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Teaching Stereoisomers Through Gesture, Action, and Mental 
Imagery  
Raedy Ping,a Fey Parrill, b R. B. Churchc, and Susan Goldin-Meadow a 

Many undergraduate chemistry students struggle to understand the concept of stereoisomers, molecules that have the 
same molecular formula and sequence of bonded atoms but are different in how their atoms are oriented in space. Our goal 
in this study is to improve stereoisomer instruction by getting participants actively involved in the lesson. Using a pretest-
instruction-posttest design, we instructed participants to enact molecule rotation in three ways: (1) by imagining the 
molecules’ movements, (2) by physically moving models of the molecules, or (3) by gesturing the molecules’ movements. 
Because gender differences have been found in students’ performance in chemistry (Moss-Racusin et al., 2018), we also 
disaggregated our effects by gender and examined how men and women responded to each of our 3 types of instruction. 
Undergraduate students took a pretest on stereoisomers, were randomly assigned to one of the 3 types of instruction in 
stereoisomers, and then took a posttest. We found that, controlling for pretest performance, both women and men 
participants made robust improvements after instruction. We end with a discussion of how these findings might inform 
stereoisomer instruction.

Introduction 
 

Many undergraduates have negative experiences in 
chemistry courses. Why? Like all human problems, multiple 
factors contribute to overall success in chemistry coursework. 
Research has examined motivation and self-efficacy (Avargil, 
2019; Gibbons, et al., 2018; Gibbons and Raker, 2019), 
background preparation, spatial and mental rotation ability 
(Pribyl and Bodner, 1987; Stieff, et al., 2014; Stieff and Uttal, 
2015; Stieff, et al., 2018), amount of time spent studying and 
method of studying (Lopez, et al., 2013), faculty relationship 
quality (Barr, Gonzalez, and Wanat, 2008), to name a few. 
Gender has also been a focus, given that men are 
overrepresented in STEM fields (National Science Foundation, 
2019). Although the proportion of women earning bachelor’s 
degrees in chemistry is approximately equal to men (Matson, 
2013; Cheryan, et al., 2017; National Science Foundation, 2019), 
women are less likely to complete graduate degrees in 
chemistry or enter chemistry-related professions (National 
Science Foundation, 2019). Gender differences in spatial skills 
relevant to chemistry might be one explanation (Stieff, et al., 

2014). However, these differences are small (typically about 
half a standard deviation, Peters, et al., 2007). These differences 
can be eliminated with practice and training (Feng, et al., 2007; 
Stieff, et al., 2014), making sociocultural factors, such as 
attitudes and stereotypes, a potentially better explanation for 
these gender differences (Ceci, et al., 2009; Sunny, et al., 2017).  

Given the complexity of this problem, researchers hoping to 
increase gender diversity in STEM fields have taken several 
approaches. Some focus on “pipeline” issues by increasing 
Advanced Placement enrollment (Corra, et al., 2011) or parental 
support in high school (see, for example, Simpkins, et al., 2015). 
Others focus on interventions that can benefit learners by 
meeting them where they are. Some focus on socio-emotional 
dimensions such as asking students to take an additional 
support course (Lee, et al., 2018), or reducing anxiety or 
negative affect (Raker, et al., 2019). Others focus on building 
skills (Pribyl and Bodner, 1987) or teaching concepts more 
effectively by introducing specialized teaching tools (e.g., virtual 
models, Stull and Hegarty, 2016; transparent whiteboards, Stull, 
et al., 2018, etc.). Our project takes the latter approach. We 
follow up on previous work by asking whether an active, 
embodied chemistry lesson is effective in improving learning.  
 
Involving the body in active engagement supports learning in 
organic chemistry 
 

Chemistry is generally taught using slides, textbooks, and 
animation programs. But there is reason to believe that 
engaging the body when explaining a chemistry concept is 
related to learning the concept. One of the challenges for STEM 
learning is that students have to represent complex phenomena 
that are often not detectable to the naked eye. This 
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representational competence is essential for reasoning, indeed 
Stieff and colleagues (2020) suggest that representational 
competence developed through STEM classroom activities can 
benefit STEM learning more than focusing on spatial ability. This 
representational ability can be enhanced in a variety of ways, 
but at a minimum, requires the ability to visualize change in 
structures, to compare different vantage points of a structure 
and to translate representations between 2D and 3D versions.  
Developing this representational skill has been practiced in 
classrooms in a variety of ways. Imagining molecules’ 
movements has been found to help learners (particularly men) 
develop this representational skill (Stieff, et al., 2014). 

 But research has also shown that embodying the dynamic 
changes can lead to representational competence in molecular 
chemistry (Stieff et al, 2020—although there are there are limits 
to this approach depending on the complexity of the 
visualization). Although a detailed review of embodied 
cognition is beyond the scope of this paper, the general 
argument is that the human mind is fundamentally shaped by 
having a human body and using that body to interact with the 
world (e.g., Gibbs, 2005). Many studies show that bodily 
experiences impact what were previously considered to be 
purely mental processes (see Castro-Alonso, Paas, and Ginns 
2019, and Niedenthal et al. 2005 for extensive examples). One 
core part of the embodied cognition argument is that when 
generating mental imagery (e.g., mentally rotating an object), 
we are engaging in an embodied simulation that is neurally 
similar to seeing mental rotation (see, e.g., Zwaan, Stanfield, 
and Yaxley, 2002).  
   
Stereoisomers in chemistry education  

We focus here on students learning stereoisomers. 
Stereoisomers are molecules that have the same molecular 
formula and sequence of bonded atoms, but are different in 
how their atoms are oriented in space. That is, there is no 
degree of rotation that results in perfect superimposablity 
(Michl, 2003). Our instruction centers on this core principle of 
non-superimposability of stereoisomers. Reading about or 
viewing 2-D representations of molecule rotation, and then 
making inferences about the 3-D molecules, is difficult for some 
students.  Students are often asked to mentally rotate, but 
enacting the actual rotation of a molecule may be a more 
effective way to instruct students in stereoisomers.  For 
example, requiring students to act on a physical or virtual model 
of molecules does, in fact, benefit learners (Stull and Hegarty, 
2016).   

 
 

Active learning and student engagement 
 

Active Learning is a movement within the field of education.  
It argues that students learn more when they engage in 
activities (problem solving, discussion, using physical models), 
rather than passively absorbing material. Empirical support for 
the claims of active learning is emerging (Freeman et al., 2014; 
Freeman et al., 2007), but there is controversy. A recent meta-

analysis of active learning in undergraduate STEM courses 
found a benefit for active learning in some studies, but not in all 
(Freeman et al., 2014). As Bernstein (2018) points out, a better 
question to ask is which active learning strategies work and why 
(see also Rau and Herder, 2021). 

Lower-level cognition that could explain why active learning 
can benefit learners includes memory and affect. Active 
learning might reset attentional focus, allowing for an increase 
in sustained attention, which improves memory for the course 
materials (Cherney, 2008, Fuller et al., 2018; Young, Robinson, 
& Alberts, 2009). Or active learning might increase positive 
affect (Steen-Utheim & Foldnes, 2018). The literature on affect 
and learning is large and complex, but generally finds that 
positive affect leads to better learning (typically mediated by, or 
in relationship with, other factors such as motivation and self-
regulation; Brom et al., 2017). Some of this benefit may stem 
from changes in attention as a function of mood (Scrimin & 
Mason, 2015).  

Higher-level explanations for the benefits of active learning 
are often grounded in constructivist theories of learning. 
Constructivism argues that knowledge is created through 
sensory, motor (Liu & Matthews, 2005; Piaget, 1952) and 
affective-social (Rieber, Carton, & Carton, 1987; Vygotsky, 1938, 
1986) interactions (Bruner, 1966; Kolb & Kolb, 2005). For 
example, the way a young child approaches the task of 
navigating down a slope is shaped by her experience with 
crawling, the grade of the slope, and whether her caregiver is 
encouraging or discouraging (Adolph, Karasik, & Tamis-
LeMonda, 2010). For college-aged learners, the same general 
principles are expected to apply. According to these accounts, 
active learning is beneficial because it reshapes pedagogical 
practices so they are consistent with the way learning actually 
happens––as part of a dynamic system in which social, 
emotional, sensory-motor events are assimilated to existing 
experiences (see Osgood-Campbell, 2015 for discussion). There 
is good reason to believe in the arguments of constructivism 
(Bransford, Brown, & Cocking, 2000), if not necessarily in any 
direct link to active learning paradigms. 

 
Embodied cognition and gesture 
 

What is new to this array of teaching techniques is the use 
of gesture as a way to enact molecular rotation. Gesture is 
defined generally as “spontaneous movements of the hands 
and arms accompanying speech” (McNeill, 1992, p. 37). Ping 
and colleagues (2021) observed the hand gestures students 
spontaneously produced when asked to explain stereoisomers, 
a core principle of organic chemistry. Students who had never 
studied stereoisomers completed a set of problems that 
involved drawing molecules and explaining why (or why not) the 
molecule drawings represented stereoisomers. The students 
were then given a brief lesson in stereoisomers. There was not 
a single student who could solve the stereoisomer task and 
explain it correctly before the lesson. After the lesson, a small 
number of students succeeded, and their success was predicted 
by the responses they produced in gesture prior to the lesson–
–in particular, by responses in which gesture conveyed a 
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relevant problem-solving strategy not found in the 
accompanying speech. The gestures enacted the appropriate 
molecular rotation needed to solve the problem; the 
accompanying speech did not. This finding suggests that 
engaging the body in a chemistry lesson could be beneficial to 
learning. However, the improvement students showed after the 
lesson in the Ping et al. (2021) study was small, perhaps not 
generalizable to performance in the classroom.  

Our goal here was to harness the active engagement 
students display spontaneously in their gestures as a method to 
increase their ability to profit from a chemistry lesson. But 
gesturing is only one of many techniques that students can use 
to actively engage in a chemistry lesson.  

A number of scholars have pointed out the implications of 
embodied cognition for education (Castro-Alonso, Paas, and 
Ginns 2019; Glenberg, 2008; Nathan, 2021; Osgood-Campbell, 
2015; Shapiro and Stolz, 2019), but Parrill (2020) provides a 
discussion of the connections between active learning, 
embodied cognition, and gesture specifically. To put it briefly, 
gesture can provide a bridge between real actions in the world 
(rotating an object) and abstract concepts (superimposability) 
because it allows for the creation of schematized motor 
representations that are linked to semantic representations. 
Exploring gestural embodiment is of particular interest for the 
study of stereochemistry because it is neither as direct as 
rotating a molecule model, nor is it as indirect as imagining 
rotating a molecule. As mentioned earlier, learners’ gestures 
are a critical source of information about the mental 
representations that underlie their concept of stereoisomers, 
and can indicate readiness to transition to a new understanding 
of the concept (Ping et al., 2021; see also Alibali et al., 1997). In 
addition, gestural embodiment may have greater impact on 
generalized or transfer learning (Novack & Goldin-Meadow, 
2015) than more direct embodiment. 

Research also suggests that asking people to imitate gesture 
that represents advanced understanding of a concept can 
enhance learning of the concept (Stevanoni and Salmon, 2005; 
Broaders, et al., 2007; Goldin-Meadow et al., 2009; Ping and 
Goldin-Meadow, 2008; Carlson, et al., 2014; Novack, et al., 
2014). Meaningful gestures of a concept can create motor 
representations (Hostetter and Alibali, 2008), which help with 
retrieval of the concept (Kelly, et al., 2009; Cook, et al., 2010; 
Macedonia, et al., 2011; Macedonia and von Kriegstein, 2012). 
The logic is that, because learners have both a semantic and a 
motor representation of a concept, they have multiple 
pathways for sense making.  

Including gesture as a source of information about concepts 
in chemistry is becoming more common. Flood and colleagues 
(2015) argue for the necessity of including gestures produced 
by chemistry learners (who were studying molecular geometry) 
as a way of understanding how meaning is made. Abels (2016) 
illustrates how qualitative investigations of gesture during 
chemistry instruction (on atomic structure) can reveal 
important information about both interactive and conceptual 
dynamics. Rau and Herder (2021) compared physical and virtual 
training on energy diagrams. The most crucial of their findings 
(for our purposes) was that different kinds of gesture emerged 

depending on training. Rau and Herder argue that gestures 
index embodied schemas that are essential for the concept 
being acquired.  

In a study on learning about molecular structure, Stieff and 
colleagues (2016) compared seeing gesture with seeing and 
doing gesture. They gave participants text training, training that 
asked them to observe gestural representations of a molecule, 
or training that asked them to observe and perform the gestural 
representations. Participants who observed and performed 
gestures scored better on an assessment than the other two 
groups. Stieff and colleagues (2016) also compared training in 
which students gestured to training in which students acted on 
3-Dimensional molecule models. During assessment, some 
learners had the models present; others did not. When the 
physical model was not present during assessment, learners 
who were trained on the model performed worse than they did 
with the model present. Learners who were trained to produce 
gestures did equally well whether the model was present or 
absent during the assessment. This finding suggests that 
instruction enabling abstract embodiment of molecule 
representations can lead to transferable or generalized learning 
that does not rely on a concrete model being present. This claim 
is in line with the general argument that different kinds of 
training support the acquisition of different dimensions of a 
concept (Rau and Herder, 2021). 
 
Summary. There are many reasons why undergraduate 
students struggle with chemistry, particularly organic 
chemistry. We suggest that actively engaging students in 
representing how the molecules of a stereoisomer move may 
be a strategy that improves learning in all populations. If so, it 
would have the potential to reduce disparities.  

Here we compared three kinds of training that encourage 
students to actively represent molecule movement in 
stereoisomer problems. We asked students to directly rotate 
physical models of molecules, or to perform gestures about 
enacting rotation of molecules. These two conditions involve 
motor action. As a contrast for the physical movement 
conditions, we created a third condition in which a student was 
to imagine the rotation of a molecule, an activity that does not 
require motor engagement of the body. We constructed three 
stereoisomer lessons that could incorporate these three 
different types of active engagement; physically rotating a 
molecule model, gesturing the rotation of a molecule and 
imagining the rotation of a molecule. 

We address the following two research questions: 
1) Do different types of active engagement in stereoisomer 

instruction benefit learning? We designed our instruction 
around stereoisomers because understanding stereoisomers is 
important for success in chemistry coursework, and because 
the spatial content of the relevant molecules can be enacted in 
a variety of ways. We chose a third condition that embodies 
rotation in the form of mental imagery with no motor 
engagement of the body. We compared this training to 
physically and gesturally rotating a model of stereoisomer 
molecules.  
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Learning may be facilitated by the active embodiment of 
molecular rotation regardless of the method of active 
engagement. Alternatively, acting on physical models may be 
the most effective training because action is familiar to 
students. Gesturing has the potential to benefit learners more 
than acting because it frees learners from details of the model 
and focuses them on the underlying principle of rotation. 
Imagining rotation has the potential to be the most effective 
training because it requires students to create an abstract 
mental representation. 

2) Given that there are gender differences in Science, 
Technology, Engineering and Mathematics fields, we also 
examine the impact of our training on men and women. Does 
the instruction we provide benefit men and women learners 
equally? If men are more likely to use imagery than women 
(Stieff, et al., 2014; see also Wakefield et al., 2019), we might 
expect them to perform better than women with the  training 
that asks learners to imagine, but not enact, movement. 
 
Methods 
 
Participants 
Our sample size was based on a priori power analyses 
conducted with G*Power3 (Faul, et al., 2007) using an F family 
of tests. With a medium effect size, alpha set to .05, and 1- beta 
set to .80, we found that a sample size of at least 77 would be 
required. The goal was to collect data from about 25 to 26 
individuals within each of the three experimental conditions. 
Table 1 shows the output of that effort. We nearly met our goal 
with N = 74 participants, with N = 26 in the Action condition, N 
= 25 in the Gesture condition, and N = 23 in the Imagine 
condition. Because we predicted that gender might interact 
with condition, we aimed toward a minimum of at least 10 
individuals of each gender in each of the three conditions. 
Again, referring to Table 1, we met this goal in 5 of those six 
cases, with N = 9 male participants in the Gesture condition.  

The study was approved by the university IRBs, which 
ensured that: confidentiality was protected through the use of 
an alphanumeric code on de-indentified data; students had 
alternatives to participating for extra credit; and informed 
consent was comprehensive. None of the researchers was an 
instructor in a course that participants were taking at the time 
of the study. Informed consent was obtained (written) and 
participants had the opportunity to ask questions and to 
withdraw from the study at any time. 

In order to maximize external validity of our findings, we 
recruited as many participants as possible from Organic 
Chemistry courses across two sites -- for a total of 52 
participants (37 at Case Western Reserve University, CWRU, a 
small private university in northeast Ohio; 15 at University of 
Illinois at Chicago, UIC, a large public university in northern 
Illinois). We supplemented this pool by simultaneously running 
participants at the University of Chicago (UChicago), a small 
private university in northern Illinois (N = 22). These individuals 
were recruited through a list-serve of psychology study 
volunteers, and had at least one year of formal chemistry 
education at the high school or undergraduate level.  

To maximize internal validity, we used purely random 
assignment at all three sites until about half of the data were 
collected, and then used pseudo-random assignment to balance 
the number of individuals from each site (within each gender) 
across each of the three conditions. Table 1 displays the number 
of individuals from each site in each condition by gender. We 
ended data collection at all three sites at the same time—when 
the Organic Chemistry students had mastered stereoisomers. 
Participants were compensated with either course credit or a 
monetary payment ($20).  
 
Table 1 
Participants by Condition, Study Site and Gender 

Condition Female Male Total 

Action 16 10 26 

      CWRU 7 6 13 

      UIC 2 2 4 

      UChicago 7 2 9 

Gesture 16 9 25 

      CWRU 8 3 11 

      UIC 2 4 6 

      UChicago 6 2 8 

Imagine 13 10 23 

      CWRU 9 4 13 

      UIC 4 1 5 

      UChicago 0 5 5 

Total 45 29 74 

 
Materials 
 
We selected 6 molecules for pretest, 6 molecules for posttest, 
and 4 molecules for training. Criteria for selection were that the 
molecule does not have surface level traits that previous 
participants had found unnecessarily distracting or confusing in 
the past – no double bonds, no rings. Figure 1 shows an example 
of a molecule that was used in pretest. For these 
representations, we used the wedge-and-dash representation 
with surface level modifications that highlight the geometric 
shape of the molecule. So, for example, in Figure 1, we have 
modified by naming each of the molecules—even the carbon 
and hydrogen.  We have also combined some substituent 
groups to simplify structure, presenting CH3 instead of C with H-
H-H attached. 

All participants were familiar with traditional wedge and 
dash representations, and were familiarized with our 
modifications at the beginning of the procedure. This is 
described in detail in Procedure subsection. Participants were 
reminded that the dark-colored triangles (wedges) indicate 
parts of the molecule coming out of the page in space towards 
the viewer, and that the light-colored triangles (dashes) indicate 
parts going into the page in space away from the viewer. In 
Figure 1, the hydroxy group (OH) is coming out of the page 
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towards the viewer, and the lone hydrogen (H) atom is going 
back into the page away from the viewer. 
 
Materials for Pretest and Posttest 
In each of the pretest and posttest, there were 6 molecules. 
Pretest and posttest questions were of two types: (a) four (4) 
trained problems with one potential chiral center; that is, 
enantiomers or potential enantiomers similar to the molecules 
used in the training (see Figure 2 for trained molecules); and (b) 
two (2) transfer molecules with multiple potential chiral 
centers—one diastereomer and one meso compound. These 
problems required students to transfer what they had learned 
during training. See the online repository for the full set (link 
below). We will refer to pretest / posttest items with only one 
potential chiral center as “trained molecules”, and those with 
two potential stereocenters as “transfer molecules”. Items 
were presented in the same fixed order for everyone, and 
pretest and posttest problems were not counterbalanced. The 
images were presented in black and white, and affixed to the 
whiteboard. 
 
 

Figure 1. An example of a “trained molecule” at pretest and 
posttest. This molecule is analogous to the top left one in Figure 
2. 
 
Materials for training 
 
Training molecules consisted of four items – see Figure 2. Given 
that we only had about 8-10 minutes for training, we used the 
principles of analogical reasoning to maximize the power of 
comparing and contrasting in extracting deep structural 
similarity between comparators (Gentner et al., 2016). Figure 2 
displays the four molecules. As you can see, the top two share 
surface similarity, but the one on the right has a stereoisomer 
while the one of the left does not. The two with more complex 
surface level characteristics (see Figure 2, top) were aligned 
with two examples with simple surface level characteristics (see 
Figure 2, bottom). The simple molecules also had one 
enantiomer (Figure 2, bottom right) and one symmetric non-
stereoisomer that looks like it could be an enantiomer (Figure 
2, bottom left). The examples were chosen so that the learner 
could extract the structural characteristics (chirality) without 
getting bogged down in surface level characteristics (the shape 
of the molecule). 

Along with the 2-D representations used in the training, 
participants also saw a ball-and-stick 3-D representation of the 
molecule, which mapped onto the colors in the 2D 

representation (see Figure 3 for an example). Substituent 
groups were several different sizes of Styrofoam ball, and sticks 
of uniform length served as representations of the bonds 
connecting the groups.  All sticks were strongly affixed to the 
balls except the top two holes in the central carbon, which were 
left unaffixed so that participants in the action condition could 
switch their locations. So, for example in Figure 3, participants 
in the action condition would pluck the brown and blue ball 
(along with stick) from their slots in the yellow ball, and reverse 
them so that the brown ball was in front of the carbon and the 
blue ball was behind. The central carbon of each molecule was 
affixed to a screwdriver, which was placed, handle first, in a 
plastic jar of pennies. Participants in the action condition were 
thus able to easily rotate the entire model 180 degrees in the 
horizontal plane.  
 

 
Figure 2. The four molecules used in the training section of the 
experiment. The two on the right have enantiomers. The two on 
the left share surface similarity with the enantiomers, but they 
do not have a stereoisomer because they are symmetric. For 
this paper we have labelled them pseudo-enantiomer. Note 
participants only heard the general term “stereoisomer”.  
 
Procedure Overview 
Participants followed these five steps: they (1) were familiarized 
with the materials and the problem; (2) took a pre-test on 
stereoisomers; (3) participated in instruction in line with one of 
three conditions (action, gesture, or imagine); (4) took a post-
test on stereoisomers, and (5) answered demographic 
questions. 
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Figure 3. A researcher explaining how the 2D and 3D models 
correspond to one another. This is the example from the 
introduction to the task, but the training was set up in the same 
way. 
 
 
Detailed Procedure 
 
Participants were recorded for the entire experiment, and the 
camera was placed so that both the gestures during 
explanations, and the drawings on the whiteboard, were 
captured on video. 
 
Introduction to the materials and the problem. First, 
participants were informed about the graphical conventions 
used in the study. The researcher placed a 2D image on the 
white board and a 3-D molecule on the table, and pointed out 
how one mapped onto the other (see Figure 3). She pointed out 
the small changes between our 2D molecules and traditional 
wedge-and-dash models – described in detail in the materials 
section. After this explanation, the participant answered two 
multiple choice questions on paper to ensure that she or he had 
understood the instructions. 

Next, the researcher explained the basic concept of a 
stereoisomer (the non-superimposable nature of variants of the 
molecule), and placed a sign on the whiteboard reminding 
participants that if two molecules are superimposable, they are 
not stereoisomers. The goal here was to reduce the ‘load’ of 
having to remember that non-stereoisomers are 
superimposable, and stereoisomers are non-superimposable. 
The researcher then showed the participant a brief video on a 
laptop. This video (available via our Open Science Framework 
repository, link below) was designed to give participants a 
simple demonstration of the key differences. Figure 4 captures 
a still from the video demonstrating two stereoisomers. 
 
 
 
 
 

Figure 4. A still from the video introducing the concept of non-
superimposability in stereoisomers. All participants saw this 
video before the pretest. 
 
Pretest. After watching the video, participants took the pre-
test. Participants completed six problems according to the 
following procedure. The researcher attached a problem to the 
whiteboard, and instructed the participant to “draw a 
stereoisomer of this molecule if any exist”.  

When the participant appeared to be finished, the 
researcher ensured that their drawing had all the required 
atoms. If any part of the molecule was missing, the researcher 
said “I’m sorry but the molecule must remain bonded in the 
exact same manner.  Your drawing appears to be missing a 
part.” If the participant attempted to create a simplified 
drawing of the molecule (by replacing substituents or chains 
with variables or simpler symbols), the researcher said, “Please 
draw the substituents shown in the original molecule.” The 
participant was prompted to erase and correct the model.  

When the participant completed the drawing, the 
researcher prompted her or him to put the marker down, and 
said, “Please explain why your drawing is a different non-
superimposable spatial arrangement of the original molecule.” 
If the participant claimed there were no stereoisomers, the 
researcher said, “Can you please explain why you think there 
are no stereoisomers for this molecule.” If participants started 
to explain their diagram while drawing, the researcher said, 
“Please wait until you have finished drawing before explaining 
your diagram.” This exact procedure was repeated for the 
remaining five pretest trials. No feedback was provided. 
Training. Participants then received training according to their 
condition (Action, Gesture, or Imagine). In the training problems 
in all three conditions, participants were taught three steps to 
solve the problem: (1) two parts of the molecule were switched, 
(2) the entire molecule was rotated 180 degrees, and (3) the 
changed molecule was compared to the original. Participants 
were shown this three-step process and the researcher 
emphasized the need to attend to the changes after each step. 
A sign reading switch, rotate, compare was attached to the 
whiteboard to decrease the load of remembering the order.  

Action Condition. In the action condition, participants acted 
on physical models made out of colored foam balls. They 
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completed four training problems. In each, they were instructed 
to remove the two ball-and-sticks representing the substituent 
groups lying along the Z-axis (e.g., in Figure 3, the blue and 
brown balls), and switch (placing one where the other had 
been). Then, they were told to physically rotate the entire 
model 180 degrees—rotate. Finally, they were asked to draw 
the molecule on the board and compare it against the original. 
The researcher had the participant try out the switching and 
rotating procedures on a practice problem. The participant then 
received the first training example, which was a simple 
stereoisomer (Figure 2, bottom right). The researcher prompted 
the participant to switch, rotate, and compare. The researcher 
then attached a drawing of the stereoisomer (the correct new 
molecule) to the whiteboard and pointed out the relationship 
between the two. She emphasized that the new molecule was 
a stereoisomer because the two were not superimposable. This 
procedure was repeated for the second training problem, which 
was a complex stereoisomer (Figure 2, top right). The third 
training problem was a simple molecule with no stereoisomer 
(Figure 2, bottom left); the procedure was identical except that, 
after the participant drew the new molecule, the researcher 
attached the correct drawing to the whiteboard, pointed out 
the superimposability of the two, and emphasized that the new 
version was not a stereoisomer of this molecule. The final 
problem was a complex molecule with no stereoisomer (Figure 
2, top left); the procedure was the same as in the previous 
problem. 

Gesture Condition. As in the action condition, a physical 
model was placed on the table, and the researcher explained 
the three-step process. In this condition, participants learned 
specific switch and rotate gestures to perform. The switch 
gesture was modelled, such that in Figure 4, the forefinger was 
pointing toward the white board, representing the brown ball, 
and the middle finger was pointing away from the whiteboard, 
representing the blue ball. The researcher modelled the switch 
gesture, by pointing the fingers in the opposite direction so that 
middle finger was going into board and the pointer finger was 
going away from board, and asked the participant to produce 
the gesture. In the rotate step, the fingers maintained the V 
shape and the entire hand was rotated at the wrist around 180 
degrees. The comparison step was identical to the previous 
condition; however, the 3D model was not altered in the 
gesture condition as it was in the action condition. The 
participants completed the training problems as described 
above, except that the researcher prompted them to perform 
gestures rather than physically moving the model.  

Imagine Condition. As in the other conditions, a physical 
model was placed on the table, and the researcher explained 
the three-step process. She then prompted the participant to 
imagine how each step would change the model. She 
performed the switch and rotate steps and, during each, 
prompted the participant to imagine the changes. The 
comparison step was identical to the gesture condition. 
Participants completed the training problems as described 
above, except that the researcher prompted them to imagine 
changing the molecule rather than physically moving the model 
or gesturing.  

The imagine condition was designed to control for actual 
movement. Mental rotation (simulation of rotation) is 
considered an active, embodied strategy (students are asked to 
do something, and are engaging in mental simulation). 
However, mental rotation does not involve actual movement of 
the body. 

 
Posttest Drawing and Explanation. Participants then 
completed 6 posttest problems, following the same draw and 
explain methodology used in the pretest. Participants were not 
allowed to use physical models during the posttest. No 
feedback was provided 
 
Relationship Between Pre/Posttest and Training. We chose a 
draw-and-explain assessment of learning rather than a paper 
test without explanation for two reasons. First, the core 
competency we are attempting to measure is whether learners 
can translate between 2D conventional drawings (of the sort 
they will see in classes and texts) and a 3D understanding of the 
molecule, necessary to determine whether it has a 
stereoisomer. The trainings we provide support both aspects of 
this competency and we wanted the assessment to measure 
both. Second, our previous work suggested that there were 
multiple ways to be wrong about the binary question 
(stereoisomer or not). Explanations offered a better way to 
detect truly correct understanding. We provide greater detail 
below in our description of speech coding and our dependent 
variable.  
 
Measures of spatial ability. Participants completed two 
measures of spatial ability, Guay’s visualization of viewpoints 
(Guay and McDaniels, 1976) and the Vandenberg and Kuse 
Mental Rotation Task (Vandenberg and Kuse, 1978). Because 
the data were lost for most participants, we were not able to 
analyze this factor and will not provide further details about  
these measures.  
 
Debriefing. Participants were asked to complete a demographic 
sheet asking for age, race/ethnicity, handedness and a guess 
about the purpose of the experiment. They were also asked to 
provide their gender. In an effort to recognize the non-binary 
nature of gender, we provided the following choices: male, 
female, or other. This list would not be best practice today (see, 
e.g.,  Cameron and Stinson, 2019), but the data were collected 
at a time when it was standard to offer only male and female 
categories. Other than requiring that students have one year of 
instruction in chemistry, and that students not have had 
instruction in stereoisomers, we did not assess prior chemistry 
knowledge. After the study, participants were informed about 
its purpose and had an opportunity to ask questions. They then 
received their compensation. 
 
Coding 
Scoring drawings. A drawing was scored as either correct or 
incorrect. A correct drawing completely illustrated a possible 
stereoisomer of the molecule. For molecules without 
stereoisomers, a response was considered correct if the 
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participant did not produce a drawing and instead stated that 
the molecule lacked a stereoisomer. 
Speech coding. We coded speech according to a system 
developed in Ping et al. (2021). This system categorizes verbal 
responses into four levels, based on the strategy expressed. We 
categorized strategies into those highlighting components 
irrelevant to the stereoisomer problem (level 0 and 1 strategies) 
and those highlighting components relevant to the problem 
(levels 2, 3, and 4). The relevant strategies are shown in Table 
1: (a) correctly switching the orientation of any two substituents 
at the stereocenter, (b) rotating the entire molecule until the 
substituents are in their original locations, and (c) comparing 
the non-manipulated substituents of the molecule to see 
whether they superimpose on one another. Level 2 strategies 
express either (a) or (b): Switch the relative orientation of any 
two substituents (a), or Rotate the drawn molecule to compare 
it to the original (b). Those two strategies, when expressed 
together [(a) + (b)], make up the level 3 strategy, Switch 
Combined with Rotation. The other level 3 strategy, Mirror 
Image, is an alternative version of Switch + Rotate. The level 4 
strategy, Compare Non-Manipulated Substituents, adds the last 
component, checking the remaining substituents to see 
whether they superimpose (c). Speech could not be coded on 
trials where participants did not give a contentful 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”), nor on trials 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 not codable if 
participants did not respond to the prompts. This coding system 
has been shown to be reliable across coders (Ping et al., 2021). 
 
Table 2.  
Strategies expressed in speech. 
 

Strategy 
Name 

Description (Speech 
Indicates That…) Example 

Level 2: 
Relevant 
Switch 

Two substituent groups 
were switched with one 
another  

“I exchanged the groups 
on the Carbon so now 
the Br is going into the 
board and the OH is 
coming out” 

Level 2: 
Relevant 
Rotate 

The entire molecule was 
rotated in space 

“No matter how you 
rotate the top or the 
bottom there is always 
some combination of 
rotation on this original 
one that can match up 
with the rotation of 
this.” 

Level 3: 
Switch plus 
Rotate 

Both switch and rotate 
included in explanation. 

“I don't think one exists 
because when you 
switch the OH and the Cl 
and you rotate it making 
the same molecule so 
they are 
superimposable” 

Level 3: 
Mirror Image 

By creating the original 
molecule’s mirror image 
they have created a 

“So yeah this carbon has 
two of the same groups 
attached to it so if we 

stereoisomer, or the 
mirror image of the 
molecule would be 
superimposable on the 
original. 

were to draw a mirror 
image we could actually 
rotate it back  to the 
original molecule” 

Level 4: Level 
3 Explanation 
plus Check 
Non-
Manipulated 
Substituents 

A molecule manipulated 
by either Mirror Image or 
Relevant Switch & 
Relevant Rotation must be 
compared to the original 
to check super-
imposability. Typically 
participants checked 
manipulated substituents 
against their original 
orientations, then checked 
the two non-manipulated 
substituents’ locations 
against their original 
orientations 

“You notice after the 
180 rotation here that 
the CH3 is on the left 
hand side as compared 
to the right hand side 
here (point to original 
molecule). Hence the 
two are not the same.” 

 
 
 
Dependent variable: Correct Drawing + Level 4 Speech 
The dependent variable used in this study is Correct Drawing + 
Level 4 Speech. This decision was informed by Ping et al., 2021, 
which used the same training design. We use this variable 
because students can have a correct drawing but an incomplete 
understanding; combining the two measures of performance 
provides better information than measuring correct drawings or 
measuring fully correct explanations (level 4 speech) on their 
own This criterion for performance leaves no doubt that the 
individual explicitly understands the problem. Performance on 
each pretest and each posttest item was scored as 0 or 1. A 
response received a score of 1 when it had both: (a) a correct 
drawing and (b) a level 4 explanation in speech, and 0 
otherwise. 
 

Results 
Data have been uploaded to Open Science Framework: 
https://osf.io/h35bw/. Data were analyzed using R version 4.0.0 
(2020-04-24), known as “Arbor Day” (R Core Team, 2020). 
Utility packages used for data manipulation, cleaning, and 
reporting include KnitR (Xie, 2020), haven (Wickham and Bryan, 
2019; Wickham and Miller, 2019), readxl (Wickham and Bryan, 
2019), dplyr (Wickham, et al., 2020), and tidyr (Wickham and 
Henry, 2020). Visualizations and tables were created with 
ggplot2 (Wickham, 2016) and flextable (Gohel, 2020). Statistical 
analysis and modelling were completed with nlme (Pinheiro, et 
al.; R Core Team, 2020), lme4 (Bates, et al., 2015), psych 
(Revelle, 2019), car (Fox and Weisberg, 2019), and emmeans 
(Lenth, 2020). When binomial data are analyzed (e.g., correct 
vs. incorrect as the dependent variable), we used mixed method 
logistic regression analysis. Where change data were analyzed 
(e.g., gain from pretest to posttest), we used Gaussian linear 
regression models. Where contrasts between more than two 
levels are reported, Tukey’s correction was applied. These 
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analyses all use the dependent variable “Correct Drawing + 
Level 4 Speech”. 
 
Study Site 
We first asked whether students from the different research 
sites performed differently. We collapsed across pretest and 
posttest for students from each test site. There was no 
statistically significant difference between the proportion of 
problems correct for each site, with students from each site 
correctly responding to roughly 1/3 of problems: CWRU (M = 
0.28, SD = 0.45), UIC (M = 0.21, SD = 0.41), and UChicago (M = 
0.30, SD = 0.46), χ2(2) = 1.54, p = 0.46. Table 3 displays the 
model summary table for the proportion correct. With CWRU 
set as comparison, there was no significant effect of being at 
test site UIC (β = -0.392, SE = 0.386, Wald z = -1.016, p = 0.310), 
or at test site UChicago (β = 0.114, SE = 0.332, Wald z = 0.344, p 
= 0.731; AIC = 983 on 883 degrees of freedom). Planned 
contrasts also showed no difference between UIC and U of C (β  
= -0.51, SE = 0.42, Wald z = -1.21, p = 0.45). Given that we found 
no difference as a function of site, we collapsed across data 
from the three study sites. 
 
Table 3. 
Logistic Regression Model Summary Table for Study Site. 

  Estimate SE z value Pr(>|z|) 

(Intercept) -1.157 0.207 -5.591 0 

Test Site UIC -0.392 0.386 -1.016 0.31 

Test Site U of C 0.114 0.332 0.344 0.731 

 
Does training lead to learning? 
Our first question was whether a brief training on stereoisomers 
led to learning. We elected to include gender in this analysis to 
determine whether male and female participants performed 
differently. We looked for an effect of time, an effect of gender, 
and an interaction between time and gender. Table 4 shows 
descriptive statistics for time and gender: Figure 4 shows a 
boxplot by time and gender. 
 
Table 4 
Mean Proportion Correct by Time and Gender 

Gender Time Mean SD 

Male Pre 0.13 0.33 

 
Post 0.47 0.50 

Female Pre 0.10 0.30 

  Post 0.41 0.49 

 
 
 
With only time (pretest to posttest) in the model, there was a 
statistically significant difference between the proportion of 
problems correct on the pretest (M = .10, SD = .31), compared 
to the posttest (M = .35, SD = .50), χ2(2) = 116.72, p < .0001 (see 
Table 5). With pretest set as comparison, there was a significant  

Figure 5.  Mean Proportion Correct by Time and Gender 
 
 
effect of time (β = 2.41, SE = .22, Wald z = 10.80, p < .001; AIC = 
823.62 on 884 degrees of freedom). Our brief training 
significantly improved the participants’ understanding of 
stereoisomers.  
 
Table 5 
Logistic Regression Model Summary Table for Time 

  Estimate SE z value Pr(>|z|) 

(Intercept) -2.77 0.26 -10.73 0.00 

Time (Post) 2.41 0.22 10.8 0.00 

 
With only gender in the model, there was no statistically 
significant difference between proportion correct in males (M = 
.30, SD = .46) and females (M = .25, SD = .44), χ2(2) =.83, p = .36 
(see Table 6). With male set as comparison, there was no 
significant effect of gender (β = -.27, SE = .30, Wald z = -.91, p = 
.36; AIC = 9813.74 on 884 degrees of freedom). Contrary to past 
research, female and male participants in our study displayed 
the same level of stereoisomer understanding both before and 
after training.  
 
Table 6 
Logistic Regression Model Summary Table for Gender 

  Estimate Std. Error z value Pr(>|z|) 

(Intercept) -1.04 0.23 -4.49 0.00 

Gender (Female) -0.27 0.30 -0.91 0.36 

 

With Time and Gender both included in the model, we 
replicated the main effect of time and no main effect of gender, 
and found no significant time x gender interaction χ2(1) =.01, p 
= .90 (see Table 7). With male pretest set as comparison, there 
was no significant interaction between time and gender: β = .05, 
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SE = .43, Wald z = .12, p = .906; AIC = 826.77 on 882 degrees of 
freedom. In other words, both genders learned equally well 
from our instruction.   
 
Table 7 
Logistic Regression Model Summary Table for Time and Gender 

  Estimate SE z value Pr(>|z|) 

(Intercept) -2.54 0.38 -6.70 0.00 

Gender (Female) -0.39 0.49 -0.79 0.43 

Time (Post) 2.38 0.33 7.21 0.00 

Gender x Time (Female, Post) 0.05 0.43 0.12 0.90 

 
Effects of training conditions  
 
We next addressed the effect of training condition. With Time 
and Condition in the model, we found no significant interaction 
(χ2(1) = 0.15, p = .93), and no main effect of condition (χ2(2) = 
1.98, p = .37). See Table 7 for proportion correct and Table 8 for 
regression summary table. 
 
Table 7. Mean Proportion Correct by Time and Condition 

Condition Time Mean SD 

Imagine Pre 0.09 0.28 

 
Post 0.41 0.49 

Action Pre 0.15 0.36 

  Post 0.49 0.50 

Gesture Pre 0.08 0.27 

 Post 0.40 0.49 

 
Table 8. Logistic Regression Model Summary Table 

  Estimate SE t Pr(>|t|) 

(Intercept) -3.04 0.46 -6.57 0.00 

Condition (Action) 0.67 0.59 1.14 0.25 

Condition (Gesture) 0.08 0.62 0.13 0.90 

Time (Post) 2.54 0.41 6.21 0.00 

Time x Condition (Post, 
Action) -0.20 0.53 -0.38 0.70 

Time x Condition (Post, 
Gesture)  -0.14 0.55 -0.25 0.80 

 
To reduce the number of dimensions in our model, we 
converted pre and post test data to a difference score (post – 
pre). This manipulation allowed us to control for variation in 
knowledge of stereoisomers before instruction when 
determining change after exposure to instruction. We could 
then ask whether male and female participants performed 
differently as a function of condition. We analysed the simple 
problems on which the participants had been trained first, 
followed by the complex problems, which required them to 
transfer what they had learned from the training.  
 

Table 9 
Mean Pre-Post Difference By Gender and Condition, Trained 
Problems 

Gender Cond Mean SD 

Male Imagine 1.90 1.10 

 
Action 1.60 1.07 

 
Gesture 1.00 0.87 

Female Imagine 1.08 1.26 

 
Action 1.19 1.38 

  Gesture 1.63 1.15 

 
 

 
Figure 6. Change by Condition and Gender, Trained Problems 
 
Looking first at the trained problems, Table 9 shows mean 
difference scores by gender and condition; Figure 6 displays box 
plots in which each individual is represented by a dot. With male 
imagine set as comparison, there was no statistically significant 
difference in pretest to posttest change for gender (χ2(1) =.53, 
p = .47) or condition (χ2(2) =.06, p = .97), and no interaction 
between gender and condition (χ2(2) = 4.60, p = .10), AIC = 
242.03 on 68 degrees of freedom. Table 10 shows the model 
summary for change scores. In essence, both female and male 
students learned, regardless of the type of active engagement 
training they received.   
 
Table 10 
General Linear Model for Change, Trained Problems 

  Estimate SE t Pr(>|t|) 

(Intercept) 1.90 0.37 5.10 0.00 

Gender (Female) -0.82 0.50 -1.66 0.10 

Condition (Action) -0.30 0.53 -0.57 0.57 

Condition (Gesture) -0.90 0.54 -1.66 0.10 
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Gender x Condition (Female, 
Action) 

0.41 0.69 0.60 0.55 

Gender x Condition (Female, 
Gesture)  1.448 0.698 2.08 0.04 

 
Finally, we asked how training condition impacted performance 
on the problems on which the participants had not been 
trained. Table 10 shows descriptive statistics for transfer 
problems, and Figure 7 shows the mean change according to 
gender and condition. With male imagine set as comparison, 
there was no statistically significant difference in pretest to 
posttest change for gender (χ2(1) = .002, p = .96) or condition 
(χ2(2) = 1.05, p = .47), and no interaction between gender and 
condition (χ2(2) = 2.46, p = .29), AIC = 181.36 on 68 degrees of 
freedom. Table 11 shows the model summary for change 
scores. Regardless of the type of active engagement training 
and gender of the learner, students generalized their learning 
to new stereoisomer forms not included in the instruction.   
 
Table 10 
Mean Change by Gender and Condition, Transfer Problems 

Gender Condition Mean SD 

Male Imagine 0.60 1.17 

 
Action 0.90 0.74 

 
Gesture 0.22 0.67 

Female Imagine 0.46 0.78 

 
Action 0.63 0.81 

  Gesture 0.63 0.50 

 
 

Figure 7. Change by Condition and Gender, Transfer Problems 
 
Table 11 
General Linear Model for Change, Transfer Problems 

  
Estimate SE t value Pr(>|t

|) 

(Intercept) 0.60 0.25 2.43 0.02 

Gender (Female) -0.14 0.33 -0.42 0.68 

Condition (Action) 0.30 0.35 0.86 0.39 

Condition (Gesture) -0.38 0.36 -1.05 0.30 

Gender x Condition 
(Female, Action) -0.14 0.46 -0.30 0.77 

Gender x Condition 
(Female, Gesture) 0.54 0.46 1.17 0.25 

Discussion 
 
The focus of this study 
 

We compare instructions that require a student to rotate a 
molecule in 3 different ways: (1) imagined rotation, (2) physical 
rotation, or (3) gestural rotation. We base our instructional 
approaches on a body of research arguing that active 
engagement benefits learners (Active Learning), and that active 
engagement using the body can be particularly effective 
(embodied cognition). The choice of gesture as an instructional 
technique comes from a number of studies suggesting that 
gesture is a powerful embodied learning strategy, particularly 
for scientific concepts. Thus, the main question of our study is 
whether incorporating these three types of active engagement 
into instruction benefits learning about stereoisomers, and, if 
so, whether bringing in body movement further improves the 
learning. In what follows, we consider the impact that these 
types of instruction have on learning about stereoisomers.  

Our project also has a second question. Because gender 
equity in STEM fields is such a crucial goal, and in light of existing 
research on spatial differences across women and men, we ask 
whether the instruction we provide benefits women and men 
equally.  
 
A brief training can improve understanding of stereoisomers 
We asked whether a brief training on stereoisomers led to 
learning, and found that it did. Given the significant obstacles 
involved in designing short interventions that are beneficial, this 
is an important finding. For example, Stieff and colleagues 
(2013) find that gender differences can be eliminated with 
training, but that women benefit from training in analytic 
strategies more than men do. Habig (2020) found that men 
benefitted more from instruction using augmented reality. In 
short, it is not straightforward to design a training that benefits 
all learners.  

In all three of our training conditions, students were actively 
engaged in thinking about or doing the movements of the 
molecules. Although we cannot directly compare these results 
to our previous work, it is interesting to note that Ping and 
colleagues (2021) gave students the same training but without 
the active component. In that earlier study, where passive 
rather than active training was used, only 9 of the 52 
participants solved any of the problems correctly after training, 
and none of these participants solved more than 2 of the 6 
problems on the posttest correctly. In other words, 17% of Ping 
et al.’s participants were successful after their training, 
compared to 30% of our participants; their success rate was 
24% of the 6 problems, compared to 57% for our participants. 
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Atlhough statistical comparison is not possible, the difference in 
effectiveness between the two studies suggests that adding an 
active component to stereoisomer training may be a promising 
approach. 

Our training builds on work suggesting that active rather 
than passive engagement facilitates learning spatial concepts 
that are not detectable to the eye.  A useful next step would be 
to prepare the training we designed for use in classroom 
teaching and learning. The training would fit nicely into a one-
hour lab session, but some streamlining would be necessary to 
make it feasible for instructors to deliver in different 
instructional contexts.  

We anticipate that augmented and virtual reality (AR/VR) 
will become a key method for teaching this highly spatial 
concept. If women and men solve these problems using 
different strategies, AR may play an important role in closing 
gaps. A recent study compared AR to traditional 
representations in teaching stereochemistry (Habig, 2020). 
Interestingly, this study found that men performed better than 
women on problems supplemented with AR. However, the 
study did not incorporate action or gesture. Action and gesture 
have the potential to be core parts of instruction using 
augmented reality. Thus, we see our research as providing a 
useful starting point for the design of AR and VR instruction that 
uses the body. 
 
Gender differences in understanding stereoisomers are not 
inevitable 

We also asked whether males and females came to the 
study with different levels of knowledge, and whether they 
benefited differently from our three kinds of training. We found 
neither pretest nor posttest differences between male and 
female students, an encouraging finding in light of previous 
research that has found gender differences in chemistry 
performance (e.g., Moss-Racusin et al., 2018).  

Our findings indicate that gender differences on this task are 
not inevitable. Perhaps the impact of negative stereotypes 
about women and STEM performance is fading. Our findings are 
encouraging in another sense––training that involves active 
engagement in rotating the molecules of a potential 
stereoisomer can lead to equal improvement in male and 
female students. Previous studies have found gender 
differences in strategy effectiveness (Habig, 2020; Stieff et al., 
2013), but our findings suggest that encouraging the right kind 
of training may help mitigate gender differences. 
 
Does the type of enactive engagement matter? 

Finally, we asked whether our three different kinds of 
training led to comparable levels of learning, and found that 
they did. Participants improved the same amount regardless of 
the type of activity they performed. We chose these trainings 
because each facilitates the embodiment of molecular rotation 
and has been shown to be effective in students’ mastery of 
chemistry, in general, and stereoisomers, in particular.  
 It is worth noting that, although they did not reach 
significance, the improvement patterns for males vs. females in 
our study mirror patterns found in an earlier study in which 4- 

to 6-year-old children were given instruction in mental rotation 
(Wakefield et al., 2019).  The boys in that study profited equally 
from instruction to imagine or to gesture the rotation of the 
object, and more than from instruction to act.  In contrast, the 
girls profited more from instruction to gesture the rotation than 
from instruction to imagine or to act. The patterns in Figure 6 
show this same trend. Our relatively small sample size may have 
contributed to the lack of significance of these trends. In 
addition, the fact that the students volunteered and many 
participated for course extra credit may have resulted in a 
highly motivated population. We might have gotten a different 
result if all students in a particular course had been required to 
participate. It is also likely that university students, although the 
appropriate population for a study on undergraduate chemistry 
instruction, are not representative of the general population. 
Future research involving larger samples of males and females 
drawn from different populations would be useful. 
 We focused here on the benefits of gesture instruction 
because it a new technique for teaching math and science 
concepts, and because previous research has suggested that 
gesturing leads to better transfer than acting (Novack et al., 
2014). In contrast to other studies, we did not find an overall 
benefit of gesture instruction. Although robust effects of 
producing gesture have been found in the domain of 
mathematical equivalence, and there is converging evidence for 
using gesture to teach foreign (e.g., Macedonia, Müller, and 
Friederici, 2011) and nonsense (Wakefield et al., 2018) words, 
gesture is not necessarily the superior instructional choice for 
all concepts and training paradigms. For example, a recent study 
using gesture to teach brain anatomy also found no benefit of 
gesture over and above other kinds of training (Parrill, et al., 
submitted).  

Our trainings were based on converging research arguing 
that (1) instruction that actively rather than passively engages 
students (even if that engagement is mental simulation and not 
motor action) helps them understand scientific entities 
undetectable to the naked eye, and (2) using the body during 
learning can support the acquisition of key competencies, such 
as representational ability. An extension of this second 
argument is the finding that gesture can provide a bridge 
between real actions in the world (rotating an object) and 
abstract concepts (superimposability) because it allows for the 
creation of schematized motor representations. However, as 
noted in our introduction, there are inconsistent findings within 
each of these bodies of literature. Active learning is not always 
better than passive learning (Bernstein, 2018). Action doesn’t 
always lead to improved learning (Steffens, Stülpnagel, and 
Schult, 2015), nor does gesture.  

In addition, we may have seen no differences across training 
because determining how to support representational 
competence through models, actions and imagined action is not 
straightforward. For example, Fyfe and colleagues’ work (Fyfe 
et al., 2015; Fyfe et al., 2014) suggests that starting with 
manipulatives (models) and moving to symbolic 
representations (called concreteness fading) is particularly 
helpful. It may be that gesture would work better only after 
learners have had an opportunity to use models. Future 
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research is needed to determine the conditions under which 
action and gesture are, and are not, effective teaching tools for 
this concept. 

We may also have seen no effect of different types of 
training because not all participants improved. The fact that the 
gain was zero for many participants may reflect the difficulty of 
the concept, or the training itself. A condition that used a more 
standard lesson would be needed to tease these possibilities 
apart.   
 
Limitations 
One limitation of our study was the inability to explore 
individual differences that may have separated our learners. 
Spatial ability has been shown to be related to success in 
chemistry (Stieff and Uttal, 2015; Stieff, et al., 2018), and 
demographic factors including race and handedness may have 
played a role. Although we did intend to explore the role of 
spatial ability, our data on this variable were lost for most 
participants, so we were not able to address this factor. We also 
did not collect finer grained information about prior knowledge 
(beyond requiring students to have had one year of study and 
no formal instruction on stereoisomers). However, because 
students were randomly assigned to our instructional 
conditions, we can assume that individual variation was equally 
dispersed across our conditions. 

Another limitation for drawing conclusions about gender 
differences was our sample size. As suggested earlier, there 
were some gender differences that echoed previous work but 
did not reach statistical significance; these trends might have 
been significant had we used a larger sample size.  

Although this experimental design was chosen to target our 
interest in different active, embodied strategies, it is important 
to acknowledge that the cognitive processes occurring in these 
three types of training cannot be entirely separated and cannot 
be fully captured based on external behavior. For example, a 
learner who is instructed to mentally rotate the molecule may 
be imagining herself physically turning it, which is thought to 
evoke motor activity in premotor areas of the brain (see, e.g., 
Macedonia, Müller and Friederici, 2011). In short, she is 
mentally simulating the process a learner in the physical model 
or gesture conditions is performing. Similarly, a learner who is 
asked to physically rotate the molecule may also be imagining 
the rotation. Fairly intensive experimental controls (typically 
interference tasks, see Wagner, Nusbaum, and Goldin-
Meadow, 2004) are necessary to ensure that only the desired 
mental operations are taking place. We therefore see our study 
as a first step that focuses more on whether students can learn 
than on adjudicating among models of mental processing. We 
believe the learners were at least performing mental imagery, 
action, and gesture in their respective conditions, although they 
may have been performing more than one. 
 Finally, although we attempted to provide ecologically valid 
instructional techniques, we were not comparing these active 
methods to a more passive lesson, such as one involving 
animations, whiteboards, or slides. It is possible our training 
was worse than this kind of more typical lesson. Indeed, we saw 
no improvement between pre-test and post-test for many 

participants. This may be because the concept is difficult, 
because our training was too complicated, or because our brief 
intervention did not have the depth and breadth of a lesson in 
chemistry. Future work could compare these strategies to a 
lesson using slides or animations, and also use different 
trainings at different points in a learner’s understanding. Each 
intervention may affect learners differently at different points 
in their learning trajectories. Future research needs to address 
this possibility. But note that lengthy and complex lessons may 
be difficult for students to process and sustain focus. Brief 
instruction emphasizing essential material might be more 
effective under certain conditions. 

Conclusions 
Our findings are good news for educators. First, we found that 
the brief training we designed, all versions of which were 
grounded in active student engagement (both physical and 
imagined), led to improved performance on a concept that is 
crucial for success in organic chemistry, stereoisomers.  

Second, we found that women and men students at three 
different institutions performed equivalently at pretest and 
benefitted equally from our brief instruction. This finding is 
consistent with research suggesting that differences in aptitude 
are not what keep women from entering the STEM “pipeline” 
(see, e.g., Barr et al., 2008).  

Finally, we found that all three types of training involving 
student engagement were associated with better 
understanding of stereoisomers, although we did not compare 
these trainings to a lesson involving animations or slides. 
However, there may be practical advantages to using gesture 
(as opposed to action, imagination, or animations) to engage 
students in the lesson. Having a model that students can 
manipulate, one for each member of the class, can become 
expensive. Moreover, instructing students on rotating the 
molecules in the model could itself become a production that 
gets in the way of students understanding the principle of 
rotation (see Novack et al., 2014, for discussion). In contrast, for 
those students who have use of their hands, getting them to 
focus on how their hands are moving could highlight the 
rotation principle (Stieff and Scopelitis, 2016). Unlike models, 
gesture can be used during an exam, which has the potential to 
promote transfer of lessons learned during training to the test. 

Along the same lines, asking students to imagine moving the 
molecules does seem to work, particularly for men (Stieff et al., 
2014). But making sure that a class full of students is actually 
doing the imagining could complicate a teacher’s task. In 
contrast, it is easy to see when students are gesturing and it is 
even possible to correct their gestures if they are making 
incorrect movements.  

For adults learning complex spatial concepts, any 
instructional technique that concretizes spatial events not 
visible to the naked eye (like biological, chemical, matter and 
energy events) may improve understanding (see, e.g., Castro-
Alonso, Paas, and Ginns, 2019). Gesture may not provide a 
unique advantage, but it can be easily employed during verbal 
explanations of understanding when physical models are not 
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available. Gesture is a representation that is portable and less 
context-reliant, and thus offers an important alternative 
instructional technique. 

Our data suggest that instructors ought to make use of 
active participation by their students in classes focusing on 
spatial concepts like stereoisomers. In addition, instructors 
ought to consider using gesture as an economical and easily 
monitored tool that can help all students in undergraduate 
chemistry courses. 
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