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Abstract
This paper proposes the Learning in Embodied Activity Framework (LEAF) which aims
to synthesize across individual and sociocultural theories of learning to provide a more
robust account of how the body plays a role in collaborative learning, particularly when
students are learning about a collective phenomenon where coordination between and
across students is important to their learning. To demonstrate the uses and limits of LEAF,
we apply it to data from several iterations of the Science through Technology Enhanced
Play (STEP) project. This project involved first and second-grade students using an
embodied, mixed-reality simulation to learn about the particulate nature of matter. We
use data from this project to demonstrate the ways in which students’ embodied actions
serve as a resource in understanding their embodied activity both individually and
collectively. We demonstrate how both dimensions provide insight into student cognition
and learning. Supported by this analysis, we present LEAF as a useful tool to help
researchers, designers, and instructors thoughtfully design collective activities.

Keywords Embodiment . Play . Science education .Mixed reality . Activity theory

Introduction

Over the last two decades, numerous fields have shown increasing interest in the role that the
body plays in learning and cognition, revealing some key overlapping concerns shared by
studies in the Cognitive Sciences, the Learning Sciences, and the Computer-Supported
Collaborative Learning (CSCL) communities (Baker et al. 1999; Lindgren and Johnson-
Glenberg 2013; Newen et al. 2018; Steier et al. 2019; Wilson 2002). Increasingly ubiquitous
and affordable motion-tracking technologies, such as the Microsoft Kinect and Leap, have
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supported the design of innovative activities that leverage students’ movements as a resource
for learning in computer-supported learning environments. However, existing work continues
to focus heavily on how individual students learn with their own bodies when acting alone or
in small groups (Alibali and Nathan 2012; Flood et al. 2015; Howison et al. 2011; Lindgren
and Johnson-Glenberg 2013). Although this work has provided great insights into the role of
the body in learning for individual students, it does not always explicitly acknowledge how
individual cognition is situated in sociocultural contexts, or how students engage in under-
standing their joint embodied activity (Danish and Gresalfi 2018; Greeno and Engeström
2014; Ma 2016; Ma and Hall 2018).

In this article, we aim to use Cultural Historical Activity Theory (CHAT1) to extend theories
of embodied cognition beyond the individual body’s role as a resource for learning. That
extension will explore how multiple bodies in a collaborative group with a shared motive can
also play a role as a resource for learning. Our intent is to elaborate on theories of embodied
cognition to account for collective activity without erasing and replacing the individual’s role
as part of the collective. Our second goal for this article, then, is to provide a friendly
amendment to CHAT by making explicit how the body can play a role as a tool or mediator
of collective activity. Typically, CHAT has focused on physical and conceptual tools that
mediate a group’s coordinated activity, but our research shows that one’s body can play an
important role in shaping how one acts with peers and the meaning the group assigns to that
activity. We label this kind of coordinated activity “collective” because we are interested in part
in how the combined actions of those in the activity system produce an aggregate result.
Collective activity is, at times, collaborative but it does not have to be.

Extending embodied cognition to address collective embodied activity is important because
it will bring theories of embodied cognition into better alignment with our current theories of
collaborative learning. Embodied cognition asserts that all cognition is embodied; by exten-
sion, this means all learning is embodied as well (Gallagher and Lindgren 2015; Goldin-
Meadow and Alibali 2013). However, formal education typically works hard to erase the body
from the learning process by making students sit at desks to learn, often without talking to one
another. This takes a large set of potential resources for learning off of the table. To the extent
that the field of embodied cognition has made inroads into education, it has been hampered by
a focus on individuals. This is because educators, designers, and research communities have
increasingly recognized the importance of the sociocultural context of learning—why people
learn (Kris D. Gutiérrez and Jurow 2016; Philip et al. 2018), how students learn in interaction
with others (Enyedy 2003; Graesser et al. 2018; Järvelä et al. 2016; Jeong and Hmelo-Silver
2016), and how cultural resources are central to the ways that students make sense of academic
concepts (Kris D Gutiérrez and Rogoff 2003; Lee 2017). If embodied cognition cannot be
brought into conversation with sociocultural theories of learning, it will remain at the edges of
conversations about how to design formal educational environments and will thus remain
under-explored in the field of Computer-Supported Collaborative Learning (CSCL).

As designers of formal learning environments, we also prioritize designing for the realities
that most classrooms face, even while pushing the boundaries of instructional design. There is
little practical guidance to support the design of learning environments that explicitly aim to

1 Note that many scholars use CHAT and “activity theory” interchangeably. We are not aware of a consistent
distinction between the two and thus have opted to use the term CHAT in this manuscript as it is more commonly
cited in the CSCL literature, though our use of CHAT can be considered synonymous with the term “activity
theory.”
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leverage embodiment in support of cognition and learning in these classroom settings (For a
discussion of how classrooms have been conceptualized in CSCL see Hod and Sagy 2019).
One common constraint in formal education is increasingly large average class sizes, which the
Organization for Economic Cooperation and Development lists as 20 students for primary
grade classrooms in 2017. Educators interested in supporting embodied cognition in these real-
world learning contexts are challenged to balance the role of the body as an individual resource
with the complexities of larger social spaces. Although there are some exceptions within the
CSCL literature, collaborative embodiment beyond the dyad has not been discussed exten-
sively (For exceptions in CSCL, see Davidsen and Ryberg 2017; Enyedy et al. 2012; Enyedy
et al. 2015; Steier et al. 2019).

This paper argues that, in order to understand embodied cognition (i.e., learning using the
body), we need to account for how embodied cognition is both influenced by, and helps to
shape, the relationship between individuals and their social contexts. This is well-aligned with
both sociocultural theories and theories of group cognition that recognize the inter-relationship
between individuals and the groups in which they are working (Stahl 2010). Our new
framework, Learning in Embodied Activity Framework (LEAF), is intended to help support
synthesis across individual and sociocultural theories of embodiment and thus to provide a
more robust account of how the body can play a role in both individual and collective
cognition and learning. While we believe that this framework is particularly valuable in CSCL
contexts, we also think it can apply to collaborative learning environments where embodiment
is not tied directly to the computer.

Moreover, although embodied learning may play a role in all learning (Barsalou 2003), not
all learning environments are intentionally developed to leverage embodied learning. For
example, students discussing particles in motion may use the areas of their brain related to
movement to understand that idea. However, we are more interested in understanding designs
where students are explicitly asked to move their bodies to understand how particles in motion
behave. Therefore, LEAF was developed to design for and analyze experiences in which
students explicitly use physical movements that are tied to conceptual ideas or which help them
to make connections to new conceptual domains. These movements can be mirrors of prior
actions (e.g., a student thrusting their hand forward in a pushing gesture to represent a force) or
more metaphorical uses of the body (e.g., a student gesturing with two hands to demonstrate a
balance scale when solving an equation; c.f., Alibali and Nathan 2012). By explicitly centering
the body in this way, LEAF provides more robust guidance to designers and theorists
interested in exploring how body movement can be used intentionally to support learning.
We believe LEAF may have similar value in other collaborative environments where embod-
ied activity is less salient, but our focus is in exploring those activities where embodiment is
central and explicit.

This manuscript illustrates and explores LEAF in the context of over a dozen studies
conducted as part of the Science through Technology Enhanced Play (STEP) project (Danish
et al. 2015; Saleh et al. 2015),2 which builds on our previous work with the Learning Physics
through Play (LPP) environment (Enyedy et al. 2012; Enyedy et al. 2015). Although embodi-
ment has always played a key role in STEP, our initial design focused on sociodramatic play,
which is positioned by sociocultural theorists as the leading activity of childhood (Griffin and
Cole 1984) and a natural form of inquiry which leads students to reflect upon the ideas with
which they engage (Youngquist and Pataray-Ching 2004). We focused on play because of how

2 For a full list of citations see the methods section below.
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it leverages the natural abilities of young learners to represent and re-represent the world as
they learn about it. For example, as students pretend to be particles in motion, they appear to
intuitively explore the notion of how energy impacts their speed, which can then serve as a
starting point for exploring the role of energy in states of matter.

Embodiment was initially one aspect of how students learned through play within this
broader framework, but as we iteratively refined our designs and theories, we became
increasingly interested in the role of the body in supporting students’ learning both through
play and inquiry. We believe the benefits of embodiment transcend play and can be leveraged
in a wide range of activities. LEAF was thus developed as a post-hoc account of how the body
plays a key role in learning within collective embodied activity. In developing LEAF, we have
looked at data from a wide range of STEP implementations over the past 6 years in order to
create an account that we believe applies across all of our designs, and those of others
interested in collective embodied activity.

These wide-ranging activities have included embodied STEP activities that support learning
about both states of matter (Danish et al. 2015) and honeybees collecting nectar (Danish et al.
2018; Danish et al. 2017a). We are currently in the process of developing additional content
areas ranging from aquatic ecosystems to the water cycle. We have also explored the
relationship between different content areas and their impact upon embodied learning
(Danish et al. 2019). For the sake of clarity in articulating the theoretical dimensions of our
framework, our current account focuses on the implementations of STEP: Particles. In STEP:
Particles, students pretend to be water particles and their physical motions are tracked by
Kinect cameras (see Fig. 1, left), which generate a simulation of water particles in motion (see
Fig. 1, right). The students work together to create solids, liquids, and gases on the screen by
coordinating their movements.

Background: Learning in embodied activity framework (LEAF)

To explore the relationship between the individual and collective dimensions of learning,
LEAF builds on Cultural-Historical Activity Theory or CHAT (Engeström 1987, 1999). CHAT
takes collective activity as its unit of analysis, representing cognition and learning as existing at
the intersection of the individual (a subject) and the collective, or community (other individuals
who are pursuing the same object or motive). Although individual and social frameworks are
often positioned in opposition (Danish and Gresalfi 2018), our framework builds on those

Figure 2:Students 
acting as 
particles in ice

Microsoft Kinect 
cameras tracking 
student motion

Projector 
displaying 
simulation 
on a public 
screen

Screen is displayed on this wall

Student 
represented as 
particle avatar

State meter tracking what 
students are creating

Colored bond representing 
strong attraction between 
ice particles

Solid Liquid Gas

Fig. 1 Students embodying particles in the classroom during STEP Study 6 (left) and the STEP simulation that is
projected on the screen to reflect their activity (right)
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sociocultural theories of learning that posit that the individual and their learning within a social
context is inseparable from the role individuals play in simultaneously shaping those contexts
(e.g., Engeström 1987; John-Steiner and Mahn 1996; Vygotsky 1978; Wertsch 1985).

Given the label “sociocultural,” it is easy to overlook the fact that CHAT and other theories
within the sociocultural tradition place a great deal of importance on understanding learning
from the perspective of the individual and not just the collective (Engeström 1987, 1999).
What sets these theories apart is not that they focus solely on the sociocultural context, but that
they explore the mutually constitutive role of the individual within the cultural context and
vice versa (Wertsch 1985; Wertsch and Penuel 1998). For example, when one student in our
study gestures as if throwing a ball at another student, the receiving student might begin to
walk more quickly. To understand this potentially confusing set of individual actions, it helps
to know that the two students discussed this gesture previously, and agreed that it meant that
the gesturing student was giving energy to the second student, who would then move more
quickly. The second student may choose to interpret this action in the agreed-upon way, and
can still interpret how much they speed up on their own, but their action is nonetheless shaped
by the shared agreement that a throwing gesture implies the giving of energy. To address this
kind of inter-connectedness, LEAF explicitly recognizes the role and impact of embodiment
for individuals and collective activity, all while recognizing the role of local contexts in
shaping these activities.

Given that collective activity is the unit of analysis, CHAT focuses on how individuals (the
subject) engage in activity within a community. The collective activity is identified by pursuit of a
shared object or motive (Wertsch 1985). The nature of the shared object mediates or transforms
one’s actions to achieve the outcome(s) and interactions with others. For example, the students
above might be passing energy along with the intention (object) of producing a model of liquid, or
to produce a model of gas, each of which might lead them to select different amounts of energy to
“give” to their peers (See Fig 2). Participants’ interactions within activity are further mediated by
the tools they are using, including both physical tools and conceptual tools. For example, the
students in the above example might gauge their success at producing the desired state of matter
(their object) based on a computer display (a tool) that represents their motion as particles in part by
color-coding the bonds between the particles. Rules, such as allowing other students to suggest
changes in how people are moving also help to organize the community of participants within the
shared activity. Finally, the division of labor describes how the participants within an activity
organize themselves with different rights, roles, and responsibilities, such as whether the teacher
decides the intended state to produce, or whether the students can all suggest a desired state and
then vote on which one they’ll attempt to produce. These two approaches lead to very different
outcomes, especially if students have the opportunity to argue for the reasons behind their choices
(another rule that mediates their division of labor).

Within CHAT, individuals simultaneously experience and act at multiple levels, performing
individual actions within collective activity (Wertsch 1985). Prior CSCL literature has noted
the importance of viewing group activity as the emergent result of individual actions building
up over time, while being shaped by collaborative efforts (Stahl 2010, 2017).

LEAF, therefore, further recognizes: 1) that individuals move continually between an
awareness of their own individual goals and actions, and an awareness of their collective
embodied activity system organized around a shared object, and 2), the system as a collective
unit is constructed in part through their ongoing individual actions. LEAF aims to articulate the
role of embodiment in learning by explicitly identifying the impact of each of the key
mediators of activity noted above, and by articulating how each is understood at both the
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individual and collective level while recognizing that these are, by definition, mutually
constitutive. The mediators are: 1) the subject or individual participant, 2) the object or motive
that organizes individual activity, 3) the tools that the individuals use including computational
tools, 4) the community in which they interact, and both 5) the rules and 6) division of labor that
help define and structure those interactions (Engeström 1987, 1999; Engeström et al. 1999).
These mediators are laid out in Table 1 where we present guiding questions that help unpack
how each mediator influences students’ experiences at the individual and collective levels.

As noted above, LEAF builds upon CHAT and thus our presentation of the LEAF framework
parallels many discussions of CHAT by articulating the definition and role of each mediator in
sequence. However, there are two key distinctions. First, LEAF focuses on embodied activity, and
thus articulates how CHATmight be extended to include this embodied dimension. Second, while
CHAT recognizes the importance of individuals in activity, we have found scholars rarely explicitly
articulate the relationship between individual and collective experience of activity, a relationship
that we view as particularly salient in recognizing how embodiment is related to learning in
collective activity. Therefore, our presentation of LEAF aims explicitly to highlight this relation-
ship and articulate the role of individual and collective experiences of embodiment around each of
the CHAT mediators. In doing so, we aim to articulate how LEAF builds on and extends
scholarship that views embodiment as a largely individual experience while also leveraging
scholarship that focuses on the collective nature of activity.

The subject in LEAF

The subject in CHAT represents the individuals who are engaging in activity. Within LEAF,
we further extend this to focus on the role of embodiment for those individuals, as well as the

SUBJECT:
• Individual 

Students (moving 
in the space)

OBJECT:
• Understand how par�cles 

behave in the states of ma�er 
(through movement and 
discussion)

RULES:

• Act like par�cles (by moving)
• Build on evolving local rules for 

how par�cles work
• Engage in inquiry to discover 

how par�cles behave
• Don’t run (constraining 

movement)

COMMUNITY:
• Other students (moving in 

the STEP space, and 
observing)

• Teachers
• Researchers
• Source of shared ideas 

about mo�on, states of 
ma�er, etc.

DIVISION OF LABOR:
• Some students simulate / model with their 

body (through movement)
• Some students observe
• Some write down their observa�ons with 

iPads (where they can see their peers’ 
movement)

Ar�facts
• The STEP Par�cles Simula�on 

(shows impact of individual 
and collec�ve movement)

• A poster-board of the ideas 
the students already agree 
upon

Fig. 2 An activity triangle representing the STEP learning environment
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Table 1 Guiding questions to help explore how each mediator might influence individual and collective
embodiment in unique ways within LEAF

Mediator Role of individual embodiment Role of collective embodiment

Subject
(student)

Individual motion:
• How do learners’ immediate

individual experiences of
motion and embodiment
shape their understanding?

Collective and Relative Motion:
• How does the experience of relative motion

amongst others who may also be moving
lead to new kinds of insights?

• How do collective patterns in movement by
multiple learners lead to distinct kinds of
insights?

Object
(motive)

Individual goals and perspectives on
the object:

• How does each individual learner’s
emerging understanding of the object
lead them to participate in new ways?

• How does each individual learner’s
position relative to others shape how
they make sense of their movements
and the concepts they are exploring?

• How are individual bodies tied to the
object?

The shared collective object:
• How does the pursuit of a collective object

source new forms of participation,
coordination, and understanding?

• How is the collective object selectively
negotiated and taken up or resisted by the
different participants?

• How is the collective object tied to
collective or individual movement?

Tools (material
and conceptual)

Individual tools:
• How do the tools in the space, both

physical and virtual, shape how
individuals participate and make
sense of their movement?

• What underlying ideas and concepts
help shape this use of tools and
movement for learning?

Collective tools:
• How do the tools in the space, both physical

and virtual, shape how students move
collectively, and make sense of their
collective embodiments?

• How do underlying ideas about aggregate
motion shape learners’ participation, and
how are they developed?

Rules (explicit and
implicit norms)

Rules of individual action:
• What rules and norms appear to govern

how individuals regulate their own
movement and the movements of their
peers? (e.g., don’t run in the classroom)

Rules of collective action:
•What rules or norms appear to shape efforts

to coordinate joint motion, or allow for
more individual motion?

• Is there consensus about these rules, how
they are developed, and how they shape
learners’ experiences?

Community Community as passive:
• How does the individual learner orient

toward their peers as an audience in
their interactional moves (movement,
talk, gesture)?

• How does the individual learner orient
toward their peers as a model that they
can follow, pick up, and build on?

Community as active:
•How does the community go about reaching

consensus (or not) about how to move,
and how to interpret different patterns of
movement?

• How do community ideas about
embodiment influence individual notions?

Division
of Labor

Individual roles:
• How do individuals embody their

specific roles, or resist that
embodiment?

• How does the context shape which
roles are more salient to individual
students?

Roles in relation to each other:
• How do individual roles build upon, or

influence other roles?
• How do the collection of roles lead to a new

form of embodiment that emerges from
individual roles?

• What power / authority do different roles
have and how do they impact embodied
activity?

Intersection of individual and collective roles of embodiment
• How do individual embodied experiences lead to new collective experiences? Similarly, how do collective

embodied experiences shape or constrain individual motion in ways that transform those individual
experiences?
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relationship between their individual embodied actions and the collective activity. Given the
prior focus of scholars examining embodied cognition on individuals, a number of theoretical
frameworks can inform how we think about the subject in LEAF.

Individuals in motion

One of the most productive areas of research into embodiment has taken place at the level of
individual cognition (Barsalou 2008, 2010; Goldin-Meadow and Alibali 2013; Goldin-
Meadow and Beilock 2010). Research in grounded cognition, for example, highlights how
our understanding of the world is derived from perceptual and motor experiences, which are
acquired from observing or interacting with others (Barsalou 2003). Although there are
numerous theories of grounded cognition, we focus on two strands for the purposes of
expounding our embodied framework; that of situated simulation theories (Alibali and
Nathan 2012; Barsalou 2008) and body cueing (Lindgren 2015). Cognition according to
situated simulation theories involves a form of mental simulation of embodied action. This
approach assumes that mental simulations involve processing information via multiple mo-
dalities such as the visual and auditory senses. There is, however, a particular focus on how
some concepts are treated as analogous or connected to specific bodily actions or experiences,
and thus those experiences serve as a resource for sense-making around those concepts. These
specific embodied actions are called body cues, which are also predicated on the assumption
that simulations underpin our cognition. Lindgren (2015) argues that by identifying body cues
that reflect target concepts, instructors can support student learning. Lindgren further notes that
computer-supported learning environments such as Mixed Reality (MR) tools can facilitate
this process by helping students to link their embodied experience to the target concepts.
LEAF therefore aims to build on this research and extend CHAT by explicitly attending to the
body as a unique resource for supporting cognition and learning at the individual level. This is
realized in our design of the STEP environment by leveraging technology to support students
in using their body and motion to explore complex science concepts.

Collective and relative motion

Once we have established the importance of exploring embodied cognition at the level of the
individual, the LEAF framework then asks how one might conceptualize an embodied subject
in collective activity. For the purposes of this manuscript, the term collective here highlights
the organization of students as not simply co-present, but as organized in such a way that they

Table 1 (continued)

Mediator Role of individual embodiment Role of collective embodiment

• How do individual goals align with or contradict the collective, and what impact does this have on individual
and collective experiences?

•How do tools (physical, virtual, and/or conceptual) shape how students map their individual embodiments to the
collectively-oriented tools and vice-versa?

• How do rules oriented toward individual or collective behavior align, contradict, and influence each other?
• How do individuals act to be part of a community, and thus help to shape the community, in ways that are

related to locally ratified forms of embodied activity?
• How do students’ individual performances of their roles produce new collective opportunities? Similarly, how

does a focus on collective aspects of embodiment lead to new individual roles?
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need and want to attend to and coordinate their work with each other. Body position, body
language, and gesture are always relevant to how people orient to one another and coordinate
to work together (Goodwin 2000; Hall and Stevens 2015), and are central to what students
produce.

To understand how individuals respond to embodied collective activity while also helping to
produce it, we look to Interaction Analysis (IA, Jordan and Henderson 1995). IA is often viewed
purely as a methodology, but it is also based in a rich set of theoretical and epistemological
assumptions (Hall and Stevens 2015). Specifically, this tradition notes that when interacting with
other people, humans are continually monitoring the people around them, adjusting their own talk,
gesture, and motion in response to what is happening and how they are being interpreted. Talk,
including gesture and body motion, is produced sequentially while being continually re-evaluated
and changed (Goodwin 2000, 2017; Hall and Stevens 2015). That is, individuals engage with
emergent goals, adapting their talk, actions, and goals to the shifting environment around them.
Understanding group cognition thus necessitates an examination of the sequential production of talk
within the group (Damşa 2014; Stahl 2010; Stahl et al. 2014).

This perspective, derived from IA and related methodological approaches, plays a crucial
role in both the design for and the analytic approach within the STEP environment. From a
learning design perspective, we leveraged this feature of human interaction to provide a
context in which students continually receive and provide meaningful feedback to each other.
By having students work together to produce the states of matter, we assumed they would be
observing each other and continually adapting. Students’ actions were thus supported by the
designed mediators—the rules, and division of labor that oriented them towards developing
collective models, and the software tools that helped to make the underlying science concepts
in their emergent model more clear to them. We then analyzed how and when students
responded to each other, and how they were supported by these mediators in doing so.

The object in LEAF

CHAT explicitly recognizes that individuals may engage simultaneously from both individual
motivations—their goals—and from collectively determined motivations—the object around
which the activity is organized (Wertsch 1985). Furthermore, individuals pursue their own
emergent understanding of the collective object, which may not always mirror the understand-
ing of the collective, or of other individuals within the collective. In fact, CHAT scholars have
noted that many activities are productively accomplished because individuals pursue goals that
may seem contradictory to each other, but which ultimately support the collective object
(Engeström et al. 1999). Similarly, Tissenbaum et al. (2017) note the importance of exploring
how emergent and seemingly contradictory individual goals might lead to productive collab-
oration in CSCL environments.

Both individual goals and collective objects mediate activity for the participants simulta-
neously at the individual and collective levels. For example, although the “object” of the
activity may be to articulate a set of rules that describes how states of matter form, in a given
moment, students may be attempting to accomplish much more modest goals, such as getting
everyone to represent ice. Although the larger object of the activity remains stable (and
perhaps develops over time), the individual goals that students pursue may shift over time
as students begin to achieve them, or in some cases re-negotiate them. For example, a student
may notice that the particles in the simulation turn red, which happens to be their favorite

International Journal of Computer-Supported Collaborative Learning 57



color, when the students run quickly, leading them to take on an emergent goal of having fun
by running around. The group might then attempt to convince the student to return to the
collective model, or they might determine that seeing what happens when they all move
around is more fun!

One way in which LEAF extends the CHAT framing is by explicitly focusing on whether and
how the body and motion are tied to the object of activity. The body might be part of the object,
central to achieving the object, or not explicitly tied to the object. For example, if the object is to “use
our bodies to make a model of gas”, then there is no way to accomplish that without embodiment. If
the object is instead to simply be able to “describe how particles move” then it might be something
that students leverage their body to accomplish, but we can imagine instanceswhere they choose not
to, which may impact how embodied resources support their understanding. The object thus
suggests certain roles for the body, which may influence how it is used.

Related to this,we are particularly interested inwhether the object requires individual or collective
embodiment to achieve it. For example, if the object is to show how particles move quickly, each
student can demonstrate this individually, and they may not need to attend to each other in their
embodiment.Incontrast, toshowa“solid” intheSTEPenvironmentmanyofthestudentsneedtostand
still and near each other (but not too near). That is, the collective object requires them to consider their
individual goals relative to each other and to arrange their bodies and actions accordingly. We have
found that having an object that requires and / or benefits from coordination in this way further helps
mediate students’ embodied activity, and provides unique opportunities for them to learn about
concepts that are not as intuitive when acting as an isolated individual.

The STEP software platform (i.e., tool) was designed specifically to support students in
exploring collective objects related to the target learning goals. For example, students can read
the current state of matter from a simple icon so that they might explore how their motions
create the three distinct states of matter. However, it was ultimately up to the students and the
teacher whether they pursued each of these states as an object within a specific class session.
This meant that students could develop and pursue individual goals of interest to them, and
also that these goals were often negotiated amongst the students. Furthermore, just because a
student agrees to the collective embodied Object of producing a particular state such as gas,
does not mean that they fully understand what that means. Whether the students initially
understand how gases behave or not, to produce gas within the STEP environment requires a
student to recruit, and coordinate with, several peers. The result is that students’ individual
goals and understanding of the object often drive the collective object in new directions, and
vice versa as students move within the STEP environment. These new directions then serve to
make students’ emergent understanding visible as a basis for reflection and refinement.

The tools in LEAF

Within CHAT, the artifacts refer to both the physical and conceptual tools that participants use
as they engage in their collective activity (Cole 1996). These tools mediate an individual’s
engagement with the activity system by providing new forms of interaction both physically
and conceptually. In LEAF, we assume that these tools, which include computer technologies,
might support learners either by making aspects of the phenomena more visible, or by helping
them to find new solutions to challenging problems, thus providing new insights into the tool,
problem, or both (Ritella and Hakkarainen 2012). By making phenomena more visible, these
tools also allow students to map between embodied actions and the concepts being learned.
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A well-known form of computer simulation that has been used to support students in
engaging in collective activity are participatory simulations (Colella 2000; Wilensky and
Stroup 1999). In general, a participatory simulation is one in which students each take on a
unique role within the embodied system, follow simple rules to interact with their peers, and
consequently produce a collective phenomenon. LEAF and the STEP project build on the
closely related notion of a participatory model (Danish 2014)–a variation on participatory
simulations where students are explicitly attempting to model a phenomenon by attending to
their understanding of how it works. Participatory models and participatory simulations share
the need to focus on how a phenomenon with multiple agents (participants) unfolds rather than
focusing solely on following the “rules” of the simulation in which they are embedded, while
also integrating an explicitly representational focus that orients the students towards creating a
communicative model. In both cases, computational tools can support students by helping to
provide new insights into how their interactions within the simulated system might impact
each other individually, or the aggregate features of the collective model.

For example, in a commonly cited example of a participatory simulation, students act as
people who may be infected with a disease and attempt to interact with as many of their peers
as possible (Colella 2000). When they do so, however, they run the risk of contaminating their
peers. Individuals in the simulation adopt an empowered first-person perspective by which
their physical movements (e.g., where they stand, who they talk to) have consequences in the
simulation. The combination of experiencing the activity system from a first-person
perspective and then reflecting on it in aggregate afterwards as an object of group inquiry
and consensus proves quite powerful for students. In particular, Colella (2000) noted that the
collective nature of these simulations means that every individual has to participate and
recognize how their activity is shaped by those around them (e.g., it is difficult to recognize
how a disease spreads without interacting with other people). By taking on a role within the
embodied activity system, students make powerful emotional connections to it.

In STEP, the software tools in the environment were designed to help students understand
their own actions as individual particles, the relationship between particles, and the behavior of
the entire system of particles, by visualizing elements of these relationships. For example, thick
white lines show the attraction between slow moving particles forming ice; thin blue lines
show the lesser attractions between medium moving particles that form liquid. These tools are
physical in the sense that they are materially produced on a shared display, yet they are
embodied in the sense that they directly result from children’s movements within the space.
Additionally, they are also conceptual in that they refer to states of matter and not just
children’s bodies in motion. These tools also operate at both the individual and collective
level. For example, a student may call out his observation that running fast produces red lines
on the shared display. However, because the students are in a sustained activity system
together, the meaning of the tools is also produced collectively through interaction. Not only
do the students collectively test and refine the idea that red is fast, they develop the idea into an
association of red with the gaseous state of matter. Individuals use tools, but how they learn to
use them properly and the meaning of the tools is socially negotiated.

The rules in LEAF

Rules within CHAT refer to the official and explicit rules and the implicit norms that people
use to regulate their own actions (Engeström 1999). These rules inform individuals’
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interactions with each other, their peers, the teacher, and the software. By organizing these
interactions in specific ways, individual participation is mediated, allowing participants to see
new and different aspects of the phenomenon being studied. It is often easiest to see the rules
that are present in a system when they are violated and other members of the community step
in to correct individual behaviors. Thus, we can see that students have a rule of trying to work
together when they are admonished by the teacher for not coordinating their activity.

In LEAF, rules and norms have an explicit embodied component. We want to understand
how rules do or do not shape the role of the body in interaction, thus increasing or decreasing
the likelihood that it will play a role in sensemaking and learning. For example, the STEP
environment reifies a “rule” that particles can only form ice if they are positioned at an
intermediate distance and moving only slightly. This is not simply a rule that students police;
rather if the students move too quickly or slowly, they see that the system itself will change
how their particles are displayed, and what the state is that they are forming. As with the other
elements of activity, rules and norms have both an individual component and collective aspect,
and although an individual within an activity system takes on a particular position, governed
by rules and norms, those rules and norms are defined by the community and can and often do
change and develop. The rules of behavior in an embodied collective activity, such as those
promoted by STEP, are particularly powerful because, by following the rules they have
identified, students indicate how they believe a scientific phenomenon should be represented.
For example, as students begin to recognize and follow the rule that you need to move quickly
to produce a gas in STEP, they are supported in reflecting on the relationship between speed of
particles and the states of matter.

The community in LEAF

The community within CHAT refers to the collection of people who share an object, which
encourages them to collaborate and develop a shared set of tools, rules, and roles to ease their
collective work (Engeström 1999; Engeström and Sannino 2010). To help capture the active
role of the community in shaping individual and collective activity, we find it productive to
recognize that the community plays two overlapping roles as both audience and pool of
collaborators. As the audience, the community provides individuals with a set of expectations
about how they should communicate their ideas, and what kinds of responses they might
expect. As collaborators, the community represents the potential for multiple participants who
might even engage through differing roles (the division of labor) to accomplish the collective
activity. Individual students can also find within the community models illustrating how to act.
From a CSCL perspective, the community includes both those whom are part of the collab-
oration (e.g., the students) and those who might be relevant to or supportive of the collabo-
ration (e.g., the teacher). Within the LEAF framework, we maintain this understanding of
community, but focus in particular on how the community develops and reinforces shared
norms about embodiment and how embodiment might be interpreted.

The division of labor in LEAF

The division of labor captures the ways in which multiple participants within an activity
system may engage in different but complementary roles as they work together towards the
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shared object (Engeström 1999). A division of labor is both collective and individual by
definition. An individual’s role is only sensible in the context of the others’ roles. Adopting
unique roles is often central to how we might understand the interface between individual
actions and collective activity, but roles also can have an embodied dimension. For example,
for many children in elementary and secondary school, seating arrangements in the classroom
or cafeteria often function as a marker of individual identity and roles within that community
(Eckert 1989).

In LEAF, we attend to embodiment in relation to the division of labor, and are sensitive to
the body as a site of representation for others. In prior embodied work, roles are often to
support individual cognition, but not explicitly for and with others. We build on the collabo-
rator and audience roles highlighted earlier to design for roles that allow participants to
interrogate each other’s ideas as made visible through their public action (Goodwin 2017).
In STEP, students can self-assign roles when they choose to embody a particular phenomenon,
their roles can be assigned by the simulation via a virtual costume, or their roles can be given
by the teacher (who can appoint a particular student to be the director from within the play
space or an observer at the edge of the space). Even as students engage in individual roles
moving through the simulation, their shifts in movement lead to new embodied configurations,
which can in turn transform their roles. For example, a student who is running quickly across
the space to embody a gas particle might decide to (or be encouraged to) switch their role into
acting as part of ice as they pass their peers. Similarly, moving off to the side of the space often
places students into a position where they gain a new perspective on the space and then elect to
shift their role to being one of “director” instead of solely a “participant”.

Within the STEP environment, students also define themselves in terms of how they
contribute to the classroom’s progress in understanding the underlying rules that govern
how different states of matter form. They want to contribute to the work of the class by
making observations, making inferences, suggesting experiments, and deciding between
competing theories. Individuals take pride in their original contributions, but they are contri-
butions to the collective work. Individuals are recognized by others by their ability to talk in
the right ways, make states of matter happen, and their ability to explain their own thinking. By
drawing on shared experiences, both proximal and distal, to help students connect to the
content being studied, the teacher also plays a role in shaping the community and recognizing
the impact of its history within the inquiry environment.

Design

The STEP: Particles simulation was designed to help students explore the relationship between
states of matter at a macroscopic level and the behavior of the microscopic particles that
produce these states. To accomplish this, we designed the STEP environment to support
students in the task of embodying their conceptions of how particles behave (See Fig. 1,
left) and then seeing the impact of their embodiment within a projected simulation (See Fig. 1,
right). Our goal was also to leverage the benefits of collective activity, and thus we designed
the environment in a manner that required students to collaborate with one another and notice
how certain interactions with their peers (representing other particles on the screen) resulted in
different outcomes.

In order for students to successfully enact a particular storyline that they had in mind or
create different states of matter, they had to be aware of how their peers were acting as well.
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Although students could individually explore the space, should they choose to, successful
outcomes required them to plan and coordinate with their peers (e.g., to produce a block of
simulated ice, the majority of the students needed to be relatively still and slightly spread
apart). An overarching aim across activities was for the students as a collective to come to a
reasoned consensus on the rules that governed each state of matter.

To facilitate the design of the STEP environment, we first identified the primary embodied
agent–the element within the system that students would control and enact. This agent had to
be both central to the phenomena, and one where the use of embodiment to control the agent
would help reveal underlying rules of the phenomena. In this case, we chose water particles
because we believed that students would benefit from focusing on how the motion of water
particles produces the macroscopic states of water that we observe, and that discovering and
enacting those motions would help students to understand them. One challenge that arises in
embodied modeling, however, is that students can do whatever they want because they have
complete control of their bodies. In this case, that means that they can produce completely
unrealistic states of matter! Although unrealistic models are an important step in the process of
developing a normative model, we also wanted to scaffold the process of progressively
supporting a more normative account. We did this through three primary methods.

First, we scaffolded students experience by building representational infrastructure into the
STEP simulation environment that helped them think about their models, and iteratively refine
them. This included features such as a state meter where they could see what state their
interactions would likely produce. In later iterations, we included colored lines that connected
the particles and indicated whether two particles were acting in a way recognized by the
computer to be solid, liquid, gas, or unrealistic. Second, the teachers helped structure conver-
sations in ways that helped move students toward a normative account, in part by discussing
underlying mechanisms that might help explain those behaviors, such as discussing how
particles are attracted to each other and may form structures that are resistant to being disturbed
unless energy is added to the system.

Third, to contrast the students-as-particles role, we created a STEP mode where students
could occasionally take on the role of what we are referring to as the contextual agent. The
contextual agent is another agent within the system that students could control, allowing them
to influence the conditions surrounding a computer-controlled version of the primary agent
(See Fig. 3). In this case, students could become “energy wands” that moved around the space
giving additional heat energy to (or taking it away from) the particles they passed as a “heat
wand” or “cold wand” respectively. The computer-controlled particles would then react in a
normative way programmed by the computer.

For example, when a student-as-heat walked near computer-controlled particles that were
acting as ice particles with strong attraction, the particles would gain energy and begin to speed
up. The computer-controlled particles will eventually move fast enough and overcome their
attraction to form liquid and then gas if the student-as-heat did not move away from the
particles. We first introduced this role to students using the term “heat,” because students knew
that heat melted ice. In subsequent discussions, students explored how heat is a form of energy
and that as wands they could choose to either give or take energy from particles. For clarity, we
will refer to this role as “student-as-heat” or “heat wands” throughout the paper. This set of
interactions was intended to allow students to explore a more normative scientific account and
then use the results of those explorations as a way of informing their own model development
once they had an initial model. This shift in roles, however, naturally led to a shift in how the
students experienced their embodied interactions within the system, and we will highlight
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these differences below as a way to help shed light on the different ways that embodied activity
can support learning, even within the same system.

Methods

As indicated above, our goal in developing LEAF was two-fold. First, we aimed to extend
CHAT by explicitly articulating the role of embodiment in understanding learning activities.
Second, we wanted to understand how the inclusion of a focus on collective activity (the focus
of CHAT) would enhance analyses of embodied learning. Thus our goal in applying the LEAF
framework to analyze our prior STEP implementations was to understand how LEAF helps to
make these ideas visible, showing how embodiment does play a role in understanding learning
activities, and how exploring embodiment as both an individual and collective phenomenon can
shed new light on learning within embodied learning environments. To explore these ideas in
our work using LEAF, we analyzed implementations across a span of 6 years (from 2014 to
2019). Studies included the following: Study 1, an initial pilot study (Danish et al. 2015), Study
2, where we added game-like features and explored different forms of play (Davis et al. 2019;
DeLiema et al. 2016; DeLiema et al. 2019), Study 3, where we compared gestural and full-body
motion inputs (Saleh et al. 2017), Study 4, where we developed iPad-based observational tools
for creating representations of embodiment (Humburg and Danish 2019; Humburg et al. 2020),
Study 5, where we compared structured and unstructured prompts for the use of these iPad
tools, Study 6, where we investigated the use of objects to augment embodied activity (Tu et al.
2020), and Study 7, where we investigated how embodied community resources can be used to
support scientific inquiry (Georgen 2019). As we moved from one implementation to the next,
we iterated on the STEP design and the accompanying curricula based on lessons learned from
our experiences in the classroom and analysis of classroom video data.

The studies took place in several different public and private school classrooms in a small
Midwestern city in the United States and in a large city in the western United States, with a mix
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of first- and second-grade students. Each of these studies involved the collection of multiple
days of classroom video data and had previously been analyzed using a mix of methodologies
including interaction analysis (IA) to understand how the participants engaged with the
underlying science content via their interactions with each other and the mixed-reality
environment. In developing LEAF and analyzing classroom interactions, we examined the
temporal organization of activity across the multiple implementations, exploring how the
individuals worked together to create collective knowledge (Jordan and Henderson 1995;
Stahl 2010). This focus allowed us to understand how LEAF as a theoretical framework could
be utilized to understand the designed activities as they were implemented across multiple
years. We first identified similar activities where students took on the role of a particle or heat
(i.e., student-as-particle or student-as-heat). By examining these similar activities (e.g., being a
particle or being a heat wand), we were able to determine how each mediator supported
individual and collective embodied activity.

We further wanted to understand the variations within these activities, especially at the
individual and collective levels. After selecting these activities, we iteratively cycled between
proposing an overarching framework to describe students’ embodied interactions, and then
analyzing episodes across the prior studies to see how the framework would apply in practice.
We used both content logs and our prior experiences in the classroom to select episodes that
captured the nuances of the different mediators. These episodes were also clear moments in the
temporal sequence of activities that highlighted both member relevance and procedural
consequentiality, that is, how the design of activity and mediators shifted how participants
coordinated their activity or vice-versa (Hall and Stevens 2015), as well as those times when
divergent forms of interaction nevertheless led to new moments of knowledge production
(Tissenbaum et al. 2017). We vetted our developing hypotheses with the larger research team,
who had significant classroom experience across implementations. A number of earlier
theoretical iterations were also presented during research talks and in conference presentations
where we received feedback that helped us to refine our framework (Danish et al. 2019;
Danish et al. 2018; Danish et al. 2017b). These iterative cycles of analysis and feedback give
us a robust account of how students used their bodies across implementations without
necessitating a full re-analysis of all six years of video data. Our analysis aims to illustrate
the resulting LEAF framework.

Findings: Using LEAF to explore the role of individual and collective embodiment
across implementations

To demonstrate how LEAF can help us understand the dynamic relationship between individ-
ual and collective dimensions of embodied activity, we use two core STEP activities to explore
each mediator in LEAF (See Table 2). In the students-as-particles activity, students embodied
the role of a water particle and explored how their actions in the physical space influence the
water particles in the STEP simulation. In the students-as-heat activity, students took on the
role of a heat wand and explored how heat transfer causes state changes when their heat wand
avatars came close to simulated particles within the STEP simulation, causing them to speed
up. These two activities were used across multiple years of implementations and serve as
powerful examples of how seemingly small changes in one mediator can impact how multiple
aspects of embodied activity unfold. For example, looking at both activities we see the
importance of recognizing students’ individual embodied actions as a key influencer of
activity. In the students-as-particles activity, it was a powerful resource, helping students think
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about the motion of a particle and how it might be related to energy. In the students-as-heat
activity, embodiment was intuitive but at times confusing for students as they attempted to
move quickly to represent heat rather than realizing that by giving heat to particles they would
cause the particles to move quickly. Students’ embodied ideas about how to move in the space
continued to mediate their actions even when the software tool suggested a new form of action.
Thus, there is value in attending to the additional layer of embodiment in CHAT, given how
individual embodied actions mediate students’ actions in nuanced ways that cannot be
explained solely by reference to other mediators such as the tools in the environment.

At the same time, looking at collective activity in both cases was also powerful in that
students’ efforts to coordinate their actions help explain the value of embodiment for learning
in this kind of activity. For example, when acting as water particles, the students’ need to
coordinate their motion made ideas about the relative speed and distance of different particles
more salient to them, and the need to coordinate their impact upon the simulated particles
when acting as heat helped students see the patterns in how particles responded to the
introduction and removal of heat. Thus, we see the value in adding an analysis of embodied
learning to CHAT’s focus on collective activity.

In the following sections, we further demonstrate the value that this focus on combining
CHAT and embodied learning in the form of LEAF can provide for analyzing learning in
embodied learning contexts. To support this, we provide a detailed explanation of how the
different mediators listed in Table 2 played a role in shaping individual and collective activity
when students engaged as the primary agent (water particle). We then explain how this
mediation process was different within the contextual agent (heat wand) activities. In doing
so, our goal is to highlight how embodied activity is shaped by all six mediators at both the
individual and collective level, thus illustrating the value in using LEAF both to design for and
analyze collective embodied learning activities. In each section we illustrate how the mediators
help to explain embodied activity in the unique individual and collective ways (for a summary
see Table 2) based on the framing and the questions posed in Table 1.

Subject

Subject -– Individual

In LEAF, focusing on the subject allows us to examine how individuals experience their
motion via their bodily sensations. One of the central concerns in designing these experiences
was to address how students’ immediate experiences of motion and embodiment shape their
understanding. In the students-as-particles activity, students are encouraged to move about the
room and experiment with different movements to see how they impact their respective
particles on the screen. Across all the STEP classroom implementations, students most
commonly remarked on the speed of their particles rather than the distance. This suggests
that the most salient feature for them was speed. For example, when students first explore what
it meant to be particles in Study 1, they would direct one another to either “stay there!” or run
around “zig zag” (DeLiema et al. 2016). Students seemed to find it easy to run, walk, tiptoe,
and jump to explore what it means to be a particle, and began engaging in these embodied
actions with little or no prompting. Students’ subjective experiences in exploring the STEP
simulation physically meant that they could start mapping the relationship between their
movements in the classroom space and the particle behaviors projected by the computer. For
instance, in the first year of the STEP implementation (Danish et al. 2015), students typically
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Table 2 A LEAF-based summary of the key roles of each mediator in shaping students’ experience within the
different STEP activities

Mediator Student
role

Dimension of experience

Individual Collective

Subject Particles • Students experience speed as they move
around the classroom.

• Students experience relative distance in
relation to their peers’ movements.

Heat • As energy sources, students explore how
computer-controlled particles react as
they move their bodies to different lo-
cations.

• Students coordinate and distribute
locations of multiple heat sources and
explore how the computer-controlled
particles react.

Object Particles • As students develop a sense of the
emerging object, they pursue different
goals by moving around at varying
speeds.

• The group collectively decides on what
state to create and how to pursue it.

Heat • As students develop a sense of the
emerging object, individuals focus on
giving heat to (or taking it from)
individual clusters of particles.

• The group collectively decides on what
state to create and how to pursue it.

Tools Particles • Representations of particle behavior (e.g.,
color, distance, speed) orient students
towards the way their individual
movements change their associated
particle.

• The state meter orients students towards
the impact of their collective
movements on the states of matter being
formed across the entire simulation.

Heat • The motion and color of computer
controlled particles orient students
towards how their presence as heat
changes the particles.

• The state meter orients students towards
the impact of their collective heat source
locations on the state of matter being
formed.

Rules Particles • Traditional classroom rules govern
individual behavior (e.g. don’t run too
fast).

• STEP-specific rules also govern behavior
(e.g. stay inside the particle tank, pay
attention to your particle on the screen).

• Students also begin exploring what they
believe are the rules for how each
particle behaves.

• Traditional classroom rules govern
collective behavior (e.g. don’t run into
each other).

• STEP-specific rules govern behavior (e.g.
pay attention to the other particles, co-
ordinate speed and distance to form the
right state).

• Students explore how all of the particles
behave and attempt to develop a
consensus explanation / set of rules.

Heat • Traditional classroom rules govern
individual behavior (e.g. don’t run too
fast).

• STEP-specific rules also govern behavior
(e.g. stay inside the particle tank, pay
attention to your heat wand on the
screen).

• Students also begin exploring what they
believe are the rules for how each
particle is impacted by heat changes.

• Traditional classroom rules govern
collective behavior (e.g. don’t run into
each other).

• STEP-specific rules govern behavior (e.g.
pay attention to the other energy wands,
coordinate heat location to form the
right state).

• Students develop a consensus
explanation for how heat energy
impacts the behavior water particles.

Community Particles • Students might change individual
movements in response to peer and
teacher feedback.

• The group collectively negotiates how to
coordinate multiple bodies so as to
achieve shared goals.

Heat • Students might change individual
locations in response to peer and teacher
feedback.

• The group collectively negotiates how to
coordinate multiple wands to change the
particles.

Division of
Labor

Particles • Students take on the individual role of a
particle in water. As particles, students
explore how they think particles should
behave.

• Students coordinate the speed and
distances of individual particles to
create different states of matter (e.g.,
solid, liquid, or gas).
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started moving their bodies for fun. As they moved quickly or slowly, they commented on how
the particles on the screen mirrored their speed. In subsequent designs and implementations
(Davis et al. 2019; DeLiema et al. 2019), we added lines between particles to indicate the
strength of attraction between particles. As students moved, they noticed that the lines
connected to their particle became thinner. When students slowed their movements, these
lines became thicker. This additional cue allowed students to map their experiences of speed to
the impact that these movements have on the attraction between particles, recognizing that
thicker lines represented the stronger attraction between particles in a solid, and thinner lines
represented the more tenuous connections in a gas.

To further unpack the importance of these individual experiences of motion, we shift to the
students-as-heat activity. As students embodied heat sources, the speed of their motion was
less relevant, but their position in the space became central to how they produced change in the
simulation. When a student playing as a heat source passed over a group of computer-
controlled particles, the particles would begin to move faster and farther apart from one
another in response to the student’s presence in that area of the simulation. Here we see
how students continued to use their motion to control the simulation, but they quickly noticed
that speed was not as relevant, and in fact could be problematic as they needed to remain close
to the particles for a period of time to heat them up. Thus, students’ individual embodiment
continued to support their inquiry in this set of activities, but they did not rely as heavily upon
their embodied intuitions of speed so much as their chosen positions in virtual space.

For both particles and energy wands, students built on their experience of moving individ-
ually in the space to uncover the rules of particle behavior, but the different roles impacted
what sorts of scientific concepts were most available to them for individual exploration
(Tissenbaum et al. 2017). In the first case, where students acted as the primary embodied
agent (the water particles), the movement of the body was a direct analogy for the movement
of the water particle (Lindgren and Johnson-Glenberg 2013). In the latter case, when students
were the contextual agent (the heat wands), the body is a metaphoric resource, or an invisible
event between heat and particles. The wands give heat energy to water particles, which they
then use to move faster, and by doing so change the state from solid to liquid to gas. Like the
first case, the body is a resource for understanding, but it is not a direct mapping of one’s own
motion to the motion of a conceptual object. Looking across these examples, we can see how
the body is a unique mediator of student learning. Specific designs connect embodied

Table 2 (continued)

Mediator Student
role

Dimension of experience

Individual Collective

• Students waiting for their turn to embody
particles take on the role of
scientist-observers.

• Scientist-observers use their observations
to help the particles coordinate their ac-
tions.

Heat • Students take on the individual role of a
heat source (i.e. heat wand). As heat
wands, students explore how giving and
taking away heat impacts states of
matter.

• Students waiting for their turn to embody
heat wands take on the role of
scientist-observers.

• Students coordinate their locations as heat
sources to make collective change to the
states of matter being made.

• Scientist-observers use their observations
to help the heat wands coordinate their
actions.
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movements to exploration of the underlying phenomena, either through the kinds of motion
experienced, the position that students take up, or other forms of movement not yet explored in
our analyses.

Subject – Collective

Although individual experiences played a significant role in how the students explored
different aspects of how the states of matter are impacted by particle behavior, each
individual movement also contributed to a collective experience of particle behaviors. In
their explorations, individual students tended to focus on a single dimension of particle
behavior (speed or location). However, as students moved around the room with their peers,
their collective movements also supported new realizations about the relative distance
between particles, and the impact of taking on similar speeds (producing a single state of
matter) or different speeds (a mix of states). Because distance is an inherently relational
concept, students were better able to map distance to aggregated movements through
collective action (Lakoff & Johnson 2003) even when their actions were not intentionally
coordinated (Tissenbaum et al. 2017). An embodied experience of relative speed and
distance requires the collective, because it gives students the experience of being packed
tightly together or spread far apart, and requires attention to both one’s own body, and the
bodies of peers. For example, when trying to create solid ice in Study 1, students noted that
“we should arrange ourselves into a rectangle or a square”. Students also suggested that they
need to be barely moving to indicate how the particles should move when arranged in a
lattice structure. The point here is simply that some ideas require more than one person to
accomplish. Attending to the distance between water particles requires two points, and
therefore requires students to attend not only to themselves but to how they relate to others in
the room. Additionally, students have to make the leap that a state of matter does not just
describe a single particle but is a description of a set of particles all moving in a similar
manner. That is, some phenomena are themselves “collective”, and benefit from collective
embodied activity to help students understand them.

In contrast, when the students took on the role of energy wands, their relative distances
were less important for effecting the simulation. Students instead explored how switching
between giving energy and then removing it would cause particles to change (e.g., heat made
them speed up, and removing heat made them slow down). Students’ new coordinated motions
gave rise to explorations about the different effects of energy. For example, by moving into or
out of the space, the students could see what happened with the presence or absence of energy.
For example, in Study 5, as the students were using cold wands to keep a snowman frozen on a
hot summer day, the teacher prompted them to move out of the space: “Let’s move away from
the snowman – let’s see what happens when the energy wands are not there taking energy
away.” After all of the cold wands moved to the edges of the space, an observing student
shouted, “It’s melting!” Collective experiments such as this helped students make connections
between their movements together and the ways that this coordination changed the state of
matter they were creating.

Subject -– Interconnected

Another important question to ask here is How do individual embodied experiences lead
to new collective experiences? The individual experience of speed and the collective
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experience of relative distance were inherently linked in the STEP activities. Students’
individual experiences of motion impacted how they participated in the collective
movement of particles, and the ways that they experienced relative speed and distance
also changes the ways they experimented with their own movements. In Study 2,
students-as-particles would often suggest directions for the group based on their indi-
vidual experiences of a particular state, such as when one student directed the others to
“Be sleepy...be tired” when they were trying to coordinate their motion to create liquid, a
state that requires slow-moving particles (See Fig. 4).

Similarly, in the students-as-heat activity during Study 1, the students decided to
create ice. One student suggested spreading out so that they could touch all the particles,
whereas another student recommended clumping together based on her prior experience
of being a particle. Because of these students’ different experiences as heat and particles,
students were able to explore how their individual actions impacted the collective
activity and in turn, negotiated how other particles or heat-wands impacted their indi-
vidual actions. In this instance, we observe how both dimensions are essential for helping
students understand how and why particle behaviors impact changes in states of matter.

What is important to note here is that individual acts of creativity do not stay private. They
are shared with the group. In our data, sharing often meant explicit attempts to organize a
group of students to coordinate their actions in order to produce a shared goal within the
simulation. That is, the girl above tried to get her peers to all be sleepy particles in order to get
them to walk more slowly and therefore produce more liquid in the simulation. Individual
insights based on one’s own personal embodied experience are transformed into collective
plans of action—a type of cultural tool—to help the group achieve their desired outcome.
Therefore we believe that approaches such as LEAF are crucial because they highlight this set
of connections, articulating how a focus on collective activity is often necessary to make sense
of how individual embodiment can be leveraged by students for sensemaking within a
classroom context where they are supported in exploring new concepts in interaction with
their peers.
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Fig. 4 A student in purple swings her arms and shuffles around slowly as she tells her peers “Be sleepy...be tired”
(left). Her peers take up her suggestions and begin to swing their arms and droop their heads as they shuffle along
(right)



Object

Object -– Individual

A core idea in CHAT is that human activity is always goal directed, and the goal for collective
activity is referred to as the object. In LEAF, we explicitly reflect on how individual and
collective ideas about the object of activity are related to their embodied actions. In the STEP
activities, students were initially asked to simply begin exploring the space. They were not told
to do anything in particular or how exactly the simulation represented gas, liquid, and solid.
Their initial understandings of the object of their activity was, by design, quite loose and arose
from their own individual perspectives. Given this flexibility, students appeared to explore
whatever interested them (i.e., their own goals, such as moving fast because they could). This
was true in both student-as-particles and student-as-heat activities wherein the initial day
would be spent with students simply figuring out the relationship between their movements
and their nascent understanding of particle behavior. Given the freedom to move about the
classroom in playful ways, individual students often appeared to be guided by the desire to
move in ways that they found to be fun and personally compelling, such as jumping up and
down, or spinning in circles. From their individual goal-directed activities, the students began
to notice many relevant things about how the simulation worked.

Object -– Collective

STEP was also designed with a collective object, which we anticipated would in turn shape
students’ individual goals. Specifically, STEP was designed to support student understanding
of states of matter, and as mentioned earlier, a state of matter describes a set of particles, never
a single molecule of water. Therefore, the group often recruited their peers to pursue their
goals, aiming to establish shared goals for what they wanted to create using their collective
movement – sometimes through teacher direction but often also through shared decision
making. For example, in the particle activity, the class might decide that they want to form a
solid, and this collective object might align nicely with students who also want to playfully
vibrate in place. Although students-as-particles mainly explored how they could create
different states with their movement, the collective object for students-as-heat became figuring
out how heat could shift the movement of the particles (and thus, create a change in state more
indirectly). In both activities, students worked together to decide what they wanted to do with
their joint influence, and the shared objects that they decided upon had significant influences
on how the rest of the embodied activity unfolded.

The importance of understanding the influence of collective objects on embodied activity
became exceedingly clear to us when we shifted the collective object to a more game-like
scenario in Study 2 (Davis et al. 2019; DeLiema et al. 2019). While the initial particle activity
was organized by the collective object of forming particular states of matter, the game version
of STEP was designed so that the overarching collective object was to rescue a robot from a
volcanic island (See Fig. 5).

Students needed to form a particular state of matter at a precise time to help the robot dodge
falling lava and escape. Although our intention in designing this game mode was to encourage
playfulness in the students’ embodiment, the shift in object encouraged students to organize
their embodiment toward winning the game instead of pursuing emergent research questions
about how particle movement might lead to different states of matter. This new object came at
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the expense of exploring the science deeply. Thus, this new collective object of winning
contradicted the prior collective object of learning about particle behavior and led students to
focus less on the mechanisms of particle behavior such as how energy and attraction produced
different states. Fortunately, the presence of multiple mediators accounted for how students
still learned in this condition. Although the embodied activity did not surface as many of the
underlying rules of the phenomena, the teachers were able to help highlight these ideas in the
classroom debrief, thus resulting in similar learning gains despite what appeared to be rather
different sets of classroom activity. In subsequent iterations, we further built on this realization
by explicitly using the game as a way for students to demonstrate the understanding that they
developed in the less structured version of the environment (Saleh et al. 2017).

The important point here is that there is a designed push—by the simulation itself, by the
teacher, and by students who want recognize they need to work collaboratively to test their
ideas—to negotiate a collective object of activity and shared goal. This collective activity can
then have a dramatic impact on both students’ interactions and their individual embodied
actions, which are then evaluated with respect to the collective object. This further strengthened
our belief that embodiment can’t be understood without being situated within collective activity.

Object – Interconnected

There were times when individuals pursued their individual motives at the expense of attempts
to recruit them to pursue a collective object of activity. Sometimes this led to chaos that the
teachers attempted to help restructure, and sometimes it actually created new and unforeseen
opportunities for students to discover new aspects of the phenomena through their individual
pursuits (Tissenbaum et al. 2017). For example, in Study 2, the group had decided to form a
“caterpillar” together to see what happens when particles are close together (See Fig. 6).
However, one student chose to dance away from the group, leading another student to shout,
“Look it’s red! It’s red! When you’re close to each other it’s yellow and when you’re far apart
it’s red.”

The student’s observation, sparked by a deviation from the group object, highlighted for the
class how changing the distance between particles can impact the state of matter being formed.

Fig. 5 The more freeform STEP free-play interface (left) versus the game-play version of STEP that gave them a
collective goal of protecting the robot using ice, liquid, and gas (right)
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Such productive deviations occurred in both the particle and heat wand activities, because in
both cases the students had the freedom to move their own body together with the group or off
on their own. In this way, individual goals for movement, even when they contradict the
collective decision, can lead the class as a whole to make new revelations about how particle
motion is connected to changes in state. In other words, this supported our belief that it is
important for a framework that aims to understand learning through embodied activity to
maintain awareness of how individual embodied experiences, desires, and actions might lead
individuals to behave in ways that do not initially align with the shared sense of collective
activity.

Community

Community -– Individual

In CHAT, the three pillars of an activity system are the subject, the object, and the community.
The community is commonly defined as the group that shares a common object of activity and
consists of people with various histories, roles and levels of experience in the activity system.
From an individual student’s perspective in our environment, the community consists of other
individuals who students can model their own actions after. In this way, the community
functions as a mirror, or the looking-glass self that provides the context for individual students
to orient their actions (c.f., Cooley 1902). The students can also target their actions toward their
community as an audience for their specific actions. In Study 2, a student chose to act as a
parody of an “old man”, hunched over and shuffling slowly as a way to both maintain the slow
movement of liquid and entertain his peers, who in turn laughed at his antics. Taking on the
entertainer role might influence other students to mimic the actions of that student, as with the
example in Study 2, where the whole group chose to also move slowly via playfully
pretending to be old people. In this way, innovations in movement often percolated through
the community as individuals focused on how to move their own individual bodies. Said
another way, from the individual’s point of view the community provides a source of practices
that the individual can attempt to emulate and appropriate in their individual embodied activity.
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Fig. 6 Student breaks away from the “caterpillar” that the rest of the group is making, causing the attraction line
for his particle to turn red (indicating that he is creating gas)



Community - collective

At the collective level, the community is typically something that persists beyond the
participation of any single individual. Communities typically form and exist for a span of
time and then work to attract and enculturate new members. However, classroom communities
are unique in that they are formed anew each year with a completely new set of members save
the teacher. Still, in the STEP classroom the students developed a sense of themselves as a
collective that jointly constructed an understanding of how states of matter worked. Each class
developed their unique way of explaining which motions produced which states of matter and
negotiated them with the teachers’ help. For example, while one class said that liquid was
formed by slow moving particles because slow walking was a “fluid movement”, another class
described slow walking as “sleepy and tired”. Each class negotiated a unique way of
describing the same set of ideas and used that set of descriptions as shared practices to
coordinate themselves when they wanted to make the simulation produce a specific outcome
such as liquid. In a sense, this classroom community was defined by the knowledge and
practices it produced for describing and making states of matter within the simulation.

Community – Interconnected

The individual and the collective of the community are interconnected in the sense that it is a
desire to belong to and have a place within the community that motivates students to want to
learn and appropriate the shared set of practices that signify membership. The collective
community provides the place where one can belong, and the individual brings the desire to
belong. This sets in motion opportunities for students to perform or show whether and how
they belong. Recall the previous example in Fig. 4 when one girl invented a practice to help
everyone move the right speed to make liquid by saying, “Be sleepy...be tired”. She showed
that she was part of the community by making the suggestion. More importantly, when her
peers took up her suggestions and began to swing their arms and droop their heads as they
shuffled along, they showed that they were part of the community because they were able to
enact the successful practice to make the simulation produce liquid. Thus, the community can
serve as a support, inspiration, and guide for individual embodied activity, while at the same
time drawing its own collective norms from those individual embodied actions that have
proven successful.

Tools

Tools - individual

To support learning of particle behavior (e.g., speed, distance, and attraction), we included a
number of virtual tools in the form of representations within the simulation that oriented
students towards the ways that their movements impacted these variables. In the initial design
(Danish et al. 2015), particle color alone represented the state that students were achieving
(e.g., purple for solid, green for liquid, orange for gas; see Fig. 7). In more recent
implementations (Danish et al. 2019; Davis et al. 2019; DeLiema et al. 2019), we introduced
the concept of attraction and represented the states as lines between a particle and its nearest
neighbor. Each particle was linked with other particles via lines that changed in color and
thickness depending on the speed and distance of the particles connected to it, which gave
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students feedback about how their changes in speed and distance changed the state of matter
being made.

In the student-as-particle and student-as-heat activities, these representations helped stu-
dents explore their individual understanding of particle behavior – they would see their own
lines changing when they embodied particles at different speeds and distances, and they would
see computer-controlled particles rapidly change colors in response to their movements when
they embodied heat wands. In addition to visual representations, we also encouraged students
to create energy-giving and energy-taking gestures that they could use to make sense of how
their individual movements were changing the particles (See Fig. 8). These gestures became
both physical and conceptual tools that students used to orient themselves to how the heat
wands transferred heat to the particles and caused them to speed up and form a gas (Ritella and
Hakkarainen 2012; Steier et al. 2019). At one level tools are used to focus students on their
own actions and the consequences of their actions on the system.

Tools - collective

To support collective reasoning, an additional virtual tool was a state meter (See Fig. 9) that
consisted of bar graphs, which presented students with the state of matter they were forming
together as a group (See Fig. 10). In both particle and heat wand activities, students used the state
meter to coordinate their movements and to provide feedback on what the group should do as a
collective to achieve the desired state. This often led directly to students needing to coordinate
with one another to make a shared state of matter. Each individual particle was fundamentally
linked to their peers. In other words, a single student cannot embody a particle in a solid without
the network of other particles connecting to them to form the lattice structure in solid.

These collective configurations were usually formed when one student proposed an idea
and convinced the group to experiment with them. For example, in the middle image in Fig.
10, the student in the striped shirt convinced his peers to clump together by whispering “Guys,
let’s get together!” and pulling several of his peers towards his own body. The rest of the group
followed suit by gathering around him, to see whether this tightly packed configuration would
change their on-screen particles to solid ice. When this tactic was unsuccessful, the group soon
splintered apart, and a different student suggested that they try spreading out more. In this way,
the group negotiated their individual particle roles in order to build something that none of
them could create as individuals alone.

Fig. 7 Particles forming solid (left), liquid (middle), and gas (right), with colored lines and varying bond
thicknesses to represent differing levels of attraction
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To further support collective reasoning, we designed a set of iPad-based tools in
Study 4 that helped students observe different aspects of their peers’ embodiment while
they waited their turn to embody a particle (For a full discussion of these tools see
Humburg and Danish 2019; Humburg et al. 2020). In this 2017 iteration, students could
use annotation tools to evaluate collective representations that helped the group make
sense of how particles in different states of matter behave. Figure 11 shows some
examples of the sorts of collective representations that were projected on the screen for
students to consult as they embodied particles and reflected on this embodiment as a
class.

Both the state meter and the iPad representations provided students who were em-
bodying particles and heat to assess the extent to which the group succeeded in achieving
their collective object. For example, in Study 4, when a student noticed that the on-
screen graph generated by the iPads was depicting the low attraction levels of gas
particles, he yelled to his classmates, “They think it’s gas!” and instructed his peers to
slow down. At the collective level, some tools specifically direct student attention to the
aggregate and how large numbers of particles behave together to produce a state of
matter.
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Fig. 8 Students putting their hands together (left) and pushing their hands outwards towards another student
(right), signifying an “energy-giving gesture” that the class invented to communicate their heat wand role

Fig. 9 The state meter, which updated in real time to tell students what proportions of each state the group was
making together



Tools - interconnected

Given the importance that we have ascribed to attending to both individual and collective
embodied activity above, it is therefore valuable to understand how tools such as the STEP
environment can support students’ engagement with ideas that are both individual (their own
motion as represented by an individual avatar) and collective (the shared state that they have
produced). Naturally, the way in which these tools are sequenced and linked is also important
for how learners engage with the concepts that they are meant to make salient. For example,
we typically introduced students first to the features of STEP that helped them understand their
own localized embodiment (the representations of particles, heat, and particle behavior). Once
they had connected to these, we then introduced the more collective representations such as the
state meter. Once the collective tool was introduced, however, students did not simply abandon
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Fig. 10 Students in different iterations of STEP experimenting with collective configurations to create solid ice
(Study 2, 4, and 6, from left to right)

Showing data from Gold 2

Solid

Liquid

Gas

Fig. 11 Some shared representations that were projected on-screen, generated by observing students with iPads.
Students shared freeform drawings (top left), tracked states of matter using button presses (top right), and
measured levels of attraction between particles using graph-generating slider tools (bottom)



the individual representations. Rather, they appear to have used both representations as
feedback on how individuals and the group should move to achieve the desired state.
Individual students were able to use the colors and lines of their own particle to figure out
what it looks like to be solid, liquid, and gas, which then allowed them to use these emerging
understandings to evaluate and direct the performance of the group, using the state meter and
iPad representations as guideposts for their evaluations. At the same time, moments when the
collective representations showed that the group failed to create the target state also encour-
aged more individual investigation of particle colors and lines, to figure out what exactly the
group needed to do to shift their overall state of matter.

Rules

Rules - individual

For both student-as-particle and student-as-heat activities, the rules that governed students’
individual movements fell into three categories, classroom, STEP simulation, and science rules
(e.g., rules of particle behavior, rules of inquiry). Classroom rules included encouraging
individual students to pay attention to the screen and to the ways that their peers were moving.
This meant that feedback was provided to individual students, and they could choose to listen
or ignore their peers. When using the simulation, individual movements were constrained in
that students could not move outside of the designated tank area, or their movements would
not be tracked. Similarly, as students began to learn about particle behaviors, individual actions
became more scientifically normative. In the initial activities, students could experiment with
making solid, liquid, and gas in whatever ways they wanted. However, as the class discovered
rules of particle behavior (e.g., that you have to vibrate in one place to form a solid), students
had to conform to these rules. For example, in Study 5, once the students had figured out that
particles in a solid needed to remain relatively still, a student who was moving all around the
tank was chastised by the teacher: “Bailey, you just went out of the container - is that how ice
would behave?” And after the student admitted that he was not acting like ice, the teacher
replied: “Then you should change what you’re doing.” Though the rules guiding individual
behavior were flexible at first, they guided students’ behaviors more strictly as the class
reached consensus on how particles should move. This example demonstrates how rules are
often invented by individuals to self-regulate their own activity and also how they can be used
to regulate others. Thus, individual embodiment is often structured by rules that, while they
may originate with individuals, are often enhanced, and agreed upon collectively.

Rules - collective

However, using rules to regulate others does not necessarily mean that the students are acting
in coordination with one another. At the collective level, the normative class and science rules
were the most salient. Normative science rules were built into STEP and thus governed how
students needed to coordinate with one another to form the desired state of matter. When
students tried to accomplish tasks such as changing the computer-controlled particles to ice via
removing their heat sources from the tank, this required the collective coordination of all
students in the space to achieve the desired effect. If a single student decided to stay in the
middle of the room and continue giving heat to the particles with their energy wand, then the
collective would fail to create a full tank of ice. The teachers also frequently worked with the
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students to create an external representation of their understanding of the science rules built
into STEP in the form of a public description on a large writing pad. This was intended to be
both a repository of the shared understanding and a guide for ongoing activity (Ritella and
Hakkarainen 2012).

Additionally, rules of inquiry were also critical to the activities. Students engaged in phases
of investigation, observation, and prediction as they explored the STEP environment (Danish
et al. 2015). Rules of inquiry however, sometimes clashed with classroom rules. As observers,
students have to provide feedback to their peers who are moving in the physical space.
However, because students were calling out at the same time, this went against typical turn-
taking norms where students might wait before talking. Additionally, classroom rules were
based on the norms for students’ everyday class behaviors, such as not colliding with
classmates while embodying particles. The typical classroom rule of not running indoors
was lifted so that the group could embody gas. However, the rule of no collision contradicted
normative rules governing particle behavior. For example, real particles in a gas collide into
each other as they travel at high speeds, the classroom rules stipulated that students embodied
gas by running in circles and avoiding collisions.

Rules - interconnected

Although the examples listed above separated between individual and collective rules, in
reality, these rules were not as easily decoupled, and it is important to ask how they are inter-
connected (See questions in Table 1). Although rules can be codified, the nature of the STEP
activities meant that the typical classroom or normative science practices often had to be re-
negotiated. An analysis of the intersection of individual and collective rules must therefore
consider the nature of social negotiation, which inherently depends on individuals reaching
consensus (or not). As noted in our data, this was especially true when there were contradic-
tions between not only individual and collective rules but within each category (i.e., classroom,
simulation, and science rules). Viewing the coordination of these different kinds of rules is,
therefore, crucial to understanding how individuals make choices about embodied action
within a collective activity.

Division of labor

Division of labor - individual

The division of labor is a key mediator because it offered insights into the intended roles for
students, and how other roles might emerge that challenge the original division of labor created
for students. In STEP, the two main roles offered to students were that of a particle and a heat
source, but in practice students also embodied alternative roles that they saw as related to the
embodied activity. For example, in the student-as-particle role, students sometimes shifted out
of their role and started pretending to be an animal of their choice (e.g., a deer or a bunny).
Although such actions were important in terms of student agency, these moments also created
tensions in how to renegotiate the relevance of these actions. This was especially evident when
student shifted from the student-as-particle to student-as-heat role. As particles, students had a
direct mapping to particle behavior. As heat however, students perceived that they had a more
indirect influence on the particles. Students could not directly move the particles, but rather
had to observe the effects of students-as-heat on the particles. Thus, students often had to re-
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learn what it meant to move in the STEP space. In Study 4, students struggled to make this
transition, and attempted to run quickly as heat sources in order to make gas – a rule for
movement that worked well for a student-as-particle but not for heat wands. To help students
adjust their movements to their new role, the teachers instructed them to hold their arms out to
make themselves a “bubble” (See Fig. 12). This was intended to give them a physical reminder
of their circular heat wand on the screen and to encourage them to slow down and observe
what happened when their “bubble” touched the computer-controlled particles. The division of
labor at the individual level emphasizes student attending to their own role and their own
actions, while recognizing that each individual might therefore be focused on a different set of
embodied actions or goals within the collective activity.

Division of labor - collective

Collective roles, on the other hand, focus the students on helping the group achieve their
collective aims. Although these roles are individually assigned, coordinating, or shaping group
activity depends on social negotiation. Thus, for the group to achieve their goals, the students
acting as particles needed the feedback from their peers who take on the “observer role”. In
Study 4, we leveraged the role of an active observer. In terms of achieving the collective object
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Fig. 12 Students making a “bubble” with their arms to remind themselves of their new role as heat wands



of learning, the active observer role allowed the group to collectively reflect on what the
particles had done.

Division of labor – Interconnected

It is at the intersection of the individual division of labor and the collective level where
disagreements about the collective focus became visible. This collective level recognizes
members as having unique power or privilege in ways that can dramatically impact individual
experiences. For example, in Study 1, the teacher decided to explicitly promote the notion of a
“director” from within the group, and the director took on the role of telling the different
particles where to go and when. This helped the students to coordinate their actions, but also
led to a new form of hierarchy within the group, at least for the duration of that activity. Other
times, the community of students resisted direction from their peers, or the teacher. In a more
recent study, the researcher decided to explicitly leverage the community as a resource for
sensemaking and intentionally ceded the floor to students using new forms of embodiment that
might have otherwise been prohibited by the teacher. This allowed students to introduce and
agree upon the use of dance moves such as the “floss” to illustrate the behaviors of particles
(Georgen 2019). The floss then became the go-to method for demonstrating how ice particles
vibrate while staying relatively still, a challenging but important concept for learners who often
assume ice particles look and behave the same as their conception of macroscopic ice cubes.
Studies focused on embodiment often ignore the role of power and privilege within these
spaces, but these examples and others illustrate how the power, whether granted implicitly or
explicitly, to influence the motion of one’s peers can have dramatic consequences upon the
collective embodiment.

The community as model and audience co-existed with the community as determi-
nants of consensus, power, and privilege, and often fed off one another, because
individual students shifted in and out of their roles as directors in the space and
recipients of directions. For example, if one student playing as a particle chose to run
quickly while the other students were moving slowly, the slow-moving particles (as the
audience of this movement) could respond negatively to this deviance and encourage
their peer to slow down and join them in making liquid. At the same time, an individual
student can use their movements in the space as bids for new collective ways of moving,
which might inspire other students to move quickly as well. As many different students
offer up new ways of moving, the group negotiates through talk and movement to
determine how the group will move in order to form the target state. Individual
movements can influence this negotiation, and the decisions of the group can also be
turned around and used to pressure individuals to change how they move.

Discussion

We developed the LEAF framework as part of our ongoing efforts to understand how the body
can support cognition and learning. Specifically, LEAF was developed in an effort to combine
frameworks for embodied cognition (i.e., focus on the individual learner) with CHAT (i.e.,
focus on collective activity). In combining the two, our goal was to explore the benefits of
adding an explicit focus on embodiment within CHAT, as well as the benefits of exploring
collective activity for understanding individual and collective embodiment in new ways. We
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believe that the results demonstrate the importance of understanding embodied learning as
simultaneously individual and collective, and as mediated by tools, rules, community, and a
division of labor.

We have endeavored to illustrate this relationship by drawing on seven different
implementations of the STEP: Particles environment, which were implemented over 6 years
of iterative design and research activity. Across these implementations, we have illustrated
how embodied learning cannot be simply attributed to one body, or one embodied action. Nor
can it be solely attributed to the technology that lets us track embodied movement and provide
feedback to learners in real-time. Rather, we must try to unpack all of the mediators and
activities in which embodied learning occurs, and explore these activities in ways that go
beyond prior efforts from embodied cognition or CHAT. Similar to Tissenbaum et al. (2017),
we see value in exploring how bodies in coordination, both convergent and divergent, can
support sense-making. Our hope is that our examination of the different mediators of this
activity, explored simultaneously at both the individual and collective level, helps to further
elucidate the process for other designers and researchers of collaborative environments that
leverage embodied activity.

Much of the literature on embodied cognition can be labeled as either individual (Lindgren
et al. 2019), with a focus on how learners’ bodies support their cognitive processes, or
collective (Ma and Hall 2018), with a focus on the unique experience of ensembles attempting
to coordinate their learning. We believe both of these branches of literature are quite valuable,
and have attempted to build upon them equally. In fact, our goal has been to synthesize them
into a new and unique account of embodiment that recognizes both of these traditions, building
on studies of the body that focus on cognition and learning (Lindgren et al. 2019), as well as on
communication (Goodwin 2000), and collective action (Ma and Hall 2018). The whole is, we
believe, greater than the sum of the parts in that it provides new insights not only into how each
of these dimensions operates separately, but also into how they are mutually constitutive, with
individual experiences both shaped by, and helping to shape the collective experience.

At the same time, we have attempted to build on CHAT (Engeström 1987), a theoretical
framework that has long been explored within CSCL (Ritella and Hakkarainen 2012). Here,
our goal again was not to add a fundamentally new dimension, but to highlight some important
insights that we believe are not always foregrounded in prior research. That is, CHAT has
always, to our understanding, explored the dialectic between individuals and the collective.
However, many accounts within this tradition inadvertently privilege one dimension over the
other, orienting us toward the collective at the expense of the individuals who make it up or
vice versa (Witte and Haas 2005). By explicitly characterizing and labeling the individual and
collective dimensions as well as their intersection, our goal was to make this dialectic more
concrete, and more visible, exploring how group cognition and individual cognition are
intertwined (Stahl 2010). In doing so, we were challenged to articulate the relationship
between the two, as well as their unique contributions.

The end result is, we believe, a framework that can help us to better understand embodied
activity, not just embodied action, at these two levels (individual and collective) simultaneous-
ly without having to direct our attention away from either. Analytically, we believe this helped
shed light on the impact of our design decisions, and how learners’ experiences were shaped
by them. We find that most of the existing approaches to embodied cognition focus on only
one dimension or the other (individual or collective) or on a subset of mediators such as
focusing narrowly on how the software tools support individual learning. In contrast, we
believe that LEAF points to the value that attending to all of the mediators across the
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individual and collective dimensions might add to prior analyses and frameworks. The tools
that learners use are impacted by the object of their activity, and the object is negotiated by the
community who follows a shared set of rules, while organizing around a unique distribution of
labor. Each of these impacts the others, and thus we feel that any analysis that leaves one or
more out is fundamentally incomplete. Furthermore, we are conscious that many applications
of CHATare viewed as too vague or all-encompassing (Witte and Haas 2005), and believe that
articulating our framework as an explicitly analyzable list of mediators and their relationships
can help to make it more explicit and concrete in order to support future design and research
efforts that leverage CHAT in CSCL and beyond.

Design guidelines emanating from LEAF

To further illustrate the concrete value of LEAF in supporting the design and analysis of
embodied learning environments, we propose the following design guidelines that build on our
ongoing work with the STEP environment and beyond:

1) Design for collective embodiment of collective phenomena.

Not all concepts or phenomena of interest can be meaningfully represented or explored at
the individual level. In fact, it is beneficial to explore many phenomena as complex and
collective, made up of many different elements (Hmelo-Silver and Azevedo 2006). This
was the case with students’ exploration and understanding states of matter in the STEP
environment. We have found that collective embodiment where students must all coor-
dinate their actions are particularly fruitful for exploring this kind of phenomena as their
efforts to coordinate their motions help to make features of the aggregate more salient,
such as the realization by students in STEP that multiple particles need to behave
similarly for a state of matter to come to be.

2) Design for both individual and collective embodiment.

Our analysis indicates that embodiment has meaning for students both individually and within
the collective. Therefore, it behooves us to design to support these two experiences in unique
ways. In the case of STEP, being able to see their individual avatars helped students to
coordinate their individual motion. At the same time, aggregate representations such as the
state meters were important for helping them to make sense of their collective activities.
Effective designs need to attend to both dimensions.

3) Design for the interaction of individual and collective embodied activity.
As we note above, individual and collective activity exist in the same place at the same

time, and recognizing this can help enhance our designs to capitalize on this overlap. In
the STEP environment, this took the form of not only providing representations for both
as in point 2, but in designing to support students in transitioning between the two, and in
recognizing that some tools might support connecting the two. For example, the repre-
sentation of the attraction between particles in STEP appears to have helped students to
coordinate their individual actions with those of their peers in powerful ways as they
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attempted to impact the collective. It was often easier for them to aim to move in concert
with one friend first, rather than trying to arrange 10 of their peers simultaneously.

4) Design to support collaborative reflection about how collective embodiment is tied to
conceptual ideas.

We rarely saw students come to instantaneous conclusions about their embodied activity while
engaging in it. Rather, they were busy acting, and often distracted by the many activities that
occurred at once. In our earlier designs, having moments where the students could discuss their
prior embodiment proved crucial to them recognizing the import of those interactions,
interpreting them, and planning new actions. These moments allow students to collaboratively
understand how individual and collective actions map to conceptual ideas. However, embod-
ied activities are often particularly challenging to reflect on because they are fleeting and may
not leave a trace in the environment. Therefore, in later designs, we developed annotation tools
to support reflection by helping students to represent key aspects of their peers’ embodiment
for later consideration. In both cases, the opportunity to discuss and reach consensus seems
crucial for students to recognize the key ideas that they were intuitively exploring through their
embodied activity. For all designers, it will be important to consider how to support reflection
on embodied activities which are fleeting, and which therefore do not lend themselves to
consideration in the same way that static representations do.

5) Always attend to and design for embodied mediators of activity - not just the tool.

It is easy to think of ourselves as technology designers, especially after spending months
focusing on how our motion tracking technology can be calibrated to recognize students’
movement and then represent them in meaningful ways. However, the LEAF framework
reminds us of the importance of attending to all of the key mediators of activity (rules, tools,
community, and division of labor) in our designs. This is important both for helping our
implementations and helping us modify our designs themselves. Thus, our attention to the
importance of reflection not only helped us to think about how to help students make sense of
their time in the embodied STEP simulation via distinct divisions of labor (e.g., alternating in
the role of actor or observer), it also suggested next steps for our tool design (e.g., providing
annotation tools to help connect the embodied activity and the reflection opportunities together
more seamlessly) and for how we think about the entire community (e.g., working together
with the teacher to develop consensus around norms that can further guide embodied activity).

Designing for computer-supported, collaborative, embodied learning environments is quite
challenging in part because while embodiment is central to our lived experiences, it is often
disconnected from how we have learned to use computers to support work and learning. With
LEAF and these guidelines, however, we believe it is possible to consistently refine our
designs to focus on how embodied learning is unique, and how it is situated in meaningful
activity that we can also design for.

Conclusion

Evolving technologies make it increasingly easy and affordable to support embodied activity
in formal and informal learning environments alike. Although the field has provided robust
insights into how we might support individual embodied learning, LEAF offers a holistic
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framework that can allow researchers to understand how to support the design of collaborative
learning environments by attending to both dimensions of learning. Additionally, our goal in
developing LEAF is to help ensure that these technologies are taken up by educators in ways
that build on what the learning sciences know about embodied cognition and learning, and
support learning in truly robust and deep ways.

Looking forward, we believe this framework can serve as both a springboard for further
theoretical development, and as a powerful design heuristic for planning new tools and
activities that leverage the body for learning. Theoretically, we demonstrated the importance
of each mediator in the two dimensions of individual and collective, but much work remains to
document all of the different ways that these mediators might be realized, and thus all of the
unique ways that embodied cognition might be understood. For example, our initial forays into
contrasting the STEP: Particles activities with the STEP: Bees activities suggest that there are
additional nuances to be explored in how different content areas may benefit from distinct
forms of embodied activity, both individual and collective (Danish et al. 2019). We look
forward to exploring these nuances, and hope that others will join us.

We also believe that the design heuristic reified in the questions of Table 1 can provide a
powerful tool for designing and iteratively refining new forms of embodied learning activity.
By focusing on the classroom as a site for collective embodied learning, we hope to support
the continued adaptation of embodied learning research into this important formal context,
which provides unique challenges given the number of participants that must be supported. At
the same time, we believe that continuing to explore the different mediators in design
implementations can help to inform both the embodied learning design space, and feedback
on the underlying theories.
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