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The gestures we produce serve a variety of functions—they affect our
communication, guide our attention and help us think and change the way
we think. Gestures can consequently also help us learn, generalize what
we learn and retain that knowledge over time. The effects of gesture-based
instruction in mathematics have been well studied. However, few of these
studies are directly applicable to classroom environments. Here, we review
literature that highlights the benefits of producing and observing gestures
when teaching and learning mathematics, and we provide suggestions for
designing research studies with an eye towards how gestures can feasibly
be applied to classroom learning.

This article is part of the theme issue ‘Minds in movement: embodied
cognition in the age of artificial intelligence’.

1. What is gesture and what are its functions?

Across all cultures, people use hand movements that represent ideas when
they talk—in other words, they gesture [1-4]. Why does everyone, young and
old, gesture? One way to answer this question is to ask whether gesture has a
function? It turns out that it has many.

Gesture attracts and directs our attention. When children are taught how
to solve a mathematics problem with gesture-based instruction, they not only
follow the words that accompany the teacher’s gestures, but they also glean
more information from those words than children who follow their teachers’
words but without gestures [5]. Observing gestures can help learners look in
the right place and get meaning from that place.

Gesture helps us recall information. After watching a series of videos,
adults who gesture while explaining what they see remember more than
adults who do not gesture [6]. Gestures may help us remember more because
they lighten our cognitive load. For example, adults [7] and children [8]
who are asked to remember letters while also explaining how they solved
a mathematics problem remember more letters when they gesture during
their explanations than adults and children who do not gesture. Producing
gestures can reduce the cognitive effort required to keep information in
memory.

Gestures can change the way we think. When they were told to gesture
during their explanations, children who were asked to explain whether
stealing is worse than cheating placed their gesturing hands in locations in
space that represent different perspectives. These children displayed more
advanced moral reasoning in their spoken explanations than children told not
to gesture by taking perspectives other than their own into account [9]. By
externalizing our thoughts, our gestures can ground ideas in space, which has
the potential to expand our perspectives.
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Gesture brings a second modality into communication, which can impact how we think and learn [10], and it brings the body [ 2 |

into learning [11]. Gesture impacts cognition in multiple ways, all at the same time. In this sense, gesture is a “perfect storm’ [2];
it is a powerful, natural, confluence of factors that alter an event—in this case, a learning event—and, as a result, has a profound
effect on our thoughts and interactions. It is therefore not surprising that gesture can play a role in teaching and learning all
subjects, particularly mathematics.

2. What role can gesture play in learning mathematics?

Gesture has the potential to play a role in learning in several ways. First, the gestures children produce when solving and
explaining a mathematics problem can reveal their understanding of that problem. If teachers can ‘read’ these gestures, they
will have access to thoughts that may not appear in a child’s speech. If they then teach to those thoughts, the child will
get instruction tailored to their current knowledge of the problem. Second, the gestures children produce while solving a
mathematics problem can promote learning, presumably because they engage in the cognitive processes described in the
previous section. Finally, the gestures that teachers produce when explaining mathematical concepts can influence what
children take from a lesson and thus promote learning. We broadly define ‘mathematics” as any skills related to numeracy,
including conservation of numbers, spatial reasoning, measurement, balance and algebraic thinking.

(a) Children’s gestures can predict learning

The gestures children produce when explaining how they solved a mathethamatics problem often convey the same information
as the speech accompanying those gestures; their gestures match their speech. But, at times, children’s gestures add to informa-
tion about the problem conveyed in speech; their gestures mismatch their speech [1,12]. Children who produce gesture-speech
mismatches on a mathematics problem are ready to learn that problem, and their gestures let their teachers know.

(i) Children’s gestures reveal when they are ready to learn

Let us take an example from a conservation of number task [13]. Two rows have an equal number of checkers. One row is
spread out, and the child’s task is to say whether the rows still have the same number. One child says that the top row has more
checkers because ‘you moved them’. However, at the same time, the child points to the first checker in the top row and then
to the first checker in the bottom row; he then points to the second checker in the top row, the second checker in the bottom
row and so on. The child is using his hands to indicate one-to-one correspondence between the checkers in the two rows, an
important step in understanding the conservation of numbers [12]. The child’s speech suggests that he has no understanding of
conservation. His hands suggest otherwise.

Children who produce gesture-speech mismatches on number conservation problems are likely to improve their under-
standing of conservation when given instruction—more likely than children who produce only gesture—speech matches (in
this case, the matching child gestures the movement used to spread the row out) [12]. This example includes one incorrect
strategy (in speech) and one correct strategy (in gesture). However, even children who produce two incorrect strategies on a
problem—one in gesture and the other in speech—are also ready to learn the problem. Gesture—speech mismatches convey
information about a child’s state of knowledge about a particular problem.

Mismatches predict learning in many areas that are taught in classrooms. Understanding mathematical equivalence (i.e.
understanding that two sides of an equation must be equal, often tested with problems of the following type, 5 +4 +3 = __
+ 3) is a crucial part of algebra, which predicts success in other STEM fields [14-17]. Some children produce gesture-speech
mismatches when solving these problems. For example, when asked to explain their incorrect answer, 16, one child said, ‘I
added up all the numbers’. At the same time, the child pointed to the two numbers on the left side of the equation that can be
grouped together and added to find the number that belongs in the blank (e.g. 5 and 4 in the example). As in the conservation
problems, children who produce mismatches are more likely to improve their understanding of mathematical equivalence after
instruction than children who produce only matches (e.g. they point at all four numbers while saying they added all of the
numbers [18,19]. Although children who mismatch do not display a correct understanding of the problem in their speech, their
hands indicate that they know more than they say.

Mismatches also predicted learning in a study where children were asked to explain how they solved a balancing task [20].
Understanding balance can help develop spatial awareness and the relationship between objects in space. Children were asked
to balance wooden beams on a fulcrum. Some of the beams were symmetric, or equally weighted on either end (e.g. some
beams had one block on both ends or two blocks on both ends). Other beams were asymmetric or did not weigh the same on
each end (e.g. some beams had one block on one side or two blocks on one side). About one-third of the children produced
mismatches when they explained how they made the beams balance. For example, a child might verbally explain that a beam
balances ‘because it is in the middle’, but they may accompany their speech with a weight gesture (i.e. the child holds their
fingers together, pointing downwards, and moves their hand up and down at one end of the beam). Children whose gesture
and speech were mismatched during the pre-test were more likely to improve on the post-test (i.e. they successfully balanced
asymmetrical beams by shifting the centre point of the beam of the fulcrum) than those whose speech and gesture matched.
This study provides further evidence that mismatches can predict learning.

Gesture is a reliable indicator of a student’s knowledge state. It can therefore be used by a teacher to figure out what a child’s
implicit understanding of a problem is and to fashion instruction with that level of understanding in mind. But, of course, this
process will work only if teachers can read children’s gestures.
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(ii) Teachers can read children’s gestures

Understanding the information children convey with their gestures may be especially beneficial for teachers. Teachers are
trained to observe and analyse student responses and explanations, but do they glean information from their students’
gestures? To test this hypothesis, Alibali et al. [21] asked 20 teachers to watch videos of individual children explaining their
answers to mathematics equivalence problems and then describe the child’s reasoning. When children produced mismatches,
teachers often described the information conveyed uniquely in the child’s gestures. Teachers do have access to the thoughts
children hide in their hands.

Do teachers glean information from children’s gestures because they are trained to observe learning processes, or can most
adults pick up information from a child’s gestures? Alibali et al. [21] showed the same videos to 20 undergraduate students and
found that the undergraduates were also able to describe the information that children conveyed uniquely in gesture. In a study
of conservation, Goldin-Meadow & Sandhofer [22] video-recorded children as they explained their answers to the conservation
task described earlier. They asked adults to watch the videos and to indicate which explanations each child gave. In addition
to listing the explanations children gave in speech, many adults mentioned explanations conveyed only through gestures. For
example, while watching a child who argued for non-conservation in speech but displayed an understanding of conservation in
gesture, one adult said that the child understood that the number of checkers in one row matched the number of checkers in
the other row ‘even though he wasn’t verbalizing it’. Both teachers and untrained adults can gather information from children’s
spontaneous, unedited, fleeting gestures even when that information is not conveyed in speech. However, gleaning information
from gestures may come at a cost—observers may miss some of the information conveyed verbally when they process gestures
([22] although this decrease can be improved with training; see Kelly et al. [23]).

(b) Producing gestures can promote learning

Children can learn from producing their own gestures during a lesson. Cook & Goldin-Meadow [24] showed third- and
fourth-grade children how to solve a series of mathethamatics equivalence problems. Some children were taught with speech
alone: when teaching how to solve ‘4 + 6 + 3 =__ + 3/, the experimenter said, ‘I want to make one side equal to the other side.
See, 4 plus 6 plus 3 equals 13, and 10 plus 3 equals 13. That’s why I put 10 in the blank’. Other children were taught with speech
and gesture. The experimenter demonstrated the equalizer strategy and swept their left hand under the left side of the equation
when they said ‘one side’ and swept their right hand under the other side of the equation when they said ‘the other side’. When
the children practised problems on their own and explained their answers, they produced the speech or speech and gestures
they had learned. The children who observed gestures during instruction performed better on the post-test than those who only
heard the speech, but those who also produced their own gestures performed significantly better than those who did not [24].
Producing their own gestures is an effective way for children to learn.

This work provides an important first step in showing that gesture plays a role in learning. However, children not only need
to learn the problems on which they are taught, but they also need to transfer that knowledge to new contexts (generalization)
and remember what they have learned over time (retention).

(i) Producing gesture promotes generalization

An important aspect of learning is transferring the knowledge gained to a new context. Gesturing can help here. Novack et
al. [25] gave children a lesson with mathematical equivalence problems written on a whiteboard (e.g. 5+ 4 + 6 =__ + 6) and
with magnetic number tiles placed over each number. Children were taught the equalizer strategy in speech and one of three
grouping strategies using their hands: (i) Pick up the two number tiles that need to be added together to solve the problem (i.e.
the 5 and the 4), and then hold the tiles over the blank (action strategy). (ii) Gesture picking up the same magnetic number tiles
without touching them and gesture holding that hand over the blank (concrete gesture). (iii) Produce a V-shaped point at the 5
and 4 and then point at the blank (abstract gesture).

Children in all conditions learned how to solve the problem, but only children in the two gesture conditions generalized that
knowledge to new formats (referred to as transfer problems)—one where the second two numbers must be added to solve the
problem, rather than the first two (e.g. 5+ 4 + 6 =5 + __), and another where there are no duplicated numbers so no grouping
strategy will work (e.g. 5+ 4 + 6 = __+ 3). Both action and gesture can help children learn how to solve a problem, but only
gesture helps them generalize that knowledge to a new problem format. Action may impede generalizing by getting children
to fixate on the manipulated objects (in this case, the magnetic tiles), preventing them from transferring the knowledge they
gained during the lesson [25]. At the same time, gestures may promote abstraction.

(ii) Producing gesture promotes retention

Teaching children a gesture to produce during a lesson not only helps them learn the lesson, but it also helps them retain what
they learned. In a study by Cook et al. [26], children produced the equalizer strategy for solving mathematical equivalence
problems in speech and/or gesture. One group produced the strategy in both gesture and speech, one in gesture alone and
one in speech alone. The groups that gestured during the lesson retained the knowledge they had gained for at least four
weeks. The group that learned the spoken strategy without gestures learned how to solve the problem but did not retain what
they learned. Even when children are taught to produce one strategy in gesture and a different strategy in speech during a
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mathethamatics lesson (i.e. a mismatch), they still retain the knowledge they gained four weeks later [27]. Producing gestures [ 4 ]

during the learning process benefits retention.

(c) Observing gestures can promote learning

Children learn not only from producing their own gestures but also from watching others produce gestures. To examine
this process in a controlled setting, Singer & Goldin-Meadow [28] taught children how to solve mathethamatics equivalence
problems by varying whether their instruction contained a gesture and, if so, whether the gesture conveyed the same strategy as
the speech the teacher used or a different strategy. Some groups heard only the equalizer strategy in speech (speech only); some
heard the equalizer strategy in speech and saw the equalizer strategy in gesture (speech and matching gesture) and some heard
the equalizer strategy and saw the add-subtract strategy (add the numbers on the left side of the equation and subtract the
number on the right) in gesture (speech and mismatching gesture). Children learned better when they saw gestures than when
they heard only speech. But the best instruction was speech and mismatching gesture. To control for the number of strategies the
child was taught, an additional group of children heard the equalizer strategy and the add—subtract strategy in speech with no
gesture. These children showed very little progress at all. In other words, getting two strategies in instruction was effective only
when one strategy was in speech and the other in gesture. Having two ways to solve a problem improves children’s chance of
grasping the underlying concept [10,29], but only when one of those ways is expressed in gesture (at least in the mathematical
equivalence context).

(i) Observing gesture promotes child retention

By incorporating gestures into lessons, teachers can help children perform well right after the lesson and also retain what they
learned over time. Congdon et al. [29] tested children right after a mathethamatics lesson and also 24 h and four weeks later. All
of the children received two strategies in their lessons (equalizer and add-subtract), but some heard both strategies in speech
(speech alone); some heard equalizer in speech followed by add-subtract in gesture (speech then gesture); some heard equalizer
in speech presented at the same time as add-subtract in gesture (speech and gesture). Children in all three conditions performed
equally well right after the lesson. But only children taught with gestures simultaneously presented with speech retained their
knowledge 24 h and four weeks later. In fact, the two other groups lost ground on the delayed tests. Seeing a teacher’s gesture
can make learning last, particularly when that gesture is produced simultaneously with speech.

(ii) Observing gesture promotes child generalization

In addition to testing retention of mathethamatics equivalence, Congdon et al. [29] also tested the children’s ability to generalize
what they learned to problems in a new format. At each testing time, children were given problems comparable to those on
which they were taught and problems that required them to extend the knowledge they had gained. Children who received
simultaneous speech and gesture instruction performed significantly better than the other two groups on the transfer problems
at both 24 h and four weeks after instruction.

Including gestures in a lesson not only leads to success on the taught problems but also helps children generalize what
they learned to new problem formats, again when that gesture is produced simultaneously with speech. Using gestures during
instruction promotes long-lasting, flexible learning, which is a central goal of education.

(d) How can producing and observing gestures work together to promote learning?

The fact that children and teachers both gesture in the classroom provides an opportunity for a conversation that extends
beyond speech. We know that teachers can glean information from children’s gestures, but do they use this information to
guide their own instruction? Goldin-Meadow & Singer [30] asked eight teachers to observe children individually explaining
how each solved mathethamatics equivalence problems. The teachers were then asked to teach each of the children they saw
how to solve the problems. Their instruction varied as a function of the child’s gestures. The teachers used more different
types of problem-solving strategies when teaching children who produced gesture-speech mismatches than when teaching
children who only produced gesture-speech matches. Interestingly, they also produced more of their own gesture-speech
mismatches when teaching children whose gestures mismatched than when teaching children whose gestures matched. The
teachers’” mismatches were not copies of the children’s mismatches—the teachers’ mismatches always contained two correct,
different strategies; the children’s mismatches always contained at least one, and sometimes two, incorrect strategies. This work
shows that teachers, perhaps without knowing, adjust instruction and their own gestures based on their (implicit) observation
of student gestures.

The children who received multiple strategies and gesture—speech mismatches from the teacher in the Goldin-Meadow &
Singer [30] study were particularly likely to learn the task. But they may have learned because they were ready to learn,
not because of the teacher’s instruction. To find out whether the teachers’ spontaneous choices were good for instruction,
Singer & Goldin-Meadow [28] gave a group of children two different problem-solving strategies in speech (equalizer and
add-subtract); another group was given two different problem-solving strategies, one in speech (equalizer) and the other in
gesture (add-subtract), that is, a gesture-speech mismatch; and another group was given the same strategy in speech and in
gesture (equalizer), that is, a gesture-speech match. The teachers in the Goldin-Meadow & Singer [30] study were right to give
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children mismatches in mathematical equivalence instruction—children who received mismatching instruction in the controlled “

study [28] improved the most. But the two strategies had to be in gesture and speech—giving children two different strategies
entirely in speech did not help them improve. Children who received one strategy in speech and a matching strategy in gesture
fell somewhere in between.

Gesture thus offers the opportunity for an undercurrent of give-and-take conversation in the classroom. Children gesture
when explaining their ideas, and teachers pick up on those ideas. Teachers can then individualize their instruction to different
learners, using their own gestures to do so [30]. In turn, when the teacher gestures, children increase their gesturing [26],
completing the circle.

Observing and producing gestures both play a role in learning. However, producing gestures may be more beneficial
to learners than observing gestures. The motor system is activated when the learner produces gestures, which promotes
learning [31]. The motor system is also activated when the learner observes gestures [32], but the activation is stronger
when learners produce a gesture than when they observe it [31]. Accordingly, in a meta-analysis of studies testing
learning through either gesture production or observation, Dargue ef al. [33] found larger effect sizes for gesture produc-
tion than for gesture observation (see also Goldin-Meadow ef al. [34], who found the same pattern in a mental rotation
task).

However, producing gestures and observing gestures are rarely compared within the same study. The exception is Congdon
et al. [35] (see also Wakefield et al. [36]), who compared children producing their own gestures (or actions) with children
observing a teacher’s gestures (or actions) and assessed learning on the taught mathematical equivalence problems, generaliza-
tion and retention. Interestingly, they found no differences between observing gestures and producing gestures for children
who produced their own gestures prior to instruction—children learned just as much from observing gesture as from producing
it, and they generalized and retained what they had learned just as much from observing gesture as from producing it.
The children also learned, generalized and retained equal amounts from observing action and producing action. However,
replicating previous work [25,29], observing or producing gesture both led to better generalization and retention than observing
or producing action.

Interestingly, the findings were different for children who produced no gestures on the task prior to instruction. They
showed the same patterns for observing gestures as children who gestured prior to instruction—they generalized and retained
more from observing gestures than observing actions. But they differed in producing gestures—they generalized and retained
more from doing action than doing gesture. This study points to possible individual differences in the extent to which gesture
can be a useful teaching tool. As with other examples, children with limited content knowledge may not profit from gestures
as much as children who have already developed foundational skills related to the problem [29]. Memory capacity can also be
a factor in how much children benefit from gesture. Individuals with lower working memory tend to gesture more frequently
than those with higher working memory [37-39]. However, individuals with higher visuospatial working memory are better at
learning from gestures than those with lower visuospatial working memory [40]. We need to learn much more about whether
there are individual differences in gesturing and, if so, how they are reflected in authentic learning environments.

3. How can translational research leverage the use of gesture in the classroom?

The role that gesture can play in learning mathethamatics may be particularly useful for teachers to know about. Helping
teachers effectively produce, and observe, gestures in the classroom during mathethamatics instruction could be a feasible,
low-cost way to enhance learning outcomes. We next summarize empirically supported ways in which gesture can benefit
teachers and students.

Teachers can learn a great deal about their students’ understanding of a problem from watching their gestures. When
children produce a gesture on a problem that conveys different information from the speech it accompanies (i.e. a ges-
ture—speech mismatch), they are telling the world with their hands that they are ready to benefit from instruction on that
problem [1]. Gesture-speech mismatch reflects readiness to learn when children gesture naturally [12] and when they are
prompted to gesture [41]. Teachers can use this cue to target instruction to children whose gestures show that they are ready to
profit from it.

Teachers can also encourage students to gesture. We might have guessed that telling children to gesture would get them to
focus on the relation between their gestures and speech, encouraging them to produce only gesture-speech matches. However,
telling children who had just explained their answers to a mathematical equivalence problem to gesture on the next batch of
explanations not only brought out gestures but also brought out mismatching gestures. Moreover, many of those mismatching
gestures conveyed correct problem-solving strategies that the children had not yet expressed in speech. When these newly
minted mismatching children were then given instruction in mathematical equivalence, they learned how to solve the problem
more readily than children who were told not to gesture and therefore produced no mismatches [41].

Teachers can strategically produce gestures to promote learning. As noted earlier, children pay attention to instructors” hands
[5], which means that teachers can use their gestures to help children focus on essential components of a mathethamatics
problem. By being more intentional with their gestures, teachers can encourage children to identify key parts of a mathemat-
ical concept. Teachers can also produce their own gesture-speech mismatches during instruction. Moreover, producing two
different but correct strategies, one in gesture and the other in speech, helps children learn more efficiently [28].

Many studies have validated the benefit of using gestures for mathethamatics instruction. However, most of these studies
have been conducted in one-on-one interactions, typically in an extra room or hall at the school. Do the benefits of producing
and observing gestures during teaching and learning mathethamatics translate to classrooms?
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(a) What must researchers understand to conduct translational work?

Before the effects of gesture can be adequately tested in—and applied to—naturalistic (or authentic) learning environments,
researchers must first develop effective ways of collaborating with educators. Historically, when researchers conduct classroom-
based studies, they often collect data and leave with minimal interaction with teachers and students. In other words, there are
few direct benefits for the teachers and students involved. It would be helpful if researchers were to take the time to understand
(i) the systematic differences between research and teaching, (ii) the realities of classroom teaching, and (iii) how to develop
flexible study designs conducive to classrooms.

(i) The systematic differences between teaching and research

Although teachers and researchers often share the common goal of trying to help children learn, the two groups work within
separate systems. As a result, educators often report that empirical work related to teaching and learning is inaccessible,
incomprehensible and not applicable to real classrooms [42]. The limited empirical work that ends up being disseminated to
teachers often ends up being ineffective in the classroom, which leads to a regression to former practices [43]. To conceptualize
and develop projects that translate to classrooms, we must first understand the underlying differences between teaching and
research.

Teachers and researchers vary in the type of knowledge they value [44]. Teachers value the application of existing knowledge
to guide their instructional practices. They rely on pedagogical knowledge that often derives from their daily experiences and
observations. On the other hand, researchers aim to generate new knowledge and conduct studies designed to understand the
mechanisms underlying learning, which are then published in scholarly, peer-reviewed journals. Teachers and researchers also
differ in their reasons for seeking new knowledge. Teachers typically seek new knowledge to address specific teaching- and
learning-related concerns that arise in their classrooms on a daily basis. Researchers seek new knowledge to test hypotheses and
advance theories of how learning works [43]. The pace at which teachers and researchers operate also varies. Teachers often seek
quick solutions that address real-time concerns [45]. Researchers can take years to address one question, which may, in the end,
have inconclusive results [46,47].

The fundamental differences between teacher and researcher values and knowledge get in the way of productive collabo-
ration. If researchers want to enhance learning outcomes, they must not only conduct long-term projects geared towards
understanding the theoretical underpinnings of learning, but they must also focus on practical applications of their work that
will result in sustained change that benefits student learning.

(ii) The realities of a classroom

Researchers often have the luxury of testing their teaching- and learning-related hypotheses on one participant at a time in a
controlled, lab-based environment, free from distractions. However, authentic teaching and learning occur in classrooms that
have many children, noises and unpredictable student behaviours. These uncontrollable factors occurring in classrooms are
likely to impact learning. A teaching method might be effective in the lab, but when implemented in a classroom, other factors
may prevent it from having an impact.

Most of the gesture studies described in this review have been conducted in schools. Specifically, these studies were
conducted in one-on-one instructional situations when students were pulled out of their classrooms. This method is one step
closer to conducting research in authentic learning environments in that the lessons are not taking place in a quiet lab, but it still
does not take the nuances and realities of a classroom into account. Conducting studies in classrooms with all students (and not
in hallways with individual students) is one way to ensure that research will translate into practice. However, classroom studies
pose many difficulties. Teachers face a variety of challenges throughout the day —they must implement a curriculum, adhere
to a district-wide pacing guide, prepare students for standardized tests and manage other cultural, racial and socio-emotional
factors of teaching and learning. Teachers and administrators may consequently be hesitant to allow researchers to disrupt their
daily routines to conduct research studies, particularly if those studies are not likely to lead to useful changes in the classroom.
To work together with teachers, researchers need to develop flexible methods of investigation that better reflect realistic learning
environments.

(iiii) Developing flexible study designs

When conducting experimental studies for publication, researchers often use methods that are rigid and inflexible. The
experimenter’s instructions to the teacher and student are commonly scripted to ensure that all students receive the same
treatment. In contrast, teachers are trained to differentiate instruction based on their assessment of student needs. The challenge
is to incorporate nuance and flexibility into our research studies in the classroom, while at the same time maintaining scientific
rigour.

One way to ensure that a research design is sensitive to pressures in a classroom environment is to involve teachers in
its conceptualization. Teachers may expose realities of the classroom that researchers are unaware of. Together, teachers and
researchers can discuss which parts of a study design can be flexible and which are important to keep consistent across
participants. Researchers can also consider an iterative design process. Researchers need to adhere to a finalized protocol for
the entirety of data collection. Teachers, however, routinely change how they teach a topic based on their observations and
assessments of the students in real time. Researchers may want to consider taking a similar approach. In other words, before
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finalizing a protocol to use in a study, researchers may consider observing a teacher (and students as they learn) during [ 7 ]

instruction over an extended period to see how the topic is addressed in a classroom. As researchers gain insight into the
teacher and students, they can adapt their protocol to best reflect the realities of the classroom. The final protocol, which must
be consistent across learners, will at the very least be sensitive to how the topic is addressed in the classroom.

Social science researchers who study gesture observe naturalistic one-on-one teaching sessions using, for the most part,
quantitative methods. However, educators often report that qualitative methods are needed to capture the nuances of the
classroom [42,48,49]. Qualitative methods may be needed to develop hypotheses about how gestures can be effectively used
in the classroom. But, in the end, we need to be able to apply quantitative methods to our classroom observations to ensure
that we are approaching the learning/teaching situation in an unbiased fashion. A mixed methods approach seems best and
may be able to triangulate findings and capture the nuances of diverse classrooms and students [50]. Working with teachers to
adapt classroom-sensitive teaching methods may require researchers to step out of their comfort zone (and it may also require
teachers to develop an appreciation for experimental methods), but it could have a positive, applicable, sustainable influence on
education.

Few studies reflect the way in which teachers realistically engage in instruction. One example of researchers who have made
an effort to investigate the impact of gesture on instruction in a realistic situation is illustrated in Alibali et al. [51]. In this study,
an experienced teacher was asked to give a mathethamatics lesson about slopes and intercepts, before and after being shown
a tutorial on how to use gesture strategically in mathethamatics instruction. After the tutorial, the teacher increased his rate of
gesture and connected more ideas through speech and gesture. Videos of the teacher’s lesson before and after he viewed the
tutorial were shown to a group of middle school students, who were later assessed on what they learned. The students who
saw the teacher’s instruction after the tutorial (when the instructor increased his rate of gesture production and made more
links between his speech and gesture) learned more than the students who saw the video before the tutorial (before the teacher
was shown how to capitalize on gesture during instruction). This study provides evidence that, when teachers are shown how
to gesture strategically, they can use those gestures to enhance learning outcomes. This study also shows that the impact of
strategically gesturing extends to real teachers and real students.

(b) How can researchers effectively connect with teachers to promote gesture in the classroom?

Efforts have been made in the past to bring researchers and teachers together to improve education. Researchers have conduc-
ted projects in schools in an attempt to make their work more directly applicable to classrooms, and they have attempted to
disseminate their research outcomes regularly to practitioners [52-54]. At the same time, educators are increasingly interested
in finding, discussing and implementing empirical work that focuses on their daily teaching practices [55-59]. Nevertheless, the
gap between teachers and researchers remains. To make an impactful connection between teachers and researchers, a long-term,
sustainable, bidirectional partnership needs to be established. Because students and teachers are already using gestures in their
classrooms [60], gesture-based research may be a viable, low-cost, low-stakes method that can connect teachers and researchers
to promote classroom learning.

(i) Sustain research—practice partnerships (RPPs)

When researchers conduct studies related to teaching and learning, the work is not often applicable to classroom learning
environments [42,43,61]. Even when researchers collect data in classrooms, the data may not provide information about how
the instruction can feasibly be implemented in the classroom. Moreover, educators are rarely informed of the outcomes of
the experimental experience that took place in their classrooms. One approach to promoting effective, sustained collaboration
between researchers and teachers is to establish RPPs [62]. The core elements of RPPs address practice-based questions,
encourage shared authority, promote collaborative decision-making among partners, facilitate intentional and structured
interactions and endorse original research [62,63]. RPPs establish trust between educators and researchers by promoting
collaborative efforts in conceptualizing, designing and executing research aimed at having an actionable outcome [64,65]. RPPs
enhance the skills and capabilities of both educators and researchers—educators gain first-hand experience contributing to
research, and researchers gain an understanding of the realities of teaching and learning. The ultimate goal of RPPs is to
develop applicable, practice-based research initiatives that improve learning outcomes and educational conditions at large
[63,66,67].

Based on a survey administered by Nathan ef al. [60], we know that teachers generally believe that they use spontaneous
gestures on a regular basis during instruction and that gestures can be a helpful teaching method. Moreover, as noted earlier,
Alibali et al. [51] have shown that teachers can learn how to gesture more effectively after watching a simple tutorial (see also
Kelly et al. [23], who show that teachers can learn to glean information from a student’s gestures more effectively even after
a brief hint). These findings establish a basis for initiating partnerships with educators. Researchers can explain to teachers
that modifying the gestures they are already producing during instruction could lead to positive outcomes. If teachers then
implement this modification in their classrooms, researchers will have the possibility of testing whether changes in teacher
gestures have a positive impact on student learning in the classroom. Conversely, researchers can learn from teachers which
areas of instruction are particularly problematic in the classroom. Researchers can then suggest ways in which teacher gestures
can be modified to improve teaching and learning. Using reports from teachers to guide research questions may promote
studies that produce useful outcomes for the classroom. To date, many studies investigating gesture have been focused on
mathethamatics, specifically mathethamatics equivalence, but engaging teachers in the conceptualization process via an RPP
could help expand the repertoire of gesture-based instruction.

~
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(i) Communities of practice (COP) centred on teacher noticing

Many educators are engaged in communities of practice (COPs) designed to develop the skills needed to improve learning
outcomes [68]. COPs are defined as groups of individuals—in this case, teachers—who interact regularly to develop shared
resources, experiences and methods of addressing concerns within the field [69]. Teachers engaged in COPs develop skills that
often go beyond what is required as part of the curriculum and assessment practices mandated by the district. Some COPs
involve the development of reflective practices and noticing skills in mathematics [70]. Teacher noticing refers to the ability of
instructors to attend to the details of their classroom and use their observation to make sense of student thinking [71,72]. For
example, Sherin & van Es [73] found that, after mathethamatics teachers in a COP met monthly to reflect on videos of their
own instructional practices, they began to notice complex details of the classroom environment that they had not noted in
real time. van Es & Sherin [74] suggest that reflective, observational practices not only allow teachers to notice more about the
classroom but also help them to make sense of student thinking and develop more relevant and effective instructional responses
[75,76]. Similarly, Walkoe et al. [77] found that, by training teachers to attend to student non-verbal behaviour, the teachers’
interpretation of their students’ thinking and responses to their students were enriched. After the training, teachers focused less
on the correctness of student answers and more on the processes that the students used to come up with their answers. The
teachers also responded to students in a more productive way; they asked the students more open-ended follow-up questions
that allowed them to gain even more information about their thought processes. Walkoe et al. [77] suggest that more support
should be implemented within professional development to train teachers to notice non-verbal communication.

Developing a partnership within pre-established COP dedicated to improving mathematics instruction may help researchers
to incorporate gestures into the classroom. Once trust is established between researchers and teachers, researchers can make
suggestions about how to hone gestures for instruction and propose ways of testing the efficacy of those gestures. Researchers
can capitalize on the fact that teachers regularly use gestures during instruction and recognize the importance of gestures in
instruction. Creating a partnership with a pre-established COP would be one way to investgiate the effectiveness of transferring
gesture-based practices from the lab to the classroom. Together, teachers and researchers could discuss their ideas and routinely
adjust protocols to best address their observations.

4. Conclusion

All humans gesture, and most of us, including teachers, gesture with little awareness that we are gesturing and that gesture
can be a powerful teaching and learning tool. Unintentional gestures have been found to be effective in teaching and learning
situations when tested in the lab, but because of the complexities involved in classroom teaching, we need to broaden our
methods of inquiry to evaluate gestures’ effectiveness in classroom learning environments. It is clear that gestures can play a
powerful role in teaching and learning in one-on-one tutorials. The challenge is to take advantage of this potential to expand
gesture’s effectiveness in the classroom.

Before researchers can help teachers reap the benefits of gesture, we must first collaborate with one another to gain an
understanding of how gesture-based research can be made more applicable to classrooms. Our goal in this review was twofold:
(i) to compile evidence indicating the ways in which gesture can be beneficial as a tool during mathematics instruction, and
(ii) to suggest areas where researchers can modify their traditional methods to promote gesture-based studies that are more
applicable to the daily lives of teachers and students. By recognizing the differences in approach that researchers and teachers
take to address questions, and by capitalizing on the unique strengths of each group, we can create partnerships and COP that
allow us to collectively work towards using gestures to promote learning. Gesture research offers a low-cost, low-stakes way of
bringing researchers and teachers together to improve learning.
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