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Abstract

This paper reports on the use of conjecture mapping to identify the design principles of a 3D printing challenge conducted by Questacon, Australia’s National Science and Technology Centre. 

Conjecture mapping is a tool that has developed within design-research, also known as design-based research (DBR), an approach that seeks to increase the impact and transferability of educational research. Conjecture mapping assists in this goal by fully articulating the purpose of, and decision-making within, educational design. It shares much in common with other approaches to logic modelling, but specifically recognises that learning design involves conjecture of the activity that will be created, and further theoretical conjecture about how that activity leads to learning and change. It is through understanding this conjecture that the design principles of successful educational innovation can be initially identified, and so allow innovation to be transferred to other settings. 

By investigating the design features of the challenge, this paper finds that the embedded theoretical conjecture centred on improving significance and enactment. Significance is created by connecting participating students with engineers who use computer-aided design as part of their day-to-day work; while mind-body-world enactment is created by connected the learning to the activity in the physical world. 
Introduction
I am enough of an artist to draw freely upon my imagination. Imagination is more important than knowledge. Knowledge is limited. Imagination encircles the world. 

– Albert Einstein, The Saturday Evening Post
Science education, and STEM (science, technology, engineering and mathematics) education more broadly, should capture the imagination. As David Christian has shown in the Big History Project, science education is truly epic – the study of life, the universe, and everything! It delves into fourteen billion years or so of “stuff happening”. In the results driven era we work in capturing the epic scale of science, capturing its real significance, can be a difficult thing to do within the school environment. Sadly, many would say, the primary professional question of school teachers has become ‘what can we do to improve our students’ performance on the next test?’, rather than ‘what can we do that is actually worth our students’ time, effort and attention’? The latter is a question that may lead to very different ways of teaching and learning. 

A quick browse of any issue of this journal will, of course, confirm that there are many wonderful and engaging science education programs. Innovation in search of that engagement, however, is professionally risky. If it does not ‘work’, or at least if it does not work in a way that shows up on the next test, then teachers risk being seen, or even formally evaluated, as ineffective. Not surprisingly then, a lot of the innovation we see occurs in the extra-curricula space, or is only available to the ‘better’ students. Innovation that is transformative and available to all students is, understandably, far less common. A common approach to addressing the risks of innovation in a range of industries is the ‘innovation lab’; that is a resourced centre where risk taking is okay and where failure is part of the iterative design process that leads to improvement. If effective ways to transfer and scale what they do can be developed, then centres such as Questacon can be excellent innovation labs for STEM education. 

Questacon is known for its showcasing of Australian innovation, but it is also a place that generates educational innovation. This is not surprising given that its remit is to build a greater understanding of science and technology in the community as well as in schools. Innovation has also been key to Questacon’s response to the “tyranny of distance” staging numerous travelling exhibitions, noteably the Shell Science Circus. Recent innovation has occurred  through the addition of digital communication programs, one of which is the focus of this article.  In this program Questacon has used 3D printing as an educational tool in a really creative way consistent with recent advances in the learning sciences. 

Replicating the work of innovation labs such as Questacon however is no simple matter. The human and physical resources of Questacon are, perhaps, unique in Australia. The staff team draws together a diverse mix of knowledge and skills in science, technology, performance, communication, and education in a way that allows for significant collaboration on projects. Questacon’s infrastructure allows the rapid fabrication of demonstrations, development of high-end graphics and media, and extensive use of digital platforms. It is a setting in which the creative team does not need to feel overly constrained by the availability of resources, although, like everyone else it is constrained by a budget. Apart from its resources, the open-ended nature of Questacon’s purpose makes it an ideal place to be an ‘innovation lab’ for STEM education. Aiming to raise understanding and awareness, Questacon is not driven by the “next test” so can afford to engage in long term development and can more easily take the occasional failure as an opportunity to learn.  True to the scientific and technological approaches it promotes, Questacon can and does experiment with educational designs and explores new approaches. It innovates! 

Replicating the work of educational innovation labs, such as Questacon, however, remains a big challenge for educators, educational institutions and educational researchers. How, for example, can the approaches of a place like Questacon be useful in settings that do not have its resources and diverse staff mix? What aspects of the approach rely on the ‘wow’ factor that Questacon can provide and what aspects can be used in any setting? The emerging approach to improving education of design-research, also known as design-based research, may help answer these types of questions.
Conjecture Mapping: A design-research tool

Design-research is an approach that seeks to increase the impact and transferability of educational research 
 ADDIN EN.CITE 

(Anderson & Shattuck, 2012; Barab & Squire, 2004)
. It stresses the need for theory building alongside the development of design principles that direct and improve both practice and research. Arguments for the approach emerged within educational psychology in the 1990s with proponents recognising that education is complex and involves many variables that cannot be controlled, and so methods are needed to investigate the learning that occurs in the context in which it happens. In its applied focus, design-research shares much in common with action research, although it is not necessarily a form of participatory research and it tends to draw on psychological rather than sociological explanation to interpret its findings. 

Design-research should be seen as a collection of research methodologies brought together by their common objective rather than an explicit research method. In this article we will focus on just one method that has been developed within the broader scope of design-research, that of conjecture mapping 
 ADDIN EN.CITE 

(Sandoval, 2004, 2014)
. Conjecture mapping is an approach that assists in fully articulating the purpose of, and decision-making within an educational design. This articulation of what was supposed to work, and how it was supposed to work, provides a fixed point for analysis within the complexity of an educational environment.

Sandoval’s approach starts with the assumption that educational designs and educational environments are inherently theoretical and intrinsically embody hypotheses about how learning happens. Conjecture mapping is an effort to make these hypotheses explicit and transparent. Figure 1 shows how it is possible to ‘map’ the high-level hypothesis to their embodiment in educational designs and environments by way of identifying the mediating processes educational designs are intended to elicit and, in turn, the learning outcomes that should be derived from those mediating processes. The intended move from design to mediating process Sandoval refers to as a ‘design conjecture’, while the intended move from mediating process to outcome he refers to as a ‘theoretical conjecture’. 
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Figure 1: Conjecture mapping (Sandoval, 2014)
To examine this with a well-known example, let’s suppose we design a student investigation into acid-base reactions. We might do this with the design conjecture that students will test a variety of substances for evidence of a reaction (observable interactions between student and design), and that the students will create records of those reactions (participant artefacts). Our design conjecture might be that the students will observe and discern the relevant evidence of a reaction such as the emission of a gas. To encourage students to discern the most pertinent evidence, many teachers will include in their design explicit information on what to look out for. Of course, what students will actually do is conjecture. Students may choose to mix all the reactants together all at once just to see what happens, or they may focus on the colour of some reactants because they find them pretty, or they may decide to investigate the effects of drinking an acid! 

Even if the design creates entirely the desired activity, the translation of the process to learning also involves conjecture. Embodied in the activities teachers create are the theoretical conjectures teachers have about how a concept is learned, or on the order in which concepts ought be learned, or perhaps on what motivates students to learn. In our acid-base example, we may have a working theory that students will construct a more complete understanding of the acid-base reaction through combining direct observation with theoretical knowledge and, further, that the observation of multiple examples of the reaction will allow them to draw a generalisation. Notably once this conjecture is articulated, then assessment might reasonably be seen as a test of teachers’ conjecture and design rather than of the students’ ability (Hattie & Yates, 2014). 

Important in the use of conjecture maps is the understanding that students will regularly take paths and detours not found on the teacher’s map. Conjecture maps provide a guide to what is implied in an educational design such as a curriculum, a resource or a technology. They do not provide a guarantee of what will actually occur. In providing a clear articulation of intention, however, they provide a basis for systematically investigating the ways in which students interact with the design, and the role of context in the interaction. Conjecture maps do not allow researchers to fix or control points of complexity or uncertainty, but they do assist in discerning the most pertinent aspects of an educational design working within an educational environment. They provide a starting point to examine the success or otherwise of educational designs, as well as a place to start the examination of what unexpected variables diverted the design intent. In doing so, conjecture maps can lead to the identification of design principles that might be transferable to other educational designs or environments. 

It is the capacity of this method to identify design principles that has promise as a tool for transferring innovation from labs such as Questacon into the wider field of STEM education. As noted already, the context of Questacon is difficult to replicate. The conjecture maps of educational designs, however, can be drawn across other contexts leading, perhaps, to similar although unique designs. The resulting ‘cartography’ may be rough, but it may provide enough guidance to discover new educational places and spaces. A recent ‘virtual excursion’ at Questacon provides an opportunity to start this type of exploration.
Design conjecture in Questacon’s Virtual Excursion  
From printing body parts to specialized equipment for the battlefield, there is little doubt that 3D printing is the new digital blacksmithing. Some commentators go so far as to suggest that the economic impact of 3D printing may be greater than the internet (Sedghi & Hall, 2015). In 2015 Questacon implemented a new “virtual excursion” built around a 3D printing design challenge in which schools in Western Australia, Victoria and the ACT simultaneously participated. In keeping with all Questacon virtual excursions the major design conjecture, that is the hypothesis of the mediating activity the design will elicit, is that the participants will take on the intellectual and physical activity of a scientist. In this case, the challenge is designed to produce the specific behaviours and thought processes of an engineer including iterative problem solving and collaboration. The design focuses the behaviours on the use of computer-aided design (CAD) and computer-aided manufacture (CAM or 3D printing), and scaffolds the behaviours through a number of learning activities, regular videoconferencing and through providing guidance to the supporting teacher within each participating school. 

The enabling technology in the challenge, 3D printing, though relatively new,  has already been used in a variety of ways, everything from printing viruses, to medical bionics to emailing a spanner to the international space station. In schools 3D printing can obviously be used for fabrication in technology classrooms. In this virtual excursion, though, the Questacon design team has found an additional educational use for 3D printing. 
[image: image2.jpg]



Figure 2: A digital conference
In this activity student teams from participating schools were asked to collaboratively design body parts for an imaginary creature, with each school focussing on a different body part. In itself, the product being designed is relatively trivial and is not an important part of the design conjecture. The design hypothesis is that the participating students will use CAD/CAM technology to collaborate in a design process. Collaboration is an important real-world skill in science and technology and a strong theme in the Australian science curriculum, but can be difficult to authentically replicate in the school setting with its strong focus on individuals “covering” the curriculum. The design conjecture embodied in the Questacon activity is that a specific but open-ended challenge can create a more conducive environment for collaboration. This hypothesis has been at the heart of many science activities from Murder Under the Microscope to solar car challenges. A significant variation here, though, is the emphasis on collaboration across multiple school sites. This provides students with a greater sense of contemporary collaboration in research and industry, and reflects the strong emphasis on trans-national collaboration in the Australian science curriculum. 

The importance of the design conjecture in this project should not be under-estimated. For all its hype, the ‘digital education revolution’ has been dominated by digital content delivery. At times the multi-media capacity of this delivery has added to what teachers can achieve, but in terms of the mediating processes that are elicited digital content is often not that different from a text book. Revolutionary educational designs, it might be argued, should be leading to new types of mediating process. The use of CAD/CAM technologies to support collaboration between students across geographic locations creates a qualitatively different mediating process when compared with much that has gone before. Even in the world of online learning the use of technology to support collaboration has largely been limited to discussion through asynchronous forums and possibly video conferencing. This Questacon design, however, uses technology to support collaboration requiring higher order thinking skills in collaborative design and problem solving. 

Theoretical conjecture in Questacon’s virtual excursion

Theoretical conjecture is the implied hypothesis of the way in which the mediating processes created in an educational activity support learning. Having a clear idea of how the design will create not just activity, but learning, is essential to transferring the design principles of an activity to another context. Without articulating theoretical hypotheses, educational and curriculum design is little more than guess work. In the Questacon 3D printing challenge, the major theoretical conjecture is that learning in STEM is supported through activities with significance, and activities that allow embodied learning.  

Significance

In itself, the 3D printing challenge is a really interesting educational activity. It is in how it is introduced, however, that the Questacon design is really worth taking note of. Using the Schmidt video conferencing studio, Questacon has been able to connect the schools, and to include in the collaboration an expert from the sponsor of the activity, Raytheon. Raytheon is a military contracting company and the expert engineer it provided was able to discuss the way a 3D printer had been used in the collaborative design of military aircraft components. In this way, an interesting activity was turned into a significant activity that students could recognise was mimicking real industrial use of cutting edge technology. 

Creating significance is important in education. About a decade before NAPLAN came into being, a group of researchers from the University of Queensland conducted a large study that identified the things that happen in the classrooms that have good learning outcomes, and specifically good outcomes in terms of the sorts of skills now measured by NAPLAN. The study, known as the Queensland School Reform Longitudinal Study (Hayes, Lingard, & Mills, 2000), formed the basis of the Productive Pedagogies model in Queensland and also the Quality Teaching Model that was adopted in some other states. One of the key elements identified in this research was that in the most productive classrooms, ways were found to make learning significant to students by being connected to something outside of school. 

The idea of significance makes intuitive sense. Learners learn best when the learning activity has greater meaning than “doing well in the test”, when there is a real and authentic reason to engage. This should be a strength of science education. One only has to watch an episode of ABC’s Quantum, or pick up one of the many popular science and technology magazines to know that science education has a seemingly endless supply of ‘significance’ to draw upon. Yet relative to its potential, the different traditions in each field have made it difficult to bring science communication and science education together (Baram‐Tsabari & Osborne, 2015). 

There are many reasons for the gap between communication and education, one being the lack of common design -, the conjecture maps of each field are too far apart. Science communication has well developed methodologies for interactions between the science community and other publics, but quite reasonably tends to rely on science education to develop the foundational concepts required to understand that communication at a deep level (Shea, 2015). Science education, on the other hand, has traditionally had a focus on foundational concepts but often loses contact with the scientific community itself. Attempts to bring the science and science education communities together to improve significance are not new. The Scientists and Mathematicians in Schools program (CSIRO, 2015), for example, does just that. Questacon’s educational designers are building on that tradition and pushing it further by exploring the use of digital technologies to support embodied learning. 

Embodied Learning 

Western thought and science has tended to emphasise the place of principles, laws and the logic (the essence) over the being (the existence). Such emphasis has tended to develop disembodied and context-free views of human thinking and learning, often discounting or ignoring the role of practical human activity. Even in the west, however, the links between cognition and sensorimotor processing have been long understood by psychologists. Piaget (1952/1936) for example, noted that sensorimotor activity aids in constructing knowledge and that bodily actions are not separate from, nor solely downstream from, the mind. More recently our colleagues have shown the importance of hand and body gesture in mathematical thinking (Logan, Lowrie, & Diezmann, 2014) It was the work of the Soviet psychologists Vygotsky (1978), Luria (1971) and Leont’ev (1978), though, that offered a broad theoretical framework for understanding the relationship between mind, body and context. Luria made this point well when he wrote:

Cognitive processes (such as perception and memory, abstraction and generalization, reasoning and problem-solving) are not independent and unchanging `abilities' or `functions' of human consciousness; they are processes occurring in concrete, practical activities and are formed within the limits of this activity (Luria, 1971, p. 266).

These understandings are increasingly supported by research in a number of domains including neuro-psychology, which is producing relevant evidence from fMRI experiments. Among this evidence is the demonstration that simply reading words related to action leads to a somatotopic activation – that is it makes the part of the brain that is connected to that particular movement “light up” even though there has been no actual movement (Pulvermüller & Fadiga, 2010). For example, reading the word “lick” activates areas of the brain that control the mouth, whereas reading the word “pick” activates areas that control the hand. This evidence is being used to argue that even the most abstract of thought is derived from physical embodiment. 

Work on creativity and innovation is also showing that the human brain is fundamentally set up for action. Here we find evidence that working through problems improves when our brains are able to connect the thinking they are doing with relevant action and, importantly, also with our feelings and emotions (Hutchins, 2010). The importance and potential of using “cognitive tools” in this way has been known for at least a couple of decades (Egan, 1997) but, despite calls from some researchers to place imagination at the centre of any reconceptualization of education (Haralambous, 2010), it remains an uncommon feature of school learning. 

As with the concept of significance, most STEM educators will find the concept of embodiment makes intuitive sense. Hands-on activity has been at the heart of science education for a long time now. A better description of embodiment, though, might be ‘hands-on/minds-on’. The object of learning designs that support embodied learning is not simply to create hands-on activity. Rather it is to acknowledge the connections our brains make between thought, feeling and action. This is an essential element of Questacon’s 3D printing design, which encourages participating students to adopt both the thought process and the actions (behaviours) of an engineer. This is achieved by not simply setting a ‘real-world’ challenge, but by designing the entire activity to explicitly model, elicit and support ways of working that authentically mimic those of the role-model engineer.. Achieving this requires more than simply posing a challenge, the ways of thinking, acting and feeling need to be supported and in this challenge they were supported by a number of warm-up activities during the video link ups. 
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Figure 3: Video collaboration

Concluding remarks

Innovation in education will be more easily spread to different contexts as educational professionals including teachers and curriculum designers go beyond simply copying innovative activities, to developing clearer understandings of the design principles found within innovative activities. With 3D printers becoming more common within schools, Questacon’s 3D printing challenge is an activity that could be replicated in many schools, but it is important to understand that using 3D printers to fabricate objects is only a small part of their educational value. The more noteworthy aspects of the innovation here are the use CAD/CAM technologies, in conjunction with more established digital communication technologies, to create collaborative educational activity that is significance and which provides opportunities for learning through enactment. It is these design principles rather than the activity as is that we would hope to see replicated.   

Questacon’s implementation of the 3D printing challenge should be seen not as a final product, but as a proof-of-concept. Emerging technologies are now clearly capable of allowing collaboration across the planet in forms that go beyond sharing written or spoken words and to instead create mind-body-world learning experiences. Industry is already making use of these technologies to allow designers and engineers in different places to collaborate on and with physical objects. Educators can do so too. Our understanding of the importance of ‘enactment’, mind-body-world systems’ or ‘doing’ as a part of learning is also growing, and new technologies are expanding the opportunities to do this and we hope that other educators will take this work further. Imagine the learning opportunities, for example, that begin with the challenge of designing a new leg. These technologies also provide new ways to give learning significance, to make learning worth the investment of attention and effort for reasons beyond the next school test. The challenge for educators is to keep pushing beyond the buzz of the new technology itself, and onto really investigating the new ways the technology allows us to explore the curriculum.
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