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In this paper, we investigate some of the ways in which students, when given the opportunity and an
appropriate learning environment, spontaneously engage in collaborative inquiry. We studied small groups
of high school students interacting around and with an interactive whiteboard equipped with Algodoo
software, as they investigated orbital motion. Using multimodal discourse analysis, we found that in their
discussions the students relied heavily on nonverbal meaning-making resources, most notably hand gestures
and resources in the surrounding environment (items displayed on the interactive whiteboard). They
juxtaposed talk with gestures and resources in the environment to communicate ideas that they initially were
not able to express using words alone. By spontaneously recruiting and combining a diverse set of meaning-
making resources, the students were able to express relatively fluently complex ideas on a novel physics
topic, and to engage in practices that resemble a scientific approach to exploration of new phenomena.
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I. INTRODUCTION

Some approaches to instruction that engage students in
practices characteristic of scientific inquiry (observing,
hypothesizing, predicting, testing, etc.) take a relatively
scripted form. That means they explicate the procedural
steps students need to take in the process of inquiry. Indeed,
this is often necessary, as students lack previous experience
with such practices or are not yet able to spontaneously
recruit and coordinate the procedural steps we want them to
use as they learn to act like scientists. However, students
sometimes also engage in practices that resemble scientific
inquiry relatively spontaneously [1]. Gaining insight into
such spontaneous emergence of sciencelike behavior should
interest us, if we are to better understand and potentially
leverage students’ abilities for engaging in exploratory
activities in productive ways [2]. In this paper, we shed light
on some of the ways in which students can, if given the
opportunity and an appropriate learning environment, spon-
taneously engage in collaborative inquiry, accompanied by
discussion, which in a procedural sense resembles a genuine
scientific approach to exploration of new phenomena. In
particular, we pay attention to the way in which students
express their ideas in a specific technology-supported learn-
ing environment on the topic of orbital motion.

In the study described in this paper we show that students
are able to express both conceptual and procedural ideas by
juxtaposing different meaning-making resources. More
specifically, they juxtapose talk with hand gestures that
reference the underlying digital world projected on an
interactive whiteboard (IWB) and with manipulations of the
virtual world that is the focus of their inquiry. We present a
series of illustrative excerpts from student group inter-
actions that we have identified as bearing resemblance to
scientific practices and interpret the students’ use of a
diverse set of meaning-making resources, ranging from
talk, through gesture, to interaction with the digital envi-
ronment. Our study shows how student nonverbal commu-
nication can play an active role in giving students not only
access to new conceptual knowledge but can also help them
in structuring their inquiry.
To lay the foundations for our analysis, we introduce and

briefly summarize two bodies of research. The first is
concerned with gesture and how it relates to other meaning-
making resources, most notably speech, but also to the
physical and graphical structures in the environment. The
second body of research is about learning to engage in
scientific practices from a procedural point of view. Using a
theoretical perspective grounded in these two bodies of
research, the two research questions that we attempt to
answer in this study are the following:
(1) What meaning-making resources (or a combination

thereof) do students use in the studied interactive
whiteboard-based learning environment?

(2) How do students employ the available meaning-
making resources to engage in discourse that re-
sembles scientific practices?
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Our findings provide the interested researcher, teacher,
and developer of curriculum materials with a nuanced
insight into the interplay of student verbal and nonverbal
meaning making as it takes place in a technology-enabled
learning setting. We suggest that relatively common educa-
tional technology (the interactive whiteboard) can support
inquiry-based learning environments that leverage typically
relatively untapped learning potential. In our study, this
potential reveals itself in the form of student representa-
tional ingenuity, as they seemingly effortlessly recruit
meaning-making resources other than language. In turn,
their use of these resources allowed them to spontaneously
engage in the seeds of scientific practice.
We focus our attention on the procedural aspects of

student engagement from the perspective of scientific
practices, with educational technology at center stage. The
interplay of student inquiry from a procedural perspective
and multimodal communication in technology-rich learning
environments is seldom addressed in existing research in
physics education and more broadly. While there is existing
research on gesture [3–7], learner-technology interaction
[8,9], and the learning of scientific practices [10,11], the
knowledge from this research is yet to be meaningfully
integrated and grounded in concrete learning contexts that
the physics education community would find relevant and
interesting. We attempt to do this in this study. The patterns
of student engagement and communication in the presence
of modern technology should prove to be of increasing
interest to physics educators at different levels, as the
prevalence of interactive technologies in educational and
everyday contexts rises. Teachers and curriculum developers
may consider leveraging the possibilities of touch-screen
technology for introducing more activities that make use of
students’ existing abilities for nonverbal meaning making.
Researchers, on the other hand, may benefit by treating the
interplay of students’ gestures, talk, and interactions with the
technology as an additional window into the process of
learning.

II. THEORETICAL FRAMEWORK

A. From talk to symbiotic gesture
and meaning-making resources

in the environment

While much of research on discourse in learning settings
is concerned with verbal and written communication, there
has been a growing body of educational research that pays
attention to hand gestures [12]. Gestures and their role and
function in learning have been researched in experimental,
quantitative studies (for examples from psychology, see
Refs. [13,14]) and in interpretive, qualitative studies (for
examples from science and mathematics education, see
Refs. [3,5,7,15,16]).
Despite the diversity of investigative approaches and

research questions, researchers seem to agree that gesture

provides students with meaning-making possibilities that
go beyond words, and that it provides insight into students’
thought processes. Moreover, gesture even appears to be
beneficial for the gesturing person’s learning [17].
Interpretive studies suggest that student use of gestures

during discussion helps them connect perceived, concrete
features of physical phenomena with the abstract ideas and
models of scientific disciplines [16]. Furthermore, and
especially relevant for the purpose of this paper, gesturing
in the presence of objects of interest, such as the exper-
imental setup, can help students lower the cognitive load
while they produce explanations in unfamiliar topics [12].
By serving as a bridge between functional manipulation of
physical objects and verbal representations of such
actions, gestures have been shown to help students express
complex ideas even when they lack the required vocabu-
lary [7,18]. Roth [12] even proposes that “when the
classroom context supports the use of gestures students
may develop scientific modes of discourse much more
rapidly than when the context does not support the use of
gestures” (p. 375). He suggests that gesture can also
play a supportive role in shifting the form of student
discourse, from merely observational statements to “theory
talk” [12,19].
We find two points that Roth and colleagues make in

their extensive body of research particularly relevant for the
purpose of this paper. They suggest that (a) gesture can
promote the development of scientific language and dis-
course, and that (b) gesture should analytically be treated in
concert with resources in the environment in which it is
produced. The latter point has also been suggested by
researchers in other fields, including anthropology [20],
cognitive science [21],1 and semiotics [22].
Gestures that are “coupled” to the environment have

been studied most extensively in anthropology and cogni-
tive science, in order to shed light on the complexities of
multimodal2 communication in collaborative work [24–26].
Goodwin [27,28] coined the phrase “environmentally
coupled gesture” or “symbiotic gesture” to refer to hand
movements, which are produced against an external,
perceivable structure in the environment, and rely on the
meaning provided by the environment to make full sense.
For the purpose of this paper, we will refer to such hand
movements as symbiotic gestures.
Examples of symbiotic gestures include handmovements

performed by television weather forecasters, academics
pointing to overhead slides, archeologists’ gesturing
when they discuss patterns in the soil [27,28], physicists

1Hutchins even frames these processes as indications of
cognition itself being distributed between individuals and their
surroundings.

2By multimodal, we mean communication that makes use of
more than one meaning-making (semiotic) resource (e.g., talk,
gesture, recruiting information in the surrounding environment).
See Refs. [19,23] for a more in-depth discussion on the topic.
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discussing novel ideas against underlying graphical repre-
sentations [29], and physics students and teachers collab-
oratively interpreting graphs [30] and diagrams [31].
Other classifications of gesture include the distinction

between representational (gestures conveying some explicit
meaning) and nonrepresentational gestures (gestures such
as beats—rhythmical hand movement that accentuate
speech) [15,32,33]. We limit our focus to representational
gesture, which more explicitly carries physics meaning.
Because it functions as representation, explicitly relating to
physics content, we expect it to be the most interesting
category of gesture for the physics education research
community.
Furthermore, two dimensions of the so-called representa-

tional gestures will be of interest to us in this paper: iconic
(gestures representing visual features, such as shapes, move-
ment, etc.) and deictic (pointing gestures). Symbiotic ges-
tures can have both a deictic and an iconic component, as we
will also demonstrate in our study. They can be used to locate
and draw attention to (deictic component), as well as
describe and accentuate features in the environment (iconic
component), or do both at the same time.
In summary, we take as our analytical point of departure

the theoretical perspective proposed by Goodwin [26–28].
By studying human interaction and work situated in real-
world contexts, he found that participants use different
semiotic resources or “sign systems” to communicate
complex ideas while they attend to a relevant setting,
and that “none of these systems in isolation would be
sufficient to construct the actions that the participants are
pursuing. This suggests the importance of not focusing
analysis exclusively on the properties of individual sign
systems, but instead investigating the organisation of the
ecology of sign system.” (p. 36) [27].

B. Investigative Science Learning Environment (ISLE)
as a framework for interpreting the processes

of students’ inquiry

In this study, we explore students’ behavior in terms of
procedural elements discerned from their discourse and
interactions with the studied digital learning environment,
and relate them to characteristic elements of scientific
work. Below, we briefly summarize the second relevant
body of research concerned with scientific practices.
While there is no consensus within science or the

philosophy of science on what exactly the “scientific
method” means [34–38], like Wittgenstein’s family resem-
blance, there are certain elements that appear to be
characteristic of scientific practice.
The Investigative Science Learning Environment (ISLE)

framework [39,40] is an instructional approach with the
aim of teaching students the process of science and how to
think like scientists. According to ISLE, the central
elements that characterize scientific work are “empirical
evidence, inductive and hypothetico-deductive reasoning,

coherence of ideas, the testability of ideas, and collegiality”
[39]. Within the ISLE framework, these characteristics are
instantiated in the so-called ISLE cycle, consisting of five
main steps that do not necessarily follow in a linear order:
(a) observing phenomena and looking for patterns,
(b) developing multiple explanations for these patterns,
(c) designing new testing experiments and using these
explanations to make predictions about their outcomes,
(d) deciding whether the outcomes of the testing experi-
ments are consistent with the predictions, and (e) revising
the explanations if necessary [39].
Note that inviting students to generate several explan-

ations for the same pattern and systematically test
them in new experiments is a feature of ISLE that separates
it from similar cycle-based approaches to curriculum
frameworks.
Even though ISLE has been proposed as an instructional

approach, we used its interpretation of the central aspects
of science processes as an analytical lens to interpret
what the students were communicating and doing. For
another example of such use of ISLE, see Poklinek
Čančula et al. [1].

C. Bringing the theoretical perspectives together:
The focus of our research

The two bodies of research presented above serve as
footholds for our analytical vantage point. Our research
questions are as follows:
(1) What meaning-making resources (or a combination

thereof) do students use in the interactivewhiteboard-
based learning environment?
Here, we have focused on how students make

meaning by juxtaposing talk with gestures, how they
ground their gestures in visually available resources,
and how they interact with those resources, which are
made available by the learning environment at hand.

(2) How do students employ the available meaning-
making resources to engage in discourse that re-
sembles scientific practices?
More specifically, we want to see how students

use language, gesture, and interaction with the
environment to engage in elements of scientific
practices, as they are conceptualized by the ISLE
framework.

By addressing the above two questions, we wish to shed
light on the process of the emergence of scientific (in a
procedural sense) discourse among students in an inquiry-
based technology-supported collaborative learning setting
on the topic of astronomy. In doing so, our work is
positioned at the intersection of several areas (astronomy
at high school level, computer-supported collaborative
learning, multimodal discourse analysis, and the learning
of scientific practices and procedures), which are under-
researched, if not completely novel to the physics education
research community.
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III. OVERVIEW OF THE STUDY

A. Topic: Orbital motion

The topic of orbital motion has appeared quite frequently
in the media in the past few years, due to recent break-
throughs in astronomy. These include the successes of the
European space agency’s Rosetta mission [41], achieving a
rendezvous of a manmade probe with a comet, the flyby of
Pluto by NASA’s New Horizons probe [42], and the more
than two thousand exoplanets (planets orbiting distant
stars) that were and are still being discovered by analyzing
data from NASA’s Kepler mission [43]. Even more
recently, Batygin and Brown [44] analyzed data about
the orbital motion of small distant objects in our own Solar
System and proposed a hypothesis that there may be
another, to this date unobserved, planet 10 times more
massive than Earth, orbiting beyond Pluto, a very intriguing
proposal, indeed. These examples may serve as illustrations
that, though well understood, the topic of orbital motion is
highly relevant and important in contemporary astronomy.
Traditionally, however, the treatment of orbital motion

that goes beyond the basic example of circular orbits and
recitation of Kepler’s laws by the instructor has been
largely absent in high school physics instruction, perhaps
due to its detachment from everyday experience and the
mathematical skills required to treat it analytically. One
possible approach to the topic is through computer simu-
lations. Yet, even if instructors use computer simulations to
demonstrate how planets move around the Sun, there
remains a challenge of how to actively engage students,
rather than having them passively observe simulations in
the role of demonstrations and listen to the teacher’s
accompanying explanations [45].

B. Designed learning environment

In the study at hand, students were engaged in a learning
environment that we have designed as a part of a more
extensive research project on the use of interactive white-
boards in physics instruction. As part of the project, we
designed a learning environment that leverages the unique
possibilities of IWB technology to allow students hands-on
access to previously inaccessible topics [46]. One such case
was the topic of orbital motion—Kepler’s laws. We have
combined the IWB with Algodoo software [47] to create an
open-ended learning environment, in which students can
create planets and throw them into orbits (or set their initial
velocities by entering values of velocity components and/or
angles) around a massive star.
The learning environment that we have designed to a

large degree addresses the challenges mentioned in the
previous section. It is designed to support student active
and embodied engagement [48] with a topic that was
traditionally out of experimental reach, and that is, at the
same time, highly relevant for our understanding of the
Universe around us. Furthermore, as we show in this paper,

the environment can support students’ engagement in
practices that resemble scientific inquiry, though in an
unorthodox environment—a computer-based world, where
it is possible to observe and even engage with the motion of
stellar objects that have been conveniently brought down to
human spatial and temporal scales.

C. Context and setting of the study

The study we present in this paper took place in a
secondary school for students of ages 14–19 in Slovenia.
All participants were attending the second year of high
school, were 15 or 16 years old, and had 3 years of regular
physics lessons (two 45-minute lessons per week, 2 years in
primary school, and 1 year in secondary school) prior to
their participation in the study. Two weeks before the
recorded session the students were introduced to dynamics
of circular motion in class, and one week prior to the
session they worked with Newton’s law of universal
gravitation. A few students already had some knowledge
about Kepler’s laws of orbital motion, but their familiarity
with this topic varied considerably. In the Slovenian
curriculum, Kepler’s laws are a noncompulsory, optional
topic. However, at the school where the study took place,
they are traditionally included in the regular physics course
plan. Typically, a lesson on Kepler’s laws includes a lecture
on the historical background of the study of orbital motion,
stating the three laws and demonstrating a derivation of the
third law for the special case of circular orbits. In recent
years, computer visualizations have been used as demon-
strations of the motion of planets and satellites.
All students involved in the study were familiar with the

technical operation of IWBs. The school was fully
equipped with IWBs and the students had opportunities
to familiarize themselves with the IWB’s basic function-
ality over a period of at least 6 months prior to our study.
Students also reported experience of using touch-screen
devices, such as smartphones and tablets, which are in
many ways similar to IWBs [45].
Aweek prior to the recorded learning sessions one of the

researchers, who was also in the role of the instructor in this
study, introduced the participating students to the Algodoo
software with a brief 15-minute outline of its basic
functions. However, the participating students were not
familiar with the possibilities of using Algodoo to explore
astronomical phenomena until prior to the recording
session. They were aware of most of its basic functionality,
such as the various drawing and editing tools, as well as the
possibility to play, pause, and undo a simulation.
At the beginning of the recording sessions each group of

three students was given the same Algodoo scene to start
with. The scene contained a circular yellow object on a dark
background. The researcher, who sat at the back of the
classroom during the student activity, gave a brief task to
the students: “Explore the motion of smaller objects in the
vicinity of this massive central object.” The researcher also
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explained that students could create smaller objects by
drawing them on the dark background. All three groups of
students, consisting of 3 students each, quickly framed the
situation as being astronomy related and identified the
central yellow object as “a star” or “the Sun.” The color
scheme of the setup was intentionally selected to invoke
such framing.
Since the three groups of students had different previous

knowledge about the topic at hand, their explorations varied
in pace and content. However, by the end of the activity,
which lasted about 60 minutes, even the group with the
least amount of previous knowledge about the orbital
motion of planets (the group that we pay most attention
to in this paper) was able to discern and qualitatively
formulate Kepler’s three laws of planetary motion. The
other two groups, already having some previous knowledge
about Kepler’s laws, went on and explored in more detail
the role of different kinematics parameters for the motion of
planets about the Sun. The topic at hand and the possibil-
ities for inquiry that the given technological setup afforded
turned out to be very engaging and intriguing even for the
more advanced students. For example, in addition to the
qualitative and empirical investigations of the way planets
move about the Sun, the advanced students posed questions
such as the following: What is the minimum speed a planet
needs to have in order to not crash into the Sun? Can the
planet really fly off into infinity and never return? How will
sudden changes in the planet’s speed influence the shape of
its orbit?

D. Methods of data collection, selection,
analysis, and presentation

The selection of methods for data collection, presenta-
tion, and analysis was guided by the research focus. As we
are interested in the multimodal nature of the student
discourse, video and audio, instead of just audio, recording
was a natural choice for the collection of data.
The data for this study consist of approximately 3 hours

of video recordings. The video camera was placed on an
elevated stand (about 2.5 m above the floor) about 4 m from
the IWB, so that it did not disrupt the students’ movement
in front of the IWB. All participating students were in the
frame of the camera from the knees up for most of the
duration of the recording.
Since the three students involved in the learning activity

and the researcher were the only people present in the
room, the audio captured from the video camera was of
sufficient clarity and quality to allow us to make written
transcripts of the participants’ speech. In the images
presented in this paper the video frames have been cropped
to better display the relevant details.
Next, we must comment on the selection of excerpts to

be presented in this paper. The selected excerpts showcase
student ingenuity and ability to express procedurally
advanced ideas in a topic that is new to them, and for

which they do not know the “proper” vocabulary. They
first, and most importantly, exemplify the procedural steps
that students were performing during their exploration.
Secondly, while other cases of sciencelike procedural
elements (hypothesizing, predicting, etc.) were discernable
from the video data of all three groups, the selected excerpts
showcase particularly well how nonverbal meaning-making
resources, especially symbiotic gesture and interaction with
the IWB, played into the procedural structure of student
discourse.
All three groups engaged in extensive interaction

with and gesturing against the IWB, as they proposed
hypotheses and testing experiments, predicted outcomes,
and produced explanations for observed phenomena.
However, the descriptive nature of this paper required us
to limit the selection of examples to a manageable and
presentable sample size. For this reason, we have limited
the selection to examples from two groups, but mostly to a
set of episodes from the least advanced group of students.
Our methods of data analysis, drawing on the principles,

commitments, and traditions of ethnomethodology and
conversation analysis [49,50], and social semiotics [51],
have also shaped the way we represent the video data to the
reader. The way of presenting data in this paper was guided
by the need to integrate what we see as the essential aspects
of the verbal, gestural, and environmental modalities in a
compact and easily interpretable representation [52].
Therefore, the figures in this paper should not be consid-
ered as raw data, but rather as interpretations of the original
video recordings [53].
In order to make visible the interrelatedness and co-

occurrence of speech, gesture, and the environment, the
selected transcript excerpts and accompanying video
screenshots are presented in parallel. To make student
gestures and the movement of planets visible in the still
video screenshots, we have drawn white and black arrows
across the screenshots, mapping these movements in space.
The white arrows represent the movement path of the
students’ hands when they gesture or interact with the
IWB, and the black arrows represent the movement path of
planets on the IWB screen. White dots represent locations
where students pointed or held their hand for an extended
period of time (more than a second, approximately). The
underlined parts of the transcript text below the screenshot
indicate the words that co-occurred with the student per-
forming the gesture shown in the accompanying screenshot.
The selected episodes from the video data are thus

presented using a combination of three channels.
(a) Transcription of the students’ spoken utterances (trans-

lated from Slovenian to English for the purpose of
this paper).

(b) Video screenshot of the students at the IWB as they
speak the utterances transcribed in (a).

(c) Mapping of the movement of the speakers’ hands in
their environment and the movement of the planets on
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the IWB screen, using arrows [drawn across the
screenshots (b)].

The presentation style that we use is a type of multi-
modal transcription [52,54]; we do not account for the
pauses in speech, temporal overlaps of speakers’ utter-
ances, intonation, etc., since we do not see including them
as being significant for portraying the content and structure
of the selected episodes.3 However, we do, of course,
recognize that our decision to use this particular tran-
scription style is shaped by our theoretical perspectives on
what is going on in the video recordings.

IV. ANALYSIS OF SELECTED EXCERPTS

A. Patterns of student investigation and interaction

Students in all groups began to interact with the IWB
immediately after they were given the task to explore the
motion of smaller objects in the vicinity of the large central
object. They had at their disposal one stylus, which they
needed to control the IWB. They passed the stylus to each
other spontaneously, as they were creating and manipulat-
ing the content of the IWB, interacting with the computer
and with each other.
As we present the excerpts from the student activities, we

make a case for what procedural role each of the excerpts
played in the overarching narrative of student exploration
of orbital motion. We look at how students used different
resources to make meaning in each particular case and
analyze how the use of these meaning-making resources
played into students’ inquiry.

1. Performing observational experiments
by physical interaction with the setting:

Throwing planets into orbit

An investigation of a phenomenon can begin in different
ways. One that is particularly typical of human conduct is
starting inquiry by physical input. Poking, disturbing,
interfering with a system, or introducing into it new
elements can result in changes to the behavior of a system,
which can become the focus of observation and further
investigation. This was also the case in the student activities
analyzed in this paper. In terms of the ISLE framework
[39], these actions are examples of performing an obser-
vational experiment. The aim of this step, as framed by
ISLE, is to experience a phenomenon and observe it,
followed by discernment of patterns (see Sec. IVA 2).
All of the recorded activities started with the students

drawing new objects (planets to be) and letting them fall to
the surface of the Sun due to gravitational attraction. It did

not take any of the groups a long time before they came up
with the idea to send the planets into orbits around the Sun.
The most direct way to do this is to simply grab the planet
with the stylus, drag it, and retract the stylus away from the
surface of the IWB, effectively performing a “touch-screen
throw” (Fig. 1).
We now focus on group 1, in which none of the students

knew about Kepler’s laws before the session. In a matter of
minutes, the students were engaging in the self-imposed
“throwing challenge”—getting planets to move around the
Sun in repeating orbits. The task is challenging because it is
not immediately clear how one needs to throw a planet into
an orbit that would meet two basic requirements: (1) the
planet should not “run away” and (2) the planet should
obviously not crash into the Sun. Much can be learned from
the “throwing challenge” by either observing the motion of
the planets after they are released or paying attention to the
throwing action. However, we speculate that the greatest
opportunity for learning lies in gaining the experience of
performing the throwing action and reflecting on it from the
first-person perspective, rather than merely observing
others doing it.
By “throwing” planets into orbit, students engage their

bodies while learning new physics. The act of throwing
engages students in enacting the initial conditions of an
orbit phenomena—the trajectory of an orbiting body will
depend on its initial velocity (both direction and speed are
important) and the point in space where the planet is
“released.” In this sense, the activity is conceptually
congruent [48] with the targeted learning content—physics
parameters that determine orbital motion.
In examples later in the paper, we show how the action of

throwing becomes a shared experience to which students
can relate in the further exploration of the topic. In what
followed, students from group 1 reflected on the act of
throwing and produced hand gestures that simulated the act
of throwing (Sec. IVA 3), while another group even used
the act of throwing itself as a communication resource
during discussion (Sec. IVA 5). In this way, the action of
throwing planted the seed for gestures that emerge later in
the activity. This supports the findings of previous research
on the relation of action and gesture [18,55].
However, first we take a closer look at how students

formulated their observations of the outcomes of their
initial investigation.

2. Observing and describing patterns:
Discovering Kepler’s laws

The next step in students’ inquiry, as described and
analyzed below, fits very nicely into the category of pattern
recognition and representation. The step in the ISLE
framework that corresponds to this is observing phenomena
and looking for patterns [39].
When the students in group 1 got at least one planet to

revolve around the Sun in a closed orbit (an elliptical orbit),

3Had the participants in the selected excerpts been speaking in
such a way that their utterances often overlapped, or if more than
one student had used the IWB at the same time, we would most
likely have selected a different transcription style, which could
accommodate such intricacies of student interactions.
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all three groups of students spontaneously suggested that
they want to trace the path of the planet on the background.
The researcher, being well versed in the use of Algodoo,
helped them to enable a tracer. In Algodoo, a tracer is a
massless object that can be attached to other objects, which
leaves a continuous trace of a preset duration on the
background. The students’ intention was to represent the
movement trajectories of planets in a persistent way,
allowing them to more easily examine the details of the
geometrical shapes of the planets’ trajectories. In most
figures in this paper, the planets have tracers already
attached to them, since the idea of attaching tracers to
planets emerged quite early during all of the recorded
activities.
The tracer example showcases how the students’

resourcefulness can be leveraged if the instructor has

sufficient knowledge about the possibilities of the tools
the students are using. Note that the researcher did not
prompt students to attach tracers to planets; he merely
helped students follow through with their own ideas.
Knowing Algodoo enabled him to act as a technical guide
in situations where students produced useful ideas
independently.
The students used their hands extensively to help them

communicate their observations to each other. Their hand
gestures were produced against the digital artifacts dis-
played on the board (planets, planet traces, the Sun, etc.).
Verbal deictic terms like “this one” often accompanied
gestures when students were referring to particular planets
or their trajectories on the IWB screen. In Figs. 2 and 3, we
pay specific attention to how students used symbiotic
gestures in their efforts to describe their observations.

(a) (b)

FIG. 1. A student throwing a planet into an orbit around the Sun. In (a) the white arrow represents the path that the student’s hand
traveled and the black arrow represents the path that the planet traveled. The paths overlap in (a) (the student was dragging the planet
before he released it). In (b), the planet starts to orbit on a curved trajectory after the student released it by retracting the stylus from the
IWB surface. The student’s hand remains in the same place where he released the planet (the position of the hand is represented by the
white dot).

(a) (b)

FIG. 2. In (a), two students (1 and 3) are pointing out that the Sun is not in the center of what looks like a circular-shaped orbit.
Student 1 is pointing to the Sun, while formulating a verbal description of the visual characteristics of the orbits, as they are made
visually available by tracers. Student 3 uses her hand to indicate the distance between the Sun and the orbit on one side, where the
distance is the largest. In (b), student 1 uses another symbiotic gesture to describe the motion and orbital shape of the planet in a
circlelike orbit. In this case, the symbiotic gesture allows the student to explicate the discerned features of the phenomena of interest by
locating them in the setting itself, highlighting them, and thus bringing them to the attention of others.
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Students 1 and 3 in Fig. 2 are participating in the
construction of shared meaning—they are expressing their
observations by discerning observable features that seem
relevant for the problem at hand. The distance-measuring
gesture performed by student 3 [Fig. 2(a)] expresses an
observable feature (a distance), further elaborating and
supplementing student 1 pointing to the location of the Sun.
It is quite clear that it is simpler for students to express

the small discrepancies between the observed and an ideal
(perfectly centered and circular orbit) via a symbiotic
gesture, combined with verbal deixis (this, that), than in
a purely verbal form. This already points to one possible
function that symbiotic gesture plays in the studied
activity—it provides students a relatively fluent expressive
pathway, freeing up cognitive resources.
Similarly, in Fig. 2(b), student 1 indicates the path of the

planet across the trace that the planet had left on the
background. This symbiotic gesture is iconic in two
respects. Firstly, it represents the movement of the planet
itself. This interpretation is supported by the accompanying
student utterance (“how it moves”) and is further indicated
by the direction of the student’s hand motion (clockwise,
the same as the planet). Secondly, the gesture is also
representative of the geometrical shape of the planet’s
trajectory or orbit—it represents the elliptic shape that the
tracer leaves on the background. Once again, it serves to
point out direct attention of the co-participants to a
particular feature of the phenomenon of interest, effectively
establishing a common focal point for the participants’
attention and enabling collaborative meaning making.
In Fig. 3, student 1 further points out some of the

variation in the patterns of different planets’ orbital motion
by making extensive use of symbiotic gestures.
It thus appears in this case that the symbiotic gesture

plays an important role in the initial establishment of shared
attention in the students’ collaborative [see Fig. 2(a)]
formulation of observations.

We see in excerpts shown in Figs. 2 and 3 that students
have begun to recognize some of the central features of
elliptic orbits of planets, and were able to express their
observations using an interplay of symbiotic gestures and
language.
First, they noticed and expressed their observation that

the orbits are not necessarily perfect circles and that they
can be more or less “circlelike” and proposed that the
orbits may be elliptical, and second, they observed that the
Sun is not located at the “center” of what they recognized
to be the planet’s elliptical orbit, but rather somewhere else.
These observations can be considered to provide an
empirical foundation for the more formally expressed
Kepler’s laws.
In fact, though not shown in this paper, the students in

all three groups eventually successfully discovered on a
qualitative level all three Kepler’s laws. In addition to
investigating some of the geometrical properties of orbits
(as demonstrated above), they also found that planets move
faster when they come closer to the Sun in their orbits
(Kepler’s second law) and that planets that are on average
further away from the Sun take more time to complete their
revolution (Kepler’s third law). Furthermore, they were
able to transduct [56] what they initially expressed using a
juxtaposition of symbiotic gesture and talk into language
alone when asked by the researcher to do so.
The examples above show how students were able to

notice and express the patterns discerned using a wide
range of meaning-making resources, from those provided
by the software (tracers), made available by the students’
environment, to symbiotic gestures, juxtaposed with
speech. Note that students’ talk contained almost no
physics vocabulary associated with this topic (e.g.,
aphelion, eccentricity, focus). Rather, it was the symbiotic
gesture that filled in the gaps and allowed students to
express and communicate what they observed to each other
and the researcher.

(a) (b) (c)

FIG. 3. In (a), student 1 is pointing to the “center” of the more pronounced (more eccentric) ellipse. In (b) and (c), he refers to the two
differently shaped orbits, stating that “this one” (b) looks like an ellipse, and “this one” (c) looks like a circle. In this case (b),(c), the
gestures represent the geometrical properties of the two orbits. Functionally, the symbiotic gestures shown here are employed by the
student to express some discerned variation in the observed phenomena of interest.
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Drawing parallels to existing research of collaborative
action in technology-rich environments, such as Hutchins’s
studies of pilots and naval officers [21,24], one can
consider the student interactions in the above presented
episodes as cases of distributed cognitive tasks. The
vocabulary-heavy task of describing and conveying the
patterns of orbital motion to fellow students is seemingly
redistributed between the students’ vocabulary, their ges-
tures (most notably symbiotic gestures), interactions with
the IWB, and the digital artifacts on the IWB themselves. In
this sense, the IWB helps to redistribute some of the
students’ tasks into a wide palette of meaning-making
resources. One of the most beneficial effects of such a
distribution seems to be the decreased need for preexisting
knowledge of specialized vocabulary. This means that
students can approach the topic of instruction on a con-
ceptual level even when they do not know the terms that
would typically be used by expert physicists.

3. Hypothesizing and predicting: “What determines
a planet’s orbit?”

So far, we have seen how students have engaged with the
IWB when “throwing” planets into orbits around the Sun
(performing observational experiments in ISLE terms) and
how they used their hand gestures in combination with
speech and the environment (the IWB screen) to describe
their observations (observing phenomena and looking for
patterns in ISLE terms). In this section, we will give
examples of the same group of students expressing their
ideas and proposing ways of testing those ideas later in the
session. The examples given below align with two main
steps in the ISLE framework: developing explanations for
the observed patterns and using these explanations to make
predictions about the outcomes of testing experiments.
In Fig. 4, student 2 expressed an idea that a planet

coming from far away and approaching the Sun, but just
missing it on its approach, can orbit the Sun on a very
elongated orbit. This clearly goes beyond pattern descrip-
tion and delves into the process of extrapolating observed

patterns to come up with predictions. Furthermore, as we
will see below, student 2 actually proposes a hypothesis
about what determines the planet’s motion in terms of
orbit shape.
Once again, it is clear how symbiotic gestures performed

by student 2 [Figs. 4(a) and 4(c)] and student 1 [Fig. 4(b)]
allow students to construct shared meaning grounded in the
perceivable materials on the IWB, and serve as a means of
expressing ideas that are much harder to put into words than
to enact. Effectively, symbiotic gestures allow the students
to engage in speculation about the phenomena of interest in
a clear and understandable way.
At a later point, the group was discussing what factors

influence the shape of a planet’s orbit, when student 2
proposed that the initial velocity with which a planet is
launched (or thrown in our case) determines the shape of its
orbit. This idea captures the essential principle required for
the understanding of the kinematics of orbital motion. In
cases where the mass of the star is much larger than that of
the orbiting planet, and the distance between them is large
compared to their radii, the planet’s motion about the star
will depend only on its initial velocity (speed and direction
of motion). That means that if we know (or set) the planet’s
velocity at any point in space, this uniquely determines the
planet’s futuremotion trajectory and speed, as long as a third
body, not part of the planet-star system, does not disturb it.
In Figs. 5–7 student 2 juxtaposes symbiotic gestures and

talk to propose a testing experiment and explains what he
expects to be the outcome of that experiment based on his
hypothesis [39]; he suggests throwing a planet from a
location in its existing orbit (which is almost circular) with
a speed that is larger than the speed the planet had just prior
to the imagined experiment.
The sequence in Figs. 5–7 is just over 6 sec long. Yet, it

is extremely rich in terms of conceptual content and
semiotic structure and plays a crucial role in the over-
arching narrative of the students’ ongoing inquiry.
Similar to the previous examples, we can see that

the symbiotic gestures in this sequence are mostly repre-
sentations of planetary motion. However, there is one

(a) (b) (c)

FIG. 4. Student 2 suggests that if a planet started out far away from the Sun and moved towards it, but just missed it (a),(b), it would
have a very elongated orbit (c).
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(a) (b)

FIG. 5. The sequence of gestures is particularly interesting, because it mirrors students’ previous interactions with the IWB. The
gesture by student 2 in (a) represents the local movement of the planet. We can infer this from the accompanying student utterance. The
gesture in (b), following directly the one in (a), simulates a “touch-screen throwing” motion with a finger—the student bends back his
finger and flicks it as he retracts the hand from the screen surface (not clearly visible in the figure, but visible in the video).

(a) (b)

FIG. 6. The student continues to elaborate on his idea. He changes the hand with which he gestures and swings it vigorously while
saying the words “too fast.” His finger in (b) is pointing towards a distant point out of the screen area (effectively extending the gesture
space) to indicate that the planet, if thrown too fast, would fly far away. He supports this gesture with the words “fly away.”

(a) (b)

FIG. 7. Finally, student 2 gives a prediction of what he expects to happen in the “faster throw” experiment. He traces out the predicted
path of the planet, starting and finishing it at the same point on the screen. The shape that he draws is quite irregular, not very similar to an
ellipse, but this can be due to the lack of available screen area, the limited extent of the student’s reach, and the student drawing the shape
in a quick and rough style. Once again, the gesture can be seen as referring to both the planet motion and the geometrical shape of the orbit.
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particularly interesting gesture [Fig. 5(b)] that is different in
this respect. The gesture represents the “throwing action.”
The student is bending his finger backwards as he simulates
a throwing stroke and flicks the finger forward as he retracts
the hand away from the screen. This gesture is interesting
because it does not represent the motion of an object as an
entity that is separate from the gesturing subject. In this
case, the gesture is a simulation of an action performed by
the gesturing subject himself.4 Furthermore, the gesture in
Fig. 5(b) does not simulate an ordinary throwing action that
one would perform throwing a real stone or a ball. It
simulates a “touch-screen throw.” This type of action is
performed in interactions with touch-screen devices, such
as tablets, smartphones, or IWBs. We can assume that the
finger-flicking motion originates from student’s previous
experience with touch-screen devices. This serves as an
illustration and a reminder that students actively draw on
their physical experience of manipulation of and interaction
with the world when they communicate through gesture
[18,55]. The touch-screen throwing gesture is an indication
that the experience on which the students can draw might
also be actively generated by the students’ interactions with
modern technology, such as touch-screen interfaces. This
observation offers us a tantalizing view of the potential of
new technologies to help us leverage our capability for
embodied learning. The ways of physical engagement with
technology can be recruited to investigate and make
meaning in new contexts. New technologies therefore have
the potential to facilitate types of learning and problem
solving that were previously not possible.
Finally, the sequence shown in Figs. 5–7 once again

demonstrates the power and utility of symbiotic gestures
for the communication of ideas. Gestures that are coordi-
nated and coupled with the material setting (the IWB in this
case) can be seen as a “broadband and high-speed con-
nection” between the students’ mental simulations and the
shared communication space. Where language (especially
the students’ lack of vocabulary on the given topic, but also
the nature of the observed phenomena) would in this case
be an inconvenient bottleneck for the fluency of the student
exchange of ideas, gestures, in juxtaposition with talk and
semiotic resources in the environment, allow students to
express their ideas in a fluent and efficient way. And once
again, the sequence presented in this section demonstrates
how such fluent exchange of ideas can be in service of what
appears to be the seed of sciencelike inquiry.

4. From symbiotic gesture to manipulation
of the environment

Thus far, we have shown how students can make use of
symbiotic gestures to direct attention to specific features and
establish common meaning. We now explore how students

engage with the environment, the digital world accessible
through the IWB, in ways different than throwing. Here, we
show that student interaction with the IWB was not only in
service of performing observational experiments, but also
served other purposes in the inquiry process as described by
ISLE, such as performing testing experiments.
The following example (Fig. 8) shows students 1 and 3

making predictions of what they expect to happen if air
resistance was suddenly introduced into the simulation.
They made these predictions towards the end of their
session, when they had already had some experience with
the orbital motion of planets around the Sun.
Just before the excerpt in Fig. 8, student 3 suggested that

the planets follow in their own path repeatedly (in exactly
the same elliptical orbit again and again), because there is
no resistance to impede their motion. The students pro-
duced the gestures depicted in Fig. 8 after the researcher
asked them what would happen if there suddenly was air
resistance.
Note that this kind of pointing has more than just a

deictic role. It plays a central role for the iconicity of the
gesture, as it is being used to depict the movement of
the planet. Not having seen the planet actually spiral in yet,
the gestures indicate that the students were running mental
simulations of a hypothetical situation of planetary motion
in novel circumstances (with imagined air resistance).
Gestures can therefore serve as indicators that a mental
simulation process (a thought experiment of sorts) is taking
place. In fact, gesture has even been argued to play a role in
cognition itself by allowing the students to offload some of
their “thinking” onto their body’s sensorimotor functions
[7]. This can be interpreted as the student thinking through
gesture, instead of it serving merely as an expressive mode.
As the study at hand provides no further evidence to
support a claim that gesture influences thinking, we will
treat it as a mere possibility to be further explored by future
research, although there is already some research that
supports this hypothesis [57,58].
After a brief discussion, the students turned on air

resistance in the Algodoo environment by pressing a
dedicated button. The path that the tracer attached to the
planet drew is shown in Fig. 9—the planet spiraled inwards
toward the Sun. The students considered this to be in
accordance with their predictions and were satisfied with
the understanding that they were able to demonstrate by
giving a prediction that matched the outcome of the testing
experiment. Student 3 further noticed that the spiral
trajectory was shaped in a particular way (the intermediate
aphelia were aligned in the same direction, see Fig. 9), and
once again expressed her observation using a juxtaposition
of talk and symbiotic gesture (pointing out the alignment of
intermediate aphelia), even though she did not know the
expression “aphelion.”
This example shows how the responsiveness of

the environment in which the students investigate the
4Such gestures have been classified as character viewpoint

gestures [26].
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phenomena of interest allows them to not only discuss
hypothetical scenarios but also brings them into existence
and tests their ramifications for the phenomena of interest.
The case of introducing air resistance is particularly apt in
demonstrating how the learning environment supported
students’ divergent thinking and discussion of “what if”
questions. The instructor (the researcher in our case) was
able to leverage students’ ideas, and with a minor inter-
vention in the form of a question, have them follow up their
discussion with predictions (once again expressed by
symbiotic gestures) and even with a realization of the
imagined scenario in the form of a testing experiment. The
flexibility and responsiveness of the environment therefore
allowed and, in combination with appropriate framing of

the task, also encouraged students to try things that they
could not do in real-world settings. Such interactions with
the IWB content gave rise to new observations, in turn
fueling the cycle of inquiry.

5. Telling by doing: “Throwing” as
a communicative act

The last example in this paper shows a sequence of
interactions between students from group 2. The sequence
demonstrates how students can integrate interaction with
the IWB into their discussion in a fluid way, so that
interaction with the IWB itself becomes a meaning-making
resource, similar to gesture and speech. In a sense, we can
see that there is an apparent continuity and fluency between
symbiotic gesture such as that shown in Fig. 5 (throwing a
planet) and actual throwing of a planet, to communicate a
certain message. In addition to the semiotic richness, the
sequence also exhibits characteristics of sciencelike dis-
course, namely, a debate centered around two competing
hypotheses.
The following sequence (Figs. 10, 11, and 12) shows two

students engaging in a discussion about whether a planet,
independent of its initial velocity, always comes back
(formally, this is a question about the existence of the
so-called escape velocity). The discussion started with one
of the students proposing a requirement for a planet to start
orbiting around the Sun (Fig. 10).
The following snippet (Fig. 11) happened right after the

clash of ideas shown in Fig. 10. Student 4 turned towards
the IWB, quickly drew a new planet, and threw it towards
the right-hand side of the IWB with a very high speed.
Student 4 made use of the responsiveness of the digital
environment to create a desired situation instead of just
talking (or gesturing) about it. This way, without saying a

(a) (b)

FIG. 8. In the sequence shown in the figure, we can see a symbiotic gesture, produced by student 1 and its immediate repetition by
student 3. The gestures were produced in a rather quick manner, as rough illustrations of the type of motion that students 1 and 3 expected
to see after they introduce air resistance into the simulation. The students did not move their hands in the plane of the IWB surface, but
rather used their index finger to point to an imaginary point on the IWB surface, and in this way extended the effective spatial reach of their
gestures. The arrow represents the position of the imaginary point of intersection between the direction of their pointing and the plane of
the IWB screen.

FIG. 9. The outcome of the experiment, where air resistance
was introduced into the simulation of planets orbiting the Sun.
The planets, as the students predicted, spiraled inwards towards
the Sun. The spiral is shown.
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word, he was able to realize his idea of an experiment, with
the intention of convincing the other student.
In this case, the student’s interactions with the IWB can

be seen as meaning-making actions. The spontaneity with
which students were able to operate the equipment allowed
them to use not only gestures that mimic action (like in
Fig. 5, for example) but action itself with the purpose of
communicating their ideas. The fluency and ease with
which student 4 in Fig. 11 had drawn the planet and
performed the throwing action can be compared to that of
the gestures shown in Figs. 5–7. Interestingly, Adams [59]
found that one of the reasons why students use gestures
when using the simulation is that they are unable to quickly
cause the simulation to provide the visualization that
would match their talk. The example we give in Fig. 11
suggests that if the interface allows students a very direct

and efficient way of engaging with the simulation, students
can spontaneously recruit the available resources in the
simulation software and integrate them into the ecology
of meaning-making resources that they use in their dis-
cussion. In this way they can, as shown above, produce a
testing experiment (experiment where different hypotheses
can be judged based on the outcome) as an integrated
part of their multimodal discourse. The sequence in
Figs. 10, 11, and 12 thus not only showcases students’
resourcefulness and ingenuity when they work with
highly responsive digital tools, but also gives us a glimpse
of an exciting and engaging (for the students) discussion
centered around two competing hypotheses. The very
process of such discussion is potentially a productive
breeding ground for the emergence of sciencelike
practices.

(a) (b)

FIG. 10. Student 5 proposes an explanation for how the planet starts orbiting around the Sun (the planet moves forward faster than it
moves towards the Sun). To that, student 4 replies that the planet also should not move too fast, otherwise it will fly away and not return.
The students do not agree on whether there is such an escape velocity. Student 5 claims that the planets will always return, but their orbits
do not necessarily have a perfect circular shape.

(a) (b)

FIG. 11. Student 4 turns to the IWB, quickly draws a new planet, grabs it, and throws it with a very large velocity towards the right-
hand side of the screen.
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V. DISCUSSION

A. Answering the research questions

The presented analysis of student interactions in the
studied learning environment allows us to answer our
research questions.
(1) What meaning-making resources (or a combination

thereof) do students use in the interactive whiteboard-based
learning environment?
The analysis of the cases presented in this paper clearly

shows that students rely heavily on meaning-making
resources other than talk, as they engage in the studied
activities. In addition to talk, students make use of hand
gestures and juxtapose them with talk and features in the
environment (what is being displayed on the IWB),
producing so-called symbiotic gestures [27], which allow
them to express nuances of meaning that are difficult to put
into words (see Secs. IVA 2–IVA 5). Furthermore, they
take advantage of the intuitive manipulability of the
technological setup (the combination of the IWB with
Algodoo) to manipulate on-screen content and produce
virtual scenarios as they discuss ideas that emerged during
their activities (see Secs. IVA 4 and IVA 5).
(2) How do students employ the available meaning-

making resources to engage in discourse that resembles
scientific practices?
We have used the ISLE framework [39] to identify

elements of sciencelike practices in student activities. We
have shown examples of how students juxtapose talk with
symbiotic gestures in describing observed patterns
(Secs. IVA 2 and IVA 4), proposing testing experiments,
and making predictions about their outcomes (Secs. IVA 3–
IVA 5). Furthermore, students also manipulate the environ-
ment itself when performing observational experiments
(Sec. IVA 1), customizing simulation parameters to perform
testing experiments (Sec. IVA 4) and perform on-the-spot

testing experiments inspired by the topic of discussion at that
very moment (Secs. IVA 4 and IVA 5). What is most
interesting about these findings is that the observed patterns
of student interaction and discourse often emerged without
specific prompting (the exception being Sec. IVA 4). This
indicates that, given the right conditions, students can in fact
spontaneously engage in what appears to be the seed of
scientific practices.

B. Implications for instruction

Based on these findings, we propose that visually
accessible and easily manipulable digital environments,
when used in collaborative open-ended inquiry-based
activities, can support the emergence of students’ science-
like behavior. They do this by allowing students to recruit a
variety of meaning-making resources that are typically not
considered to be the central means of communication in the
physics classroom.
In practice, teachers can place more emphasis on

encouraging students to make use of their hands during
discussion, especially when they are yet to develop a
specialized vocabulary in the topic. Conceptual and pro-
cedural ideas may initially manifest themselves through
“hand waving” before they can be wrapped into expert
vocabulary. Naturally, learning the discipline’s vocabulary
is a part of moving towards expertise. However, for a
teacher, attaching words to concepts that students have
learned and even expressed using other means of commu-
nication will be the easy part.
Our study also points to a powerful role educational

technology can play in physics instruction. Rather than
connecting physically isolated individuals over the Web,
which is the way in which many computer-supported
collaborative learning environments tend to function, tech-
nology can bring together individual learners in a genuinely

(a) (b)

FIG. 12. After the throw, student 5 responded by proposing his own idea of how to observe the outcome of this experiment that would,
as he believed, support his own argument that a planet would return after a long time. He knew that the simulation speed could be
adjusted and suggested that they increase its speed to avoid waiting a long time before the planet would supposedly return.
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shared physical space. The IWB, as it is being used in our
study, functions as a connecting social hub against which
student embodied engagement obtains a meaningful func-
tion in the process of learning to act like a scientist. Such
use of technology maintains personal human contact and
face-to-face exchange of ideas as its central tenet. We can
speculate that in addition to talk and gesture, the highly
nuanced expressive possibilities of body posture, gaze,
facial expression, speech intonation, etc. provide students
with an even more versatile and flexible set of meaning-
making resources. If teachers want to capitalize on the
potential of technology, as it is discussed in this paper, they
should use the technology to physically bring students
together.
Implementing the presented learning materials in differ-

ent settings, such as large classrooms, and in different
physics topics will surely be accompanied by challenges.
Scaling the activities up in terms of classroom size and
maintaining their character can be difficult. Further
research is needed to explore different ways of bringing
such activities into large classrooms and addressing the
accompanying challenges. A possible way of bringing the
described activities into a larger classroom is migrating
them from an IWB to a larger number of tablets equipped
with the same software. Where teachers have tablets at their
disposal, we suggest they put students into pairs to avoid
overcrowding around each tablet and to maximize the
possibility for each student to engage with the simulation.
Using a single IWB in a large classroom setting will most

likely result in a different character of exploration [45].
Engaging students in whole-classroom discussion and
investigation requires the teacher to take on a more central
role, actively delegating tasks between students and leading
the discussion [45]. In any case, it is important that the
teacher is well prepared to operate the combination of
software and hardware, in order to be able to help students
with technical advice and to help them stay “on track” [45].
While we have invested significant time and thought into

preparing the digital materials that were used in this study,
Algodoo and the IWB, as well as other software and
hardware combinations, may be able to foster similar types
of student interactions in other topics. Algodoo offers
possibilities for open-ended inquiry-based activities on a
diverse set of topics [47], from geometrical optics to the

study of gases and crystals at microscopic scale.
Educational simulations such as PhET [60] and games
that engage learners kinesthetically [61,62] may be another
source of inspiration.

C. Future research

Further research is needed before we can make any
broader generalizations about the role and importance of
particular features of instructional design, instructor inter-
ventions, and contextual factors in bringing about student
behavior that mirrors scientific practices in the way that we
have observed in this study.
In terms of the ISLE framework, our study therefore

primarily stands for observation and description of patterns.
As such, it allows hypothesis generation, but not yet
rigorous hypothesis testing. It provides us with valuable
insight into the ways students organize inquiry and mean-
ing making in novel settings. They do it by spontaneously
recruiting their bodies and digital materials at their dis-
posal, juxtaposing them with talk and each other, to express
what they struggle to put into words alone.
One hypothesis to be further tested by future research is

that the combination of framing the activity as open-ended
inquiry, limiting the scope of potential exploration by
defining the topic of interest, and providing the students
with a visually accessible and intuitively manipulable
environment is what allows them to engage in the pro-
ductive behaviors similar to those described in this paper.
This implies that similar processes may take place in other
settings, including inquiry-based laboratory sessions,
where students interact with physical equipment and
discuss experimental procedures. We hope that future
research will further draw on multimodal discourse analysis
and look at collaborative active learning settings, where
students congregate and interact in the presence of and with
materials, be they digital or physical.
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