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Figure 1: When making sense of mathematical content, students perform bodily actions: either spontaneous bodily actions, 
performed spontaneously while solving a task (right), or directed bodily actions, performed as requested by a task (left). 

ABSTRACT 
While mathematics is conventionally viewed as an abstract disci-
pline, contemporary perspectives on embodied cognition under-
score the signifcance of integrating students’ bodily experiences 
into the learning process. However, the efcacy of embodied learn-
ing activities, as compared to traditional methods, remains under 
scrutiny. We argue that both directed and spontaneous bodily ac-
tions should be considered when designing embodied learning 
activities, and explore such bodily actions through two studies. A 
quantitative user study involving directed bodily actions in Virtual 
Reality and on tablet reveals vr’s support for math-anxious and 
body-aware learners, and distinct movement patterns related to 
varying mathematical abilities. A subsequent qualitative analysis 
identifes key characteristics of spontaneous bodily actions, namely 
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coarseness, muscle tension, repetitions, anchors, perspective, and 
metaphors. Derived from both studies, we propose design recom-
mendations, advocating for expanded embodied interaction design, 
consideration of embodied metaphors, coarse gesturing for deep 
features identifcation, supporting of sense-making anchors, and 
in-vr learning assessments. 
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1 INTRODUCTION 
Although it is often considered as the mere shadow of imperceptible 
ideals, researchers argue that mathematics rather comes from our 
embodied relationship with the world. Our sensory experiences 
inform mathematical theories and concepts. For example, the notion 
of infnity fnds parallels in our everyday attempts to comprehend 
things larger than our immediate perception, such as the vastness of 
the universe or a never-ending process [62]. In this light, embodied 
cognition is a set of theories presenting cognition as not confned 
to the mind alone; it unfolds within the context of our physical 
bodies and the environments we inhabit [3, 103]. This approach 
considers thinking a form of truncated action: a physical action is 
planned and simulated but not externally expressed through muscle 
engagement [70]. 

Given that many traditional activities for learning mathematics 
are disembodied, recent research explores how to meaningfully 
integrate movement and bodily actions into learning activities [99]. 
Meanwhile, the widespread of novel technologies, particularly those 
emphasizing bodily engagement such as Virtual Reality (vr), ofers 
exciting perspectives supporting this transition [71, 72]. As such, 
when designing interaction with these technologies, we ought to 
ask what specifc bodily actions support learning and how learners 
make sense of the underlying mathematical concepts through them. 

In this work, we explore the design space of embodied interaction 
in the context of embodied learning activities for mathematics [18], 
focusing on bodily actions specifcally. To do so, we adopt a learner-
centered approach and provide an in-depth exploration of bodily 
actions performed when making sense of mathematics in embod-
ied learning activities. We focus on two types of bodily actions: 
directed bodily actions — those explicitly instructed per the em-
bodied learning activity — and spontaneous bodily actions — those
spontaneously generated by learners as they make sense of the 
mathematical concept. We argue that both should be considered 
in design and, as such, we present two respective user studies to 
identify the key characteristics of these bodily actions and address 
our research questions: 
RQ1 How do students move when making sense of derivatives in 

an embodied activity focused on directed bodily actions? 
RQ2 Which bodily actions do individuals spontaneously perform 

when making sense of derivatives? 
We then discuss design implications accounting for the diversity 

of learners and detail potential avenues for future research. 

2 RELATED WORK 
In this section, we provide a succinct overview of embodiment 
literature and position our approach. We then provide background 
information for the individual factors explored in our project. 

2.1 Embodiment 
The embodied cognition view stipulates that cognition is not simply 
located in learners’ minds and rather extends to their entire bod-
ies [3, 94]. For the sake of this paper, we use the following working 
defnition for embodied cognition: the view that our cognition is 
shaped by the features of our bodies and environments [66]. As 
cognition is deeply involved in learning and interaction, it follows 
that our bodies play a crucial role in both, which we detail below. 

2.1.1 Embodied learning. While there are diferent forms of the 
embodied cognition theory and not all scholars agree on its im-
plications, there is overall undeniable proof that our bodies play 
a role in learning [39, 69, 103]. Generally, embodied learning is 
concerned with the design of learning activities acknowledging the 
embodied cognition view, and therefore integrating learners’ bod-
ies and environments in the learning process. Embodied learning 
has been explored in various domains [6, 99], such as mathemat-
ics [21, 45, 78, 97], but also computer science and data science [7, 14], 
AI literacy [32], chemistry [75], cultural heritage awareness [24], 
dance [56], and much more. 

The process of embodied learning relies on three main mecha-
nisms of embodied cognition [59]. First, stimuli trigger sensorimotor

simulation and reenactment of past experiences, which is facilitated
by gestural congruency. Second, certain bodily actions impact learn-
ers’ states and feelings, independently of other cognitive mecha-
nisms, through direct state induction. Third, modal priming impacts
the accessibility of concepts once associated to certain bodily states. 

Specifcally, this means that the design of embodied learning 
activities often relies on multi-modality for cognitive ofoading, to 
prevent saturation of learners’ working memory [103]. Moreover, 
embodied learning experiences rely on grounding, i.e. forming 
a mapping between a concept and a concrete referent [76]. For 
example, in previous work, we demonstrated grounding graph 
theory in embodied concreteness, “a form of concreteness that 
involves a high degree of embodiment, in a situated and relatable 
context”, by representing graphs as pipe systems [21]. 

In our work, we put the focus on bodily actions supporting 
embodied learning. As a simple example, let us consider the fol-
lowing situation: Lisa wants to count the number of chocolates in 
her basket. To do so, she uses her fngers to represent the quan-
tity of chocolates, that is, she uses bodily actions to represent an 
underlying and more abstract concept. Looking at the chocolates, 
she extends one fnger per chocolate and observes that she has 
four chocolates (4). Now her parent comes in and puts one extra 
chocolate in the basket. To consider this new chocolate, she extends 
another fnger (+1) and observes that she now has fve extended 
fngers on her hand (5). By this observation, she may make sense 
of the underlying concept, which is 4 + 1 = 5. More generally, a 
learner performs bodily actions to represent a concept and, in turn, 
uses this representation to make sense of the concept. This process 
can be represented as a system [18], reproduced in Figure 2 (left). 

During the process of embodied learning, two main types of 
bodily actions can be involved in embodied learning: spontaneous
bodily actions and directed bodily actions. While this distinction is
crucial and has been modeled in great detail in previous work [101], 
existing design frameworks for embodied learning activities often 
neglect the synergy of both types of bodily actions. They rather 
consider the distinction between position-focused and movement-
focused or body-focused, object-focused, and environment-focused 
approaches [80], or explore examples of spatial and temporal em-
bodiment [99]. In our work, we bridge this gap, substantiated by our 
integration of the two design spaces into the system representation 
of embodied cognition (Figure 2, right). In the following, we provide 
representative examples of learning activities involving either type 
of bodily actions. 
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First, spontaneous bodily actions, or explanatory gestures, are the
bodily actions that learners perform spontaneously when making 
sense or communicating about mathematical content. These ges-
tures are used as artifacts to represent and communicate various 
mathematical concepts [9, 31], and can contribute to sensorimotor 
regulation when integrated in learning activities [97]. Importantly, 
spontaneous gestures are central to meaning-making, and consti-
tute preliminary evidence of learning [86]. 

Second, directed bodily actions, are the bodily actions that learn-
ers perform as requested per an activity. For example, when learning 
choreography, dancers beneft from “marking”, a process of delib-
erately representing choreography steps through smaller represen-
tative gestures [57]. Directed bodily actions are also integrated in 
digital learning activities. In the game “The Hidden Village”, learn-
ers are explicitly taught gestures to represent concepts of geometry, 
such as elbow opening to represent angles [78, 96]. In the “Mathe-
matical Imagery Trainer” activity, students are invited to explore 
proportion problems by moving their hands up and down in order 
to “keep the screen green”, which is achieved by keeping the same 
ratio between their hands and a reference point [45]. 

2.1.2 Embodied interaction for embodied learning. While our bod-
ies do infuence learning, moving does not necessarily result in 
learning [99]. Nevertheless, the feld of embodied learning sufers 
from a lack of empirical studies measuring learning outcomes [6]. 
The rare available quantitative studies fail to show signifcant learn-
ing benefts of embodied learning activities over their counterparts, 
and often highlight design limitations [6, 19, 21, 67, 73]. 

We hypothesize that these results are due to a lack of interaction-
focused design guidelines for embodied learning. Indeed, when 
looking into the design of embodied learning activities, especially 
in digital contexts but not only, considering the interaction with 
the learning artifacts is also crucial. Generally, embodied interac-
tion acknowledges the embodied view on cognition and stipulates 
that “interaction is grounded in and informed by its physical and 
social context” [18, 29]. While previous work identifed guidelines 
for embodied design, these either focus on the overall design of 
embodied learning activities [3, 4, 49], or refections on the design 
of interaction, without considering learning contexts [8, 42, 46, 74]. 

Nevertheless, these strong concepts and approaches to interac-
tion design should be considered in embodied learning activities. 
Mueller et al. presented the distinction between the fesh body, Kör-
per, and the feeling body, Leib [74]. Designing for the Körper reduces
users as physical entities utilized to press buttons and perform ac-
tions. Designing for the Leib acknowledges users as feeling beings
and benefts from direct state induction. From a learning standpoint, 
such considerations are important as certain bodily actions may be 
used to reduce anxiety [47] or ofer a sense of embodied achieve-
ment by using a “high fve” gesture [19] or a “winning pose” [21] 
to switch to the next level in a math learning game. 

In turn, Höök et al. present Somaesthetic Appreciation as a strong 
concept for the design of embodied interaction through inquiry [42, 
43]. With this approach, the resulting designs ofer subtleness in
how they encourage bodily inquiry, require intimate correspondence
of feedback and interaction synchronized with users bodies, and 
make space for learning and somatic awareness. These lessons are
useful for learning as well, as they shift awareness towards one’s 

body and bodily sensations, which could support awareness of 
embodied learning processes and embodied depictions of concepts. 

Klemmer et al. discussed the design of embodied interaction, ac-
knowledging research in embodied cognition and embodied learn-
ing, and identifed fve themes of importance [58]. Considering 
individual corporeality, we think by doing and integrate mind and
body to learn, and as physical actions are rich, fast, and nuanced, 
they support performance. Considering social afordances, bodily
actions support collaboration through visibility, there is a certain
risk arising from the physical co-presence with other actors, and
there is a thickness of practice in digital context stemming from de-
signing for novel functionalities while still maintaining continuity 
with real-world interaction. However, although integrating several 
perspectives on embodiment, these themes are meant for general 
interaction design, not necessarily in learning contexts. 

Moreover, often, there is a confusion between embodied learning 
and embodied interaction [18], with the assumption that designing 
embodied interaction will necessarily result in embodied learning. 
However, when considering embodied learning in digital contexts, 
we need to identify the role of interaction in the learning process. 
Previous work showed that designing for meaningful embodied 
interaction, that is, interaction meaningfully grounded in bodily 
actions [29, 74], does not necessarily result in increased learning 
outcomes. Interaction-related design choices infuence the learning 
process as they infuence the meaning highlighted by the interac-
tion, for example in mathematics [17, 19] or data visualization [7]. 
In addition, research on movement design demonstrated the im-
portance of separating proximal movement, that is, in our case, 
bodily actions, from distal movement, that is their actual efect on 
the world, product of the interaction process [2]. Indeed, in this 
gap lies the space of sense-making, for example through the cre-
ation of attentional anchors, that is imagined and spatially located 
instruments to support sense-making [2]. 

Generally, we need to ask whether making sense of the designed 
interaction supports making sense of the mathematical concept 
accessed through said interaction. As such, in this work, we ask: 
How do learners move when making sense of mathematics and how 
can interaction design support and leverage such bodily actions? 

2.2 Individual diferences 
Embodied activities rely on sensorimotor simulation [59], and there-
fore their impact depends on how learners perceive and interact 
with space [53, 94]. As we are interested in bodily actions performed 
by learners when making sense of mathematics, we focus this sec-
tion on individual factors relevant in embodied math learning. 

2.2.1 Math anxiety. Math anxiety is “a feeling of panic, help-
lessness, paralysis and mental disorganization that arises when 
one is required to solve a mathematical problem or manage num-
bers” [10, 19]. It develops as early as elementary school and per-
sists or increases into adulthood [30, 104]. Women, in particular, 
report more math anxiety than men [11]. The efect of math anx-
iety is complex, it may lead to worse mathematical achievement, 
however, there are also high performing but math-anxious indi-
viduals [26, 30, 84, 104]. Math anxiety is a problem in and beyond 
classrooms. Therefore, teachers and researchers are committed to 
designing learning environments that help students reduce their 
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Figure 2: System representation of embodied cognition as defned by Chatain et al. [18] (left), and our adjusted system 
representation of the design space of embodied cognition (right). 

math anxiety, have a positive learning experience, and improve 
their learning. Specifc ways include the use of manipulatives, mu-
sic, and games [98], or the use of technologies such as Augmented 
or Virtual Reality [34, 88]. 

Bodily actions combined with math concepts might support 
learners’ understanding of their bodies in space [83] and allow the 
learners to make meaningful connections to other areas of life and 
increases enjoyment and excitement about math [52]. This poten-
tially leads to positive experiences with math learning and reduces 
math anxiety. Scoop!, a game prototype, explores the integration of 
movement in a game designed to assist learners with math anxiety, 
and highlights potential advantages of certain bodily actions to 
reduce anxiety although more research is still needed [47]. Thus, 
a playful learning environment encouraging bodily movements 
may ofer a promising approach to decrease math anxiety while 
increasing interaction and engagement with mathematics. 

2.2.2 Body awareness. Body awareness can be defned as an indi-
vidual’s heightened sensitivity to their own physiological processes, 
that is, one’s “attentiveness to normal body processes” [91]. Body 
awareness is a crucial factor as learners with varying levels of body 
awareness might rely on distinct sensory cues during their engage-
ment with embodied learning activities. For example, individuals 
with a strong background in activities where body awareness is 
heightened, like dance, rely more on proprioceptive feedback than 
visual feedback [51]. 

Moreover, body awareness plays a major role in embodied learn-
ing activities in vr. In this context, learners interact with digital 
content through avatars, and the disparity between their physical 
bodies and their digital representations impacts what is known as 
the “sense of embodiment” [55]. The sense of embodiment encom-
passes three key aspects: self-location within the digital avatar, body
ownership towards the digital avatar as an extension of oneself, and
agency over the digital avatar.

Recent research fndings have indicated a notable negative corre-
lation between the degree of individuals’ body awareness and their 

sense of body ownership [19]. This intricate interplay between body 
awareness and sense of embodiment accentuates the complexity 
inherent in embodied learning experiences, particularly within the 
immersive realm of vr. 

2.2.3 Mathematical ability. Learners with diferent math abilities 
exhibit distinctive movement patterns when making sense of or 
communicating mathematical concepts. In their study, Gerofsky 
asked students and teachers to use bodily actions to describe a 
graphical representation of a mathematical function [37]. They 
observed that high-achieving students and teachers used coarser 
movements — that is more expansive, broader movements cen-
tered around the waist area, while hard-working students with 
comparatively lower academic performance exhibited more precise 
movements, typically at eye level. 

Moreover, a study by Nathan et al. [77] revealed that experts 
harnessed a greater repertoire of representational gestures com-
pared to non-expert, with an emphasis on dynamic representational 
gestures. Finally, recent work explored whether experts can be iden-
tifed solely by their gestural expression and revealed that experts 
produced fewer gestures overall compared to novices. However, 
their gestural expression was marked by the prevalence of iconic 
gestures, which contributes an additional dimension to our com-
prehension of mathematical ability [95]. 

In summary, mathematical ability plays a multifaceted role in 
embodied learning, infuencing how learners physically engage 
with mathematical concepts and the distinctive gestural expression 
they employ to convey their understanding. 

2.3 Present work 
Embodied approaches have been investigated for various topics of 
mathematics, such as counting [102], proofs in geometry [78], pro-
portions [45], graph theory [21], and much more [6, 99]. We chose 
to focus on derivatives as this topic can be related to diverse past em-
bodied experiences, such as slopes and speed; embodied experiences 
of derivatives are extensively investigated in embodied learning 
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literature, through position-based embodiment, movement-based 
embodiment, time-based embodiment, or as part of sensorimotor 
regulation [19, 97, 99]; and, fnally, derivatives understanding can be 
transferred to various felds of study such as physics, engineering, 
economics, and more. 

In this work, we are interested in the design of embodied interac-
tion to support embodied learning of mathematics. We argue that 
such interaction must not be agnostic to the embodied learning 
process and should, therefore, acknowledge, support, and leverage 
the bodily actions learners perform when making sense of math-
ematical concepts. Learners rely on two kinds of bodily actions: 
directed bodily actions, and spontaneous bodily actions. To inform 
future interaction design, we explore both through two studies. 

In Study 1, we explore how learners move in an intuition-building 
activity about derivatives, specifcally designed from an embodied 
learning perspective [19]. To frame our analysis, we focus on indi-
vidual factors relevant for embodied math learning: math anxiety, 
body awareness, and mathematical ability. With this, we identify 
diverse ways in which learners leverage directed bodily actions. 

Through a subsequent study, Study 2, we complete our explo-
ration by investigating the various spontaneous bodily actions 
performed by learners with diferent math afect and math ability 
during an intuition-probing task. We identify key characteristics of 
spontaneous bodily actions that should be considered in the design 
of embodied learning activities. 

We conclude by discussing our results within the general process 
of embodied learning and ofer design recommendations and av-
enues for future research. This work was approved by ETH Ethics 
Commission as proposal EK 2021-N-169. 

3 STUDY 1 
First, we focused on directed bodily actions, that is bodily actions 
performed because the task requests them [68, 101]. To do so, we 
designed an embodied learning activity on the topic of derivatives. 
For a thorough description, evaluation, and validation of our design, 
please refer to our prior work [19]. In this section, we summarize 
the activity design and the data collection process. In turn, we 
describe our analysis and results. 

3.1 Embodied Derivatives 
Activity. We designed an activity to teach derivatives to high

school students through an embodied game [19]. In each level of 
this activity, a function curve, in yellow, and a corresponding de-
rivative curve, in pink, are displayed. On the derivative curve, a 
target area is displayed, in pink, with lower opacity. The students 
are informed that “There is a special link between these curves that 
you have to discover!”, and they can do so by solving puzzles where 
they manipulate the function curve to ft the derivative curve in 
the target area (instruction sheets available in the supplementary 
materials). On the function curve, wooden handles can be manipu-
lated to infuence its shape following a cubic spline model [60]. At 
any point in time, the handle’s slope corresponds to the local slope 
of the curve, and, therefore, the derivative (Figure 3). 

The activity was designed to highlight specifc learning goals de-
fned according to the high-school program in Switzerland, detailed 
in Appendix A. Moreover, the activity was implemented as part of a 

Problem Solving followed by Instruction (PS-I) pedagogical pattern. 
In this context, the activity served as a Problem-Solving phase and 
emphasized the three necessary mechanisms [64]: prior knowledge
activation by reusing curves that the students were familiar with,
deep feature recognition by focusing the interaction on character-
istic points of the function’s curve, and knowledge gap awareness
by including delayed feedback levels. Specifcally, the activity con-
tained two types of levels. Normal levels provided an immediate 
update of the function curve and the derivative curve upon manip-
ulation. Delayed-feedback levels only updated the curves’ shapes 
and positions upon the release of the handle. The diferent levels 
are summarized in Appendix A. To avoid fatigue efects, we kept 
the activity short (under 20 minutes) [19]. 

Finally, the activity was implemented under two conditions (Fig-
ure 3). One condition, tab, was implemented on a tablet and focused 
on a lower degree of embodiment [50], with lower sensorimotor 
simulation and lower immersion. In contrast, a high degree condi-
tion, vr (DIR in the original paper [19]), was implemented in vr,
with high sensorimotor simulation and high immersion. 

Data collection. Using this activity, we conducted a user study
with high school students. The protocol included two interventions, 
conducted a few days apart. Both interventions happened at the 
schools, in a large room, in half classes (groups of about 12 students). 
Students were positioned so that they could not see the progress of 
the other students. A thorough description of the setup is presented 
in Appendix B. The frst intervention included a prerequisite test, 
a demographics questionnaire, a math anxiety questionnaire [44], 
a body awareness questionnaire [91], and a vr initiation focusing 
on hand tracking. All participants joined this session, regardless of 
their assigned condition to avoid disappointment when comparing 
their experience with their peers before the second intervention. 
The second intervention included a frst baseline Simulator Sickness 
Questionnaire (ssq) [54], the activity itself, either tab or vr based 
on random assignment, a second ssq for comparison, a System 
Usability Scale (sus) questionnaire [15], a sense of embodiment 
questionnaire [85] only for participants in the vr condition, an 
agency questionnaire [40], a short instruction video on derivatives 
as part of the PS-I pattern, a break, and a post-test including ques-
tions from a Calculus Concept Inventory (CCI) [33]. For consistency 
and to prevent fatigue efects due to difering questionnaire com-
pletion times, we used the same questionnaires in both conditions, 
where applicable, allowing direct comparison between conditions. 

All questionnaires used are standardized and validated, except 
for the prerequisite questionnaire and the learning post-test. These 
questionnaires were designed according to the high-school program 
on derivatives in Switerland and validated by three individuals with 
expertise above master level in mathematics and teaching experi-
ence (questionnaires available in the supplementary materials). The 
design of the questionnaires is discussed in [17]. Cronbach’s �s are 
reported in Appendix C and all questionnaires used in the analysis 
have “acceptable” to “good” reliability, � > 0.8 resp. � > 0.7 [38]. 

Participants. We recruited � = 149 high school students. As
some students missed the second intervention due to sickness or 
absence, our fnal sample size is � = 130. In average, the participants 
were � = 17.10 years old (�� = 0.61). 63 participants identifed 
as girls, 64 as boys, 0 as non-binary or third gender, and 3 were 
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Figure 3: Each level of the activity contains a yellow curve, representing the function, and a pink curve, representing the 
derivative. The goal is to manipulate the handles on the yellow curve to ft the pink curve into the pink target (Left). This 
activity was implemented on a tablet (Center) and in vr (Right). 

unspecifed. All participants were high school students, and the 
intervention was conducted a few weeks before the lecture on 
derivatives: the students already studied graphs of functions, but 
did not study derivatives yet. The participants were split into two 
conditions: �� �� = 66 participants were assigned the lower degree
of embodiment condition, on tablet, and �� � = 64 participants
were assigned the higher degree of embodiment condition, in vr. 

3.2 Research question 
We performed an exploratory analysis to understand the role of 
individual factors on how students interact with embodied sense-
making activities, focusing on directed bodily actions for derivatives. 
We aim to gather an in-depth understanding of the behaviors to 
account for when designing embodied learning activities. 

Specifcally, we addressed the following research question: 
RQ1 How do students move when making sense of derivatives in 

an embodied activity focused on directed bodily actions? 
For clarity, this section focuses on how we analyzed the data, 

while our results are presented in the next section. 

3.2.1 Individual factors. We focused our exploration on individual 
factors known to impact sense-making of derivatives in embodied 
learning activities: math anxiety, body awareness, and mathematical 
ability. These metrics were measured during the frst intervention. 
Math anxiety was measured using the Abbreviated Math Anxiety 
Scale [44]. Body awareness was measured using the dedicated body 
awareness questionnaire [91]. We used self-reported math grades 
as a proxy for mathematical ability. 

3.2.2 Preliminary embodied exploration. To perform an initial ex-
ploration of the data, we implemented visualizations of the students’ 
actions for each condition. With our system, we could explore the 
embodied trajectories in space and time for all the students, both 
on tablet and in vr. We present static examples in Figure 4. This 
approach, recommended in embodied analysis and fused twins 
research [41], helped us understand the kinds of movements the 
students performed and, therefore, defne our metrics. 

3.2.3 Behavior metrics. First, we considered which information is 
valuable for our behavior analysis. From the logged data, we had 
access to the following information: 

• Level: Level start, end, and score,
• Interaction: Interaction with handles start, end, and interme-
diate states including handle state and hands’ positions,

• Position: User location in the scene at each point in time.
In this work, we focus on hand movements and decoupled be-

havior into two aspects: interaction and movement. Interaction is 
focused on the goal of bodily actions, for example, manipulating 
a handle. In contrast, movement is focused on the bodily actions 
themselves, for example, the speed and amplitude of the interaction. 
We separated these two aspects as previous work shows that manip-
ulation and embodiment lead to diferent learning outcomes [21]. 

To evaluate interaction, we considered the number of interac-
tions with each handle, particularly which handles were interacted 
with, as well as the sequence of these actions. To evaluate movement, 
we considered the angular amplitude of the movement as well as 
the sequence of such amplitudes. This is based on previous research 
highlighting that when communicating about functions’ graphs, 
high-achieving students perform coarse movements while hard-
working but low-achieving students perform fner movements [37]. 
We removed movements smaller than 1 degree as jittery movements 
due to tracking limitations. We then defned the threshold between 
small and large movements by using the median of movement am-
plitudes for each condition, which is 5.41 degrees. Importantly, we 
separated each interaction into several movements for each change 
of angular direction. This accounts for students who did not release 
the handle between diferent attempts towards the solution. 

Finally, for both of these approaches, we also considered long 
idle states as a proxy for states of refection. We selected a foor 
threshold of 5 seconds for such refection states. This corresponds 
to the beginning of the right tail of the normal distribution of the 
base 10 logarithm of duration of idle states. This value is slightly 
lower than values used in previous work, for example, 8 and 10 
seconds [92, 93] because our activity is faster paced than the ones 
used in these works. A summary of the events used in the sequences 
is presented in Table 1. 

3.2.4 Behavior analysis. For all the analyses, we discarded level 0, 
the interaction tutorial. 

For our numerical metrics, we performed a correlation analysis. 
When considering number of states (as defned in Table 1), we 
used Kendall’s � as the data presented a large number of tied ranks. 
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Figure 4: Embodied analysis of students trajectories: Levels 15, 17, 20 and 21 in vr, zoomed in for clarity. 

Table 1: Nodes used in the sequence analysis. 

Interaction 
Intx The learner is interacting with the handle in position � . 

Movement 
Small The learner’s hands are performing an interactive move-

ment of small amplitude. 
Large The learner’s hands are performing an interactive move-

ment of large amplitude. 

Other 
Refl The learner is idle for over 5 seconds, this is used as a 

proxy for refection. 

When considering numerical values, we used the Pearson’s � . We 
did not correct for multiple comparisons as we focused on planned 
comparisons related to our specifc research question rather than 
exploring all possible comparisons. 

For our sequential metrics, we performed a sequence analy-
sis focusing on maximum contrasts. For example, to analyze the 
impact of math anxiety, we performed a sequence analysis with 
two clusters, one composed of 25 % of students with highest math 
anxiety, and one composed of 25 % of students with lowest math 
anxiety. Specifcally, we ran a data-driven sequence analysis using 
the Markov-based approach implemented with the clickstream 
package in R [23, 90, 93]. With this approach, we evaluated the 
transition matrices between the states described in Table 1, focused 
on interaction or movement. To evaluate behavior evolution, we 
looked into four activity levels in particular. We used levels 10 
and 11 to evaluate initial behavior as these are the frst levels with 
several handles. Both levels are of similar difculty, Level 10 in-
cludes normal feedback while level 11 includes delayed feedback. 
To evaluate end-of-game behavior, we considered levels 20 and 21. 

3.3 Results 
In this section, we present the results of our analysis for each 
metric of interest, focusing on interaction (Figure 5) and movement 
(Figure 6). For clarity, we only include relevant results. 

3.3.1 Math anxiety. For the tab condition, we found a positive 
correlation between math anxiety and the number of interactions 
(� < 0.001, � = 0.29). This tendency existed for all movements: there 
was a positive correlation between math anxiety and the number of 
small movements (� = 0.002, � = 0.27) as well as the number of large 

movements (� = 0.018, � = 0.21). This means that participants who 
were more math anxious required more manipulations to reach the 
solution. In contrast, for the vr condition, we found no signifcant 
correlations between math anxiety and interaction, nor between 
math anxiety and movements. 

This diference translated to post-test scores. In the tab condition, 
we found a negative correlation between math anxiety and post-test 
scores (� = 0.004, � = −0.36). In the vr condition, this correlation 
was not signifcant (� = 0.11, � = −0.020). 

In conclusion, we found an efect of math anxiety in the tab 
condition but not in the vr condition. Previous research showed 
that immersive technology could increase motivation for highly 
math-anxious individuals and positively impact learning [22]. Al-
though we believe that motivation might have played a role in our 
result, we do not believe it is the main explanation, as we found no 
diference in the sequence of events between highly math-anxious 
individuals and their counterparts. In contrast, we believe that our 
results are due to the fact that, through its immersive properties, vr 
reduces access to social context cues, and therefore reduces social 
comparison and provides a safe space for exploration [100]. Indeed, 
part of math anxiety is due to social comparison [25, 30], and in-vr 
students could experiment with the content without the fear of 
being judged by their peers or teacher. 

3.3.2 Body awareness. For the tab condition, we found a positive, 
but non-signifcant, correlation between body awareness and num-
ber of interactions (� = 0.052, � = 0.17). However, more specifcally, 
we found a signifcant positive correlation between body aware-
ness and the number of small movements (� = 0.002, � = 0.26). In 
contrast, for the vr condition, we found no signifcant correlations 
between body awareness and interaction nor between body aware-
ness and the number of movements. Moreover, for both conditions, 
we found no correlation between body awareness and the total 
amount of movement nor between body awareness and the sense 
of agency on the mathematical curve. 

To understand these results, we used our embodied analysis tool 
to explore students’ trajectories and observed that trajectories in the 
tab condition appear overall less precise (Figure 7). As individuals 
with higher body awareness, such as dancers, rely more on pro-
prioceptive information than visual feedback [51], we believe that, 
when in a less precise and low embodied environment, they failed 
to reach their desired position when using small movements and of-
ten needed to re-adjust afterwards. Specifcally, highly body-aware 
individuals sufered more from the unproductive gap between prox-
imal and distal movement [2]. The fact that the number of large 
movements was not correlated to body awareness supports this the-
ory as large movements are not impacted by precision. Generally, 
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Figure 5: Relation between individual diferences and number of interaction events and number of refection events. The vr 
condition is represented with blue triangles, the tab condition with red circles. 
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Figure 6: Relation between individual diferences and number of movement events. The vr condition is represented with blue 
triangles, the tab condition with red circles. 
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highly body aware individuals may also sufer from the uncanny 
valley efect of embodied interaction design, as the interaction is 
close to, yet diferent from, manipulating a real handle [16]. 

3.3.3 Mathematical ability. For the tab condition, we found a neg-
ative correlation between the grade of the participants and the 
number of refection states (� = 0.002, � = −0.23), meaning that 
high achieving students needed less states of refection to reach 
the solution, or thought less about how to solve the problem and 
deeper implications. Regarding movement, we found a negative cor-
relation between math grade and the number of small movements 
(� = 0.006, � = −0.25). 

In the vr condition, we found no signifcant correlation between 
math grade and overall interaction. However, this lack of correlation 
might be attributed to the universal engagement of all students with 
the learning activity, irrespective of their grades. Notably, we found 
a negative correlation between math grade and the number of small 
movements (� = 0.026, � = −0.20) and the number of large move-
ments (� = 0.018, � = −0.22). Overall, while the overall number of 
interactions did not signifcantly difer based on achievement levels, 
these interactions were composed of less movements, both small 
and large, for high achievers compared to lower achievers. This 
may indicate that considering movement, rather than interaction, 
is relevant for the design of embodied learning activities. 

Through the maximum contrasts sequence analysis, we found 
a behavior diference between students with highest math grades 
and lowest math grades, consistent across conditions. At the be-
ginning of the game, students with higher grades followed a 
Refl −→ Small transition more often than Refl −→ Large 
(54% opposed to 43%). On delayed feedback levels, this tendency 
was similar although less pronounced (48% Refl −→ Small, 44% 
Refl −→ Large). However, by the end of the game, the tendency 
was reversed: events of refection were followed by large move-
ments in most cases (57% Refl −→ Large as opposed to 43% 
Refl −→ Small). This tendency was more pronounced on delayed 
feedback levels (67% Refl −→ Large, 33% Refl −→ Small). 

In contrast, students with lowest math grades consistently fol-
lowed events of refection by small movements. At the beginning 
of the game, Refl −→ Small happened in 67% of cases, as op-
posed to Refl −→ Large in 33% of cases. On delayed feedback 
levels, the tendency was slightly reversed (47% Refl −→ Small, 
53% Refl −→ Large). At the end of the game, the tendency was the 
strongest: 72% Refl −→ Small and 27% Refl −→ Large following 
moments of refection in normal levels, and 64% Refl −→ Small 
and 36% Refl −→ Large on delayed feedback levels. 

This illustrates that students with the highest grades had produc-
tive moments of refections towards the end of the game, followed 
by a large movement to go closer to the solution, and subsequent 
smaller “fne-tuning” movements to increase the score. This is also 
illustrated by the fact that large movements were most often fol-
lowed by small movements (59%). In contrast, students with lowest 
math grades used small movements after refection, illustrating that 
refection was unproductive and did not support error identifcation. 
This is also illustrated by the fact that large movements were most 
often followed by other large movements (55%). 

In conclusion, high achieving students needed less refection 
in the tab condition. In both conditions, high achieving students 

needed less movements to reach the solution, and in particular 
less small movements. Moreover, across both conditions, students 
with higher mathematical ability followed a “think, go to solution, 
fne-tune” behavior while students with lower grades followed a 
“think, try, iterate, fne-tune” behavior. 

4 STUDY 2 
In the previous study, we evaluated the behavior of learners related 
to directed bodily actions. To complement this work, we now focus 
on spontaneous bodily actions, that is, we study the bodily actions 
that participants spontaneously perform when communicating and 
refecting about derivatives. 

Through this study, we answer the following research question: 
RQ2 Which bodily actions do individuals spontaneously perform 

when making sense of derivatives? 

4.1 Demographics 
For this qualitative study, we recruited participants with diferent 
profles: novices in mathematics, experts in mathematics, and teach-
ers of mathematics. In Table 2, math level describes the maximum 
level of education at which the participants used mathematics, math 
comfort is an average of the self-reported measures of positive math 
fuency, positive math afect, and negative math anxiety, on 7 points 
Likert scales. Based on this information, we label P1 and P5 as math 
novices as they have low math level and math comfort, P2, P3, P4 
and P6 as math experts as they have high math level and math 
comfort, and P3 and P4 as math teachers as they have high teaching 
experience. There is an overlap between the set of teachers and the 
set of experts as math teachers are also math experts. 

4.2 Protocol 
The participants were interviewed online, individually, using Jitsi 
Meet [1], an open-source video conference software. Due to data-
protection concerns, the interviews were recorded locally using the 
Xbox Game Bar screen-recording feature on Windows. 

The intervention included four tasks and a demographics ques-
tionnaire, and lasted around 30 minutes. At the beginning of the 
session, the researcher mentioned that the goal is to answer difer-
ent questions around four tasks, and that, while communicating 
their answers, the participants are not allowed to use tools such as 
their mouse, pen or paper. Gestures were not mentioned explicitly, 
unless the participants specifcally asked. The interviews included 
four tasks, targeting diferent scenarios where derivatives are rel-
evant. The three frst tasks targeted concrete relatable scenarios, 
and the last task focused on an abstract curve. For each task, the 
pictures were displayed on the participant’s screen. 

Slopes. We frst focused on slopes in relatable, visual, and embod-
ied scenarios such as hiking. The users were asked to imagine that 
they were carrying a heavy backpack and had to describe which 
path would be most difcult to walk, assuming they start from the 
red dot and go to the green dot (Figure 8). We then asked them to 
justify their answer. This task emphasizes derivatives as slopes. 

Speed. With this task, we focused on speed, and used the tra-
jectory of a rocket to support this exercise (Figure 9). The users 
were asked to describe how the speed of the model rocket behaves 
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Figure 7: Embodied analysis of high body awareness (reds) and low body awareness (blues). In order, the following are 
represented: level 20 for tab, level 21 for tab, level 20 for vr, and level 21 for vr. For clarity, the pictures are zoomed in, and 
the curves are not displayed. 

Table 2: Demographics of interview participants. 

Id Sitting? Gender Age Math Level Math Comfort Teaching Novice Expert Teacher 

P1 No Female 26 Secondary 2.00 No Yes No No 
P2 Yes Male 26 PhD 5.00 Rarely No Yes No 
P3 Yes Male 56 Masters 7.00 Daily No Yes Yes 
P4 Yes Female 22 Masters 7.00 Weekly No Yes Yes 
P5 Yes Female 22 Secondary 1.33 No Yes No No 
P6 Yes Female 19 Bachelors 6.66 Rarely No Yes No 

Figure 8: Spontaneous bodily actions: Task 1 focused on 
derivatives as slopes. 

throughout the fight from launch until the descent. This task em-
phasizes derivatives as speed. 

Variation rate. With this task, we wanted to move towards ab-
straction and graphs of functions, while keeping the task relatable. 
As we looked for graphs that would be relatable for all participants, 
we decided to use the curves of cases of COVID-19 as a support for 
the task (Figure 9). We used two graphs: the graph of daily COVID-
19 cases in Switzerland, and the cumulative graph of these cases, 
that is, for each day, the total number of cases until that day. This 
means that the frst graph represents the derivative of the second 
graph. First, we asked the participants to describe the evolution 
of daily COVID-19 cases in Switzerland. We then asked them to 
explain whether the two graphs relate to each other, and how. This 
task emphasizes derivatives as variation rates. 

Abstract. With this fnal task, we wanted to evaluate a more 
abstract situation, e.g. the graph of a function as one would en-
counter in a math class (Figure 9). We selected a function including 
a local maximum, a local minimum, as well as an infection point 
(� (�) = 0.4�5 − 1.5�4 + 4�2 − 1). The participants were simply 
asked to describe the graph. This task emphasizes derivatives as 
mathematical objects. 

4.3 Analysis 
To address our research question, we want to identify diferent 
behaviors, specifcally as expressed through bodily actions, and 

Figure 9: Spontaneous bodily actions: Task 2 (left) focused 
on derivatives as speed, task 3 (center) focused on derivatives 
as variation rates, task 4 (right) focused on derivatives as 
mathematical objects. 

their relation to the underlying mathematical meaning. As such, 
we analyzed our data using a refexive thematic analysis [13, 27], 
with an inductive orientation to data, and a semantic, experiential 
and relativist approach [27]. To do so, we frst annotated the videos 
with both speech transcripts and gestures descriptions using the 
NVivo software [48, 65]. We focused only on the gestures related 
to derivatives, and ignored body movements such as scratching or 
moving one’s hair. In an iterative process, we then coded our data, 
using our annotations, but also reviewing the corresponding video 
extracts for validation. We then defned the themes and focused on 
patterns of behaviors expressed through bodily actions with shared 
meaning. This procedure was conducted by the frst author, an able-
bodied scholar with expertise in mathematics and embodiment 
research. 

4.4 Results 
In total, we gathered 111 hand movements, 21 in task 1, 24 in task 
2, 29 in task 3 and 37 in task 4. Specifcally, P1 performed 24 hand 
movements, P2 performed 17, P3 performed 3, P4 performed 24, P5 
performed 26, P6 performed 17. We believe that the low number of 
hand movements performed by P3 is due to the fact the P3 struggled 
to see the pictures on the screen and had to stay close to it in order 
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to answer the questions. In the following, we detail the results of 
this analysis. 

General and specifc behaviors are described using diferent hand 
poses and trajectories. Hand trajectories were mainly vertical and 
horizontal, rather than diagonal. Indeed, 35 hand trajectories were 
vertical and 37 were horizontal, while only 15 were in diagonal. 
Diagonal trajectories were mostly used by teachers (8 occurrences) 
and primarily in tasks 4 (6 occurrences) and 1 (4 occurrences). 
Diagonal trajectories were used in conjunction with a pointing 
hand pose and used to draw the curve precisely (10 occurrences). In 
contrast, vertical and horizontal hand trajectories were mostly used 
with fat or slightly curved hands. Vertical hand trajectories were 
used in conjunction with words such as ”increase”, “up”, “decrease” 
or “down”, while horizontal trajectories were used with words such 
as “plateau”, “fat”, or “stationary”. From this, we conclude that 
learners mostly focus on general up, down, and fat behavior, and 
do so using fat or slightly curved hand poses. When they need to 
be more precise, for example to compare diferent slopes in task 1, 
or describe a specifc shape in task 4, they use a pointing gesture to 
draw the slope precisely (Figure 10). 

Figure 10: P5 uses a fat hand moved vertically to describe an 
increase; P2 uses a fat hand moved horizontally to describe 
a fat point; P3 uses a pointing gesture to describe a specifc 
slope in diagonal. 

Steepness is represented with hand tension. Although most ges-
tures are either vertical or horizontal, and the steepness is therefore 
not always expressed in hand trajectory, we noticed that partic-
ipants used hand tension to express steepness. By “tension” we 
do not refer to the mental state of the learner but to muscle ten-
sion, meaning “stretched, tight, or rigid”. For example, a tensed 
hand, that is a fat hand, with all fngers connected, is used to rep-
resent higher steepness and in conjunction with words like “large”, 
“strong”, “sharp” or “very”. In contrast, a relaxed hand, that is with 
slightly curved fngers, a bit spread apart, is used to represent lower 
steepness and in conjunction with words like “small”, “less” or 
“slight”. For example, this was the case to represent mountains as 
opposed to hills in task 1, or steep variations as opposed to slower 
variations of COVID-19 cases in task 3 (Figure 11). Sometimes, we 
observed a mismatch between speech and gesture [86]: For exam-
ple, on task 3, P1 used words such as “strong” and “very” while 
describing the later peaks of cases, but used a more and more re-
laxed hand to support her point. In this case, her gestures described 
the situation accurately, but her speech was as strong for all the 
peaks. We believe that this shows that P1 understood the global 
structure of the graph at the embodied level, but focused on the 
local perspective at the speech level. From this, we conclude that 
learners may use hand tension to express steepness, over hand pose 

and trajectory. We also note that, as described in previous work, 
a mismatch between gesture and speech should be considered to 
identify frst evidence of learning [86]. 

Figure 11: P5 gestures a steep mountain with a tensed hand 
and a hill with a relaxed hand; P1 gestures a steep increase 
with a tensed hand and a less steep increase with a more 
relaxed hand. 

Repetition is used to emphasize characteristic behavior. Partici-
pants, novices in particular, often used repetition, that is repeating 
a certain hand movement several times in a row. Specifcally, 37 
hand gestures used repetition, most often along the horizontal axis 
(20) and the vertical axis (10). Out of these, 21 were performed by 
novices. Repetition was most often used to anchor a high level 
reasoning, either by presenting a characteristic point of a curve or 
by presenting a key element of the situation. For example, peaks 
and plateaus were often described using repetition: “The speed 
stabilizes itself at the top.” (P6), “It reaches its peak.” (P2), “Then you 
have plateau.” (P4). Moreover, high level refections are anchored in 
repetition: “I think there is a bit of distance to walk, it doesn’t go 
up a lot, but it goes for a long time.” (P1), “I believe this is why we 
kept such a low level of corona virus cases.” (P6), “There’s not many 
trees or forest around either.” (P5). In conclusion, learners might 
use repetition to emphasize characteristic aspects and deep features 
of a certain problem or situation. This is particularly important to 
identify in PS-I pedagogical patterns as recognition of deep features 
is an important mechanism of learning in this context [64]. 

Reference points are anchored in space. Some participants used 
space to anchor reference points and describe a certain behavior 
in reference to that point (Figure 12). For example, on task 4, P4 
frst gestured the entire curve, and then started explaining which 
terms might compose this curve. She hypothesized that, because 
of the plateau and the high increase at the end, a square term and 
a cubic term were part of the formula, and positioned them on 
diferent points of the curve. In contrast, P6 used explicit anchors 
for her reasoning. As it is often the case in sign languages, P6 often 
used both hands, using one as a passive, anchor hand, and one as 
an active hand. To describe a slope, P6 kept the passive hand at a 
position of reference, and moved the active hand to draw the slope. 
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This means that learners’ gestures should be considered within 
their spatio-temporal context. 

Figure 12: After gesturing the general shape of the curve, P4 
explains where the infuence of each term is visible; P6 uses 
a fnger as an anchor to describe a specifc slope. 

Novices use a frst person perspective. Although most participants 
used a third person perspective, that is looking at the situations 
as an external observer on the side, P5 often used a frst person 
perspective, that is considering that she was actually standing on 
the curve (6 out of 26 hand movements). This behavior was con-
sistent across all tasks. Although we did not fnd evidence of this 
perspective with P1, the other novice participant, we believe that 
this is an important aspect to consider. When derivatives are expe-
rienced outside of the classroom, at the embodied level, they are 
often experienced from a frst person perspective, for example in 
a plane or a roller coaster. Although some frst person embodied 
input systems to experience derivatives exist [97], there is no vr 
activity including this perspective both at the input and visualiza-
tion level, and we believe this would be an interesting direction to 
explore in the future. 

Embodied metaphors are spontaneously integrated. Participants 
also used gestures to mimic specifc elements of their description 
in the more concrete tasks (Figure 13). For example, on task 1, par-
ticipants used their hands to mimic the mountains and hills (P1, 
P4, P5, P6). Similarly, on task 2, all participants mentioning the 
parachute also used gestures to represent this parachute during 
the fall of the rocket (P4, P5, P6). Moreover, on task 3, all partici-
pants mentioning a step by step increase also mimicked stairs (P2, 
P4). This means that, especially when the content is grounded in 
concreteness, learners might rely on concrete embodied metaphors 
to express their understanding, rather than directly gesturing the 
underlying mathematical behavior at a more abstract level. 

5 DISCUSSION 
This paper aimed to understand how learners use bodily actions 
in sense-making tasks and draw conclusions on how to design 
embodied learning activities. To do so, we performed two analy-
ses. In the frst analysis, we focused on directed bodily actions in 

Figure 13: P5 gestures a mountain; P4 gestures stairs to de-
scribe a gradual increase; P4 and P6 gesture a parachute. 

intuition-building tasks on the topic of derivatives. In this context, 
we explored the variations of bodily actions performed by learners, 
with a focus of diferent individual factors. In the second study, we 
focused on spontaneous bodily actions in a set of intuition-probing 
tasks on derivatives. This analysis identifed key characteristics 
of bodily actions performed while refecting and communicating 
derivatives. We present an overview of our fndings in Table 3. 

5.1 Design recommendations 
In the following, we elaborate on design recommendations. We 
followed an iterative process, based on our fndings (Table 3), to 
identify overarching recommendations accounting for both directed 
and spontaneous bodily actions. Given the exploratory nature of 
our work, we used a deductive orientation to data for this analysis, 
contextualized in previous literature (Section 2). 

Expand embodied interaction design beyond position and move-

ment. In Study 2, participants relied on muscle tension to express 
steepness (2b). While previous design frameworks for embodied 
learning focused on the distinction between position and move-
ment [80] or gestural congruency [50], there is little exploration 
of muscle tension as a way of expressing mathematical concepts. 
As such, we recommend exploring interaction leveraging position, 
movement, but also muscle tension, for example using non-invasive 
sensors [79]. Considering the direct state induction mechanism [59], 
we also recommend exploring and leveraging the impact of the felt 
experience of the learner, considering a Leib perspective [74] and 
a somaesthetic approach to design [42], as muscle tension may be 
linked to general tension [82]. 

Consider embodied metaphors and embodied concreteness. 
In Study 2, participants spontaneously integrated embodied 
metaphors (2f) and sometimes used frst person perspective to 
represent the concepts (2e). This highlights the importance of con-
sidering the role of concreteness in embodied learning as learners 
spontaneous integrate relatable representations via their bodily ac-
tions, but also adopt a relatable perspective. While concreteness has 
been explored in math learning, and is crucial for learning [61, 76] 



Designing for Embodied Sense-making of Mathematics DIS ’24, July 01–05, 2024, IT University of Copenhagen, Denmark 

Table 3: Overview of our fndings, used for the elaboration of our design recommendations. 

Study 1 - Directed bodily actions (details in Section 3) 
id Result ⇒ Interpretation 
1a Signifcant positive correlation between math anxiety and the quantity of movements on tablet but not in vr. 

⇒ Math anxious individuals beneft from embodiment in vr because of the reduced social cues. 
1b Signifcant positive correlation between body awareness and the number of small movements on tablet but not in vr. 

⇒ Highly body aware learners beneft from embodied in vr because they rely on proprioception to achieve precise movements. 
1c First, all performed more small than large movements after refection states. The trend then reversed for high achieving learners. 

⇒ High achieving learners use a “think and move” strategy while low achieving learners explore until they fnd the solution. 

Study 2 - Spontaneous bodily actions (details in Section 4) 
id Summary ⇒ Theme 

2a Participants use vertical and horizontal hand movements, using a fat or curved hand, to describe general behavior. For specifc 
behavior, they include diagonal movements and pointing hand poses. 
⇒ General and specifc behaviors are described using diferent hand poses and trajectories. 

2b Participants used tense fngers for high steepness and relaxed fngers for low steepness. 
⇒ Steepness is represented with hand tension. 

2c Repetition was used to emphasize key elements, for example peaks and plateaus, or high level reasoning about the task. 
⇒ Repetition is used to emphasize characteristic behavior. 

2d Participants used spatially anchored elements, either by keeping a hand in one location, or by coming back to that location later. 
⇒ Reference points are anchored in space. 

2e Although most materials were presented from a side view, a novice participant performed gestures as if she were standing on the 
curve in a frst person perspective. 
⇒ Novices use a frst person perspective. 

2f Participants used gestures to represent elements of the task, such as a mountain or a parachute, but also as metaphors, for example 
stairs for step by step increase. 
⇒ Embodied metaphors are spontaneously integrated. 

as it supports the modal priming mechanism [21, 59], it often fo-
cuses on the representation of the concepts [35], rather than the 
interaction with said concepts. Therefore, we recommend exploring 
interaction mechanisms that integrate embodied metaphors [20, 81], 
and, for vr, diferent viewpoints [36]. 

Allow coarse gesturing for identifcation of deep features. Study 1 
revealed that learners with higher mathematical ability performed 
less small movements, specifcally towards the end of the activity 
where they relied more on coarse movements (1c), and learners 
with high body awareness performed more small movements in 
contexts with lower precision (1b). Study 2 highlighted that learners 
used coarse movement for general behavior, and fne movement 
for specifc behavior (2a). Moreover, learners used repetition of 
coarse movements to highlight characteristic behavior and deeper 
reasoning (2c). Overall, coarse movement was used to identify or 
represent the deep features of a problem or concept, which is crucial 
for learning [64], and is a sign of mastery [37]. In contrast, fne 
movement was used to focus on specifc behavior or for accuracy 
purposes. Therefore, we recommend interaction design that allows 
for coarse gesturing, either by mitigating precision issues, or by 
refraining from overemphasizing accuracy-based rewards. 

Support and evaluate sense-making anchors. Study 1 showed that 
imprecision is penalizing for highly body-aware learners (1b). We 
argued this is an unproductive gap between proximal and distal 
movement [2]. However, such gap can also be productive, for ex-
ample as a case of desirable difculty [2, 12, 19], and to support the 

creation of attentional anchors, i.e. imagined and spatially located 
instruments to support sense-making [2]. Study 2 revealed that par-
ticipants relied on spatial anchors to illustrate attentional anchors, 
for example by using two fngers to draw an imagined slope or 
relying on previous movements to locate new gestures (2d). There-
fore, we recommend giving space for such anchors by considering 
which interactive elements should be visible, and which should 
be imagined. For example, in Study 1, the slope is represented as 
a handle and visible at all times. A similar activity without the 
handle might create more space for attentional anchors. Moreover, 
to identify the creation of such anchors, we recommend consider-
ing bodily actions performed during refection times or times of 
non-interaction, such as pointing and metaphorical gestures, and 
even consider integrating eye-tracking technology [5]. 

Integrate embodied in-vr learning assessments. Study 1 revealed 
that math anxious (1a) and highly body aware learners (1b) bene-
fted more from the embodied activity in vr as opposed to tablet. If 
we put this in the context of previous literature, arguing that learn-
ers are able to express their understanding in gestures, before they 
are able to articulate it in speech or in writing [86], we question the 
relevance of disembodied and out-of-vr learning assessments. In 
alignment with previous recommendations for embodied vr learn-
ing activities [49, 99], we recommend considering embodied in-vr 
learning assessments. To address specifc related interaction de-
sign considerations, we recommend literature on vr questionnaire 
design [87] and on mathematics input interfaces in vr [89]. 
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5.2 Limitations and Future Work 
There are several limitations to this work. First, the activity used for 
our directed bodily actions study focused on one interaction tech-
nique specifcally, the two-hands handle approach, and therefore 
constrained the exploration space. We believe that this limitation 
does not invalidate our work as we chose this interaction technique 
following our previous work on embodied interaction for deriva-
tives [19]. Future work should explore the link between individual 
factors and bodily actions in other interactive contexts. 

Another potential issue is the gamifcation elements in our di-
rected embodied activity, where a score was displayed on the screen, 
updating the student in real time on how well they performed [19]. 
This might have impacted some students as they focused on reach-
ing a 100% score rather than making sense of the problem at hand. 
While our analysis, using video game experience as an independent 
variable, found no diferences in the dependent variables, we expect 
that an activity based explicitly on exploration and sense-making 
may yield diferent results, and should be explored in the future. 

Limitations in the directed bodily actions study include using 
self-reported math grades as proxy for mathematical ability due 
to time constraints and ethical concerns. While this might lead 
to inaccuracies, the self-reporting issue was partially mitigated as 
many students used their phones to retrieve their grades, but we do 
not have a way to assess the impact with certainty. Moreover, math 
grade covers a wide range of topics and could beneft from a more 
specifc assessment. The study’s intervention length is another limi-
tation. Indeed, we believe that repeated sense-making sessions over 
a longer period of time would enable future researchers to evaluate 
the behavior evolution from novice to expert. Sense-making is a 
process of several steps [28], and our intervention was too short to 
cover this progression. This is a general issue in the feld of embod-
iment research [6]. Finally, all participants were recruited from the 
same area of Switzerland. Although this is a highly international 
area, we do not believe that our study is sufcient to account for 
cultural diversity and its impact on bodily actions. 

Regarding our spontaneous bodily actions study, the main limita-
tion is the low number of participants as well as the lack of cultural 
diversity. Although we recruited participants from diverse countries 
and backgrounds, fve participants are not enough to account for all 
possible perspectives and approaches. However, as part of our ex-
ploratory work, we believe that our results already present several 
avenues for future work and highlight the gap between design for 
directed bodily actions and design for spontaneous bodily actions. 
However, we believe that future studies with more participants 
would help highlight other interesting research directions. For ex-
ample, future work could investigate the role of attentional anchors 
in resulting spontaneous gestures in sense-making contexts [2]. 
Moreover, future work should explore spontaneous gestures pro-
duction across a panel of users with diverse bodies [53, 94]. Indeed, 
diferent individuals move so diferently that it is even possible to 
identify them through hand tracking data [63]. 

6 CONCLUSION 
We explored bodily actions in mathematical sense-making, focusing 
on derivatives. First, we conducted a quantitative user study evalu-
ating the role of individual diferences on directed bodily actions, 

revealing that vr provides a safe space for math-anxious individu-
als, that highly body-aware learners are penalized by unproductive 
gaps between proximal and distal movements, and that students 
with higher mathematical ability perform fewer movements, rely-
ing instead on productive refection times. Second, we focused on 
spontaneous bodily actions and performed a qualitative analysis 
to identify key characteristics of such bodily actions. This study 
revealed that learners use coarse movements and focus on general 
behavior when describing derivatives, use hand tension to repre-
sent steepness, emphasize characteristic behavior with repetition, 
anchor reference points in space, may use frst person perspective 
over third person perspective, and integrate embodied metaphors. 

From both studies, we devised design recommendations. First, 
we recommend to expand design beyond position and movement as 
learners also use muscle tension to express mathematical concepts. 
Second, consider embodied metaphors and embodied concreteness 
in design as learners spontaneously integrate relatable metaphors 
and perspectives when gesturing. Third, allow for coarse gesturing 
by mitigating precision issues and reducing emphasis on accuracy 
as such bodily actions support identifcation of deep features and 
are a sign of expertise. Fourth, support and evaluate sense-making 
anchors are these are spontaneously used by learners and are man-
ifestations of imagined learning artifacts. Fifth, integrate embodied 
in-vr learning assessments as these support math anxious and 
highly body aware individuals but also ofer opportunities to cap-
ture evidence of preliminary learning. 

With this work, we explored the design space of embodied in-
teraction for embodied learning and ofered novel and actionable 
recommendations with the aim to chart new avenues for future 
research. 
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A ELEMENTS OF THE DERIVATIVES 
LEARNING ACTIVITY 

The learning goals of the activity are presented on Table 4, and the 
levels are presented in Table 5. 

B CLASSROOM SETUP FOR STUDY 1 
The study took place in the high-schools directly. We provide a 
schematic representation of the setup in Figure 14. The exact di-
mensions and number of tables might not be exact, as it depended 
in the specifc room used. However, the following constraints were 
always observed: 

• In the tablet area, the students were positioned so that they 
could not see the screens of other students, unless they ac-
tively turned around. 

https://www.lumivero.com
https://doi.org/10.17605/OSF.IO/3VHSF
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Table 4: The learning goals of the derivatives learning game are designed to focus on core concepts at each level of the activity, 
while emerging concepts serve as criteria for evaluating a deeper understanding. 

Core Concepts 
UP A (strictly) positive derivative refects a (strictly) increasing function 

DOWN A (strictly) negative derivative refects a (strictly) decreasing function 
FLAT A null derivative refects a constant function 

SLOPE There is a link between the local slope of a function and the value of the derivative 
VAR There is a link between the variations of a function and its derivative 

Emerging Concepts 
EXTM At an extremum, the derivative is null 
CST The derivative does not change if the function is shifted by a constant 

Table 5: Summary of the levels of the activity. 

Levels # Handles Feedback Primary learning goal Notes 

0 1 Normal Tutorial, Linear function 
1-2 1 Normal UP Linear function 
3 1 Delayed UP Linear function 
4-5 1 Normal DOWN Linear function 
6 1 Delayed DOWN Linear function 
7-8 1 Normal FLAT Linear function 
9 1 Delayed FLAT Linear function 
10 3 Normal UP Hyperbola, Handle at � = −3 is already correct 
11 3 Delayed UP Hyperbola, Handle at � = −3 is already correct 
12 3 Normal DOWN Hyperbola, Handle at � = −3 is already correct 
13 3 Delayed DOWN Hyperbola, Handle at � = −3 is already correct 
14-16 2 Normal VAR Parabola 
17-18 2 Delayed VAR Parabola 
19-20 3 Normal SLOPE Hyperbola, Handle at � = −1 is already correct 
21 3 Delayed SLOPE Hyperbola, Handle at � = −1 is already correct 

• In the questionnaire area, there was always a free table be-
tween two students. 

• The questionnaire, tablets, and vr zones for each student 
were pre-assigned at random. 

• The tablets were setup using music stands as these are more 
afordable than tablet stands. 

• vr students are always facing away from the windows as the 
light refected on the snow resulted in occasional tracking 
issues. 

• The two experimenters, including the frst author as well as 
a helper, were available for questions and support, but did 
not interfere beyond this. 

• The lecturers were not present in the room, expect shortly at 
the beginning and at the end to introduce and conclude the 
study, as they were teaching a class with their other students. 

C QUESTIONNAIRE RELIABILITY 
Cronbach’s �s are reported in Table 6. 



DIS ’24, July 01–05, 2024, IT University of Copenhagen, Denmark Chatain et al. 

Figure 14: Schematic representation of the study setup in the high school classrooms. 

Table 6: Reliability of the questionnaires used in the frst study (Section 3). Questionnaires used in the analysis presented in 
this paper are highlighted in bold. 

Questionnaire tab Cronbach’s � vr Cronbach’s � 

Prerequisite test 0.623 0.717 
Math Anxiety questionnaire [44] 
Body awareness questionnaire [91] 

0.863 
0.779 

0.832 
0.760 

Baseline ssq [54] 0.950 0.958 
Comparison ssq [54] 0.953 0.951 
sus questionnaire [15] 0.654 0.790 
Sense of embodiment questionnaire [85] n/a 0.822 
Agency questionnaire [40] 0.488 0.404 
Learning post-test 
CCI [33] 

0.824 
0.669 

0.893 
0.502 
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