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ABSTRACT
In this study, adults naïve to organic chemistry drew stereoisomers of mole
cules and explained their drawings. From these explanations, we identified 
nine strategies that participants expressed during those explanations. Five of 
the nine strategies referred to properties of the molecule that were explana
torily irrelevant to solving the problem; the remaining four referred to proper
ties that were explanatorily relevant to the solution. For each problem, we 
tallied which of the nine strategies were expressed within the explanation for 
that problem and determined whether the strategy was expressed in speech 
only, gesture only, or in both speech and gesture within the explanation. 
After these explanations, all participants watched the experimenter deliver 
a 2-minute training module on stereoisomers. Following the training, parti
cipants repeated the drawing + explanation task on six new problems. The 
number of relevant strategies that participants expressed in speech (alone or 
with gesture) before training did not predict their post-training scores. 
However, the number of relevant strategies participants expressed in gesture 
only before training did predict their post-training scores. Conveying relevant 
information about stereoisomers uniquely in gesture prior to a brief training 
is thus a good index of who is most likely to learn from the training. We 
suggest that gesture reveals explanatorily relevant implicit knowledge that 
reflects (and perhaps even promotes) acquisition of new understanding.

Introduction: unpacking the gestures of chemistry learners

For undergraduate students, the course called Organic Chemistry is a gatekeeper to postgraduate 
education in science and healthcare. Given issues of social inequity within professional fields like 
medicine, it is critical to develop ways to help more students through this gate. Indeed, under- 
represented minorities experience particular difficulty in Organic Chemistry, largely because indivi
duals with relatively few economic resources (e.g., marginalized and under-represented students) do 
not have the background needed for the course (Chen, 2013). Organic Chemistry is difficult for many 
because solving chemistry problems relies heavily on complex spatial and dynamic thinking. Organic 
molecules are complex three-dimensional forms, intrinsically and extrinsically dynamic, and not 
visible to the naked eye. Our long-term goal is to create tools to help students develop accurate 
representations of the complex, three-dimensional, and dynamic processes and phenomena common 
in science. Providing students with tools of this sort has the potential to give them a helping hand with 
Organic Chemistry and perhaps can help to level the playing field between those with few and those 
with many resources.
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Traditionally, teachers have used spoken language, written text, and two-dimensional diagrams 
to teach chemistry phenomena, but these instructional tools may not be particularly well suited to 
teaching dynamic three-dimensional processes. We argue that the hand gestures teachers and 
students often produce when discussing math and science are a good vehicle for capturing 
dynamic spatial information (Alibali & Nathan, 2012; Alibali et al., 2011; Hostetter & Alibali, 
2008), in part because the hands offer potentially useful affordances and because gesture is not 
constrained by grammar, vocabulary, or the categorical nature of words (e.g., McNeill, 1992). 
Unlike three-dimensional models, gestures are free of cost, are always available, and can easily be 
transferred from one learning situation to the next. From experts to novices, people spontaneously 
and effortlessly gesture when they talk about science (Atit et al., 2014; Crowder & Newman, 1993; 
Singer et al., 2008). Compared to traditional tools like spoken language, written text, and diagrams, 
gestures offer distinct advantages for the many students who struggle with Organic Chemistry 
simply because talk about the spatial and dynamic processes involved in chemistry is likely to be 
accompanied by iconic gestures that convey three-dimensional, dynamic information. Examining 
the gestures that students produce when talking about chemistry could give instructors insight into 
the struggles their students are having with Organic Chemistry. These insights could, in turn, help 
instructors devise lessons that can address their students’ misunderstandings. We see this enter
prise as particularly important for those students under-represented in biomedical and Science, 
Technology, Engineering and Technology careers (e.g., women and students of color) because they 
have traditionally struggled in math and science classes (Chen, 2013; Rueckert et al., 2017).

We begin by reviewing learning sciences research on gesture in real-world scientific inquiry, 
and then turn to developmental psychology research on gesture, cognition, and learning. We 
draw upon both traditions to motivate our hypotheses about the role gesture plays in chemistry 
learning.

Speech and gesture establish common ground in collaborative real-world science inquiry

Learning sciences researchers have focused on gesture’s role in communities where the practice 
is to represent and communicate about scientific objects and phenomena in situ (e.g., Becvar 
et al., 2005; Goodwin, 2000, 2007, 2010). Gestures are transcribed from videotapes of scientists 
and/or students interacting in the lab, field, or classroom and are analyzed in the context of the 
accompanying dialogue. For example, Trafton et al. (2006) observed meteorologists and neuros
cientists at work and asked them periodically to talk out loud about what they were doing. The 
scientists produced more iconic gestures when they used spatial language than nonspatial 
language and more iconic gestures when they talked about dynamic processes than static objects. 
As another example, Becvar et al. (2005) traced the development of shared understanding about 
a particular protein (thrombin) over weeks. The lab leader produced an idiosyncratic sponta
neous gesture for thrombin and other lab members adopted this gesture. Over time, this so- 
called thrombin hand became a conventionalized form that every lab member used to demon
strate processes involving thrombin. Gesture can be an integral part of coming to a shared 
understanding on the fly.

But gestures rarely become conventionalized forms and are almost never verbally named (“throm
bin hand” is an exception). Instead, they are produced anew by each speaker on each occasion. 
Radinsky et al. (2012) found that even sixth grade students use one another’s spontaneous gestures in 
science to learn situations to improve their own understanding of tectonic plate movement. Although 
students did not realize they were depending on one another’s gestures, they did so rapidly, respond
ing to others’ gestures with their own gestures (and speech). Undergraduate Organic Chemistry 
students and instructors may also be able to use gesture to come to a shared understanding, making 
the study of gesture potentially informative about chemistry learning. In this study, we focus on an 
individual speaker’s gestures and ask what the information conveyed uniquely in gesture can tell us 
about a student’s understanding of chemistry.
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Gesture–speech mismatches reflect knowledge in transition in child learners

Church and Goldin-Meadow (1986) asked 5- to 8-year-old children to explain how they solved Piaget 
(1952) conservation problems. On each problem, the child was shown two identical tall, thin glasses 
and was asked to confirm that the amount of water in the two glasses was the same. While the child 
watched, the experimenter then poured the water from one of the glasses into a short, wide bowl. 
Nonconserving children believe that the amount of water changed when it was poured and typically 
justify this belief as follows: “The glass has more water because it’s taller than the dish.” The gestural 
equivalent of the height comparison strategy is a series of flat palm or point gestures that indicate the 
(higher) level of water in the glass and the (lower) level of water in the bowl.

Children usually express the same strategy in both speech and gesture, as in the height example just 
given––but not always. Consider a child whose speech conveys height information but whose gesture 
conveys information about the widths of the containers––a C-shape mirroring the circumference of 
each container, combined with speech focusing on the heights of the containers. In this case, gesture is 
adding unique information to the spoken response (here, information about a second dimension, 
which is not mentioned in speech). Researchers have found that children who produce these so-called 
gesture–speech mismatches when explaining their solutions to the conservation task are particularly 
likely to profit from instruction in conservation (Church et al., 2004; Church & Goldin-Meadow, 
1986). This phenomenon has been replicated in child learners tackling a variety of science-related 
tasks (Goldin-Meadow et al., 1993; Perry et al., 1988; Pine et al., 2004).

One reason that gesture–speech mismatches are related to learning may be because gesture 
indicates nascent understanding of how to solve a particular problem. For example, a child who 
talks about the height of the containers in speech while gesturing about their width is starting to attend 
to the width dimension––an important step in understanding that height and width compensate for 
one another in determining quantity (that even though the water changed in height, it also changed in 
width). Attending to both the height and width dimensions is one requirement for understanding 
conservation of liquid quantity after transformation. Gesture–speech mismatch can therefore be used 
to glean how a child mentally represents a particular problem and to provide a window into thinking 
not readily afforded by the child’s problem solutions or speech strategies for solving the problem.

Do gesture–speech mismatches reflect adult learners’ knowledge?

Adults also produce gesture–speech mismatches when talking about concrete and abstract ideas: 
reasoning about moral dilemmas (Church et al., 1995); describing pictures of landscapes, abstract 
art, buildings, people, and machines (Morrell-Samuels & Krauss, 1992); narrating cartoon stories 
(Beattie & Shovelton, 1999; McNeill, 1992; Rauscher et al., 1996); explaining solutions to the Tower of 
Hanoi puzzle (Beilock & Goldin-Meadow, 2010; Garber & Goldin-Meadow, 2002; Goldin-Meadow & 
Beilock, 2010); explaining how gears work (Perry & Elder, 1997); and describing solutions to algebra 
problems involving continuous and discrete change (Alibali et al., 1999). But do adult gestures reveal 
nascent problem-solving strategies, and do these gestures indicate when an adult is ready to learn how 
to solve a complex problem?

Adult experts and novices produce iconic gestures during science problem-solving, particularly when 
working on organic chemistry problems that rely heavily on spatial and dynamic reasoning (Stieff, 2007, 
2011; Stieff & Raje, 2010). One such concept is stereochemistry. Stereoisomers are chiral objects1 not 
superimposable in real space because they are mirror images of one another across some plane. This 
geometric notion is often demonstrated by comparing the finger structure of the left and right hands–– 
placing the left hand (palm down) directly on top of the right hand (also palm down), or vice versa, 
reveals that the two are non-superimposable spatial arrangements of the same fingers. Structurally, the left 
hand is a mirror image of the right hand, and neither hand is symmetric (i.e., all 5 fingers are different 
and cannot be superimposed). Like the fingers of a hand, the substituents of stereoisomers lack an 
internal plane or point of symmetry: They contain a central atom called a stereocenter from which extend 
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four different substituent groups in a tetrahedron. Conversely, all parts of superimposable molecules can 
be perfectly lined up with one another, as if the fingers of the left hand were supplanted with those of the 
right hand. Since molecules are three-dimensional in a way that the hand analogy is not, if any two of the 
substituent groups in the tetrahedral configuration are identical, the molecule is symmetric and therefore 
would have a superimposable mate. In other words, it would not have a stereoisomer. We chose this task 
because it is complex and adults have a hard time solving it (but could learn about it relatively quickly) 
and because it is an excellent representation of the kinds of spatially complex problems students often 
have to grapple with in an Organic Chemistry course.

From initial field work and discussion with experts, we identified nine commonly used strategies for 
solving stereoisomer problems. Then, we recruited a sample of adults, naïve to Organic Chemistry, 
and asked them to try to solve some stereoisomer problems. On each problem, they drew 
a stereoisomer (if the molecule in the problem had one) and explained their thinking aloud. Later, 
coders listened to each explanation with a list of the strategies and checked one off as they heard it. On 
another pass, coders watched each explanation (with no sound) and checked off which strategies were 
gestured. We then compiled the speech and gesture codes for each explanation and determined 
whether each problem-solving strategy was produced in that explanation and, if so, whether it was 
expressed in speech alone, gesture alone, or both speech and gesture.

After solving the first set of problems, participants watched a brief training module about stereo
chemistry and then solved a second set of problems. We used the explanations each participant 
produced on the pretraining problems to predict that participant’s success on the post-training 
problems, controlling for performance on the pretraining problems. If adults are like child learners 
with respect to gesture and learning, adults who produce problem-solving strategies that are expressed 
only in gesture and not in speech (i.e., gesture–speech mismatches) on the pretraining problems ought 
to be particularly likely to succeed on the post-training problems.

However, our adult study allows us to take this phenomenon one step further because it was 
relatively common for the adults to express strategies that were explanatorily irrelevant to solving the 
problem. In contrast, when children explained how they solved math and conservations problems 
using incorrect strategies, those incorrect strategies rarely expressed explanatorily irrelevant informa
tion. Because the stereoisomer problem is so complex, it has many components that are explanatorily 
irrelevant to its solution, which a novice might focus on—for example, a longer line drawn between 
bonds in a molecule does not mean that those bonds are farther away from each other. Even if it did, 
this property would not be relevant to creating a stereoisomer because it does not change the 
molecule’s spatial arrangement. An analogous response in the child studies might be saying that the 
cups in a liquid conservation tasks have different amounts of water because the water is dyed blue, 
a response that is not unheard of but is rare. In contrast, we found that five of the nine strategies 
produced on the stereoisomer problems were irrelevant to solving the problem; moreover, these 
irrelevant strategies were produced dozens of times by many participants. We are thus able to ask 
whether any kind of information emerging uniquely in gesture predicts change (i.e., whether produ
cing any kind of gesture–speech mismatch predicts change) or whether the information uniquely 
added in gesture in a mismatch must be explanatorily relevant to the problem at hand to predict 
change. With respect to the stereoisomer problems, we ask whether producing an explanatorily 
irrelevant strategy in gesture and not in speech predicts post-training scores as well as producing an 
explanatorily relevant strategy in gesture and not in speech. Investigating the relationship between 
modality and relevance will allow us to determine why gestured strategies predict post-training scores. 
Is it the mismatch between the information conveyed in gesture and speech per se that predicts 
learning, or does the relevance of the information conveyed play a role as well?

To summarize, we provide adult learners with a brief training in stereoisomers and assess their 
performance on six stereoisomer problems before training and six after training. We describe the 
explanations the adults give for their problem solutions, focusing on the explanatory relevance of the 
explanations they express (relevance, irrelevance) and the modality in which each strategy is expressed 
(speech and gesture, speech only, gesture only). We then use the explanations produced before 
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training to predict scores on the six stereoisomer problems after training, asking three questions: (1) 
Does strategy relevance, on its own predict, predict post-training scores? (2) Does the modality in 
which the strategies were expressed, on its own, predict post-training scores? (3) Does the combina
tion of relevance and modality, taken together, predict post-training scores? Our goal is to determine 
whether the explanatory relevance of a strategy, along with the modality in which it is expressed, 
predicts the ability to profit from a brief training in adult learners.

Methods

Participants

Fifty-two adults (54% women) participated in the study; 51% of participants were White, 17% Asian 
American, 15% African American; 15% Latino/a, 6% identified as biracial, 6% responded other, and 
4% opted not to report race. All participants were fluent speakers of English and were ages 18 to 
22 years. Participants were compensated for their time with either course credit or a small monetary 
reimbursement. Participants were undergraduates recruited through a list-serve of psychology study 
volunteers. We prescreened participants for their level of chemistry education and selected volun
teers who had at least 1 year of formal chemistry education at the high school or undergraduate level, 
with no formal instruction in organic chemistry. Five participants (4 women) were excluded from 
analyses because of experimenter error or noncompliance with instructions.2 Four additional 
participants were excluded based on their pretraining scores (3 were unable to give any responses 
that followed the laws of chemistry and 1 had mastered the task at pretraining).3 We present data 
from 43 participants.

Design overview

Each participant followed the same procedure and was given the same problems and training lesson. 
Every participant answered six questions, then received a brief training, and finally answered six new 
questions. On each question, participants were given a prompt molecule in a two-dimensional 
drawing (Figure 1; see also below in Materials, Prompts of molecules) and either drew a stereoisomer 
for the molecule or responded that the molecule does not exist in stereoisomer form. Participants 
then explained the reasoning behind their drawing (or lack of drawing). We later coded each 
explanation for the problem-solving strategies it contained and the modality (speech alone, gesture 
alone, speech and gesture) in which each strategy was produced. We also scored the participants’ 
drawings in response to each problem as “correct” or “incorrect” (see below in Procedure, Scoring 
drawings as correct and incorrect). We use pretraining strategies to predict post-training scores.

Materials

Prompts of molecules
Figure 1 displays an example of a stimulus given to participants in our study. Participants were 
provided with two different visual representations of molecular structure and spatial arrangement on 
an 8 × 11 inch piece of paper: a labeled color illustration of a three-dimensional ball and stick 
representation of the molecule’s structure (Figure 1, top) and a wedge and dash representation 
displaying the molecule’s skeletal formula in two dimensions (Figure 1, bottom). Participants were 
told that the dark-colored triangles (wedges) indicate parts of the molecule coming out of the page in 
space toward the viewer and that the light-colored triangles (dashes) indicate parts going into the page 
in space away from the viewer. In this example, the chlorine (Cl) atom is coming out of the page 
toward the viewer and the lone hydrogen (H) atom is going back into the page away from the viewer. 
The wedge and dash representation portrays single bonds as single lines between atoms and double 
bonds as double lines between atoms.4
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Six unique prompts, one with no stereoisomers of any kind, were presented in a randomized order 
that was fixed across participants. After the training, a second set of six unique molecules, including 
one molecule with no stereoisomers, was presented to participants in a randomized order that was 
fixed across participants. For all participants, the molecule with no stereoisomer was presented as the 
fourth prompt in the pretraining problems and as the sixth prompt in the post-training problems.

Training
Scripted verbal training was given to participants after they solved the pretraining problems. The 
experimenter laid out a three-step procedure for determining whether a molecule has a stereoisomer 
using two example molecules, one with a stereoisomer and one without.5 The experimenter first 
indicated the central carbon and the substituents. Participants were then shown how changing the 
spatial orientation of two of the substituents along the z-axis could create a unique spatial representation 
of the original molecule. Participants were finally told to determine whether the new spatial arrangement 
actually created a non-superimposable stereoisomer of the original molecule by imagining that they are 
rotating the entire molecule in three dimensions and checking the nonmanipulated substituents. If the 
nonmanipulated substituents did not match, it was non-superimposable and therefore a stereoisomer of 
the original; if they did match, it was superimposable and therefore not a stereoisomer.

Procedure

Each individual participated in a single session, lasting less than 1 hour, and followed the same 
procedure: six problems → training → six problems. Each session was videotaped with the 

Figure 1. An example of a molecule prompt. Note. These images represent the molecule (S)-2-Chlorobutane.
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participants’ knowledge, and each participant interacted with the same experimenter throughout the 
session. When participants arrived, they were given a general description of the problems they would 
solve and were shown the wedge and dash conventions for drawing molecules. They were then told 
about the importance of stereoisomers using thalidomide as an example. Stereoisomers were defined 
for them at a conceptual level as “molecules with multiple non-superimposable spatial arrangements.” 
The experimenter said that stereoisomers are “molecules that have the same molecular formula, as well 
as the same bond order and connectivity, but different orientations in three-dimensional space.” 
Participants were told “no matter how stereoisomers are rotated in space, their parts are never 
perfectly superimposable on one another”.6

Each participant completed 12 total problems: 6 before the training and 6 after. On each 
problem, the participant was presented with a prompt (Figure 1) and asked to determine 
whether the molecule exists as a stereoisomer and, if so, to draw a wedge and dash depiction 
of it on a white board.7 Participants were then asked to explain how they created their drawing 
of the stereoisomer. For trials on which participants judged that the molecule does not have 
a stereoisomer, they were asked to justify why no possible non-superimposable spatial arrange
ment of the original molecule exists. Participants did not receive feedback on their drawings or 
their explanations.

An Example of Three Relevant Strategies in Speech+Gesture 

Speech:  �Well I reversed the 
spatial arrangement of these 
two, so now you can�t like� 

Gesture:  Index and middle 
finger each point at one 
substituent lying at non-zero 
points on the Z-axis, and 
wiggle back and forth. 

Speech:  �Since these are 
not the same on either side of 
the main carbon, 

Gesture:  Left hand flat�
points at one substituent on 
the X-Y plane (where Z=0); 
right hand flat�points at the 
other substituent on the X-Y 
plane. 

Speech:  then you can�t 
like flip it at all.� 

Gesture:  Both hands 
mimic rotation in front of 
the molecule. 

Relevant Switch Compare the Non-
Manipulated Substituents 

Relevant Rotation 

Figure 2. An example of three relevant strategies in speech + gesture.
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Coding and scoring

First, we describe the coding system for the drawings. Next, we describe the process of deriving the 
coding system for the speech and gesture explanations. Third, we describe how we scored the 
pretraining and post-training problems using the combination of drawings and speech explanations.

Scoring drawings as correct or incorrect
A correct drawing illustrated a possible stereoisomer of the molecule. For the two prompt molecules 
without stereoisomers, a drawing was considered correct if the participant stated that the molecule 
lacked a stereoisomer. A second coder classified 10% of the 516 pretraining and post-training drawings 
for correctness. Agreement between the two coders was 98%.

Developing speech and gesture coding systems
First, we describe briefly the process of developing the coding systems for the speech and gesture 
explanations following the drawings: How we identified common strategies and recognized them 
in each modality. Second, we describe the actual coding we did for the participants in this 
sample.

Before beginning the study, we videotaped approximately a dozen individuals with varying levels of 
familiarity with stereochemistry, from psychology graduate students with little to no chemistry 
education to organic chemistry professors. We asked them to solve different types of stereoisomer 
problems and to explain their responses in depth. From this corpus, two coders (expert in coding 
gesture and speech and well versed in stereochemistry) identified common problem-solving strategies. 
The coders then conducted a series of intensive working meetings with expert gesture coders and 
chemists to fine-tune the coding system.

Table 1 displays all nine problem-solving strategies identified during this process, along with 
examples in speech and gesture. These levels reflect increasing understanding of stereoisomers, with 
level 0 reflecting a lack of mastery and level 4 the highest level of mastery. The top of Table 1 presents 
the five strategies that are irrelevant to solving the stereoisomer problems; the bottom of Table 1 
presents the four strategies that are relevant to the problems.

The first two strategies in Level 0—Changed 2D Representation and No Changes Possible—make 
incorrect assumptions about chemistry or how molecules work. The next two strategies––Irrelevant 
Switch and Irrelevant Rotate––focus on the wrong parts of the molecule and therefore are not useful in 
finding a stereoisomer. Ignoring the Z dimension is also a Level 1 strategy as it omits an important 
dimension.

The next two strategies––Relevant Switch and Relevant Rotate––are Level 2 and highlight move
ments performed on appropriate parts of the molecule to determine whether it has a stereoisomer. The 
Mirror Image strategy is Level 3 because it demonstrates an understanding of the spatial arrangement 
of the molecule as a whole. But this strategy is not failsafe––if the molecule has internal symmetry, 
drawing its mirror image is actually just drawing the molecule from a different vantage point. Only 
Comparing Non-manipulated Substituents, a Level 4 strategy, ensures that the participant fully 
understands how to solve the problem.

Speech was classified as uncodable on problems where participants did not provide meaningful 
strategy information in their spoken explanation (e.g., “I am not really sure how I got this but I think 
it’s right,” “I just did what I did last time”) and, more commonly, on problems where participants 
repeated the definition of a stereoisomer (e.g., “my drawing is not superimposable on the original 
molecule”). The experimenter gave a “why?” prompt in response to both kinds of answers; responses 
were classified as uncodable if participants did not respond to the prompts. Spoken responses were 
coded with the video turned off with one exception: when it was necessary to view the video in order to 
determine a referent (e.g., “I moved this part” or “I switched these two groups”). Speech was codable in 
90% of pretraining problems (231/258 problems) and 94% of post-training problems (243/258 
problems).
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Table 1. Problem-Solving Strategies, Descriptions, and Examples from Speech and Gesture

Strategy Name Description Speech Example Gesture Example

Irrelevant strategies
Changed two- 

dimensional 
representation

By changing the length of the 
bonds between atoms or 
altering the angle between 
two bonds, they have created 
a stereoisomer.

“I made the bonds between the 
carbon and the hydrogen 
shorter.”

Pinch two fingers together over 
the C and H.

No changes possible Regardless of how they change 
the molecule it can always be 
rotated back to the original 
form and thus cannot create 
a stereoisomer. Or, due to the 
laws of chemistry no changes 
are allowed to be made.

“Anyway I drew it, it would still 
be super-imposable on the 
original molecule”

Point or sweep to every 
substituent and produce no 
other gestures.

Ignore Z dimension Indicate having changed the 
location of two substituents 
by altering their spatial 
relation on the two- 
dimensional X-Y plane of the 
drawing in such a way that 
represents no three- 
dimensional changes.

“Originally the hydrogen was to 
the bottom left of the carbon, 
now it’s to the bottom right. 
And the bromine was on the 
right, now it’s on the left.”

V-hand shape, pointing to each 
of the two substituents on the 
z-axis, typically wiggling back 
and forth.

Irrelevant switch Participants indicate that 
rotating two or more 
substituents that are NOT 
attached to the stereocenter 
will produce a stereoisomer.

“I rotated these two CH3s all 
around this carbon so now it is 
different.”

Point to a substituent that is not 
attached to stereocenter, and 
then sweeps away from the 
board.

Irrelevant rotate Participants indicate that 
rotating two or more 
substituents that are NOT 
attached to the stereocenter 
will produce a stereoisomer.

“I rotated these two CH3s all 
around this carbon so now it is 
different.”

Lift up one hand with fingers 
pointed upward and twist the 
hand either clockwise or 
counter-clockwise. The 
movement is produced in 
front of a substituent not 
attached to a stereocenter.

Relevant strategies
Relevant switch Participants indicate that no 

matter how their drawn 
molecule is rotated, it cannot 
be superimposed on the 
original molecule. For items 
that do not have 
a stereoisomer, rotating the 
drawn molecule will return 
the arrangement to its original 
form and thus it can be 
superimposed.

“Because regardless of how you 
rotate the molecule, the parts 
of this one are not going to 
line up with the parts of the 
original one.”

Point with a V-shaped hand to 
two substituents attached to 
a stereocenter and flip hand.

Relevant rotate Participants indicate that no 
matter how their drawn 
molecule is rotated, it cannot 
be superimposed on the 
original molecule. For items 
that do not have 
a stereoisomer, rotating the 
drawn molecule will return 
the arrangement to its original 
form and thus it can be 
superimposed.

“Because regardless of how you 
rotate the molecule, the parts 
of this one are not going to 
line up with the parts of the 
original one.”

Lift up one hand with fingers 
pointed upward (or both 
hands) and twist the hand(s) 
either clockwise or counter- 
clockwise. The movement is 
produced in front of the entire 
molecule or stereocenter.

Mirror image Participants indicate that by 
creating the original 
molecule’s mirror image they 
have created a stereoisomer.

“If you reflect the molecule over 
a mirror plane then you 
couldn’t match it up with the 
original.”

Place one hand over one 
drawing and then flip hand 
from palm down to palm up 
over the top of the original 
molecule.

(Continued)
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Gesture was uncodable when participants produced (1) only beat gestures (rhythmic, baton-like, up 
and down movements of the hand and arm that synchronize with speech but have no representational 
meaning; McNeill, 1992), (2) gestures that were too far away from the drawing to determine the 
appropriate strategy, or (3) a series of individual disparate points. Gesture was codable in 69% of the 
pretraining problems on which participants gestured (171/248 problems) and 72% of the post-training 
problems on which participants gestured (179/246 problems).

Coding speech and gesture for each stereoisomer problem
One main coder took two separate passes through each explanation. The participant’s entire 
response following each problem was counted as a single explanation, and the speech and 
gesture contained in that explanation were each classified into one or more of the nine strategies 
(Table 1; an explanation could contain more than one of the nine strategies). On the first pass, 
the coder listened to the explanations without looking at the video. She had a list of problem- 
solving strategies and checked off any strategy or strategies that she heard in the explanation. On 
a second pass, the coder watched the video without hearing the speech and checked off any 
strategy or strategies she saw in the gestures. Reliability was assessed by having a second coder 
go through a randomly selected 10% of our 516 explanations; 10% is typically considered 
a reasonable sample for inter-rater reliability in qualitative research where complex responses 
are coded (see Campbell et al., 2013; O’Connor & Joffe, 2020), particularly since we used 10% of 
explanations, not participants. Agreement between the two coders was 91% for speech strategies 
and 82% for gesture strategies.

Take, for example, an explanation in which the strategies were expressed in both speech and 
gesture. In the speech pass, the coder hears “Well, I reversed the spatial arrangement of these two, so 
now you can’t like . . . Since these are not the same on either side of the main carbon, then you can’t like 
flip it at all.” The three strategies identified in the speech are italicized here for exposition. On the 
spoken strategy checklist, the coder marks three strategies: “relevant switch,” “compare nonmanipu
lated substituents,” and “relevant rotate.” On a different day, the coder watches the video with no 
sound and no access to the speech coding. The participant puts up two fingers at two relevant 
substituents and waves the fingers, then points at the far ends of the molecule; finally, moves her hand 
as though spinning a relatively large object about a vertical axis. On the gesture strategy checklist, the 
coder marks three strategies “relevant switch,” “compare nonmanipulated substituents,” and “relevant 
rotate.” The final step is to compare the speech and gesture checklists. Three strategies were expressed 
in this explanation, and all three were expressed in both speech and gesture (see Figure 2).

As an example of an explanation in which one strategy was expressed in both speech and gesture and 
one was expressed uniquely in gesture, consider the participant in Figure 3. In the speech pass, the coder 
hears “There’s an NH2 group and an H group connected to this carbon atom. If you switch these two groups 

Table 1. (Continued).

Strategy Name Description Speech Example Gesture Example

Check 
nonmanipulated 
substituents

Indicate that a molecule 
manipulated by either mirror 
image (Level 3) or relevant 
switch and relevant rotation 
(Level 2) must be compared to 
the original to check 
superimposability. Typically 
participants checked 
manipulated substituents 
against their original 
orientations, then checked the 
two nonmanipulated 
substituents’ locations to their 
original orientations

“When you change which one of 
these two groups are going 
into the board and which one 
is coming out of the board, no 
matter how you rotate the 
molecule, it won’t be the 
same. So I rotate this around, 
these will be back in their 
original spots, but the two 
things I didn’t change are now 
in different spots.”

Point to one or both of the 
unchanged substituents 
attached to the stereocenter.
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around, then, according to my head, you cannot superimpose this on top of that.” The coder marks one 
strategy “relevant switch” on the speech checklist. In the gesture pass, the coder sees the participant wiggle 
two fingers back and forth over two relevant substituents and then point his finger toward the ceiling and 
rotate his wrist. The coder marks two strategies on the gesture checklist: “relevant switch” and “relevant 
rotate.” Comparing the two checklists, we find that two strategies were expressed in this explanation––one 
in speech and gesture (“relevant switch”), and one in gesture only (“relevant rotate”).

Scoring each problem as correct or incorrect
We scored a problem as correct when it had both a correct drawing and a Level 4 explanation in 
speech. Producing a Level 4 explanation indicates that the participant understands how all the 
constituents in the molecule are spatially related to one another, regardless of how the molecule 
moves in space. When produced with a correct drawing, the response indicates that the participant has 
a complete understanding of the stereoisomer.

An Example of a Relevant Strategy in Speech+Gesture (Left) and a Relevant Strategy in Gesture 
Alone (Right) 

Relevant Switch 
(in gesture + speech) 

Relevant Rotation 
(in gesture alone) 

Speech:  “There’s an NH2 group and an H 
group connected to this carbon atom. If you 
switch these two groups around then 

Speech:  according to my head, you can’ t 
superimpose this on top of that.”  

Gesture:  Index and middle finger each point 
at one substituent lying at non-zero points on 
the Z-axis, and wiggle back and forth. 

Gesture:  Finger pointed upward and hand 
rotates counter clockwise twice. The 
movement is produced in front of the entire 
molecule generally (and not a specific 
substituent)

Figure 3. An example of a relevant strategy in speech + gesture (left) and a relevant strategy in gesture alone (right).
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To be certain that our findings were not determined by our criterion for correctness, we also scored 
all problems using a looser criterion. Under this scoring, a problem was considered correct if it had 
a correct drawing and a Level 3 or higher explanation in speech. In order to produce a Level 3 
explanation, the participant must know that reflecting the entire molecule across an axis is one way to 
create a chiral isomer, which shows some understanding of stereoisomers. However, when the 
molecule is symmetric along one axis, mirroring results in the same molecule, it is essential to 
check all of the substituents (Level 4) to ensure that the molecule has a stereoisomer. The maximum 
number of pretraining problems that a participant could solve correctly was six on the pretraining 
assessment and six on the post-training assessment.

Review of variables

Pretraining and post-training problems
Success was scored with a strict criterion (correct drawing + Level 4 explanation in speech; data are 
presented in the text) and a loose criterion (correct drawing + Level 3 or 4 explanation in speech; data 
are presented in supplementary materials and Figure 4, bottom).

Strategies produced to explain the pretraining and post-training drawings
Participants produced nine different types of strategies to explain their drawings, five that were 
explanatorily irrelevant to the problem and four that were explanatorily relevant (Table 1). An 
explanation could contain more than one strategy. Each strategy in an explanation was coded for 
explanatory relevance (irrelevant, relevant) and modality (expressed in both gesture and speech, 
expressed only in speech, expressed only in gesture), resulting in six distinct coding categories.

We assessed the total number of strategies (summed across participants), categorized according to 
relevance and modality, that were produced before and after training (Table 2), as well as the change in 
mean number of each type of strategy from pre- to post-training (Table 3). We also used the strategies 
on the pretraining problems to predict scores on the post-training problems. We first used the 
relevance of the strategies (collapsed over modality) and the modality of the strategies (collapsed 
over relevance) as predictors of post-training problems (Table 4). We then combined the factors and 
used relevance and modality as joint predictors of post-training problems (Table 5, Figure 4).

Results

Strategies expressed on the pretraining and post-training problems

All participants gestured when explaining at least one problem. They produced gesture on 96% of 
pretraining problems (248/258) and 94% of post-training problems (246/258). They produced speech 
on all pretraining and post-training problems. Participants often produced more than one strategy 
within a single explanation: 42 of 43 participants produced at least one explanation on the pretraining 
problems that included more than one strategy (either in the same modality or in two different 
modalities), producing an average of 1.71 strategies, SD = 0.54, per explanation.

Total number of strategies, classified according to relevance and modality, expressed before and 
after training
Table 2 displays the total number of times each of the nine strategies was expressed and the modality or 
modalities in which it was expressed on the pretraining problems and on the post-training problems.

Mean number of strategies, classified according to relevance and modality, expressed before and 
after training
Table 3 compares strategies produced prior to training to strategies produced after training. The top of 
the table presents the mean number of irrelevant strategies produced per participant across the six 
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problems, classified according to the modality or modalities in which each strategy was produced, and 
the bottom of the table presents the mean number of relevant strategies. If the training had an effect on 
participants’ understanding of stereoisomers, we would expect irrelevant strategies to decrease and 
relevant strategies to increase after training. In fact, we found that irrelevant strategies decreased 
overall from pretraining to post-training; the decrease was significant for irrelevant strategies pro
duced in Speech+Gesture, t(42) = −2.78, p = .008. We also found that relevant strategies increased 

Figure 4. Scatter plot of post-training score as a function of pretraining relevant strategies in gesture alone with stricter criteria (top) 
and looser criteria (bottom). Note. Post-training module score is determined by the number of correct drawings + Level 4 
explanations in speech in the top graph and by the number of correct drawings + Level 3 or 4 explanations in the bottom graph. 
The size of the dot in each graph indicates the number of participants represented by that dot.
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from pretraining to post-training; the increase was significant for relevant strategies produced in 
Speech+Gesture, t(42) = 3.38, p < .001, and in Speech Only, t(42) = 5.69, p < .0001.

Using pretraining strategies to predict scores on post-training problems

Does pretraining strategy relevance, on its own, predict scores on post-training problems?
We next explored whether the relevance of strategies (relevant or irrelevant) produced on the 
pretraining problems predicted success on the post-training problems. Table 4 presents the model 

Table 2. Number of Instances of Each Strategy, Summed Across All Participants and All Problems

Pretraining Problems Post-Training Problems

Strategy Name

Modality

Sum, Any 
Modality

Modality

Sum, Any 
Modality

In Speech 
+ Gesture

In 
Speech 
Alone

In 
Gesture 
Alone

In Speech 
+ Gesture

In 
Speech 
Alone

In 
Gesture 
Alone

Irrelevant strategies
Sum, Irrelevant Strategies 45 103 50 198 22 68 35 125
Changed two-dimensional 

representation
1 2 14 17 0 2 7 9

No changes possible 0 2 13 15 1 11 1 13
Ignoring Z dimension 15 36 5 56 9 21 4 34
Irrelevant switch 21 54 6 81 10 28 4 42
Irrelevant rotate 8 9 12 29 2 6 19 27

Relevant strategies
Sum, relevant strategies 101 74 69 244 158 163 50 371
Relevant switch 57 29 30 116 104 60 32 196
Relevant rotate 41 23 37 101 49 83 15 147
Mirror image 2 18 0 20 0 5 0 5
Nonmanipulated substituents 1 4 2 7 5 15 3 23

Sums are represented as italicized numbers.

Table 3. Number of Instances of Each Strategy, Summed Across Problems and Averaged Across Participants

Strategy 
Relevance

Strategy Modality

In Speech + Gesture In Speech Alone In Gesture Alone

Pretraining
Post- 

Training t p Pretraining
Post- 

Training t p Pretraining
Post- 

Training t p

Irrelevant 
strategies

1.05 (1.37) 0.51 (0.86) −2.78 .008* 2.65 (2.41) 1.58 (2.41) −2.55 .014 0.91 (1.29) 0.81 (1.24) −0.35 .73

Relevant 
strategies

2.35 (1.97) 3.67 (2.45) 3.38 .001* 1.72 (1.54) 3.79 (2.41) 5.69 <.0001* 1.60 (1.45) 1.16 (1.13) −1.63 .11

* Family-wide p value set to alpha = .05.

Table 4. Model Summary for Binary Mixed Models Predicting Score on Post-Training Problems from 
Strategy Relevance (Top) or Strategy Modality (Bottom)

β SE t p

Model for strategy relevance
(Intercept) −4.8439 1.2503 −3.874 .0001
Score on pretraining problems 6.5227 5.2862 1.238 .2157
Relevant strategies, any modality 0.9205 0.8334 1.104 .2694
Irrelevant strategies, any modality 0.2913 0.7370 0.395 .6926

Model for strategy modality
(Intercept) −4.1428 1.6722 −2.477 .0132
Score on pretraining problems 11.9660 8.066 1.483 .1380
Strategies in speech + gesture −0.5746 1.3234 −0.434 .6641
Strategies in speech alone −0.8332 1.4702 −0.567 .5709
Strategies in gesture alone 2.0072 1.2264 1.637 .1017
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summaries for two separate models. The top of Table 4 presents a model predicting the binomial 
likelihood of getting a post-training problem correct (as measured by producing a correct drawing and 
a Level 4 explanation in speech). The model includes a random effect of participant; fixed effects were 
participant’s pretraining score, number of pretraining relevant strategies (collapsed over modality), 
and number of pretraining irrelevant strategies (collapsed over modality). Neither the number of 
irrelevant, p =.69 (see top of Table 4), nor the number of relevant strategies, p = .27 (see top of Table 4), 
produced prior to training significantly predicted post-training score.

Does strategy modality, on its own, predict scores on post-training problems?
We then asked whether the modality in which a strategy was expressed (speech + gesture, speech 
alone, gesture alone) produced on the pretraining problems predicted success on the post-training 
problems. The bottom of Table 4 presents a model predicting the binomial likelihood of getting a post- 
training problem correct (as measured by producing a correct drawing and a Level 4 explanation in 
speech). The model includes a random effect of participant; fixed effects were participant’s pretraining 
score, number of strategies expressed in speech + gesture (collapsed over strategy type), number of 
strategies expressed in speech alone (collapsed over strategy type), and number of strategies expressed 
in gesture alone (collapse over strategy type). The number of strategies expressed in speech + gesture, 
p = .66 (see bottom of Table 4), speech alone, p = .57 (see bottom of Table 4), or gesture alone, p = .10 
(see bottom of Table 4) were not significant predictors of post-training score.

���������� 	
�� ���	������ 
��� ������	����� To ensure that our findings were not dependent on the 
criterion for correctness that we used, we redid the analyses in Table 4 using a looser criterion for 
correctness (a correct drawing + a Level 3 or 4 explanation in speech). Using this criterion, we found 
that all the results in Table 4 remained the same, except that the number of gesture-only strategies 
(ignoring relevance) on the pretraining problems predicted success on the post-training problems, 
p = .04.

Does the combination of relevance and modality predict scores on post-training problems?
Our final step was to combine relevance of strategy (relevant, irrelevant) and modality (speech + 
gesture, speech only, gesture only) and ask whether strategies produced on the pretraining problems, 
categorized according to type of strategy and relevance predicted success on the post-training 
problems. Table 5 presents a model predicting the binomial likelihood of getting a post-training 
problem correct (as measured by producing a correct drawing and a Level 4 explanation in speech). 
The model includes a random effect of participant; fixed effects were participant’s pretraining score, 
number of relevant strategies expressed in speech + gesture, number of relevant strategies expressed in 
speech alone, number of relevant strategies expressed in gesture alone, number of irrelevant strategies 
expressed in speech + gesture, number of irrelevant strategies expressed in speech alone, and number 
of irrelevant strategies expressed in gesture alone. We found that the pretraining score was a significant 
predictor of the post-training score. The only other significant predictor of the post-training score was 
the number of relevant strategies expressed in gesture only, p = .009 (see Table 5). Figure 4 (top) 

Table 5. Model Summary for Binary Mixed Model Predicting Score on Post-Training Problems from 
Strategy Relevance and Strategy Modality

(Intercept) −2.056 1.817 −1.131 0.2580
Score on Pre-Training Problems 18.688 8.624 2.167 0.0302*
Relevant Strategies in Speech+Gesture −1.812 1.741 −1.041 0.2981
Relevant Strategies in Speech Alone −3.701 2.752 −1.345 0.1786
Relevant Strategies in Gesture Alone 4.385 1.698 2.583 0.0098*
Irrelevant Strategies in Speech+Gesture 3.565 2.522 1.414 0.1575
Irrelevant Strategies in Speech Alone −4.623 3.000 −1.541 0.1234
Irrelevant Strategies in Gesture Alone −2.626 2.054 −1.279 0.2010

* Significant predictor at the p < .05 level.
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displays a scatter plot of post-training scores (y-axis) as a function of the number of relevant strategies 
expressed in gesture only prior to training (x-axis); the size of each dot represents the number of 
participants at that point. The scatterplot shows the positive correlation between the two variables.

����������	
�����	������
���������	����� We redid the analyses using the looser criterion for correct
ness (a correct drawing + a Level 3 or 4 explanation in speech) and found the same results––number of 
relevant strategies expressed in gesture only was a significant predictor of post-training score, as was 
pretraining score (see Table S1 in supplementary materials). Figure 4, bottom, displays the scatter plot 
with success on the post-training problems (y-axis) calculated in terms of the looser criterion (correct 
drawing = Level 3 or 4 explanation in speech); again, the size of each dot represents the number of 
participants at that point. Even using the looser criterion, we see a positive correlation between 
relevant strategies produced only in gesture and post-training score.

Discussion

Our study has four central findings. First, we demonstrated that novices gestured at a high rate when 
they talked about how they transformed molecules in an attempt to create alternate spatial arrange
ments of organic compounds. Our findings thus replicate studies showing that tasks involving mental 
rotation and other visuospatial skills tend to elicit gesture (Chu & Kita, 2011; Ehrlich et al., 2006; Stieff, 
2007, 2011; Stieff & Raje, 2010; Trafton et al., 2006). Second, we developed a coding system for 
identifying problem-solving strategies in speech and the accompanying spontaneous gestures. We 
believe this paradigm and coding system offer promise for studying the role of spontaneous gesture in 
chemistry learning. Third, we found that the strategies expressed in gesture did not always overlap 
with those expressed in speech. Fourth, we found that strategies expressed in gesture only prior to 
training significantly predicted success on the stereoisomer problems after training.

Previous work with children has shown that learners on the brink of conceptual change often 
produce information uniquely in gesture—information not found in the accompanying speech, so 
called gesture–speech mismatches (Alibali & Goldin-Meadow, 1993; Church & Goldin-Meadow, 1986; 
Perry et al., 1988; Pine et al., 2004; for review, see Goldin-Meadow, 2003). In previous work, children 
were asked to learn relatively straightforward tasks (e.g., Piagetian conservation tasks in 5- to 8-year- 
olds, mathematical equivalence tasks in 9- to 10-year-olds). The incorrect information that the 
children conveyed uniquely in gesture on these tasks always contained information that was relevant 
to the task or concept to be mastered. For example, on the mathematical equivalence problem 
4 + 6 + 3 = __ + 3 used by Perry et al. (1988), the correct answer is 10. However, children often 
respond with “13” to this problem and, when asked them how they got this answer said, “I added the 4, 
the 6, and the 3” (add-to-equal-sign strategy). While producing this strategy in speech, many children 
produce gestures that convey a different incorrect strategy––they point at the 4, the 6, the left 3, and 
then the right 3 (add-all-numbers strategy), which gives 16 instead of 13. Although the strategies are 
not correct, both are relevant to solving the problem. To solve the problem correctly, children need to 
notice that the equals sign breaks the problem into two sides (add-to-equal sign) and also notice that 
there is an extra addend on the right side of the equation (add-all-numbers). Children who produce 
these two strategies, one in gesture and the other in speech, are particularly likely to learn how to solve 
the math problems after a brief training.

Producing information in gesture that is not in speech could index later understanding for at least 
two reasons. The first is that having several strategies activated at the same time, with some strategies 
expressed in speech and others in gesture, reflects a type of general cognitive instability in the learner. 
During such times of instability, learners may be more amenable to instruction in new strategies, 
possibly because they have become aware of inconsistencies in their thinking and are working to 
resolve those inconsistencies (Goldin-Meadow & Alibali, 2002; Goldin-Meadow et al., 1993). 
Variability in strategy choice, either within or across modalities and regardless of whether the 
strategies are correct or incorrect, has been shown to precede learning (for review see Siegler, 2007; 
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but see Church, 1999). Under this hypothesis, what is important in propelling change is that multiple 
strategies be simultaneously activated, which puts the learner in an unstable state. In other words, the 
relevance of the strategies should not matter.

The second possibility is that gestured information represents implicit knowledge that the learner 
holds but is, as yet, unable to explicitly express in speech (Broaders et al., 2007). Under this possibility, 
the type of information embodied in the gestural component of a mismatch ought to be an important 
index of whether the learner is open to change. When explanatorily irrelevant strategies are expressed 
in gesture only, gesture reflects implicit ideas that the learner holds, but those ideas are hindering the 
ability to improve on the task—or at least they are not helping. In this account, conveying information 
in gesture that is not found in speech is a good index of openness to instruction only if the information 
conveyed in gesture is explanatorily relevant, and a step on the road, to solving the problem correctly.

Our data align with this second account, providing support for the view that the type of information 
gesture adds to speech in a mismatch is telling. Gesture–speech mismatch likely is a signal of general 
cognitive instability and thus readiness for change. However, our results suggest that the explanatory 
relevance of the information conveyed in gesture indicates whether change for the better is likely to 
come easily to a given individual. In other words, mismatch on its own is not enough––the mis
matches learners produce must convey information that is explanatorily relevant to solving the 
problem in order for them to profit from input and change for the better.

Of course, it is possible that findings from this work apply only to problems involving spatial 
arrangements of molecules, or to problems of molecule transformation, or even to the specific type of 
enantiomer task we use in this paradigm. Solving the task in our study relies on spatial processes––the 
participants produced iconic gesture at very high rates, replicating findings from the chemistry 
education literature showing that novices (and experts, when problems are difficult) approach 
problems of this sort spatially (Stieff, 2011; Stieff & Raje, 2010). There is a strong possibility that the 
effects of gesture on learning are more pronounced for problems that have a spatial, or specifically 
rotation, component (Chu & Kita, 2011; Cook & Tanenhaus, 2009; Hostetter & Alibali, 2008). 
However, our data also are consistent with a general gesture–speech mismatch phenomenon, estab
lished in the literature across a variety of content areas, including moral reasoning problems with no 
inherent spatial properties (Beaudoin-Ryan & Goldin-Meadow, 2014). The regularity of this effect 
across studies helps to strengthen the argument that gesture is an important and additional lens 
through which to study learning more generally.

Our study also underscores the role that gesture can play in the classroom, offering another window 
into a student’s understanding of stereoisomer problems. Importantly, extensive training is not 
necessary for teachers to understand their students’ gestures. Ordinary listeners are able to decode 
the information that speakers convey uniquely in gesture (Goldin-Meadow & Sandhofer, 1999), often 
without conscious awareness of gesture as the source of the information (McNeill et al., 1994). 
Listeners decode iconic information in gesture online, as it occurs, and incorporate the information 
into their model of the spoken message, as evidenced by reaction time (Ping et al., 2014). Teachers and 
undergraduate research participants are sensitive to gesture when identifying which problem-solving 
strategies are in children’s explanations of their answers to math and conservation problems after 
a brief primer on coding categories (Kelly et al., 2002) and even without the primer (Alibali et al., 1997; 
Goldin-Meadow et al., 1992). Students’ spontaneous gestures are thus accessible to teachers even if the 
teacher has not been trained in gesture coding.

In sum, we have found that gesture can reveal an individual’s understanding of stereoisomer 
problems––the gestures that people produce when they explain their responses to a task reflect the 
knowledge they have about the task and, importantly, reveal knowledge that often goes beyond the 
knowledge they convey in their speech. We have also found that the gestures adults spontaneously 
produce on a stereoisomer task are a good index of how well they will perform on the task after new 
input, thus replicating previous work with children and demonstrating that when considered in 
relation to speech, gesture is a good index of openness to change in all learners, young and old. 
However, the mismatch between gesture and speech is only one component necessary to predict 
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learning––the information conveyed in the mismatching gesture must also be explanatorily relevant to 
solving the problem. Overall, our findings make it clear that the gestures chemistry novices sponta
neously produce can be used by researchers and teachers alike to gain insight into what learners know 
about chemistry, and how ready they are to learn more.

Notes

1. Not all stereoisomers are chiral, but in our study we used chiral and chiral-looking molecules.
2. For example, the experimenter forgot to turn on the video camera. In another case, the experimenter did not stop 

a participant from holding the marker during the explanations, which inhibited gesture.
3. Some participants were not able to produce drawings with the same molecular formula and bonding order as 

given in the stimulus molecules.
4. There are no double bonds in the molecule in the figure, but some molecules used in the study did contain double 

bonds.
5. The molecule with a stereoisomer had an enantiomer, a diastereomer, and an enantiomer of the diastereomer.
6. Although there are different types of stereoisomers, in the current study we limited our prompts and instruction 

materials to molecules with mirror-image configurational enantiomers and, as a contrast, molecules with 
symmetry that do not exist in enantiomer form. We use the terminology “stereoisomer” and “stereochemistry” 
throughout. Some of the molecules used as stimuli exist in diastereomer form as well. The same strategies can be 
used to create a stereoisomer for diastereomers.

7. During each trial, participants were allowed to revise their drawing as many times as they desired but were then 
asked to restart their explanation from the beginning each time they did. Only the final drawing and explanation 
were included.
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