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Abstract: This paper highlights the importance of play in conducting design research. Reporting on the early stage of a project on the use of emergent technologies in STEM education, the paper documents the strategies taken to develop the new skillsets, mindsets and toolsets needed to progress the project. Two approaches to systematizing play to encourage the production of principled practice knowledge are explored, specifically the use of the SOLO taxonomy and conjecture mapping. The importance of play in teacher professional learning is then discussed in the context of current standards-based approaches to teacher governance. Further research on embedding play through gamification is recommended.
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Introduction
To achieve goals you’ve never achieved before, you need to start doing things you’ve never done before (Covey, 2005).
Despite its growth as a form of teacher professional learning, a recent scoping review on collaborative inquiry (CI) (DeLuca et al., 2015) found that the epistemological and theoretical foundations for the approach remain relatively underdeveloped. With its focus on CI, this finding does not engage with the often deep and relevant theorisation of action research (see for example Kemmis, 2005, 2010). Never the less it does point to a significant limitation of inquiry approaches to teacher professional learning: that despite a lot of know how, there remains a shallow understanding of exactly why inquiry is useful for teacher learning. Wary of this limitation this paper reports on an attempt, through design-research (Edelson, 2002; McKenney & Reeves, 2012) and design-thinking (Brown, 2008; Strickdorn & Schneider, 2010) techniques, to frame teacher inquiry using the concept of principled practice knowledge (PPK) recently proposed by Bereiter (2014).
Design-research differs from traditional experimental research in that it involves a close association between researchers and participants, blurring the lines of objectivity but allowing for intimate understanding of contextual factors; it uses generalisations and themes to draw conclusions and build designs, without the expectation that they will necessarily hold true in other contexts – it develops design principles rather than scientific laws; it is explorative and researchers follow new revelations as they occur; and it treats enacted interventions as outcomes and leads to a broad documentation of the intervention, its rationale and all consequences of the design on the enactment (Hoadley, 2004). Our approach is also informed by cultural historical activity theory (CHAT) (Engeström, 1987, 2010), which assists in understanding the relationships between the human mind and what people do. 
Both PPK and CHAT offer ways to address the much-lamented gap between theory and practice in education (Bereiter, 2014; Roth & Lee, 2007), a gap apparent even in teacher professional learning. PPK is knowledge that consciously combines ‘know how’ and ‘know why’, while CHAT provides ways of examining the dialectic tensions between know how and know why while still positioning them as part of the same system. Through reporting on our own efforts to produce PPK around specific activities in secondary science education, the paper will also engage in the production of PPK at a meta-level and discuss the ‘know why’ of using this approach as a form of professional learning. Consistent with the design-research approach, the paper offers an account of design principles, essentially a form of PPK themselves, with a focus on the importance of ‘play’ in an inquiry approach to professional learning.
Principled practice knowledge
The debate between Janssen, Westbroek, and Doyle (2015) and Bereiter (2015) over the distinction between PPK and practicality provides a useful place to start thinking about what design research and PPK offer practicing teachers. As conceived by Bereiter (2014) PPK is ‘explanatorily coherent practical knowledge’ (p. 5). In contrast to basic scientific research, it does not attempt to provide a comprehensive account of some aspect of nature. The search for PPK, however, does seek to go beyond the immediate needs of practice and provide coherent (design) principles sufficient to allow the field of practice to advance. It pushes beyond best practice, evidence-based practice and reflective practice, which are all ways of making optimum use of ‘know how that already explicitly or implicitly exists’ (p. 7) to support the invention of new technologies, strategies and organising concepts; but it does not push so far beyond as to be unusable by current practitioners. While not bearing the title PPK, Bereiter suggests many examples of this type of knowledge production can now be found in the learning sciences literature beginning with the edited volume that perhaps started the discipline (Bransford, Brown, & Cocking, 1999) and including the seminal collection Cambridge handbook of the learning sciences (Sawyer, 2006).
Responding to the proposal of PPK as a way of closing the theory-practice gap, Janssen et al. (2015) have drawn on their own work in practicality studies (see for example Janssen, Westbroek, & Driel, 2014) to suggest that, as described, PPK may still not be practical enough for either teachers. They argue that the work of learning scientists, while starting with practical problems rather than theory, is still often carried out under ideal conditions such as with the production of exemplary teaching materials and teachers’ guides and the support of the researchers. The complexity of transferring even this engaged research to day-to-day practice, they contend, is typically underestimated. This argument is relevant to all inquiry approaches, as is the practicality theory (Doyle & Ponder, 1977) that forms the basis to Janssen et al.’s critique which posits that teachers see practicality in terms of instrumentality, congruence and cost. The practicality argument is that educational innovation is only like to be adopted when teachers see clear and recognisable procedures; where the innovation is not in conflict with the various and simultaneous goals of practice such as covering content, maintaining positive relationships and making judgements of individual performance; and where the perceived benefit outweighs the costs in terms of time, knowledge and resources. Hence, they argue, even when learning scientists and the teachers they are working with produce knowledge that supports innovation, there is likely that a reluctance to implement innovation will be common.
Janssen et al. go on to argue for the use of ‘fast and frugal heuristics’ instead, pointing to work from research on decision making that has shown that in order to deal with time on resource constraints when making decisions in both daily life and professional practice, that people tend to rely on heuristics, procedures that allow a person to ignore information in order to make quick and generally more accurate decisions (for a review of this work see Gigerenzer & Gaissmaier, 2011). An example of a heuristic they argue is practically useful to teachers adopting guided inquiry in science is ‘start with the function of the biological system as a whole and reformulate this in a design problem’ (p.83).
While finding the broad arguments of Jannsen et al. persuasive, Bereiter (2015) felt it over-claimed and responded by problematising the issue of specificity observing:
My impression is that the accepted levels of specificity in commercial… programs are sufficient for parts of the curriculum that are smooth sailing but typically fall short of the levels necessary for dealing with the hard stuff. And the hard stuff includes such fundamentals as the ability to recognize written words by sounding them out, a workable understanding of the dual character of fractions as both numbers and operations, and practically everything having to do with syntax and its punctuation. Thus, adhering to established norms of specificity tends to perpetuate weak spots in instructional practice (Bereiter, 2015, p. 189).
Bereiter goes on to suggest that while heuristics may indeed be a good way to get from principled knowledge to actual classroom action, that they should also be the subject of learning sciences research. He makes this claim arguing that the justifications for some heuristics offered by Jannsen et al. - such as ‘creating common and shared experiences’ - are based on overly general pedagogical principals and so do not provide useful insight for innovation. As such, understanding why a heuristic works, and also when it does not work, may provide a more fruitful way to advance practice.
Cultural historical activity theory (CHAT) and practice
To a large degree, the debate summarised above is one of detail and the different researchers are really not that far apart. Cleary the practice field of teaching needs research that supports both ‘best’ practice and rapid decision-making and also ‘next’ practice through slower, deliberative thinking. Teaching, as practiced in most places, is a very busy profession and there is a need to provide quality supports for that rapid practice. On the other hand, as has summarised Kahneman (2011), human fast thinking works by adding new information to existing patterns and does not allow for new patterns to emerge. Kahneman’s work also notes the importance of expertise through extensive practice in many instances of fast thinking. Working entirely from existing configurations of practice, heuristic thinking is also a poor support for observing the unique saliencies of each situation (Hutchins, 1995). To us, the distinctions being made by Jannsen et al. in arguing that PPK is ‘not practical enough’ are dialectical or ‘non-identical expressions of the same category’ (Roth & Lee, 2007, p. 195).
Understood within the sociocultural group of learning theories including cultural historical activity theory (CHAT), these distinctions might be seen as separate threads each contributing to a the same fibre. In this sense, we would contend that practicality, while clearly important, cannot be isolated and cannot be understood without reference to purpose, as both the practicality and purpose of teaching presuppose each other and each contributes to teaching action (Valsiner, 19998). Despite the tensions between them, neither practicality nor purpose can be used as the theoretical starting point for explaining the other. The application of the hyper-rational approaches of our neo-liberal era to teacher improvement, however, has valorised practicality over and above purpose. This can be found reified in professional practice standards such as those in Australia (Australian Institute for Teaching and School Leadership, 2011) where curriculum has been reduced, uncritically, to a requirement to ‘know the content’ without reference to knowing the purpose of that content. It can also be found in the practicality focus teachers are bring to the mentoring of pre-service teachers (Leonard, 2012).
Play
The work presented here is a ‘practice paper’ in this dialectical sense of CHAT and the slow thinking sense of Kahneman. Set within a project seeking to innovative ways to design STEM curriculum using emergent technologies, it report on the authors’ following of a revelation reached early in the process – that we needed different ways to think about the task. This realisation developed while conducting a literature review on the educational use of the emergent technology of computer-aided manufacture typically known as 3D printing. Apart from some innovative work on spatial reasoning (Horowitz & Schultz, 2014), and approaches making an increased use of collaboration (Leonard, Fitzgerald, Kohlhagen, & Murray), it was difficult to find examples of 3D printing being used for educational purposes in ways that could not be achieved with traditional manufacturing methods such as wood or metal, or even with plasticine. When we asked ‘what is educationally different about the designs?’ the answer was often ‘very little’. Seeing the same limitations in our own initial designs, we identified a need to develop new skillsets, mindsets and toolsets (Covey, 2005) to be able to see the salient features of our design task. Responding to this need, we adopted a stance from the design thinking (Strickdorn & Schneider, 2010) approach of ‘play’. That is, rather than simply getting on with the project, we sought ways to play with the larger task of designing STEM education in ways that might assist our team develop the new skillsets, mindsets and toolsets required for the task.
Moving away form the central design task, the play in our project involved practicing the production of PPK around a well-known practical activity in science – the observation of the non-galvanised nails in contact with salt water, boiled fresh water, oil and crystals of calcium chloride. We report on this play activity to provide an example of developing skillsets, mindsets and toolsets for ‘slow’ thinking in much the same way as a heuristic might be seen as a tool for ‘fast’ thinking. They are tools that sit well with an expansive understandings of profession learning (Engeström, 1987) in that they are intended to expand the possibilities for action within the inherently complex activities of teaching and learning.
Playing with rusty nails
Observing nails rust is akin to the watching of proverbial paint as it dries, but is a standard of secondary science as it allows the demonstration of a number of chemical principles beyond the basics of A reacts with B produces C. Most commonly the observation of rusting is used to demonstrate that the reaction between iron and oxygen is an oxidation-reduction (redox) reaction in which iron is oxidised into iron cations (Fe2+, then Fe3+ through a reaction with H+ ions) and the reduction of oxygen to form hydroxide ions (OH-). The non-intuitive part of this reaction is that while it starts with iron (Fe) and oxygen (O), and finishes with iron (III) oxide (Fe2O3), the reaction requires water to provide the H+ and OH- ions, and that it will all proceed faster if the conductivity of the water is increased by adding an electrolyte such as salt, which dissolves to Na+ and Cl-.
The educational difficulty with this activity is that while observing that nails rust less quickly in deionised water and more quickly in salty water is a neat demonstration of the role of observer ions in the solution to those who already understand the concepts, it does not necessarily make this somewhat complex process any more obvious to those still learning what is going on. Indeed the actual chemistry is counter-intuitive as the more obvious conclusion to be made from the demonstration is that the added salt must be part of the rust that is formed. The observation that there is a limited reaction between the iron and slat crystals may similarly suggest that water must also be part of the rust that is produced (which is partially true in the sense that the iron oxide salt known as rust is typically in hydrated form, but this is actually a further complication in the chemistry). So what is a fairly straightforward practical classroom activity – put nails into test tubes with deionised and salty water respectively – is actually intended to demonstrate what to the learner is quite complex chemistry. Chemistry complex enough that it may not be fully understood by many science teachers trained in other science disciplines. One does not have to mark too many exams on this issue to realise how many students fail to grasp the scientific principles that activities such as this are intended to ‘teach’, and so to realise that some ‘slow’ thinking could be useful.
The toolkit deployed for our slow thinking about slowly rusting nails included two – analysis of the activity using the structure of observed learning outcomes (SOLO) taxonomy (Biggs & Collis, 1982) ; and the conjecture mapping approach of Sandoval (2004, 2014). 
SOLO
SOLO (Biggs & Collis, 1982) is an approach to understanding the quality of learning in a qualitative sense. It argues that there is a qualitative difference between prestructural learning in which the learner simply does not grasp a new task or concept; unistructural learning in which the learner picks up only one or a few aspects of a new task or concept; multistructural learning in which understanding of several aspects are evident but they are unrelated; and relational learning in which the different aspects come together. The highest quality of learning in the SOLO taxonomy is extended abstract in which the learner is able to apply the new skills or knowledge in previously untaught or novel settings. When considered through the SOLO lens, much student assessment in science education could be considered multistructural or a counting of the different aspects of a new task or concept that a student has mastered. Our first exercise was to use the SOLO structure to push our thinking on rusty nails outside of this established pattern of assessment through ‘volume of learning’ with the results of the activity summarised in Table 1.
This analysis in table 1 in not ground breaking and many researchers and teaching practitioners have routinely reached similar understandings. The purpose of reproducing it here is not to offer new insight into this particular activity, but to point to the utility of practicing making the salient features of a task visible, and also doing that work in a collaborative way. In keeping with the use of CHAT in this project, the collaborative nature of the task made the professional learning expansive (Engeström, 1987, 2001) in the sense that it allowed each of us to build insights into the activity that were not available to us as individuals. In doing so we engaged what Vygotsky (1978) termed the zone of proximal development and learned from each other, developing new forms of actions for our professional practice.
Conjecture mapping
Conjecture mapping (Sandoval, 2004, 2014) is an approach that assists in decision-making within an educational design visible. It is used set out how high level hypotheses translate into the design of curriculum, resources and activities; and then to connect these design features to actual learning. This is achieved by identifying the mediating processes educational designs are intended to elicit. Sandoval refers to the move from design to mediating process as ‘design conjecture’, and to the move from design to learning outcome as ‘theoretical conjecture’. 
One of the maps produced by our team for the rusting nails activity can be found at Figure 1. It is an example of the type of analysis advocated by CHAT researchers in that it pays attention to the collective, artefact-mediated, object-oriented system itself (Engeström, 2001). The process essentially produces a logic model centred on the student interaction with the designed elements as opposed to the conceptual logic of the activity, the saliency of which may only be available to those with greater expertise. Where the SOLO activity served to increase sensitivity to the range of learning outcomes possible through the rusting nails activity, conjecture mapping similarly served to increase sensitivity to the various interactions possible with the different elements of the designed learning environment including interactions with the objects; other people including teachers and peers; and the artefacts produced by the learners during the activity. Again this was not ground breaking analysis, but it served to provide practice for the sorts of mindsets, skillsets and toolsets that were needed for the larger design-research project. 
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Discussion
When should we be bedding down - Leon’tov’s actions and operations - operations become automated. Metacognitive practice. 
Pay attention to interaction design (Engeström, 2006)
Fast thinking in the professional stanards – hyper neoliberalism etc. 
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	Table 1. SOLO analysis of rusting nails activity

	SOLO level
	What students will say, make and do

	Prestructural
	These students will not be able to define rust using any scientifically relevant terms. Further, they will not understand Will not know what causes rust or what effect it has on metal, and they will not be able to link rust to other known information or situations. They may however, be able to identify situations in which rust can occur, but without providing evidence-based explanations linking these situations.

	Unistructural
	Will show evidence of a having seen rust and their subsequent ability to identify it. Or they may be able to explain that it affects metal in some way. These students will be able to identify one similarity and one difference between two different situations in which rust may occur, one situation in which rust may occur, and one reason for associated cause and effect. They may make limited links between rust and other familiar situations and will make a limited generalisation about rust (for example, rust always involves metal). These students may be able to suggest a possible reason why an outcome associated with rust may or may not occur, for example, whether reducing oxygen in water will affect the rate of rust occurrence.

	Multistructural
	Will demonstrate (to varying degrees) an understanding of what rust is, where rust can be found, what kinds of metals are affected, factors that may accelerate or reduce rust rates, the order of events that cause rust to occur, and what the result is. These students will be able to identify multiple situations where rust may occur and identify similarities between them. They will be able to link their understanding of rust to other situations, make a limited generalisation about rust, and provide evidence-based explanations. Students at the multistructural level will also be able to suggest several reasons why an outcome in a rust experiment may or may not occur.

	Relational
	Will show (to varying degrees) an understanding of oxidation, including that rust occurs differently in different environments and why, and describe other relevant situations where rust may occur and how their specific conditions relate to rust accumulation (for example, coastal conditions). Students will be able to explain similarities in these environments. They will be able to compare and contrast different situations in which rust occurs and why, and they can explain the reasons behind why and how different factors affect rust. They will be able to make evidence-based and justifiable generalisations about rust and be able to explain in detail whether rust may or may not occur in a given experiment.

	Abstract extended
	Will identify students who understand all the steps in the rust process and can explain their significance. These students can compare and contrast different situations in which rust occurs, identify why this is the case, and accurately generalise this to other situations. These responses will provide evidence-based and justified generalisations about rust, including around the likely occurrence of rust in a given experiment. They will also be able to predict the likely outcome in such situations and make analogies about rust and other situations. These responses may also connect rust knowledge to construction, engineering, economics or other real world industries without being specifically taught these connections, and responses would show evidence of the ability to predict the occurrence of rust in novel situations.
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