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ABSTRACT: When students share and explore chemistry ideas with others,
they use gestures and their bodies to perform their understanding. As a publicly
visible, spatio−dynamic medium of expression, gestures and the body provide
productive resources for imagining the submicroscopic, three-dimensional, and
dynamic phenomena of chemistry together. In this paper, we analyze the role of
gestures and the body as interactional resources in interactive spaces for
collaborative meaning-making in chemistry. With our moment-by-moment
analysis of video-recorded interviews, we demonstrate how creating spaces for,
attending to, and interacting with students’ gestures and bodily performances
generate opportunities for learning. Implications for teaching and assessment
that are responsive to students’ ideas in chemistry are discussed.
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■ INTRODUCTION AND THEORETICAL FRAMEWORK

Scientific Practice as Meaning-Making through Social
Interaction

Producing, negotiating, and sharing chemical knowledge is a
social process,1−4 whether it be among graduate students in a
laboratory, between seasoned scholars through the pages of
Nature, or within the chemistry classroom. Describing the
natural world to one another, co-constructing scientific
meaning, requires chemists as well as students and teachers
of chemistry alike to generate and make sense of
representations (signs) that express diverse aspects of natural
phenomena. The process of making meaning in any natural
science, be it at its frontiers or in its classrooms, is therefore a
social, semiotic process.5−8

We begin this article with the premise that the construction
of chemical knowledge involves the collaborative, interpretive
work of making meaning (semiosis) through social interaction.
With this, we adopt the perspective that the process of learning
science in general and chemistry in particular consists of
evolving forms of participation in disciplinary practices of
cooperative meaning-making.9,10

Multimodality in Science Learning and Teaching

“To do science, to talk science, to read and write science it is
necessary to juggle and combine in various canonical ways
verbal discourse, mathematical expression, graphical−visual
representation, and motor operations in the world.”7

To fully understand the processes of science teaching and
learning, we must broaden our analytical gaze to all forms of
interaction that occur in the classroom.6,8,11 Instructors and
students constantly engage in meaning-making processes that
integrate different modes of communication and activity.12

Among others, these modes may be linguistic (e.g., spoken or
written language), visual (e.g., images, three-dimensional
models), or visuo-dynamic (e.g., animations, visible action
while manipulating a model, gesture).13 Generating and making
sense of signs are bodily and kinesthetic engagements. To
understand these processes, we must treat bodies acting in
social and material environments as loci for meaning
production.14

Historically, research in science education focused on written
or verbal modalities of communication.15 Chemistry education
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researchers, for example, have investigated students’ experi-
ences with written text and visual formats (multiple external
representations, MER),16−19 but few have considered the role
of the body in visualizing and making meaning.20 In the past
decade, researchers in various areas of science, technology,
engineering, and mathematics (STEM) education have
increasingly attended to additional modes, especially the role
of the body and gesture, in their investigations of learners’
formulation and communication of ideas. Gesture as a resource
for meaning-making in learning and teaching is explored in
mathematics education,21−28 physics education,29−33 and geo-
science education,34,35 but has received less attention in
chemistry learning and teaching contexts.36

In this paper we elaborate on the significance of embodied
ways of knowing that are performative and ephemeral37 and are
commonly undervalued in favor of texts and written diagrams.
We propose that the creation of interactive learning spaces for
spontaneous and improvisational multimodal performances by
teachers and students is of great relevance to enrich chemistry
learning.
Gesture and the Body in Chemistry

As a readily available, visible, three-dimensional, spatio−
dynamic mode, gesture is particularly well-suited to meaning-
making at the molecular level. Chemistry phenomena are
frequently submicroscopic (inaccessible to our senses38), three-
dimensional (spatial), and involve motion or change (dynam-
ic). Gesture, as publicly visible, spontaneous action,39 is
available for the collaborative imagining of unobservable,
invisible realms.25,26,40 For example, in a pantomime perform-
ance, the hands and the body can bring entities, such as
molecules or electrons, to illusory presence and materiality in
spite of their not being directly perceivable. Gesture also allows
for the marking out41 of shapes of complex three-dimensional
phenomena (e.g., p- or d-orbitals) in space. In addition,
gestures of the hands and body can demonstrate movement,42

and enact the translation, vibration, or rotational motion of
chemical entities.
For example, consider how the vibrational modes of a water

moleculea submicroscopic, three-dimensional, dynamic
phenomenonmight be uniquely performed using gestures.
Arms and bodies can enact bending and wagging dynamically in
three dimensions on demand. In contrast, typical visual
representations of molecules lie dormant on the pages of
textbooksstatic and two-dimensionaland perhaps only
come to life briefly in a simulation on a lecture slide. Many
chemistry education researchers have lamented students’
struggles with understanding submicroscopic, three-dimen-
sional, dynamic topics43−46 and stressed the importance of
multimedia as a visualization resource.47−50 However, the three-
dimensional representational and visualization capacity of
gestures as a medium for participating in the exploration of
chemistry phenomena remains mostly untapped and unex-
plored.20

Multimodality as Interactional Resource: Attending to the
Substance of Student Ideas

In this paper, we focus on the role that gesture plays as an
interactional resource for meaning-making in chemistry.
Interactional resources are features of utterances that are
available to participants for constructing meaning, like pauses in
speech, tone of voice, or the trajectory of a gesture.51,52

Consider, for example, a student who answers a teacher’s
question with a statement spoken with an audible pitch increase

toward the end of his turn. The pitch increase, a prosodic
feature of speech, is an interactional resource. The intonation
may be recognized and interpreted as a sign of tentativeness or
questioning and used to inform the construction of a response.
While interactional resources may be used for the design of

subsequent interactional turns, their ontological status does not
depend on evidence that they are recognized by a co-present
speaker.53 In the example described above, a video analyst can
still recognize the pitch increase as a resource, even if the
teacher does not apparently use it to construct her turn.
Therefore, interactional resources can be considered publicly
recognizable, available potentials for meaning construction.
In this study, we seek to understand how interactional

resources become available in students’ chemistry explanations
in face-to-face interactions. We highlight interactional resources
that involve gesture to show how interactive spaces for
multimodal meaning-making can become productive for
students’ learning. Our present focus on the nature of
multimodal meaning-making in chemistry is inspired by
research on responsive teaching that implores educators to
take seriously and interact with the disciplinary substance of
students’ emergent scientific ideas.54,55 Productive learning
experiences are fostered when interactive spaces are created for
students to explore ideas by engaging in activities like reflecting,
clarifying, elaborating, and arguing with others.56 We adopt this
perspective and extend the research base for it by providing
evidence that students’ multimodal contributions are useful
building blocks that can be developed into more sophisticated,
disciplinarily appropriate ideas through teacher−student
interactions.57

In this paper, we (1) show how gestures are interactional
resources in students’ utterances about chemistry and (2)
demonstrate how attending to and interacting with gestures
creates opportunities for productive forms of participation in
collaborative chemistry meaning-making. First, we examine two
kinds of previously described gesture-speech phenomena to
explore how they can generate key interactional resources for
chemistry meaning-making. Next, we demonstrate how a
student’s multimodal performances in a problem-solving
situation change and function as interactional resources that
give them space to resolve a problem and allow both the
student and the instructor to share the solution. Finally, we
conclude with an episode that elucidates the processes through
which multimodal interaction with the substance of a student’s
idea leads to the co-construction of chemical meaning.

■ METHODS

Initial Study Design

To understand how multimodality contributes to how students
and teachers formulate chemical meanings, a detailed analysis
of how interaction occurs during these processes is necessary.
We selected a corpus of video-recorded interviews that were
originally conducted for the purpose of understanding students’
experiences in a newly revised learning activity in which they
participated as part of peer-led team learning (PLTL)
workshops.58 The students were enrolled in a first-semester
general chemistry course at the University of Maine during the
spring semester of 2011.
The interview questions were predominantly focused on the

PLTL classroom activity and were designed to collect responses
that might inform its subsequent revision. During the activity,
students were asked to map the energy levels of the hydrogen
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atom (En = −EH/n
2, n = 1, 2, 3, . . .) to a staircase of a stadium-

style lecture hall and to act out the absorption of a photon and
the consequent transition between electronic levels. In addition
to the interview questions about this activity, students were
asked unrelated questions about the molecular geometry of the
molecules methane, ammonia, and PF5 to explore what roles
the students’ hands and bodies play in explaining three-
dimensional phenomena. The interviews took place during the
last week of the course before the final exam. Each interview
lasted approximately 60 min and was conducted by the first
author, V.J.F. The students were not explicitly encouraged to
gesture at any time during the interviews and were not aware
that their gestures were a topic of study.
Our interest in the role that gestures play as interactional

resources for responsive teaching while students share
chemistry ideas emerged from repeated viewings of the video
records. Even though the interviews were not intended to be
instructional, we recognized interactional patterns enacted by
the students and V.J.F. that are similar to the interactions
generated in practices of responsive teaching. For example,
V.J.F. “provided space for students to articulate their ideas; she
took up student thinking by rephrasing, challenging, and
building on it; she probed for further clarification; and she
shifted the direction of the discussion in ways that addressed
student ideas.”57 Each interview followed a semistructured59

format: V.J.F. aimed to ask specific questions but also
attempted to fully understand what the students meant before
moving on with the interview. This required careful attention to
the substance of students’ ideas and reacting in the moment to
ask follow up questions and elicit clarification or elaboration. In
addition, V.J.F. explained to students that she was not
interested in comparing their ideas to prototypical chemistry
concepts and that instead, she wanted to understand how they
were thinking about various chemical phenomena and models.
The students’ responses throughout the interview included
stretches of self-reported speculative talk, which suggests that
they framed the interview space as nonevaluative and a place to
explore ideas.

Multimodal Microanalysis of Interviews

The video record of these interviews offers a unique
opportunity to understand the processes by which two
individuals attempt to construct the meaning of a student’s
chemistry idea and to understand the processes by which
publicly visible interactional resources become available in these
circumstances. Audio−visual recordings of events can be played
back repeatedly, which allows for the in-depth microanalysis
necessary to examine how interactions unfold moment-to-
moment. To keep track of the necessary details, we employed
specialized video annotation software that permits the
description and tracing of intervals of occurrences of various
parallel actions (changes in gesture, posture, gaze, talk, etc. that
occur over time).60

Our method of analysis was inspired by the tenets of
conversation analysis,61 microethnography,62 microethno-
graphic analysis of interaction,63,64 and interaction anal-
ysis65an interrelated family of approaches that are designed
to study how human realities are produced through social
action as it unfolds moment-by-moment. These approaches
submit that processes of thinking and understanding are made
publicly available when people attempt to accomplish a task
together (e.g., having a conversation, conducting an experi-
ment). Meaning is subject to constant negotiation and revision

through the reciprocal actions of either participant; it emerges
from complex coordinations of bodily activity, talk, and artifact
manipulation.14

In our interviews, as in many teaching situations, V.J.F. was
aware of what would constitute a textbook or canonical answer
to the interview questions; however, she could not anticipate
how the students would approach and interpret the questions,
how they would attempt to describe three-dimensional
structures, etc. Therefore, both parties were engaged in the
joint task of discovering and negotiating chemical meanings
together. We consider these meanings to be ongoing
interactional achievements.56

We are obligated to take the point of view of the two actors
in these moments to understand how the collaborative sense-
making of ideas is accomplished. This involves the
reconstruction of the meanings that the participants themselves
assign in the unfolding interaction. We avoid the preordination
of categorical labels (derived from outside the interaction) for
the participants’ roles and the topics or concepts that appear in
the conversation. Instead, we consider how social realities
such as roles, questions, concepts, or topicsare produced
through interaction via particular coordinations of resources
including talk, gesture, and action. We worked to establish how
the local actors themselves construe what counts as a topic, a
question, and so forth, by considering how they publicly
demonstrate their interpretations for each other. This is a
distinction between a methodologically objectivist stance and
an interpretivist stance (for more discussion on this difference,
Erickson63 and Heap66 are helpful).
Episodes of video that contain interactional sequences of

interest were presented to discipline-based education research
graduate students and faculty in a video club to collect and
discuss observations and interpretations of these events.
Subsequently, these chosen episodes were viewed repeatedly
by the team of authors in the tradition of interaction analysis.65

During the collaborative analysis of the video, we generated
alternative hypotheses and competing interpretations of “what
is going on” and negotiated as to which interpretations were
best supported by the evidence available in the video record.67

Analysis as group work therefore helps reveal and resolve
idiosyncratic interpretations that can arise from analyzing video
alone.65

We purposefully selected68 the episodes in this paper to
illustrate how interactional resources become available in
students’ multimodal utterances. Despite not being explicitly
told to gesture in our interviews, participating students may
have been particularly encouraged or stimulated to gesture by
their past experiences in the PLTL activity that required full-
body engagement. In addition, their instructor demonstrated
chemical phenomena in lecture by gesturing or using his body.
At the same time, we do not have evidence to support that the
use of gesture to communicate chemistry ideas would be
extraordinary or limited to this situation. There is a wealth of
literature in experimental psychology that suggests that gesture
plays a critical role when people think about and communicate
spatio−dynamic relations.69 We submit that the cases we
present here demonstrate the importance of providing students
with spaces for multimodal communication. Such spaces are
particularly powerful and meaningful for students and
instructors to build and explore chemistry ideas together.
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■ BEYOND WORDS: TWO KINDS OF
INTERACTIONAL RESOURCES INVOLVING
GESTURE

Nonredundant Meanings in Gesture and Speech
The phenomenon of gestures produced by a speaker not
matching the content of their speech is studied extensively by
psychologists.70 Goldin-Meadow and her team analyzed
children that were explaining Piagetian conservation tasks and
observed notable discrepancies between what students ex-
pressed with their hands and what they expressed with words.
For instance, after water was poured from a tall, skinny glass
into a short, wide one, children were asked if the amount of
water had changed and to justify their responses. One girl
answered yes, explaining, “’cause this one’s lower than this
one.”70 While announcing this, she used her hands to indicate
the difference in the widths (and not the heights) of the glasses.
The child’s gestures convey distinct information from her
speech. Mismatches like this illustrate that gesture and speech
are not redundant and that simultaneous talk and gesture may
be important to generate complex ideas by synthesizing
multiple qualitatively different aspects at once.
During our interviews, we asked students to share their

thinking about the Bohr model of the hydrogen atom. Two
studentsSophie and Peterused the word “orbital” as they
discussed the location of the electron in the model (Figure 1).

For chemists, the word orbital is typically associated with the
quantum mechanical wave function treatment of atoms and
visualizations of three-dimensional electron density isosur-
faces.71 Considering Sophie’s and Peter’s speech alone, it might
appear that these students are conflating elements of two
different models of the hydrogen atom by adding orbitals to the
Bohr model.

However, Sophie and Peter both enact gestures that seem to
tell a different story. They each trace a two-dimensional circle
in the air with one hand around their second hand,
synchronized with their use of the word orbital (Figure 1).
While their speech and gestures seem mismatched from a
chemist’s perspective, Sophie’s and Peter’s hands supply a
recognizable depiction of the two-dimensional circular electron
orbit in the Bohr model.
During these explanations, Sophie’s and Peter’s gestures are

critical interactional resources to fully appreciate the substance
of their ideas about the Bohr model. Without the gesture, their
“orbital” must be interpreted, in the chemical sense, to mean a
three-dimensional probability distribution for the location of an
electron at any given moment. Where terminology in speech
only conveys discrete, typological meaning (e.g., an animal can
be a sheep or a dog), gesture allows for the sharing of
continuous, topological meaning such as paths of motion,8 like
the trajectory of an electron circling a nucleus.
Where different modes within students’ utterances contain

conflicting information, an opportunity is generated to
reconcile the conflict.72 For example, a listener might seek
clarification about whether the verbal utterance and gesture
were intended to match. We conjecture that attending to a
gesture and speech in this case would allow a teacher to
recognize the disparity between the students’ productive ideas
about the Bohr model (expressed in gesture) and the
terminology they used. Once identified, the teacher has an
opportunity to respond to this disparity in a more targeted way,
for example, by reenacting the gesture and relabeling it, “Did
you mean an orbit?”
In Peter’s case, V.J.F. followed up by adopting Peter’s word

“orbital” and asking, “What do you see the orbitals as made out
of?” Peter answered that he thinks of the orbitals as being
similar to pieces of rope that electrons are strung onto like
beads on an abacus. Here, V.J.F.’s responsiveness to Peter’s
multimodally expressed idea created a space for Peter to
continue to explore this idea and introduce a useful analogy.
Another kind of a gesture−speech mismatch occurs when a

speaker’s gestures provide additional, complementary informa-
tion to the speech. A third student, Drew, was also asked to
discuss the Bohr model of the hydrogen atom (Figure 2a−c).
Drew also used the word orbital but used different gestures
than did Peter and Sophie.
As Drew describes the Bohr model of the hydrogen atom, he

starts with his hands nearly clasped together (Figure 2a). Next,
his hands move apart and form arcs in opposite directions.
When his hands land, they are open and curved (Figure 2b).
He repeats the motion once more and further spreads his right
and left hands (Figure 2c). In examining Drew’s gestures, it is
difficult to decide if the “orbitals” Drew enacts are three-
dimensional spheres or two-dimensional circles. Regardless of
this ambiguity, Drew’s gestures still provide an opportunity to
recognize salient information beyond what is revealed by his
words. Through these gestures, Drew supplies the tacit
information that these “orbitals” are concentric, which adds
further specificity to the spoken idea of “surrounding.”
Like Sophie and Peter, Drew’s gestures accurately represent

an aspect of the planetary model of electron motion described
by Bohr. Drew takes advantage of the quasi-permanence of
gesture to create a series of hand movements that enact
concentricity. Along with the verbal description, Drew’s
gestures become interactional resources that add topological
meaning by producing a recognizable spatial relationship.

Figure 1. Sophie and Peter say “orbitals” but their gestures indicate
circular orbits.
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Predicting and Explaining Molecular Geometry with the
Hands and Body
As students begin to tackle the difficult task of making sense of
new ideas in science, they often do not have words to describe
phenomena. Roth and colleagues documented students in
secondary physics using gestures and artifacts to explain and
explore their ideas before they have appropriated technical
scientific language.30,31,73 In one example, a student was able to
recognizably describe compression in a model bridge by
enacting the contributing forces with their hands. As the
instructional unit proceeded, the students’ verbal descriptions
of the phenomena became more robust and incorporated
appropriate physics terminology.73 Roth argued that the use of
gesture to fill in these gaps helped students develop and share
their reasoning about abstract concepts before they had the
necessary arsenal of vocabulary.
The use of the hands and body to construct and explore

scientific ideas in the absence of verbal technical descriptions is
not just a feature of student explanations and inquiries. Becvar
et al.74 found that members of a biochemistry research group
used gestures to conceptualize and communicate emergent
theories of the spatio−dynamic features of the binding
mechanisms of macromolecules. In the study, the advisor of
the group used her fingers and palm to explain a new theory
about the three-dimensional conformational changes localized
at the active site of thrombin when it binds with thrombulin. In
the meeting, several other researchers adopted the hand
movement, and in each case, while they showed the
conformational change with their hands, they did not verbally
describe specific features of the motion. Similarly, Myers75

presented the example of a senior protein crystallographer who
twisted her body into uncomfortable conformations to
communicate the sense that some predicted protein con-
formations are unlikely. These examples suggest that gesture
plays an important role in scientific meaning-making. Even at
advanced levels of chemical inquiry, gesture is an important
performative medium for the development and communication
of scientific knowledge.
In our interviews, we asked participants to describe the

molecular geometry of three small molecules: CH4, NH3, and

PF5. To respond, students often first attempted to articulate the
name of the shape (e.g., trigonal bipyramidal). Below, we
demonstrate cases where they were unsuccessful with the name
but went on to demonstrate the correct shape of the molecule
by using their hands and bodies.
When asked to describe the molecular geometry of PF5,

Peter says at first, “So that’s gonna be uh (pause) pyra-. How
do I want to say this? Pyramidal? I think? It’s pyramidal. It’s
something else before the pyramidal. Pyra-.”
After about a minute of trying to explain the shape by

drawing with pencil and paper, Peter spontaneously switches to
using his free hands in three-dimensional space. He first
designates his open right palm as a plane (Figure 3a). Then, he

uses his left hand to assign locations of three fluorine atoms in
an equilateral triangle on his right hand (Figure 3b−d). Next,
he indicates that there is a phosphorus atom in the center of the
palm of his right hand (Figure 3e). Finally, he marks the
positions of the two remaining atoms, one below and one
above the plane of his right hand (Figure 3f,g). Peter calls these
final atoms phosphorus, but when V.J.F. asks if he means
fluorine, he agrees.
Peter successfully constructs the trigonal bipyramidal

geometry of the PF5 molecule with his hands, despite his
initial struggle to give the shape a name. He does not produce
the canonical terms axial or equatorial to describe the locations
of the ligands in space but clearly distinguishes the two different
types of ligands by pointing out positions in the physical space
on and around his hands. With this complex system of gestures,

Figure 2. Drew’s gestures as he talks about orbitals.

Figure 3. Peter explains the shape of PF5 with his hands.
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Peter is able to recognizably enact the shape of a trigonal
bipyramidal molecule and generate a transient, yet public three-
dimensional model for him and V.J.F. to consider together.
This coordination of gesture and speech provides V.J.F. an

opportunity to find out whether Peter is unsure about the
position of specific kinds of atoms. He calls three atoms
“phosphorus,” which creates a mismatch with V.J.F.’s expect-
ation that the final two parts of the gesture will position the
remaining two fluorine atoms. This mismatch is an interactional
resource that V.J.F. uses to construct her next turn and initiate
the resolution of the conflict. V.J.F. asks whether Peter meant
to call the last two (axial) atoms fluorine. Peter’s swift
agreement amends his original idea. Peter’s rich performance of
gestures provides critical interactional resources for appreciat-
ing his knowledge of the three-dimensional positions of atoms
in a trigonal bipyramidally shaped molecule.
Drew, when asked about the molecular geometry of methane

during the interview, also first tries to think of the name for the
geometry. Drew says, “This is (pause) it’s not trigonal planar,
but, I’m trying to think of the actual term, but I don’t know.”
Despite saying he does not know, Drew enlists his entire body
to demonstrate the shape of methane. Drew plants his feet and
uses his hands to indicate that his legs mark the positions of
two hydrogen atoms (Figure 4a). Then, he twists his torso and
raises his arms to be nearly perpendicular to the direction his
feet are facing (Figure 4b).

The orientation of Drew’s body in space mimics the
tetrahedral shape of methane.76 By attending to Drew’s
performance, V.J.F. is able to recognize this shape and infer
that Drew’s abdomen matches the location of the carbon atom
that Drew did not mention. V.J.F. asks, “And that would make
your torso like carbon?” Drew pats his stomach and confirms,
“Yes, yes. This is carbon.” Drew’s full-body performance of the
molecular geometry of methane made available interactional
resources that allowed V.J.F. to formulate a question and probe
deeper into Drew’s idea by following up about missing
information.
Both Drew and Peter are able to take advantage of the

unique affordances of the human body to generate publicly
viewable and recognizable geometries. Notably, Drew and Peter
both use gesture in two distinct ways to coordinate aspects of
these enacted shapes. First, both use stationary body parts as
material placeholders to stand in for entities. Peter creates a
plane with an outstretched hand, and Drew holds his arms and
legs out as hydrogen ligands. Second, both use gestures to point
out and assign significance to empty spaces or body parts. Drew
uses his outstretched hands to point out that he wants his legs

to be hydrogen ligands, while Peter points to positions for
fluorine ligands around his outstretched hand. These different
affordances of gesture facilitate collaborative meaning-making.
In coordination with other modes, students’ gestures are key

interactional resources for productively negotiating the shapes
of molecules without a need to produce technical language.
From an instructional standpoint, these cases bring to light
some of the limitations of particular forms of assessment in
chemistry teaching and learning contexts. While traditional
forms of assessing students’ knowledge, like paper and pencil
tests, may be able to demonstrate how fluent a student is with a
particular style of diagram or naming convention, they would
probably not be able to capture what Drew and Peter know
about the shapes of molecules. Similarly, the converse is true. A
student may be able to produce a conventionalized drawing of a
tetrahedron for an exam, but this ability is no guarantee that
this student appreciates the actual shape in three dimensions as
Drew does.

■ COLLABORATIVE MEANING-MAKING WITH
MULTIMODAL INTERACTIONAL RESOURCES

Attending to Gesture and Making Space for Sense-Making

Gesture can be used to help distinguish students that are
sharing a description of previously thought-out science ideas
from students who are engaged in the process of sense-making
or constructing new ideas. Crowder77 defined sense-making as
“the action of coordinating theory and evidence and developing
reasonable models of that coordination.” Crowder found that
middle-school students gestured and spoke differently depend-
ing on whether they were sense-making or describing when
asked to explain how the seasons change. Students who were
sense-making tended to have disfluent speech (characterized by
frequent pauses and stops and starts), made less eye contact
with their listeners, and gestured more privately, as if to
themselves. Additionally, they often gestured before they
started to talk or gestured in silence. When students conveyed
previously thought-out ideas, Crowder found that their speech
was fluent and more synchronized with their gestures. Their
gaze was directed toward their listeners, and their gestures were
aimed toward an audience. While Crowder’s results are drawn
from middle-school students, we extend them to the realm of
undergraduate science learning.
When Drew is asked to describe the molecular geometry of

PF5, he draws the correct Lewis dot structure of the molecule
onto a whiteboard on the wall. Then, he tries to determine a
three-dimensional shape that would result in equal spacing
between the five fluorine ligands. As Drew’s idea develops, he
enacts a complex sequence of gestures (Figure 5a−d). Drew
holds his hands apart and rotates them as he first considers how
the ligands could “equally be separated” (Figure 5a). As he
continues, he moves closer to the board and circles some of the
ligands with the marker (Figure 5b). While Drew does this, he
mentions that some of the fluorine atoms might be in a plane,
but as soon as he circles this portion of his drawing, he rejects
the idea. Still at the board, he enacts a new idea that there
might be “three down and two up” (Figure 5c,d). Drew points
the fingers on both hands down as he says, “Three down”
(Figure 5c). Drew’s fingers seem to indicate general directions
in Figure 5, panel c as if he is not sure where exactly the three
ligands belong.
In this first part of the episode, Drew’s performance suggests

that he is sense-making. His gaze and body are turned away

Figure 4. Drew creates the molecular geometry of methane with his
entire body.
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from his listener while he gestures and speaks. Drew gestures
toward the whiteboard, and his gaze remains on the board and
on his hands. Notably, he continues to gesture when he pauses
his speech in Figure 5, panels a and b. Also, he enacts an early
possibility (Figure 5b) but rejects and revises it to “three down
and two up.” In addition to his gestures, Drew’s accompanying
speech is disfluent. It is filled with pauses, and he stops and
starts talking without finishing his sentences. In light of
Crowder’s findings outlined above, Drew’s gestures and speech
suggest that he is working out a solution as he goes.
Later in the episode, prompted by V.J.F., Drew demonstrates

a solution for the shape of PF5 (Figure 6a,b). In contrast to the
previous sequence, his gestures and speech now suggest that he
is describing an already worked-out solution. Drew turns his
body to face V.J.F. as he demonstrates this final solution.
Drew’s fingers now show concrete positions for the ligands in
space. He makes eye contact with V.J.F. as he creates this shape.
Drew appears to put distance between his body and his hands
as he deliberately holds them out for public viewing, while
V.J.F. tries to mimic his gesture. According to Crowder’s
characterizations, Drew now seems to describe his previously
worked-out answer to the problem and is no longer sense-
making.
Drew’s multimodal performances, which reflect perceivable

differences in gaze, speech fluency, and gesture, are
recognizable interactional resources that correspond with the
different activities of sharing a solution versus working one out.
While changes in gesture and speech patterns could stem from
a variety of emotional causes (for example, a student may

become nervous during an interaction with an instructor), we
find Crowder’s work useful for interpreting the interactional
resources inherent in Drew’s different activities.
By considering gesture, body posture, and gaze, an

instructor−listener can recognize whether a student is in the
process of constructing an explanation in the moment or if the
student is performing their current understanding and looking
for feedback. These different activities require distinct
responses from an instructor. The ability to recognize when
students are making sense of particular phenomena allows
instructors to give students the space and time to work out
their own solutions. When afforded the opportunity to explore
their emergent ideas with minimal intervention from an
instructor, learners often arrive at productive outcomes.78−81

In the example above, V.J.F. provides Drew with the space to
work out a reasonable shape for PF5. The opportunity to
engage in this multimodal exploratory activity is fruitful for
Drew as he comes up with a reasonable solution by using
productive tools like the valence-shell electron pair repulsion
theory.82

Interacting with Student Gesture: Co-Constructing
Meaning
When Drew drops his hands and steps away from the board in
the episode described above, V.J.F. attempts to recreate his idea
with her own hands (Figure 6, line 1). She starts by holding out
her left hand with three fingers extended, which creates an
opportunity for Drew to guide her reconstruction. Drew
confirms by extending three fingers of his right hand downward
and calling the shape a “tripod” (Figure 6, line 2). V.J.F. echoes
the verbal description while moving her right hand with two
fingers extended to join her left hand “tripod” (Figure 6, line 3).
Before her hands touch, Drew acknowledges her verbal
description and uses two fingers of his left hand to complete
the shape (Figure 6, line 4). V.J.F. completes the mirror gesture
and asks, “And then two sticking up?” (Figure 6, line 5), to
which Drew agrees (Figure 6, line 6).
In this interaction, Drew and V.J.F. co-construct a finalized

version of Drew’s idea about the shape of PF5. They are able to
accomplish gesture synchronization. Notably, Drew and V.J.F.
are able to negotiate and share an understanding of this shape
through this synchronization without using academic language.
This episode is an example of an instructor and a student who
are able to accomplish mutual understanding in multiple
communicative modes.

Figure 5. How Drew develops the shape of PF5.

Figure 6. Drew demonstrates the shape of PF5.
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Subsequently, V.J.F. and Drew use the shared reference of
the shape they both hold to continue to explore Drew’s idea
and to advance their shared understanding of PF5. V.J.F.
formulates a question with the established gesture and asks,
“What’s the goal with that?” while she holds up the co-
constructed shape and indexes it with “that.” Drew expresses
the productive idea that the ligands need “equal distance
between them.” Notably, the final shape that Drew constructs
with V.J.F. is close to a rotated trigonal bipyramidal shape. We
conjecture that when instructors check their understanding of a
student idea by creating a gesture, they encourage and thus
authorize the use of gesture as an appropriate medium for
meaning-making in chemistry.
Peter and V.J.F. also successfully use gesture to co-construct

meaning. This last episode that we present occurs immediately
after Peter enacted his successful demonstration of the shape of
PF5 (see Figure 3). Peter spontaneously creates a new shape
with two hands that he attributes to the instructor of his general
chemistry course (Figure 7a);83 however, with his eyes on his

hands, he remarks several times, “I don’t know what that
means” and eventually abandons the hand configuration. This
verbalization suggests that Peter regards this particular gesture
as a predefined symbol that holds a particular significance for
the shape of PF5, even though this significance is at first
mysterious to him.
Because she recognizes what might be the outlines of a

bipyramidal geometrical figure in the configuration, V.J.F. asks
Peter if he could show the shape to her again. While V.J.F.
speaks, she creates a partial version of what he did with her own
hands, which encourages Peter to begin to reform the shape
(Figure 7b). Peter now holds the shape with just three fingers, a
revision from the first incarnation with four, but he once again
insists while he looks down at it, “I don’t know.” V.J.F. then
points out each of the three places where Peter’s fingers
connect and asks what his fingers represent in these locations

(Figure 7c). Peter’s gaze remains on his hands for several
seconds and he repeats softly, “I think. I think.”
After another short pause, he says, “This is the ultra-

tetrahedral [sic], I think.” Peter keeps his right hand in position
and he points with his left hand to the curled palm of his right
hand and says, “This would be fluorine.” He then returns his
left hand to the bottom of the configuration and points out
another fluorine in his curled palm. Peter resumes the
configuration with both hands and adds, “These would be the
three spaced-out fluorines.” In response to this ambiguous
utterance, V.J.F. circles her right hand over a plane created with
her left hand. She physically reintroduces a gestural form, the
flat plane hand, from Peter’s prior enacted shape and connects
it with the new shape while she simultaneously asks, “The ones
that you are saying are in...” and Peter finishes the sentence “in
a plane,” just before she starts to say the same words. After this
agreement, Peter proceeds to indicate that the phosphorus
atom would be in the center of the open space between the two
hands. Together, Peter and V.J.F. found Peter’s earlier
proposed shape of PF5 within the previously mysterious hand
configuration from class.
During this episode, we recognize instances of Peter (1)

producing a gesture to express a shape that he does not initially
have technical words to describe, (2) giving it a name that
would suggest a different shape (a mismatch), and (3)
expressing that he is trying to figure something out in the
moment. He creates a configuration with his hands to share
with V.J.F. that he knows has some significance for the shape of
PF5 but at first cannot articulate what that significance might be
(1). Later, he gives the configuration a name, “ultra-
tetrahedral,” which is not a canonical term for the molecular
geometry of PF5 (2). Despite that, he goes on to point out the
shape of PF5 contained in the configuration. Throughout the
construction, he keeps his gaze directed on his hands, which
signals that he is sense-making (3). Peter’s performance
highlights the importance of gesture in coordination with
other modes as an interactional resource in collaborative
chemistry meaning-making.
By attending to and interacting with Peter’s gestures, V.J.F.

uses the available interactional resources to create a learning
opportunity by enabling him to participate in the joint
decoding of the shape. When Peter is ready to dismiss his
gesture, she encourages him to repeat it and draws attention to
certain features of the configuration by asking Peter about
them. In response to Peter’s unfolding explanation, V.J.F.
proposes a connection to the shape he had enacted before. By
highlighting particular features of the gesture and introducing
continuity from a previous gesture, V.J.F. engages with the
multimodal disciplinary substance of Peter’s idea. Together,
they co-construct a meaning for an unfamiliar symbolic hand
configuration through gesture. Both come to understand the
symbolic gesture from class by finding Peter’s initially proposed
shape of PF5 within this hand configuration.

■ CONCLUSION
In this article, we demonstrated that students and instructors
can take advantage of the visible, three-dimensional, and
spatio−dynamic capacities of gesture to negotiate chemical
meanings in interaction. We highlighted ways in which
interactional resources that emerge from multimodal perform-
ances allow for the co-construction of mutual understanding.
Our work contributes a much-needed investigation into how
gesture can be a productive medium for the representation and

Figure 7. Co-constructing meaning through gesture.
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visualization of submicroscopic, spatial, and dynamic phenom-
ena when learners and instructors negotiate chemistry ideas.
In particular, we illustrated how learners’ gestures enrich the

complexity of their ideas about the Bohr model. We also
analyzed how learners use gesture to describe molecular
geometry on their way to develop technical language.
Additionally, we showed how opportunities for learning were
created by making space for and encouraging students to
engage in multimodal, interactive meaning-making practices.
We believe our episodes demonstrate how gesture and the
body provide particularly powerful and meaningful ways to
build and explore chemistry ideas together. Our analysis
suggests that opportunities to participate in multimodal
meaning-making are productive for the learning of chemistry.
A limitation of our study is that we cannot draw immediate

conclusions about the external generalizability of our findings
from the cases we presented to other settings.84 Our work is
not intended to yield abstract universals63 about multimodality
in chemistry learning and teaching.
The strength of our interpretive microethnographic inves-

tigation lies in its ability to contribute to the emergence of
concrete universals63 through comparisons across collections of
cases of multimodal interaction. The presented details of how
interactional resources become available through gesture, are
used in interaction, and create opportunities for learning allow
for comparisons with other cases that were studied in detail.
More work is necessary to better understand the practices of
multimodal meaning-making in chemistry teaching and
learning. Our findings make it possible to identify features
that are unique or common across many cases.
Further, we believe that our fine-grained analysis of

purposefully selected exemplar cases can serve as a valuable
resource for understanding the details and processes involved in
teaching and learning interactions with productive outcomes.
Following Erickson, we assert that advice for practitioners is
most useful when it can clearly specify and demonstrate
processes rather than speak in generalities such as, “Clarify
when students are confused.”64 Details from exemplar
interactions allow for these practices to be experimented with
and adopted in the field.

Implications for Teaching and Assessment

Our findings have implications for the teaching of chemistry at
multiple levels from elementary grades through university
courses. Gesture is an easily accessible, public medium for
students to explore and express ideas in three dimensions.
Because of this, attending to gesture affords teachers the
opportunity to co-construct a shared understanding of a
student’s idea that can inform instruction in the moment. When
space is provided for a student’s multimodal idea generation
and expression during assessments, a more robust measurement
of the student’s understanding is occasioned.
While mastery of the conventional representational systems

of chemistry is crucial to learning the subject,85,86 the ability to
reason about dynamic three-dimensional phenomena is a
distinct skill. Many topics in chemistry, for example,
appreciating stereochemistry, imagining symmetry operations,
or predicting frontier orbital interactions, require an under-
standing of the respective phenomena in three dimensions.
Gesture provides a useful medium for students to share and
explore their understanding of these topics in three dimensions
with others.

Attending to and interacting with students’ multimodally
performed ideas about spatial phenomena are necessary for a
teacher to recognize the disciplinary substance in these ideas,87

which is a crucial step in learner-centered, responsive teaching:
“The teacher needs to listen carefully to the substance of
students’ ideas, assess the merits of those ideas, and make next-
move decisions accordingly.”88 Interactional resources that
emerge from the expression and co-construction of ideas in
gesture can mediate the design of instructional moves that are
responsive to students’ ideas and therefore foster learning.
Incorporating ways for students to explore and express their

ideas in multiple modes into chemistry assessments potentially
allows instructors to better understand students’ three-dimen-
sional comprehension of the spatio−dynamic features of
molecules and other chemistry phenomena. Written, verbal,
or drawn answers to paper or oral test questions may not
completely reveal what a student knows about three-dimen-
sional relationships in chemistry, such as molecular geometry.
Instead, they may reflect difficulties with the appropriation of
the technical language of chemistry (e.g., orbits versus orbitals;
geometric terms) and its representational practices (i.e., wedge-
and-dash diagrams). Assessment strategies that include face-to-
face interactions give instructors the opportunity to attend to
students’ gestures. These strategies may provide instructors
greater insight into the ideas that students convey, what they
actually know about chemical phenomena, and where they may
need more support.
While the small class sizes of middle-, secondary-level, upper-

division postsecondary chemistry courses, and laboratory
sections permit frequent face-to-face interactions between
instructors and students (both individually or in groups), the
large-enrollment lecture formats that characterize many
introductory postsecondary chemistry courses pose a chal-
lenge.89 However, a number of current reform effortsflipped
classrooms,90 the implementation of small group work,91−93

peer-led team learning,58 and process-oriented guided inquiry
learning (POGIL)94have successfully created spaces for
interactive learning in large-enrollment chemistry courses and
are able to increase the frequency of face-to-face interactions
between the instructor and student(s). In these formats,
instructors (e.g., faculty, teaching assistants, or peer leaders)
engage with students during problem-solving and sense-making
activities, which affords more possibilities to be responsive to
students’ multimodal explorations of chemistry ideas. Our
results support the need for more reform efforts that promote
occasions for students’ multimodal interaction with instructors
and peers in chemistry courses.
Creating Spaces for Whole-Body, Gestural Idea
Development and Expression Enriches Chemistry Learning

The creation of spaces for students to engage in improvisations
of innovative and spontaneous gestural performance may open
up new approaches to chemistry teaching and learning. The
design of spaces that afford bodily and gestural engagement
with submicroscopic, three-dimensional, and dynamic ideas is a
promising avenue for pedagogical innovation and research in
chemical education. Future work is needed to investigate the
impacts of such modifications on student learning in a variety of
educational environments and contexts in chemistry.
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