledge base 

and potentially differing passions connecting them to a project, students frequently 

engaged in debate. This permitted students to ensure that their project narrative reflected 

the assembled experiences of the group rather than any one individual. The politics 

involved in decision-making that resulted from this narrative discourse led to significant 

changes in project trajectories. 

5.1.3.4 Making as a Culture of Agency 

To an intermittent observer, the culture of the maker-centred learning 

environment is likely a more subtle part of the material assemblage. However, throughout 

these research cases it was important to consider the influence the instructional culture 

had on the agency demonstrated by the members of the learning environment, both within 

the makerspace and throughout the school. It seemed that students began to understand 

the opportunities available to them and how their own confidence in decision-making 

may affect their own conceptions or those of others. The authors Clapp et al. (2016) 
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describe this kind of environment as a form of agency within maker-centred learning 

environments, in particular the maker empowerment that the environment helps to create.  

The apparent evidence of agency as a contributing factor to the inclusive material 

assemblage found in maker-centred learning environments can be identified at various 

virtual and human levels of authority during a maker experience. For instance, in a 

makerspace, agency may be a significant material influence within the choice and 

diversity of construction-based materials available to the student. A student who is 

standing between a row of transparent bins filled with materials may be immediately 

familiar with the affordances pipe cleaners will have on the flexibility of her articulating 

arm model for her robot. However, she is intrigued by the physiological similarity the 

long, metal springs next to the pipe cleaners may provide her model. She understands and 

accepts the required learning that would accompany her choice as this is the first time she 

has used springs. It can be assumed that a sense of agency has facilitated this student’s 

decision-making as she consciously understands the material choice and the commitment 

to further learning she has made. In this example, the specific agentic actions became 

increasingly influential on physical materials. However, they are a product of virtual 

beginnings.  

Virtual, cultural factors of this agentic manifestation could be explained by many 

decisions made by an educator in a makerspace. For instance, a teacher may decide to 

situate a seemingly complex, novel material next to the familiar pipe cleaners, or to 

ensure that students understand the inclusive foundations of the makerspace instructional 

environment. Or, perhaps the source of the agency can be traced back to an institutional 

decision that permitted the initial implementation of the makerspace program. Regardless 
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of the original source of the agentic influence, the subsequent cultural changes that occur 

results in a student discovering their own agency in the makerspace. This ultimately 

influences a student’s final learning artifact. 

5.1.3.5 Expressive Materials 

 One final component of interest from the inclusive material assemblage in the 

researched cases, was the role of the expressive capabilities of the electronic materials. In 

each case, students had access to many electronically-enabled materials including 

computational hardware, motors, speakers, and lights. I observed the students’ propensity 

to integrate these materials in their project. However, further research would be required 

to specifically identify the motivation for students to choose these sensuous materials 

over others.  

The expressive capacity of these materials seemed to captivate multiple senses at 

once therefore potentially contributing to student material selection, interaction and 

sensory experiences with the entire learning environment. This significantly influenced 

the manifestation of mathematics as students frequently had sensory-rich experiences 

while engaging in material selection with the available expressive materials within the 

larger assemblage. The term expressive materials has been used in other maker literature 

to describe computational media that evoke sensory stimuli (Kafai & Burke, 2014; Libow 

Martinez & Stager, 2013; Resnick, 2017). When referring to the use of materials during 

experiential education programs that support the use of code, the term expression is often 

used to reaffirm that computational media can convey an idea by engaging the senses as a 

creative device rather than one that solely supports information consumption and 

efficiency (Papert, 1993b; Resnick, 2017).  



 

 

225 

While the case studies in my research support these assertions, conveying 

expression through materiality is not dependent on technology (de Freitas & Sinclair, 

2014). Material selection within this research may have been influenced by haptic, 

auditory and visual stimuli, regardless of the presence or absence of electronics. For 

instance, during the construction of the cardboard robots at Countryside Elementary, one 

student may have been searching for a structurally appropriate piece of cardboard for a 

robot’s legs. Upon taking two different pieces from the pile of available cardboard, he 

may have made a decision based on the haptic and visual feedback expressed by the 

material properties of the cardboard selection. Furthermore, following the definition of 

expression that refers to a conveyance of information from the expressive object, the 

student’s choice may have contributed to an embodied mathematical experience similar 

to those described by de Freitas and Sinclair in 2014. It is possible that through the 

sensory interpretation of the cardboard properties, this student was able to practice his 

agency in selecting cardboard with the greatest volume.  

This embodied mathematical experience was not reserved to the expressive 

capacity of electronic materials within the learning environment. However, I was 

interested to observe an increased perception of sensory influence when students 

combined computational media with traditional construction materials. For instance, 

during construction of the Plinko cardboard carnival game, students capitalized on the 

auditory sensations provided by the congratulatory sound effects as the conductive puck 

activated the Makey Makey circuit at the bottom of the corresponding column. This 

expressive Plinko gameplay permitted Carter and Vincent to use their combined sensory 

experience to inform their embodied, mathematic conceptions related to the probability 
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and consistency of a user’s gameplay. This was ultimately achieved by the combination 

of materialistic expression from the entire gameplay experience rather than an expression 

of one material sensory experience over another.  

The role of expressional capacity during material selection and application 

appears to be better described as a continuum of influence. The expressional capacity of 

both virtual and physical material experiences within an inclusive assemblage appears to 

provide an opportunity for students to discover their own material agency for embodied, 

non-traditional mathematics conceptualization. 

The significant components of a maker-centred, inclusive material assemblage 

identified in the sections above provide an overview of the direct or implicit impact on 

student conceptualization of mathematics and non-traditional expressions of mathematics 

knowledge observed in this case study. It is difficult to align the entirety of a student’s 

material-based mathematical experience to an existing mathematics curriculum 

document. However, there are some apparent points of curricular alignment, influenced 

by the inclusive material assemblage that emerged during the observation of each case. 

The examples below further illustrate the influence of the virtual aspects of the material 

assemblage within the maker-centred learning environment on the manifestation of 

discrete, specific curriculum outcomes as identified in the results presented in Chapter 4.    

5.2 Material Assemblage Mediated Manifestation of Mathematics 

In the chapters above, I have described multiple instances in which students’ 

expression of mathematics knowledge or conceptualizations have been significantly 

influenced by the materials of their learning environment. Revisiting these observations 

in the context of the theory of inclusive materialism provides some pedagogical clarity 
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and precedence to encourage further exploration. Situating the observations of entangled 

mathematics, as a product of the inclusive material assemblage specific to the learning 

environment, reveals an important educational quality of the student maker experience. 

Before exploring this emergent educational quality of material-mediated 

manifestations of mathematics within a maker-centred learning environment, consider 

Table 5. Table 5 presents some examples of inclusive, material-inclined observations 

from this current research. They are presented alongside the associated manifestations of 

both school-based mathematics and mathematics conceptualizations that were significant 

but are not within the current scope of K-12 New Brunswick mathematics curricula. The  

Table 5 

Instances of Inclusive Material Assemblage and Alignment with Curricular Mathematics 

and Disciplinary Mathematics 

Case Study Inclusive Materialism Observation Manifestation of Mathematics 

Suburban 
Middle  
School 
 
Plinko 
Cardboard 
Carnival 
Game 

Vincent and Carter repurposed 
three-dimensional-printed, plastic 
scraps as inclined planes to ensure 
conductive puck fell into higher 
point columns. Their decision was 
made after an elementary student 
was discouraged to see their puck 
land in the lowest scoring column.  

Curricular-Aligned Observations 
• Measurement  
• Numbers & Operations 
• Angle Geometry  
• Statistics & Probability  
• Logical Reasoning 
• Embodied Gesturing  
• Discourse & Conjecture 
• Aesthetic Consideration 
• Applied Mathematics & 

Engineering 
• Optimization   

Discipline-Oriented Observations 
• Logical Reasoning 
• Embodied Gesturing  
• Discourse & Conjecture 
• Aesthetic Consideration 
• Applied Mathematics & 



 

 

228 

 

Engineering 
• Optimization  

Suburban 
Middle  
School 
 
Escape 
Scratch Game 

Lacey was motivated to create a 
virtual game play experience that 
replicates a physical classroom. 
Leveraging discussions with her 
classmates she continued to iterate 
her code to ensure logical cohesion 
between virtual elements.  

Curricular-Aligned Observations 
• Numbers & Operations 
• Statistics & Probability  
• Discourse & Conjecture 
• Optimization  
• Applied Mathematics & 

Engineering 
• Computer Science  

Discipline-Oriented Observations 
• Discourse & Conjecture 
• Optimization  
• Applied Mathematics & 

Engineering 
• Computer Science  

City High 
School 
 
3D Printed 
Range Tout 
Desk 
Organizer 

The conservation of three-
dimensional Printer filament 
reflects environmental concerns.  

Curricular-Aligned Observations 
• Measurement  
• Surface Area & Volume  
• Statistics & Probability  
• Logical Reasoning 
• Introductory Algebra  

Discipline-Oriented Observations 
• Embodied Gesturing 
• Discourse & Conjecture 
• Aesthetic Consideration  
• Applied Mathematics & 

Engineering 
• Optimization  

Countryside 
Elementary 
School 
 
Literacy-
Inspired 
Cardboard 
Robots 

Students were empowered through 
a message of altruism and 
compassion in a Children’s book   

Curricular-Aligned Observations 
• Measurement  
• Numbers & Operations 
• Surface Area & Volume 

Discipline-Oriented Observations 
• Embodied Gesturing  
• Discourse & Conjecture 
• Aesthetic Consideration  
• Computer Science 
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manifestations listed under the cell entitled Discipline-Oriented Observations are 

representative of mathematics as an expansive discipline of study rather than the concepts 

of school-based mathematics curricula.  

While the unaligned, discipline-oriented manifestations of mathematics found in 

Table 5, were not originally within the scope of this research, they became of significant 

interest. My observations of mathematics that fell outside the context of school-based 

mathematics were largely influenced by my own experiences as a middle school 

mathematics educator. During my time in the classroom, I was fortunate to be a part of a 

professional learning community that was supportive of my professional practice of 

ensuring that students approached the learning of mathematics in a way that remained 

meaningful, relevant and accessible. This required an often-obsessive refinement of 

instructional methods such that students could begin to form an appreciation for 

mathematics, beyond the symbols categorically associated with school-based 

mathematics. 

Within the field of mathematics education, there are a number of authors who 

discuss the significant opportunity presented to learners of mathematics when they 

explore conceptualizations that are beyond the scope of school mathematics (Boaler & 

Greeno, 2000; Boaler, 2015; de Freitas & Sinclair, 2014; Papert, 1993b; Savard & 

Freiman, 2016; Upitis et al., 1997). For instance, Jo Boaler has devoted a significant 

amount of her career showing how “real” mathematics is a creative, visually enthralling 

discipline of study, which is a stark contrast with what most individuals have experienced 

from their school mathematical experience (Boaler, 2016). In her 2016 book, 

Mathematical Mindsets, Boaler provides numerous references to mathematicians who are 
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perceived by society to be at the height of mathematical knowledge, but who very rarely 

use any numeric representations of mathematics. Boaler’s (2016) use of the word real is 

defeating for students as it conveys a notion that the mathematics they conceptualize is 

less authentic than that practiced by mathematicians. While defeatist, the use of the term 

real reaffirms the importance of further exploring the contemporary influence all material 

has on current and future student conceptualizations of mathematics. 

As I applied the theory of inclusive materialism in these case studies to identify 

manifestations of mathematics from observations of students, I found myself using the 

term authenticity to summarize the significance of my observation. While the words 

authentic and real are not synonyms, they are often anecdotally used with similar 

meaning in educational settings to ensure that student activities are not a contrived 

abstraction of a curricular task. Throughout my observations in this research, students 

retained authorship over their learning experience. There is a tendency for curricular 

documents and foundations of school-based mathematics to situate a student’s 

mathematical understanding in the context of a series of aspirational “real-life” tasks that 

require the use of utilitarian mathematical concepts to resolve. 

For instance, a word problem found in a curriculum document may read, “A 

carpenter is installing 30-centimetre square tiles in a 90-metre square kitchen. How many 

tiles will the carpenter need to complete this installation?” By some definition, this 

problem may reflect the “real-life” tasks of some individual or group of individuals and 

may lead to a student material experience in that they manipulate an assemblage of 

virtual and physical materials within their learning environment to create and curate a 

solution for this problem. Furthermore, assuming they use a material selection process 
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similar to the ones found in this research an assertion can be made that they may be 

exhibiting traits of mathematical conceptualizations that are beyond the scope of K-12 

mathematics and are therefore similar to the findings of this case study. However, even as 

complex as these contrived “real-life” curricular mathematics tasks appear to be, there is 

a nuance of authenticity of mathematical experience that remains absent in comparison to 

the examples found within this research. 

There is an evident irony in the assertion that the mathematical experience 

resulting from the making of a cardboard robot, the construction of a cardboard carnival 

game or the printing of a desk organizer is any less contrived than a traditional problem 

like the one presented in the last paragraph. It is true that each of the learning artifacts 

constructed by the students in this research was intended to meet an initial goal set forth 

by the educators. While broad, these goals were contrived in that at some point Mrs. 

Quinn said to her students: “After we finish this book, we will make a robot.” Mrs. Frey 

and Redmond said to their students: “Let’s build a cardboard carnival.” And Mmes 

Allard and Perrot challenged their students to “print a desk organizer.” Therefore, the 

goals to which students aspired by completing their projects were contrived, but 

nonetheless goals that required a unique project trajectory authored by students. 

While initially contrived, the challenges and goals posed to students by educators 

in their maker-centred learning environments encouraged students to explore their own 

conceptualizations of mathematics within a generative context of possibilities. 

Preliminary observations from this case study indicate that it is the inclusive material 

assemblage within students’ learning environment that significantly influenced the 

authenticity of the students’ learning artifacts and their conceptualizations of 
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mathematics. Perhaps an argument can be made that all educational tasks appear on a 

continuum of contrivance and authenticity. 

With reference to an authentic mathematical experience, this research suggests 

that the threshold between mathematical task contrivance and authenticity is most 

meaningfully changed when a learner is presented with end goals as subjective and 

innumerable as the materials available to them in their makerspace. In fact, with the 

exception of the City High School case, as it was completed within a mathematics class, 

the goal of the maker-oriented tasks in the other cases did not explicitly convey a 

mathematics requirement. Therefore, it can be argued that each of the students 

approached the maker-centred task without any conception of the mathematics in mind, 

either school-based or discipline-based, directly or indirectly required throughout the 

construction of their project. This presents a significant educational quality observed 

during this research. It was the inclusive material assemblage found in each of the maker-

centred learning environments that permitted students to authentically express their 

conceptualizations of mathematics not only for reasons of utility but for commitment and 

conviction to project completion. 

5.3 The Material of a Mathematics Concept 

This research has explored the manifestation of mathematics arising from 

inclusive material assemblages in maker-centred learning environments. The unique 

opportunity presented to students observed within these cases can be summarized by the 

current trend of ideology surrounding the term maker. By definition a maker engages in a 

complex experience by which they combine material to form a construction unique to 

their own design. A maker actualizes, creates, constructs and manifests something new. 
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Applying this same construct to the observations from this case study, the student makers 

manifested mathematics. There is evidence to support that there were new 

conceptualizations of mathematics entangled within the novel learning artifacts.    

Prior to beginning this research, it seemed unlikely to me that young learners of 

mathematics could be involved in an experience that resulted in a new concept. Similar to 

many mathematics educators, I too was of a mindset that, any student creation involving 

the manifestation of mathematics would remain an abstraction or representation of 

previous or newly acquired curricular knowledge. Even during this research, as I 

observed students relying on examples of embodiment through gesture-rich discourse to 

convey their mathematical knowledge, I did not at first consider what they were doing to 

be novel manifestations, or conceptualizations of mathematics. However, through the 

analysis of my observation, it became clear to me that the mathematics demonstrated by 

the students was entangled. 

Expressions of mathematics curriculum knowledge did not occur independent of 

contemporary conceptualizations of mathematics. They were not mutually exclusive. One 

did not replace the other, nor could students adequately express their knowledge or share 

in the same experience without the other. Like the materials that students combined to 

actualize their visions of their constructions, the expressions of mathematics were also 

irreducible. It was evident that students were the authors of their maker experiences. It 

was my original conclusion that the manifestations of mathematics observed were 

abstractions of previously acquired mathematics concepts or applications. However, as 

students interacted with the inclusive material assemblages of their maker-centred 
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learning environments, it became clear that new, conceptual, mathematical experiences 

emerged. 

In their 2017 book that is an assemblage of articles, de Freitas, Sinclair and Coles, 

assert that a mathematical experience cannot be attributed to a single plane of material. In 

relation to school-based mathematics, curriculum language often encourages educators 

and students to consider a mathematical concept as something that is static. The 

proficiency with which a student understands a mathematical concept must satisfy 

specific characteristics that have been predetermined by an agent of authority in 

mathematics—agency that is seemingly inaccessible to a learner of mathematics. As a 

response to the same question as the title of their book, What is a Mathematical Concept, 

de Freitas, Sinclair, Coles and their contributing authors provide a much more inclusive 

and contemporary approach to what constitutes a mathematical concept. A theme 

throughout the book evolves from an early constructivist ideology, that a mathematics 

concept is an inductive construct that emerges from material engagement (de Freitas et 

al., 2017). These authors suggest that school-based mathematics has a tendency to 

introduce students and educators to a reductionist form of mathematics 

conceptualizations. While this reduction may be useful in conforming to certain societal 

academic standards, it does not permit students or educators to appreciate the possibilities 

for their own mathematics engagement beyond the traditional—an engagement specific 

to the individual conceiving their own mathematical experience—an experience, specific 

to the material assemblage available to the individual. 

The most illuminating observation from this case study is links the two research 

questions. Students observed within this research were not engaging in mathematical 



 

 

235 

experiences because they thought it was what they had to do to construct their learning 

artifact. Rather, the observed, emergent and entangled mathematical experiences, that 

included both school-based and disciplinary concept knowledge, were a product of the 

inclusive material assemblages in each context. When these materials were combined by 

the student maker, they produced something unique, authentic and new. In a mathematics 

context, the something that was created during the material engagement is not always a 

finite expression of concept but representative of a an emergent or redefinition of a 

student’s own mathematical conceptualization. The expression of a student’s own 

mathematical conceptualization is dependent on the diversity of material assemblage. As 

demonstrated in this research and supported by de Freitas et al., (2017), students possess 

the ability to “awaken potential multiplicities that are always implicit in any material.” (p. 

78) Continuing with the analogy of the unconscious, it appears as though the “potential 

multiplicities” of material become real when an individual metaphorically, shakes them 

from their dormant slumber, ready to be shared (de Freitas et al., 2017). 
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Chapter 6 

Discussion 

6.1 From Curriculum Alignment to Dis-Alignment 

Throughout this research, several tensions became apparent between my 

preconceptions about the mathematics that students should have been expressing and the 

actual expressions that were occurring across the learning environments and amongst the 

assemblages of materials. This tension reached a maximum during the City High School 

visits, during which I had had a preconceived notion concerning the complexity of 

mathematics that would be expressed by students throughout this project. While the 

results from this case demonstrated that numerous instances of mathematics had been 

expressed by the students during the construction of their learning artifacts, a tension 

remained between my hopes for sophisticated conceptualizations and the apparent lack of 

complexity of curricular mathematics that I had observed. It was only during post-

observation analysis that this tension transitioned from defeat to opportunity. 

The inspiration for this research emerged from my experience as an advocate for 

constructionism during my time as a classroom teacher both and an employee of Brilliant 

Labs, motivating the development of the two research questions. Initially, I had intended 

this project to be a way to change definitively the extra-curricular narrative that had 

become associated with maker-centred learning activities. Based on my anecdotal 

experience prior to joining the team at Brilliant Labs, I had already become enthusiastic 

about the materially complex, expressive constructions that students made in a 

makerspace learning environment. Unfortunately, when I started working at Brilliant 
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Labs, my enthusiasm was often diminished when I or other teachers were unable to make 

students’ projects conform to curricular assessment practices. It was apparent that, during 

maker-centred activity time, students were learning. However, aligning this learning to 

curriculum objectives was difficult. Therefore, the credibility and meaningfulness of what 

the students were learning was questioned. Furthermore, as the number of colleagues at 

other schools who adopted a maker-centred instructional philosophy increased, I became 

concerned that subject area accountability, particularly in mathematics, could disrupt or 

curtail the enthusiasm for the maker movement in New Brunswick schools. Despite the 

presence of researcher bias in this case study, it was my bias as a proponent of making in 

education that enabled me not only to articulate concerns about curriculum 

accountability, but also to discern an opportunity to conceptualize mathematics learning 

that would often be in dis-alignment with any curricular document issued for K–12 

students.  

Further exploring the role of curriculum instructional accountability as a source 

for the tension I experienced, particularly during the City High School case, revealed an 

unfortunate professional predisposition that may have significantly influenced my own 

research analysis and perhaps the research and professional practice of others. The 

language used in the initial research question of this study, regarding the identification of 

specific curricular outcomes, directed the classroom observations to prioritize sensory 

feedback that evoked evaluative qualities similar to those outlined in the K–12 New 

Brunswick mathematics curricular documents. This had significantly limited my initial 

consideration of the role of inclusive materialism and the embodiment of mathematics in 

student concept generation. 
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Each of the K–12 New Brunswick mathematics curriculum documents 

encourages student engagement in mathematics, often beyond the scope of the specific 

curriculum outcomes, and a level of educator agency in assessment design such that the 

entirety of the mathematics learning environment exudes an appreciation for this vast 

domain of knowledge. A brief example is quoted below, taken from the front matter of 

the Grade 6 mathematics curriculum document: 

The main goals of mathematics education are to prepare students to:  

• use mathematics confidently to solve problems, 

• communicate and reason mathematically, 

• appreciate and value mathematics, 

• make connections between mathematics and its applications, 

• commit themselves to lifelong learning, and 

• become mathematically literate adults, using mathematics to 

contribute to society (EECD, 2010b, p. 3).  

It seems as though a discrepancy between educator professional practice and curriculum 

vision exists that disrupts the province’s advocacy for mathematics engagement beyond 

traditional mathematics instructional methods. Consider another excerpt from the same 

curriculum document that describes the learning environment: 

The learning environment should value and respect all students’ experiences and 

ways of thinking, so that learners are comfortable taking intellectual risks, 

asking questions and posing conjectures. Students need to explore problem-
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solving situations in order to develop personal strategies and become 

mathematically literate. Learners must realize that it is acceptable to solve 

problems in different ways and that solutions may vary. (EECD, 2010b, p. 3) 

The discrepancy becomes particularly apparent when one considers the influence on 

student engagement when curricula are distributed to the educators who are indirectly 

accountable in preparing students for provincial mathematics assessments. Using the 

current research as an example, the discrepancy between educator professional practice 

and curriculum vision fundamentally disrupts the locus of student mathematics 

engagement and conceptualization away from a position of induction and inquiry to 

social utility (de Freitas et al., 2017). 

In their collection of articles that aimed to answer the titular question, “What is a 

Mathematical Concept?,” de Freitas et al. (2017) included an article authored by Brown 

that suggests the curricular presentation of school-based mathematics is primarily a social 

construct that creates commodities from student mathematics conceptualizations. This 

offers a perspective with which to situate the tension that I experienced as I attempted to 

define what constituted an expression of mathematics in the context of maker-centred 

learning. Furthermore, extending from Brown’s assertion that school-based mathematics 

has the primary role of utility rather than inquiry, an opportunity arises whereby an 

inclusive material learning environment could not only support existing curricula, but 

also permit a culture of mathematics learning that promotes new conceptualizations that 

foster mathematical creativity over commoditization (de Freitas et al., 2017). 

This current research presented three different maker-centred learning 

environments. Each of these learning environments constructed an inclusive material 
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assemblage that was unique. A few examples of difference include how each facilitated 

the construction of different learning artifacts, how each targeted different student grade 

levels, and how the physical materials in each material assemblage were curated based on 

an individual culture of instruction defined by the users of that space. Despite these 

differences, this research demonstrates the role of mathematics within the respective 

maker-centred learning environments via the available inclusive material assemblage. 

Within each of these makerspaces, not only did students construct their learning artifacts, 

but they also engaged in the construction of their own mathematics conceptualizations. 

This process appears to have been mediated by—or even produced by—the 

material potential assembled within each educational space. Rather than having to rely 

solely on their mathematical concept understanding to solve a set of preselected, discrete 

subject area problems, students relied on the interactivity between inclusive material 

bodies throughout the maker-centred learning environment. This supported their own 

conceptualizations of mathematics that were required to inductively solve the problems 

that they had perceived to be important as they iterated their learning artifact design. 

A sense of dis-alignment between expectation and observation emerged not only 

in relation to the context of students in my research. Throughout these cases, I have made 

reference to the subtle presence of mathematics during some observations. Even though I 

noted something significant related to mathematics education during observations, I 

chose to qualify observations as being subtle throughout this research. It is clear that this 

is an example of the disparity that I have experienced, and continue to experience, 

regarding what I appreciate to be an observation of authentic mathematics learning 

compared to students’ own understanding of their learning. The use of the word subtle 
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risks minimizing the value of a student’s conceptualization and the influence of that 

conceptualization on their work and the material assemblage. The student 

conceptualizations were only observed to be subtle when they did not conform with or 

align to my own conceptualizations of school mathematics observations.  

Ultimately, further research is required to understand the mathematical nuances 

within the students’ novel conceptualizations. However, from this case study, it is evident 

that the inclusive material assemblage found within each makerspace supports embodied, 

material-dependent mathematics conceptualizations. Perhaps this is the stimulus required 

for curriculum policy advocates to reimagine the generative force within an inclusive 

material assemblage as it pertains to students’ ability to conceive, apply, and actualize 

their own mathematics concepts which complement those that appear in a curriculum 

document (de Freitas et al., 2017). 

Further pedagogical opportunity presented by this current case study becomes 

apparent with the realization that maker-centred learning activities often require an 

underlying philosophy of embodiment. Through the construction of cardboard robots, 

cardboard carnival games, and three-dimensional-printed desk organizers, the inclusive 

material assemblages of each learning environment, revealed the propensity for students 

to have a sensuous and collective learning experience when making. This corporeal 

response is an important characteristic of the learning philosophy of embodiment, which 

was ultimately realized when the literature review for this research revealed a 

commonality amongst the writings of three primary authors, John Dewey (1938/1997), 

Seymour Papert (1993b), and Elizabeth de Freitas and Nathalie Sinclair (2014). 
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It is not surprising to find embodiment-based linkages amongst these authors—

Papert (1993b) often included Dewey’s (1938/1997) work in his writing, and de Freitas 

and Sinclair (2014) cited both Dewey and Papert in their work. At the risk of simplifying 

the work of these authors, one of the characteristics of the philosophy of embodiment is 

the celebration of sensory experiences within an individual learner and across a 

community. During the qualitative analysis of observations throughout this research, 

these authors’ theories supported the embodiment of mathematics expressed by students 

(Dewey’s bodily-engagement theory, Papert’s body-syntonic reasoning, and de Freitas 

and Sinclair’s inclusive materialism view of embodiment as presented in their book 

Mathematics and the Body). In their writings on embodiment, these authors describe the 

sensory influence when a learning activity engages the entire, literal body of the learner 

and the material bodies surrounding that learner. As de Freitas and Sinclair demonstrate 

at length throughout Mathematics and the Body (2014), this collective engagement 

experience can be particularly significant for the study of mathematics. 

As demonstrated within this current research, students in each makerspace 

immersed themselves within the making experience, relying on the embodied, sensory 

feedback from their own senses and the collective stimuli experienced by all bodies 

throughout the learning environment.10 This permitted students to conceptualize the 

mathematics required to refine and actualize their constructions without abstracting the 
 

 

10 The word bodies is used in this context to include all humans and physical and virtual materials within 
the learning environment. 
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concept away from the experience. Vincent and Carter were able to make cardboard 

construction decisions while visualizing a virtual student in front of their Plinko game. 

While coding her electronic escape room, Lacey envisioned a virtual space in which a 

fellow student would be making logical decisions to address complex conditions that 

would allow them freedom from their electronic captivity. Breagh and Grace used 

percent knowledge to inform and make unpopular, virtual design decisions on behalf of 

their classmates so that their virtual visions of desk organizers could be actualized. These 

experiences afforded students the opportunity to have an authentic, embodied connection 

to the mathematics both required and implied by their constructions. What my research 

has not revealed is whether or not students are aware of their contemporary 

conceptualizations of mathematics or even the presence of traditional curricular 

mathematics within their maker experiences and how a culture of instruction could permit 

this awareness to occur. 

Much of the research reported here has focused on the students rather than the 

educators who occupy the makerspace learning environment. Only one of the three cases 

had been facilitated by a school’s mathematics teacher as a curricular component. 

Anecdotally, this distribution is similar to what has occurred with making throughout 

approximately 133 makerspaces and maker-centred learning environments affiliated with 

Brilliant Labs in New Brunswick (Brilliant Labs, 2019). Most maker-centred learning 

environments in New Brunswick are not championed by an individual subject area 

specialist, but seem rather to be the product of a shift in school instructional culture to 

support a larger group of educators and community members who are curious about 

cross-curricular instruction and future economic prosperity presumably offered by a 



 

 

244 

materially diverse learning environment. While not a focus of this current research, these 

subplots of makerspace implementation could considerably influence the authenticity of a 

mathematical experience across curricula and throughout a community’s structure. 

One subplot of interest was the collective involvement of the elementary students 

as part of the Suburban Middle School’s makerspace material assemblage. It would be 

interesting to know the influence that this experience may have had on these prospective 

students if they were to attend Suburban Middle School. Perhaps they will remember that 

the makerspace learning environment at Suburban Middle School used making as a way 

to promote creativity, inventiveness, and inquiry. The excitement created for all involved 

in the learning experience can extend student engagement far beyond the initial temporal 

scope of the project. However, without the assurances for educators and other 

stakeholders that authentic, discipline specific learning opportunities are embedded 

within these maker experiences, the enthusiasm experienced may remain a characteristic 

of a school’s innovative culture of community rather than its culture of integrated 

mathematics learning. 

A methodological decision was made early during my observations to not 

interview educational decision makers other than the classroom teacher. As noted in the 

Suburban Middle School case, advocates of maker-centred learning believe that their 

students’ experiences transcend and permeate a number of different subject area curricula 

and grade levels. The decision to not interview other stakeholders, including the 

mathematics teacher and administration, was made to ensure that a presumption of 

research bias was not made either for or against their own instructional methodology or 

the professional practice of other teachers throughout the school. While integrated 
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instruction has been a valued characteristic of many instructional reforms (including the 

current New Brunswick campaign for instructional integration of the global competencies 

in education), each school and each school professional, including those in this current 

study, is on a journey of instructional philosophy adoption, maker-centred learning 

included (EECD, 2016). My research has revealed a significant, missed opportunity 

should educational stakeholders and decision makers not align their instructional goals 

with the learning experiences that can occur within materially diverse, constructionism-

based learning environments like those offered by the makerspaces observed in this 

study. 

The administrative and institutional logistics that would be involved in such a 

reform of instructional culture could be the topic of another study, but observations from 

this current case study can provide a useful framework should a school decide to further 

align the learning experiences offered by a makerspace with other instructional initiatives 

throughout the school. The informal observations I made during this case study made it 

apparent that it is exceedingly difficult for an individual teacher within a maker-centred 

learning environment to assess or facilitate the learning of multiple subject areas or skill 

sets while acting as a design consultant across multiple student projects. 

This research has demonstrated that a maker-centred learning environment can 

become a shared instructional space in which students can express curriculum knowledge 

and contemporary conceptualizations of mathematics. However, this remains my 

supposition as the researcher. I had the opportunity to share this space as both a 

researcher and an advocate for mathematics education, thereby potentially contributing to 

a learning environment that temporarily motivated students and educators to consider the 
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blended instructional value of mathematics and making. Had it not been for my own 

apprehension to be involved in the politics between school personnel, I would have been 

curious to know the impression that these blended instructional learning environments 

had had on the administration and the mathematics educators within the same building. 

While we—the students and educators involved in this research—had the opportunity to 

observe student conceptualizations of mathematics born from a place of inquiry rather 

than accountability or contrived utility, it remains unknown if these observations were 

unique to the specific learning environments in each of the cases in this study. There may 

be any number of similar instructional cultures of mathematics or making in other areas 

of a school.  

This research could be used by a mathematics educator or other educational 

stakeholder interested in embarking on a transitional journey of instruction whereby a 

culture of mathematics within a learning environment reflects one of construction rather 

than consumption. However, caution should be exercised if an individual teacher of 

mathematics or any other subject area were to begin to integrate components of 

constructionism and maker-centred learning into their daily instructional practice. No 

educators involved in this case study ever suggested that the strenuous instructional 

approach required to maintain a learning environment for upwards of a dozen 

constructionist projects exceeded their own professional capabilities. However, 

considering the impact of these maker-centred learning projects on the instruction of 

mathematics alone, the benefits that could be applied to the larger school community are 

likely difficult for a single maker educator to identify. This statement does not reflect a 

disinterest on the part of the maker educator, simply a dimension of the maker learning 
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environment that is difficult to assess at the same time as trouble-shooting technology, 

rearranging furniture, and ensuring that students remain safe in a makerspace. 

In the event that this research is used to inspire an educator or used by another 

instructional decision maker to incorporate aspects of maker-centred learning into a 

culture of mathematics instruction, the strategy for implementing it should be as 

innovative11 and iterative as the products students will make. Suggestions informed by 

my research include an implementation strategy that would distribute the role of 

mathematics instruction beyond a single traditional mathematics classroom teacher, such 

that a culture of mathematics and the materials students use to inform or construct their 

mathematical concepts would be better understood across their learning environments. 

Furthermore, the maker-centred learning implementation strategy should be iterative in 

that, if mathematics instruction were to be distributed across several educators and 

learning environments, then time for planning, reflecting, and refining instructional 

practice amongst all stakeholders involved would be provided.  

This bimodal approach to mitigate the additional responsibilities of maker-centred 

learning on any one individual within a school community may seem futile since it would 

likely require a redistribution of workload from educators who more often than not tend 

to be already professionally overextended. However, as suggested by Papert & Harel in 

1991, when considering the potential impact of constructionism or maker-centred 
 

 

11 The use of the word innovative in this context does not suggest that the pedagogical foundation of 
constructionism, or maker-centred learning, is new or novel. 
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learning on the culture of mathematics in a school, there are likely numerous instances in 

which collaboration between professionals could occur. The following excerpt, from 

Papert and Harel’s Constructionism published in 1991, refers to an experience Papert had 

had when he began his Turtle LOGO programming language research in the 1970s: 

The story I really want to tell is not about test scores. It is not even about the 

math/Logo class. It is about the art room I used to pass on the way. For a while, 

I dropped in periodically to watch students working on soap sculptures and 

mused about ways in which this was not like a math class. In the math class 

students are generally given little problems which they solve or don’t solve 

pretty well on the fly. In this particular art class, they were all carving soap, but 

what each student carved came from wherever fancy is bred and the project was 

not done and dropped but continued for many weeks. It allowed time to think, to 

dream, to gaze, to get a new idea and try it and drop it or persist, time to talk, to 

see other people’s work and their reaction to yours—not unlike mathematics as 

it is for the mathematician, but quite unlike math as it is in junior high school. 

(Papert, 1991, p.3-4) 

Following the observations of Papert made over 40 years ago, the collaboration of 

a number of educators is required for a stakeholder community to fully realize the 

educational impact of contemporary conceptualizations made and shared by students in a 
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maker-centred learning environment.12 This requirement entails not only an instructional 

synergy and an appreciation for the aesthetic dimension of mathematics across all 

members of the school community, but also a reimagining of the material assemblage of 

resources available to educators. It is interesting to imagine applying the same theory of 

inclusive materialism, discovered in this research, to influence the student construction of 

a learning artifact to discover the role material bodies play as educators collaborate to 

design new learning opportunities for their students. Papert made a similar observation in 

1993 with regard to the learning of mathematics: “the natural context for learning would 

be through participation in other activities than the math itself” (1993b, p. 145). Perhaps 

this same logic could be applied to a materially diverse instructional environment that 

celebrates a combination of virtual and physical material resources, such that the culture 

of mathematics instruction would become more natural.  

6.2 Implications Generated from Case Observations 

6.2.1 Becoming Comfortable with Observations of Student Conceptualizations  

Having been a part of the maker movement in education prior to beginning this 

research, I had the benefit of collaborating with many fellow educators and their students 

as they began their own maker journeys. I am not naïvely ignorant about the perceived or 

 

 

12 This is not in reference to an isolated makerspace or one classroom. Using a synergistic instructional 
approach amongst educators may lead to increased fluidity in what is considered a makerspace. A quote 
that continues to inspire reflection is one that was on the wall of the Suburban Middle Makerspace: “A 
school doesn’t need a makerspace; a school is a makerspace.” 
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even real bias that I may have for the affordances maker-centred learning could offer a 

school’s culture. To put it simply, as I witnessed my own students spend hours 

persevering with iterations of code, refining their strategy to solder dozens of wires, or 

pre-cutting a cardboard enclosure for a project only to completely abandon the same 

design they had just spent hours actualizing, I knew that these students were involved in a 

rich learning experience. Qualifying and quantifying that learning, particularly as it 

pertained to any one subject area or curriculum, proved to be difficult. 

Although I continually witnessed student groups exhibit enthusiasm, 

perseverance, and motivation to share their efforts, as an educator I was plagued by 

guilt—the longer students worked on their projects, the more time they spent away from 

traditional classroom instruction that I or their subject area teacher could definitively link 

to specific curriculum outcomes. There was clear evidence that students who collaborated 

to make learning artifacts of their knowledge were engaged in curricular learning that 

was linked to generalized outcomes and global competencies. Indeed, these are goals of 

most educational institutions, but there remains a disparity in the distributed 

accountability placed on these outcomes over those that are linked to specific areas of 

content knowledge. This ultimately influenced my interest as an educator. Admittedly, I 

had hoped that my research would not only demonstrate that this style of learning did 

indeed correspond to specific curricular outcomes, but also improve the perception of 

curricular uncertainty and credibility associated with maker activities—a perception that 

was at least anecdotally more apparent when students would miss instructional time 

associated with subjects that hold increased cultural significance, particularly 

mathematics and language arts. 
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With regard to curricular knowledge in areas of mathematics that students 

demonstrated in this research, the propensity for students to design, prototype, and refine 

learning artifacts that often occupy physical space best aligns to outcomes associated with 

measurement and geometry. The New Brunswick K–12 mathematics curricula categorize 

this knowledge within the Grades K–9 Shape and Space outcomes. While there were 

instances of outcomes from Grades 10–12 within a similar category of Measurement, for 

this current argument, the K–9 Shape and Space outcomes were the only ones considered; 

I had expected that the majority of observed mathematics would pertain to findings 

associated with geometry and measurement. What had not been expected prior to this 

research—and what proved to be an interesting discovery—was how students fluently 

demonstrated other categories, in particular operations associated with numbers within 

the context of their project.  

One notable discovery was how students relied on number operations as a way to 

substantiate the more abstract areas of their mathematical discourse to their peers. 

Although not captured during the interviews, there were several instances that I can recall 

in which classroom observations revealed students providing statements of numeric 

validation, such as “we have to make it half as tall,” “let’s calculate 60% of the volume 

so that you can grab the marker easier,” or “attach this at 30 degrees so that the puck rolls 

down.” In isolation, none of these statements are particularly impressive when 

considering the apparent lack of mathematical sophistication, but these discursive 

statements, combined with the context of the target student action that these statements 

support, reveal an impressive, distributed mathematical experience that may be unique to 

the learning environments discussed in this research.  
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One explanation for the emergent correlation between Shape and Space and 

Numbers or any other less representative category can be found in the embodiment 

theory of mathematics. Consider the mathematical knowledge conveyed by the student 

from this research when he said, “we have to make it half as tall.” How does your 

perception of the student’s mathematical understanding change if that same statement 

were made with a hand gesture that ran along the side length of a cardboard rectangular 

prism? Using the theory of embodiment in mathematics to support this narrative 

argument, the student would be demonstrating both oral and kinesthetic evidence to 

support his knowledge of fractions and proportional reasoning. Furthermore, this student 

would be abstracting one content knowledge area of mathematics, using two distinct 

communicative methods to manipulate concrete materials that had been constructed using 

a different content area. Considering the assemblage of materials that were involved in 

this student’s expression of mathematics knowledge, it seems as though relying on any 

single material, such as a traditional paper-and-pencil task, may reduce a student’s ability 

to articulate their knowledge abstraction with similar significance. Moreover, based on 

the observed enthusiasm for their projects, students’ intrinsic motivation for project 

involvement and aspiration for completion likely contributes to the willingness of 

students to express and apply their mathematical knowledge in a context that is inherently 

meaningful.  

6.2.2 Maker-Centred Learning that Promotes Transdiciplinarity  

Over the course of my observations at Suburban Middle School, I was inspired to 

consider the implications of the unique distribution of teachers in this space and school. 

As noted above, Suburban Middle School was often able to have two teachers working 
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with students in the makerspace for at least a portion of their project. This was a fortunate 

occurrence as many schools usually only had one teacher per classroom. Observing two 

teachers working and making with students in one space made me consider the 

implications of knowledge mobility between teachers and students across several 

seemingly distinct learning environments.  

In middle schools across New Brunswick that have class sizes near the maximum 

complement of 29 students, there is usually one teacher per subject area. Using Suburban 

Middle School as an example, excluding Mrs. Redmond and Mrs. Frey in the 

makerspace, students likely had at least 5 other subject area teachers. Noting the 

entanglement of mathematics during the course of students’ maker projects, a similar 

entanglement would be experienced across other subject areas. Acknowledging this 

entanglement extends the inclusive material assemblage beyond any one subject area 

teacher or classroom. This presents an opportunity for student conceptualizations of 

mathematics to be applied regardless of the instructional context, which could also 

encourage teachers to reflect on their own instructional practices that may have 

constrained the knowledge mobilization of students.  

 During the presentation of the Suburban Middle School case, there was an 

assumption of disparity of instructional practice between the mathematics and making at 

Suburban Middle School. Rather than this disparity being interpreted as an unfortunate, 

missed opportunity for collaboration, my research arising from this case provides what 

could become the basis for a novel instructional context. Since the makerspace required 

Mrs. Redmond and Mrs. Frey to provide instructional support to students in diverse fields 

(including coding, collaboration, electronics, design, engineering, and entrepreneurship), 
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they would have likely missed student knowledge expression from other curricular areas. 

In this instructional context, a mathematics teacher could have been present to encourage 

and engage students in their application of mathematics as they progressed through the 

construction of their learning artifact. 

Admittedly, the allocation of additional human resources to a learning 

environment that already has more than a standard complement of educators may be 

unattainable. However, the Suburban Middle School case revealed a significant learning 

opportunity for makerspace students to apply, appreciate and perhaps achieve knowledge 

of mathematics that would otherwise be difficult to attain in a conventional mathematics 

classroom. As observed in City High School, a mathematics educator could offer a 

learning environment that would be constructionist in design to support students as they 

create material-rich learning artifacts. While this may be true, such a situation could 

divide any one student’s attention for a particular subject area across multiple initiatives, 

thereby diminishing the potential depth of learning opportunity.  

One institutional model that may alleviate the continued segregation of 

mathematics instruction to a specific teacher is a two-part, school-wide initiative that 

would highlight the significant learning opportunities offered by a constructionist 

learning environment. Firstly, should a school find similarities between my research and 

the instructional culture of their own school, an administrator may consider the inclusion 

of maker-centred learning in the school improvement plan. In New Brunswick, all 

schools are required to have a collaborative document in which the educational 

stakeholders co-construct a culture of learning that best suits their students. If a school-

wide, concerted approach were shared by faculty members, then conceivably more time 
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could be spent reinforcing the benefits of maker-centred learning across all subject areas. 

Secondly, given that there is a logical connection between maker-centred learning and 

mathematics, if students were encouraged to produce a learning artifact in either or both 

learning environments, then those teachers could consider co-constructing a project 

together. By collaborating and sharing this responsibility, each individual subject area 

teacher could share their expertise and educational passions, thereby increasing the 

diversity of learning opportunities that a student could experience. This mutually 

supportive and transdisciplinary learning environment would not only reinforce the value 

of maker-centred learning, but also lead to further student mathematics knowledge 

sophistication that could be applied to a broader context of situational experiences across 

a community of learning. This is similar to Seymour Papert’s thoughts about mathematics 

instruction: “the natural context for learning would be through participation in other 

activities than the math itself” (Papert, 1993b, p. 145). 

6.3 Student Access to Increasingly Virtual and Sensuous Materials 

As indicated above, the three makerspaces observed in this research were similar 

to those described in the maker-centred learning literature in that the material 

assemblages included relatively new expressive electronics. To situate this phenomenon 

within one of the cases, recall the material assemblage available to the students at 

Countryside Elementary School. The student-designed robotic functionality required a 

range of electronics—from some that were simply completing a conductive tape circuit to 

others that required the Grade 2 students to code. Regardless of the skill required to make 

the embedded electronics function, each student seemed to be particularly motivated as 

the chosen electronics permitted a certain humanistic quality to their robot. Students 
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gasped as an electronic pulse caused a mechanical servo to turn a cardboard arm. 

Students were elated to see their parallel circuit illuminate both ears rather than one, and 

students were amazed to see their robot’s name scroll across the cardboard chest. It was 

inspiring to observe early elementary students so casually persevere through their design 

goals, unaware of the complex abstraction required to successfully implement the chosen 

electronic material. 

Observing students navigate the material-mediated abstraction process could 

inspire future research to explore the instructional influence that virtual and expressive 

materials may have on students’ conceptualizations of mathematics and other disciplines. 

This becomes particularly relevant when considering the recent advent of makerspaces 

affiliated with Brilliant Labs. Schools have been requesting materials that include mixed-

reality headsets, biofeedback sensors, and computer peripherals equipped with kinesthetic 

motion tracking. The requests for these sensuous materials have often been driven by the 

search for innovative solutions for community-based problems, interest in novelty, or the 

intrinsic motivation of the learner. These novel and accessible computational materials 

create opportunities for young learners to design, code, and make a mixed-reality 

experience that could persuade educators to reimagine the role of mathematics 

conceptualizations in an increasingly virtual learning environment. 

What is inspiring is that students who are the creators in such virtual, material-

centric environments will likely be the first to generate their own rich conceptualizations 

of mathematics and other disciplinary knowledge. These conceptualizations will be 

aligned to their own interests and their own intrinsic motivational project goals. This 

technology-mediated material alignment will continue to occur within an evolving, 
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student-curated assemblage. Regrettably, during this time of student-motivated 

refinement of learning, some educators who do not have a similarly generative and fluid 

professional practice will be attempting to reassert curriculum outcomes that had been 

designed primarily to contend only with two physical, rather than virtual, dimensions of 

reality: the length and width of a worksheet. 

The material assemblages in the cases above varied considerably. However, there 

was some similarity in the access that students had to complex, computational media such 

as the Micro:bit. While not all projects observed in this case study used the Micro:bit, 

each maker-centred learning environment had had students that chose to embed these 

accessible devices in their projects. The Micro:bit is an excellent example of the 

evolution of educational technology. The drag-and-drop, block-based coding required to 

issue user commands to the microcontroller makes this device accessible and playful for 

novice students learning to how to write code for the first time. Interestingly, the 

Micro:bit only began to be distributed to New Brunswick schools in 2016, the same year 

this study received ethics approval. It is an example of a material that has considerably 

influenced the expanding nature of the classroom material assemblage, student generative 

ideas, and an educator’s professional practice. Moreover, it will not be the last—an idea 

presented by many educational technology theorists, most critically, Seymour Papert in 

1993. It is interesting to note that, in the Foreword to the second version of Papert’s 1993 

book Mindstorms, former Apple Computers CEO John Sculley indicated that Papert 

began writing a version of Mindstorms in the 1970s, at a time when Apple Computers 

had just introduced their first personal computer. 
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In Mindstorms, Seymour Papert (1993a) discussed a deviation of ideology from 

his mentor Jean Piaget. Piaget, the eminent learning theorist who introduced 

constructivism, suggested that students develop intellectual abilities in a particular order 

of complexity (Papert, 1993a). Papert, however, respectfully urged advocates of 

constructionism to consider the influence that a child’s material culture has on their 

learning, regardless of the complexity of the available materials or the order in which 

they are introduced to the learner (1993a). He added that, when children are exposed to 

material-rich cultures, they have a propensity to “spontaneously” develop knowledge 

structures that permit the implementation of complex materials that may have been 

perceived as being inaccessible since they were designed for children from an older age 

range (Papert, 1993a, p. 20).  

Papert’s thoughts from over 40 years ago about the influence of material culture 

on a student’s learning remain insightful for New Brunswick schools today. I cannot 

imagine the course of this research had any one material been deemed too complex for a 

particular age group of students. Such decisions tend to come from educational decision 

makers who designate a new technological material to a higher grade level simply 

because they perceive complexity inherent in the platform functionality that is different 

from a previously supported device. 

The current reality of the material assemblages available to many students across 

New Brunswick, and in many parts of the world, is that expressive electronic devices are 

often introduced simultaneously to elementary, middle, and high school students. 

Therefore, depriving any one student demographic the opportunity to use any material 

that they deem to be of merit to their construction would be significantly detrimental to 
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their knowledge development and appreciation for learning. It is possible that students of 

any age, not necessarily younger, may miss an instance of nuanced complexity or 

knowledge sophistication while they combine materials to craft their responsive carnival 

game, cardboard robot, or three-dimensional printed organizer. However, it remains our 

responsibility as educators to collaborate and discuss the learning trajectory of our 

students as they navigate their material assemblages across their learning environments. 

The knowledge concepts that students express at any age through their learning artifacts 

could create tension between age of students, their grade-level and their knowledge 

sophistication. 

With regard to mathematics, as this research demonstrates, young students may 

express conceptualizations of mathematics that are currently designated for a higher 

grade level. Rather than consider this to be a fleeting learning experience, one that will be 

fully understood by the students when they are in the grade level that matches the 

expressed knowledge, educators should nurture the conceptual creativity of students and 

not worry about the tension between a student’s grade level and the perceived complexity 

of the content. With the proper support and time for students to explore their own 

interests in a materially diverse learning environment, the word complexity, may become 

a referent to the number and diversity of learning experiences rather than a word that 

describes the knowledge sophistication predetermined by grade level. 

6.4 Assembling Materials to Make Mathematics: A Conclusion  

Any definitive conclusive statement answering the initial questions would detract 

from the rich mathematical experiences shared by students during this research. What has 

been made clear is that, while students inductively apply knowledge pertaining to current 
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K–9 mathematics curricula, the processes and products that they construct do not 

resemble a representation of school mathematics. In fact, the significant curriculum 

misalignment that became clear through the observation of students’ contemporary 

conceptualizations of mathematics could have formed the foundation of a third research 

question had less concern been focused on establishing curriculum-based credibility for 

making. Furthermore, as suggested by de Freitas et al. (2017) and Papert (1993a), this 

research demonstrates the vital importance of the material assemblage in influencing 

student conceptualizations of mathematics as a discipline. The students interviewed 

during this research were able to convey their passion for the materials they had selected, 

the complicated process they had followed, and the personalized product they had 

constructed. The agency that students had been granted within their environments 

through the inclusive set of materials challenges what many educators consider to be 

educational materials and the mathematics that those materials could influence. 

It is true that many instances of mathematics described in this research appeared 

subtle when compared to what one would normally associate with school-based 

mathematics. This appearance of subtlety was likely influenced by socially enforced 

expectations. Furthermore, the observations in this research encourage questioning of the 

authenticity of the not-as-subtle abstracted mathematics for the traditional mathematics 

classroom. Equally true is the authenticity of the narratives provided by students during 

each classroom visit. Their student voices described the use of mathematics in a way that 

was far more generative and nuanced than a punctuated list of concepts. As noted by de 

Freitas et al. (2017), rather than students abstracting mathematical knowledge and 

concepts away from their project to solve a problem, students actualized the mathematics 



 

 

261 

in a context that was authentic to their project’s purposes. This material-dependent, 

embodied expression of mathematics by students requires them to constantly revisit their 

mathematical conceptualizations to ensure that each new iteration and finished prototype 

of their project remains true to their intent. Their expressions of mathematics were 

creative and unprovoked. 

Most of the observations made within this research affirm that educational 

ideologies supporting material-rich, constructionist learning environments can 

significantly benefit the instruction and learning of mathematics (de Freitas & Sinclair, 

2014; Dewey, 1938/1997; Papert, 1993a). Support for maker-centred learning across a 

school’s instructional culture may be an effective way to encourage a culture of 

mathematics to exist not only for those who teach mathematics, but for all members 

within a school’s community. Rather than this research being interpreted as a requirement 

for top-down mathematics reform, it provides an opportunity for stakeholders to reflect, 

to ask if students are being provided with the time, materials, and support to make the 

expressive artifacts of their mathematics learning that they want to make. 

Time for stakeholders to reflect on how maker-centred learning can influence a 

culture of mathematics within a school does not negate the need for an immediate 

response. I am not the first to make such a suggestion for immediacy in response. In 

2016, authors Paulo Blikstein and Marcelo Worsley eloquently summarized their call to 

stakeholders to respond when they said: “Let’s not wait another generation for such an 

opportunity” (2016, p. 77). This call to action from Blikstein and Worsley, was informed 

by some of the same work that informed this thesis. Perhaps offering a variation of this 

call-to-action as a conclusion to my work will reinforce a message of immediacy for 
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change. Writing by Dewey (1938/1997) about the benefits of uninterrupted, integrated 

subject area instruction provided time for educational stakeholders to reflect 86 years 

ago. Writing by Cuban (1986) cautioning the use of a computer in education as yet 

another efficiency-of-instruction device provided time to reflect 34 years ago. Writing by 

Papert (1993a) about the expressive capacity afforded by computer programming 

provided time to reflect 27 years ago. Perhaps moving forward, research like the work 

reported in this thesis will influence stakeholder reflection to become systemic 

introspection—introspection that will permit educators the autonomy and opportunity to 

develop agency in their instructional practices comparable to the agency students have in 

a makerspace. As access to materials continues to become more inclusive and virtual, our 

students will not only construct new contemporary mathematics conceptualizations, but 

also make constructions that will influence contemporary versions of our own reality. 
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Dear [Parent(s) / Guardian(s) / Teacher / Administrator / Educational Stakeholder], 

 
My name is Jacob Lingley and I am a student of the Master of Education programme 
offered by the Faculty of Education at University of New Brunswick. As part of my 
programme requirements, I plan to conduct research to contribute to my master’s thesis 
entitled, Mathematics Learning Experiences in Makerspaces: A case study across student 
projects. I understand that you or your child / student is involved in creating a project in a 
makerspace. I am therefore, seeking permission to interview you about that experience 
and how math plays a role in the construction of the makerspace project. 
 
If you voluntarily agree to participate in this research, you will be asked to participate in 
three, 10-20-minute interviews. The first two interviews will be audio-recorded, followed 
by a final video-recorded interview. These interviews will be unstructured and are simply 
intended to hear your story about your involvement in a makerspace project. The place 
and time of these interviews can be arranged at your convenience. Throughout the 
interviews, I will provide you with further clarification on how your involvement benefits 
my research. In addition to the audio and video recordings, I may also take notes, photos, 
sketches of the project, work and/or learning environment as it pertains to the 
makerspace. Your participation in this study will in no way contribute to or alter your 
child’s / students’ academic progress. Prior to each interview, you will be provided the 
opportunity to continue or withdraw from your involvement in this study.  
 
Your confidentiality throughout this research process is a priority. If you agree to 
participate in this study, a pseudonym will be used to ensure your identity remains 
anonymous. In addition to your identity, the name of your school and district will not be 
revealed. During the study, only I as the researcher and my faculty supervisor, Dr. David 
Wagner will know your identity or have access to the data collected. At the end of the 
research project in August 2018, we will destroy all records that identify individuals, 
including video and audio recordings, unless further permission, as outlined below, is 
provided. Until then, we will keep this information securely locked in one of our offices.  
 
It is my goal to use this research to understand how students use mathematics during a 
makerspace project, from the conception of an idea until the project is complete. I 
strongly believe that sharing stories of student learning is the best way to inform the 
greater population who are interested in education. In my current professional capacity, 
the way that I often share student stories is by taking photos, short-video clips and 
detailed notes about the learning I witness during a school visit. Usually, this information 
is combined with other school visits and shared with other interested parties either at a 
conference, professional learning session or by way of internet publication. 
 
With your permission, I would like to ultimately follow the same sharing pathway with 
the results from this research. If you agree to participate in this research study, you are 
providing permission for me to take photos, audio and video during my school visits and 
audio recording of the first two interviews and video recording for the last. It is important 
to note that no photo, video or identifiable information will be shared or published 
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outside of myself and supervisor unless your written approval is granted at the end 
of this study.  
 
Upon completion of the study, I will compile all photos, videos and other study 
observations that I feel will benefit a larger audience. With your permission, this media 
package will be presented to you in the precise format I would share to a larger audience. 
This package will not contain any identifiable information other than the Grade in which 
the student is enrolled. If you then consent to the sharing of the media package, I will 
include it with the study results and share them in such formats as a presentation at an 
educational professional learning event, journal article publication and an internet 
publication.  
 
I respect the sensitive nature of the content of these interviews and welcome any 
questions you may have. Given the number of schools who are creating makerspaces, I 
believe that the transcripts of your interviews and the video recording will be of benefit to 
researchers, educators and community members. 
 
If you give your consent, please return the attached form using the indicated 
instructions. If you initially choose to participate but then wish to either not answer an 
interview question, or completely withdraw from the research, you are free to do so at 
any time. You may also request that your previous answers and information that were 
already collected be removed. If you are a parent of a child who wishes to participate in 
this study, it is necessary for us to receive written permission from both you and your 
child. 
 
If you have any questions, feel free to contact either me, my thesis advisor, Dr. David 
Wagner, or Dr. Ellen Rose (not affiliated with this study), using the contact information 
below. If you wish to have a summary of the research or attend a public presentation of 
the findings, both will be available in August of 2018. This project has been revised by 
the Research Ethics Board of University of New Brunswick and it is on file as REB 
2017-099.  
 
Thank you for your consideration.  
 
Kind Regards,  
 
 
Jacob Lingley    Dr. David Wagner   Dr. Ellen Rose 
506-261-3540   506-447-3294               506-452-6125 
jacob@brilliantlabs.ca  dwagner@unb.ca   erose@unb.ca 
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Dear [STUDENT],  
 
My name is Jacob Lingley and I am a student of the Master of Education programme 
offered by the Faculty of Education at University of New Brunswick. As part of my 
programme requirements, I plan to conduct research to contribute to my master’s thesis 
entitled, Mathematics Learning Experiences in Makerspaces: A case study across eight 
student projects. I understand that you are involved in a makerspace project. I am 
therefore, seeking permission to interview you about your experience and how math 
plays a role in the construction of your makerspace project. 
 
If you voluntarily agree to participate in this research, you will be asked to participate in 
three, 10-20-minute interviews. The first two interviews will be audio-recorded, followed 
by a final video-recorded interview. These interviews will be unstructured and are simply 
intended to hear your story about your involvement in a makerspace project. The place 
and time of these interviews can be arranged at your convenience. Throughout the 
interviews, I will provide you with further clarification on how your involvement benefits 
my research. In addition to the audio and video recordings, I may also take notes, photos, 
sketches of the project, work and/or learning environment as it pertains to the 
makerspace. Your participation in this study will in no way contribute to or alter your 
child’s / students’ academic progress. Prior to each interview, you will be provided the 
opportunity to continue or withdraw from your involvement in this study. 
 
Your confidentiality throughout this research process is a priority. If you agree to 
participate in this study, a pseudonym will be used to ensure your identity remains 
anonymous. In addition to your identity, the name of your school and district will not be 
revealed. During the study, only I as the researcher and my faculty supervisor, Dr. David 
Wagner will know your identity or have access to the data collected. At the end of the 
research project in August 2018, we will destroy all records that identify individuals, 
including video and audio recordings, unless further permission, as outlined below, is 
provided. Until then, we will keep this information securely locked in one of our offices. 
 
It is my goal to use this research to understand how students use mathematics during a 
makerspace project, from the conception of an idea until the project is complete. I 
strongly believe that sharing stories of student learning is the best way to inform the 
greater population who are interested in education. In my current professional capacity, 
the way that I often share student stories is by taking photos, short-video clips and 
detailed notes about the learning I witness during a school visit. Usually, this information 
is combined with other school visits and shared with other interested parties either at a 
conference, professional learning session or by way of internet publication. 
 
With your permission, I would like to ultimately follow the same sharing pathway with 
the results from this research. If you agree to participate in this research study, you are 
providing permission for me to take photos, audio and video during my school visits and 
audio recording of the first two interviews and video recording for the last. It is important 
to note that no photo, video or identifiable information will be shared or published 
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outside of myself and supervisor unless your written approval is granted at the end 
of this study. 
 
Upon completion of the study, I will compile all photos, videos and other study 
observations that I feel will benefit a larger audience. With your permission, this media 
package will be presented to you in the precise format I would share to a larger audience. 
This package will not contain any identifiable information other than the Grade in which 
the student is enrolled. If you then consent to the sharing of the media package, I will 
include it with the study results and share them in such formats as a presentation at an 
educational professional learning event, journal article publication and an internet 
publication. 
 
I respect the sensitive nature of the content of these interviews and welcome any 
questions you may have. Given the number of schools who are creating makerspaces, I 
believe that the transcripts of your interviews and the video recording will be of benefit to 
researchers, educators and community members. 
 
If you give your consent, please return the attached form using the indicated 
instructions. It is necessary for us to receive written permission from both you and your 
parent or guardian in order to participate in this research. If you initially choose to 
participate but then wish to either not answer an interview question, or completely 
withdraw from the research, you are free to do so at any time. You may also request that 
your previous answers and information that were already collected be removed. 
 
If you have any questions, feel free to contact either me, my thesis advisor, Dr. David 
Wagner, or Dr. Ellen Rose (not affiliated with this study), using the contact information 
below. If you wish to have a summary of the research or attend a public presentation of 
the findings, both will be available in August of 2018. 
 
Thank you for your consideration.  
 
Kind Regards,  
 
 
Jacob Lingley    Dr. David Wagner   Dr. Ellen Rose 
506-261-3540   506-447-3294    506-452-6125 
jacob@brilliantlabs.ca  dwagner@unb.ca   erose@unb.ca 
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Mathematics Learning Experiences in Makerspaces: 
A Case Study Across Student Projects 

 
CONSENT FOR RESEARCH PARTICIPATION AND INTERVIEW 

 
For information on the purpose of this study and the expectations for participants, please review 

the attached letter. 
 
I am a     ☐ Student (your parent / guardian must fill out a separate form) 
   ☐ Parent (please fill out grey box) 
   ☐ Teacher 
   ☐ Administrator  
   ☐ Other Educational Stakeholder  
  * if other, please specify below:  
     _______________________ 
 
 
 
 ☐ I agree to participate in this research as outlined in the attached letter.  
 
  ☐ I do not agree to participate in this research.  
 
 
As outlined in the letter, the documentation collected during the school visits and/or interviews 
will only be viewed by myself and my supervisor. If your interview is selected as part of the final 
media compilation to be shared to a wider audience, I will contact you directly to seek your 
permission. Please fill out your contact information below.  
 
 
Name: __________________________  Email: ________________________________ 
 
Phone Number: __________________  School (If applicable) : __________________ 
 
Mailing Address: _________________________________________________________ 
 
 
☐ I would like to receive an invitation to a public presentation of the research findings 
 
☐ I would like to receive a summary of the research  
 
 
 
Signature: __________________________  Date: ______________________ 

 
Please return this form to the homeroom teacher by November 30, 2017 
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Mathematics Learning Experiences in Makerspaces: 
A Case Study Across Student Projects 

 
CONSENT TO SHARING OF STUDY MEDIA 

 
The attached media package contains all of the multi-media information from the study, 
that I wish to share with a larger audience. It is from my experience that photos and 
video, specific to a research study, greatly improve the understanding of an individual 
interested in the content. Therefore, with your consent, it is my intention to share the 
contents of this media package to larger, educational stakeholder audiences. The format 
of sharing / publication of this media will likely include, however, may not be limited to 
presentations at educational conferences and / or professional learning, and, journal 
article submissions and internet blog posts.  
 
If you wish to provide your consent, please fill out the following form.  
 
I am a   ☐ Student (your parent / guardian must fill out a separate form) 
  ☐ Parent (please fill out grey box) 
  ☐ Teacher 
  ☐ Administrator  
  ☐ Other Educational Stakeholder  
  * if other, please specify below:  
     _______________________ 
 
 ☐ I agree to the sharing / publication, as outlined above, of photos and video  
  as presented in this media package. 
 
  ☐ I do not agree to the sharing / publication of the content in this media  
  package and wish that it be destroyed.  
 
 
Signature: __________________________   Date: _________________ 
 
 

Please return this form directly to: 
 

Jacob Lingley 
575 George Street 
Fredericton, NB 

E3B 1K2 
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As stated on page 41 of the Methodology section in the above proposal, the first two 
audio recorded interviews and the final video recorded interview will be unstructured. 
The goal of this interview process is to obtain a narrative from each participant involved 
in the project.  
 
The example interview questions below are meant to serve as a guide for readers 
interested in the projected format of the interview. As the interview format will be driven 
by the narrative provided by the interviewee, it is important to note that the questions 
listed below may or may not be posed during the interview.  
 
 

 Student  Teacher  Administrator  Stakeholder  

1 Tell me about your 
project.  

How are you affiliated 
with this project?  

How are you affiliated 
with this project?  

How are you affiliated 
with this project?  

2 

How does this project 
compare to others you 
have completed?  

What was the 
instructional situation 
that lead these 
students to be 
involved in this 
project?  

How does this style of 
learning fit within the 
current instructional 
culture of your 
school?  

How does this project 
compare to others you 
have been involved 
with?  

3 

How would you 
describe your 
experience working in 
the makerspace?  

How does this project 
compare to others you 
have assigned?  

What was the process 
that lead to the 
construction of a 
makerspace?  

How does the learning 
environment of the 
makerspace influence 
the student project?  

4 

What have you 
learned throughout 
this project?  

What have you 
observed the students 
learn throughout this 
project?  

How do the projects 
constructed in the 
makerspace compare 
to those that are 
completed outside of 
the makerspace?  

What do you feel 
students have learned 
throughout this 
project?  

5 

What kind of support 
have you received 
throughout this 
project?  

What influence does 
the learning 
environment of the 
makerspace have on 
this project?  

What learning 
outcomes do you feel 
students are acquiring 
throughout this 
project?  

What role does 
mathematics play in 
this project?  

6 
What role does 
mathematics play in 
your project?  

What role does 
mathematics play in 
this project?  

What role does 
mathematics play in 
this project?  

 

7 

How do you think 
your project will 
change between now 
and our next meeting?  

What changes do you 
feel students will 
make between now 
and our next meeting?  

How will maker 
education principles 
influence the culture 
of learning at your 
school?  
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