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Abstract

Embodied cognition is a concept that has been extensively explored by scholars
within the Child-Computer Interaction community. However, there is a lack of
a synthesis of this research to clarify the field’s benefits and drawbacks. This
paper presents a survey of articles published between 2010 and 2020 in the
Interaction Design and Children (IDC) conference and the International Jour-
nal of Child-Computer Interaction (IJCCI). We retrieved 158 papers using the
keyword ”embodied cognition” and its derivatives. Further screening narrowed
these down to 43. The purpose of this review is to provide an overview of the
current landscape of ’embodied’ research by reporting the most common subject
areas of application, forms, and modes of embodiment, and the role of children
and adults. Our contribution is twofold: we highlight the main trends around
these themes within the field, and we provide eight critical areas of future re-
search. By illustrating new challenges and opportunities, we aim to support the
growth of this area of research within the CCI community.

Keywords: Embodied Cognition; Children, Child-Computer Interaction;
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1. Introduction

Embodied cognition is a concept that suggests that we learn primarily with
our bodies and not just with our brains. It is based on the premise that the

brain is tied heavily to the body in cognitive processes. It has its background
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in philosophy but is extended to several fields like psychology, cognitive science,
and neuroscience. The specific focus of embodied cognition revolves around
embodied abstract metaphors, offloading cognitive processes externally, and the
use of physical constraints across different cognitive development stages. While
there was a declining interest in embodied cognition within the Child-Computer
Interaction community between 2012 and 2017, there has been a growing explo-
ration of this topic in the last three years. Giannakos et al. in their literature
review “Mapping child—computer interaction research through co-word analy-
sis” discuss an initial interest in embodied cognition within the Child-Computer
Interaction (CCI) community between 2003 and 2012 [I]. They suggested that
the diminishment afterward could result from the isolation of embodied cogni-
tion from other themes like coding and interactive surfaces, and the inability to
tie it back to external fields.

However, Dourish [2], in his book “Where the Action Is: The Foundations of
Embodied Interaction”, presents an argument for the importance of ‘embodied’
styles of interactions. He explains that embodied interactions are next in de-
signing everyday interactions apart from technologies involving text, symbols,
and graphics. It can be argued that, with the growth of pervasive multi-sensory
technologies and the advent of a global pandemic — which has necessitated the
reduction of face-to-face interactions — the place of embodied technologies is
more critical now than ever. Embodied interactions can be combined and inte-
grated with other interactive technologies that involve external real-time stimuli
like augmented, mixed, and virtual reality (AMVR) and tactile, spatial, and
multi-sensory interfaces. These technologies range from single and multi-sensor
devices to entire classrooms constructed into embedded learning environments
3.

Several authors have defined and explored these embodied interactions in
different ways based on the context of application. Abrahamson and Trninic
describe embodied interactions as “hands in” technological activities that en-
able some degree of physical immersion in a “microworld”, involving movements

of various parts or even the whole body, which become part of the “perceptuo-
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motor structures” learned [4]. The focus on such perceptuomotor structures
within this context as avenues of embodiment and cognition is heavily focused
on how specific movements are tied to seeing. These “microworlds” serve as con-
straints and could either be imaginary [3], tangible [5] [6] or virtual [7]. Embod-
ied movements in interactions can also provide unique opportunities to explore
conceptual ideas. This can be applied in creating social and play companions
and agents within these microworlds. However, it has been found that although
children are initially excited about playing with such robotic toys, their inter-
est and engagement withdraw over time [§]. Having multiple embodiments of
agents and migrating between them solves the problem of disengagement and
encourages interaction flows [9] and the ubiquity of such agents.

Aside from having types or modes of embodiment, other factors play a role
in affecting children’s engagement with embodied technology. Antle et al. [10]
explain the role cognitive load theory plays in the design of tangible and embod-
ied systems; since the capacity of the working memory is limited and temporary
[11], we naturally seek to offload or extend our cognition externally. An inte-
gral part of embodied cognition is the offloading of cognition outside the brain,
either to the body or by extending our minds to other objects. These modes of
offloading cognition can differ across different stages of cognitive development.
According to Piaget, there are four stages of Cognitive Development [12]: the
Sensorimotor — Birth to ages 18-24 months; Preoperational — Toddlerhood (18-
24 months) through to early childhood (age 7); Concrete Operational — Ages 7
to 11 years; and Formal Operational — Adolescence to Adulthood. A dynamic
trajectory of development considers how these different stages of development
might embodied knowledge.

Though there have been arguments as to the consistency of the Piagetian
stages [13] and their implied psychological behaviours [14], they can be an es-
pecially useful categorisation when taking a constructivist point of view [15].
Piaget’s research on the role of sensorimotor activity in everyday cognition as
well as his constructivist theory show the importance of the body in the process

of cognition [I6, I7]. While cognition differs across levels of development, the
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sensorimotor stage has been found to be the perfect template for how humans
embody cognition because children in this age group are constantly absorbing
information through experiential movements and sensations as well as envi-
ronmental influences. Antle argues [I8] that applying embodied cognition in
designing interactive systems for intelligence development is concentrating on
the different “development trajectory” and considering children’s future abilities
and thoughts rather than making assumptions on their current capabilities.

The consideration of these abilities and skills, as well as other factors which
influence the design of embodied interactions, can be advantageous when de-
signing for children with special educational needs using touchless technologies
like the Microsoft Kinect [19]. According to the Cattell-Horn-Carroll Integrated
Model [20], there is a range of skills that children with Special Educational Needs
(SEN) can benefit from. These skills can also be applied to child-computer in-
teractions in general and are broken down into different domains: Cognitive
skills, Motor and Sensory skills, and Academic skills. Cognitive skills are fur-
ther broken down into short-term memory, visual processing, and crystallised
knowledge. Motor and sensory skills accommodate both Kinesthetic skills and
psychomotor speed, and the academic skills focus on operations and computa-
tion, and cognitive processing speed.

Looking at these different themes, it is beneficial for the community to ex-
amine the patterns across the years, looking for gaps in exploration and the
contextualisation of embodied interactions especially given the past year of re-
mote interaction. This systematic survey aims to provide an in-depth analysis
of the different layers and concepts surrounding embodied cognition in the CCI
community’s main venues: Interaction Design and Children (IDC) conference,
and the International Journal of Child-Computer Interaction (IJCCI). By nar-
rowing the review to these two main venues, we can focus more intensely on
specific concepts and themes while getting a general overview of the field. The
aim is to look at the current climate within the CCI community specifically, as
there is yet to be a thorough review summary that serves as a reference point for

the two main venues. This survey aims to act as an initial exploratory summary
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giving researchers a stepping stone for future work based on what already exists.
The restriction to these two venues was also pragmatic, in order to help keep a
workable amount of papers. While work from other related venues and publica-
tion genres (like education, psychology, neuroscience, or robotics) are referenced
to give a general background of what exists outwith the sample, the survey is
not directly comparing the community with other fields but creating an in-depth
summary within the community. Further work will build on this reference point
in various directions, for example, by making extended comparisons with other
relevant areas.

Our objective is to provide a detailed overview of the past 11 years of em-
bodied cognition in CCI research and, more importantly, to develop a deeper
understanding of the role of embodied cognition in future investigations and dis-
cussions around the designing of technology with and for children. The structure
of the paper starts with a discourse on embodied cognition and related areas.
Then we discuss our methodology for the systematic literature review, includ-
ing how the research papers were selected and analysed. This is followed by a
presentation of the results and, finally, a discussion on the main findings and

suggestions of eight main areas for future research within the CCI community.

2. Background

While embodied cognition had it initial roots in fields like philosophy [21], [22]
22], cognitive psychology [23], robotics [24] and so forth, it has over the years
become more concrete and is now seen as a stand-alone field [25]. Whilst our
introduction explores embodied cognition within CCI, it is also being surveyed
and applied across multiple fields beyond as well [26].

Johnson argues that embodied cognition has its roots in two main pillars
of philosophy; naturalism and phenomenology [27, 28]. Naturalism implies the
“natural emergence” [29] of all things while phenomenology implies subjective
“experimential meaning” [30]. Leitan and Chaffey [3I] explain in their review

of embodied cognition and its applications, that both phenomenological and
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naturalistic explanations argue that the body (whether through biological con-
stitution or subjective experiences) and the world are important components
of cognition. Their review is summarised in four main themes of embodied

cognition;

e The body, environment/tools, social history, and internal representations

make up the embodied mind

e The embodied mind distributes memory across body, environment, and

tools, and this is enciphered on a situational basis.

e This “situated embodied action” helps us understand and interpret lan-

guage and abstract concepts.
e Perception and action are “inseparable”.

Cognition is hence understood as situated in the body in relation to the
external world. The body is said to have an active, direct role in cognition
rather than simply ‘serving’ the mind. Leitan and Chaffey go on to explain
Shapiro’s argument that there are three main accounts of embodiment [32];
replacement (replacing traditional methods and understanding of cognition with
alternatives), conceptualisation (how the body affects the way we conceptualise
experiences and ground cognition), and constitution (what is considered to be
cognition). These accounts offer insight into the questions often posed when
considering the embodied mind.

The body heavily affects how we perceive and interpret information, espe-
cially in children [I8]. The perception of visual characteristics like color [33], [34],
spatial information [35] and understanding/ interpretation of metaphors [36), [37]
is dependent of physical embodiment of the entities. Experiments within linguis-
tics found that children’s cultures, especially native spoken languages, influence
their creation of “cognitive pathways” and “mental models” [38]. Our everyday
experiences with social history also affect how we understand metaphors [39, [40].
Metaphors are often referred to as the basis of embodiment and operationalised

both consciously (at the language level) and unconsciously (through different
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abstract concepts). George Lakoff and Mark Johnson [41] in “Metaphors we
live by” explain how universal metaphors exist in everyday interactions: “our
metaphors will reflect our commonplace experiences in the world. Inevitably,
many primary metaphors are universal because everybody has the same kinds
of bodies and brains and lives in basically the same kinds of environments”.

Using these insights, we can pose the following questions when designing

embodied technologies for children:

e How can we replace input-processing-output technologies for language and

abstract concepts with more dynamically embodied systems?

e How can we tailor technologies to reflect and respond to different so-
cial histories, groups, and stages of human development, (e.g. cognitive-

developmental phases, gender, etc.) and conceptualisation of information?

e What is the border between environment/technology and the mind, and
how much of cognitive process can be offloaded to everyday technological

interactions in natural contexts?

Embodied cognition has numerous applications, including health, marketing,
sport, social media, education, robotics, linguistics, and so on. The understand-
ing of these themes of embodied cognition has also been useful in the design of
robots that are more responsive and adaptive to their environments; by stream-
lining physical attributes, movements, and sensors [42], for example, female
robot crickets can identify and locate the male robot cricket’s sounds [43]. The
understanding of embodiment and the extension of the mind beyond its body
also has trans-humanistic implications [44]. Embodiment as a whole has been
advantageous when designing and studying human-centered educational tech-
nologies [45] especially with subjects like mathematics [46]. Abrahamson et al.
explain that the embodiment movement has done this by combining and in-
terweaving knowledge from various related concepts like genetic epistemology,
enactivisim, phenomenology, pragmatism, and pedagogy literature [25].

Within the HCI community, Abrahamson [47] encourages the spread of an
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‘Embodied design’ approach when designing for STEM learning and has ex-
plored this through gesture-based technologies [48, [46 49, 50, 5I] and gam-
ification [52]. While not explored as much within the community, embodied
cognition has the potential for numerous possible applications outside of STEM
(e.g. linguistics, cultural studies, art, literature) [53]. One of the main theories
of embodied cognition proposes that knowledge is situated in sensorimotor ac-
tivity. Putnam [54] explains the “disembodied mind” as having activities that
do not focus on the brain and body but are based on functionalism. While
it is arguable that no interaction can be fully disembodied [55, [56], the way
information, knowledge, content, agent, or technology is presented can be dis-
embodied or have low levels of embodiment [57, [45]. Studies that focus mainly
on embodied knowledge do not simply investigate “the extracted verbal or for-
mal description of a situation, but rather the perceptual interpretations and
motoric interactions” [58].

Johnson-Glenberg et al. [57] explain that for any content to be considered
‘minimally embodied’, three concepts need to be in place; (a) sensorimotoric
engagement, (b) gestural congruency, and (c) a sense of immersion; otherwise
the content would simply be referred to a simulation. Lee et al. [55] defined em-
bodied robots as having both physical shape and embedded sensors and motors.
Hence, taking these definitions of embodiments, this review intends to survey
publications assumed to be minimally embodied, focusing not just on embodied
learning but also embodied cognition within the two main venues for the CCI

community.

2.1. Existing reviews

Antle [I8] breaks down the theoretical implication of current work and high-
lights key areas for further exploration. Understanding and designing to sup-
port children’s dynamic trajectory, offloading cognition to technical products,
and supporting ” movement-based simulations” or replicating “motor-perceptual
states” that augment children’s cognition. Our survey takes this a step further,

looking at how these areas have been addressed in the past decade and the ex-
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isting gaps. The survey takes a more quantitative and systematic exploration
of the field. One review on embodied cognition that also summarises develop-
ments and trends is Lee-Cultura and Giannakos’s [59] study, which examined
36 peer-reviewed papers over 10 years from 2008 to 2018. However, although
related to embodied cognition, their review focuses mainly on the intersection of
embodied interactions and spatial skills rather than a comprehensive overview
of the topic.

Though these reviews are both focused on embodied interactions, they are
somewhat limited in scope and do not present a comprehensive overview as a
starting point for researchers. Given the current technological landscape and
the expansion of the field over the past 2 years, there is a need to further explore
the different aspects and themes within the embodied interactions design-space
in CCI. Hence the reason for this review as it collates themes that span various
studies over the past decade. The main areas covered in this paper are the
most common subject areas of application and skills, forms and mode

of embodiment, and roles of children and adults within studies.

2.2. Subject areas of application and skills

Looking at types of technologies used, Falcdo and Price[60] in their study
on designing tangible interactions for children with learning difficulties, explain
that there is a focus on visual and particularly text engagement in creating edu-
cational technologies. However, this does not make for a holistic general learning
experience as this mostly focuses on disembodied information and ignores other
body parts engaged when learning. Children are generally creative and, due
to their extrapolation of the world, the perfect example of embodied cognition.
While there is a growing focus on children as co-designers as a result, according
to Hemmert et al. [61] there is little personalisation of the co-designing process
for children. This might be because of the perception that it is more challeng-
ing for children to understand such complex systems; however, collaborative
learning types like role-play or participatory simulations [6] can simplify such

interactions and encourage multi-sensory stimulation for children.
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It is essential to create opportunities for healthy competition and interactions
in designing such embodied scenarios, depending on the skills or applications
being engaged. Some systems eliminate competition [5][62], while others encour-
age competition [6] depending on the learning goal. This might lead to a higher
level of unpredictability, especially when running studies with younger children,
but this can allow for more innovative and diverse results and design methods.
An example of such a scenario is the initial study of the Agquaroom [3], some
activities became competitive — contrary to the initial aim of having cooperative
activities. However, this was addressed by using a map and the elimination of
duplicate results. Similarly, in the BeeSims experiment [6], the children were
initially focused on succeeding. That shifted focus from the design objective of
increasing the appreciation of the bees’ pollination dance and nectar collection

system.

2.3. Roles of children and adults within studies

However, unlike the BeeSims experiment [6], most studies relating to embod-
ied cognition, co-designing, and participatory interactions have been predomi-
nantly focused on older children, teens, and adults, especially [61},[6]. This might
be due to the normalisation of such interactions during children’s “playtime”,
with children setting up their own play rules for such interaction; hence, it might
be perceived as more challenging to determine such boundaries with younger
children. However, the natural occurrence of this in children should indicate the
possibilities research-wise and the need to integrate embodiment into all forms
of children’s technologies. Adults playing different roles [63] as users, proxies,
experts or facilitators could help facilitate these boundaries by making sure not
to influence the natural exploration of children within their mini-worlds. In
the BeeSims experiment [6], for example, the adults playing the role of facili-
tators/researchers addressed a shift in design objectives by changing the tools
used for collection, as well as limiting the collection time to be similar to the

constraints faced by actual bees.

10



275

280

285

290

295

300

2.4. Forms and mode of embodiment

The forms of embodiment within different contexts also differ depending
on the body parts being engaged and the learning methods and technologies
used. Kynigos et al. [64], in their research into collaborative full-body games,
elicit the importance of body movements, “gesture, language, and static and
dynamic semantic representations” in the design of games and comprehension
of mathematical or scientific concepts for the child. Embodied interactions can
help augment otherwise “mundane” reproductions of learning materials. This
includes the learning of concepts like nectar collection [6], which use indicators
like light sensors and a history of hunting strategies using gestures [5]. However,
there is a gap in more art and design-related learning interactions, which help in
the teaching and learning of abstract 2D concepts [65] by leveraging embodied
technologies (such as embedded and wearable computing, projectors, gesture

recognition techniques, and so forth).

3. Methodology

A systematic literature review was conducted to understand the different
forms of embodiment and the extent, context, and technologies in which they
have been explored in CCI research for the past 11 years. This review’s scope is
limited to IDC and IJCCI as these are the most extensive and commonly used
repositories for the CCI community. The review protocol includes the research
questions, data extraction and selection, inclusion and exclusion criteria, and
data analysis.

The methodology was crafted around the main objective of this paper: to
examine the current trends and themes within the CCI community and use the
resulting analyses to suggest and inform potential areas of future research. The
review aims to answer three main research questions based on the examined

literature:

1. What different subject areas of application and skills are prominent?

2. What forms of embodiment can we infer?

11



305

310

315

320

325

SEARCH TERM 1 SEARCH TERM 2
Child Embodied Cognition
Children Embodied learning
Embodied interaction
Embodied metaphors
Embodiment

Table 1: Search terms using AND between them

3. What are the roles of children and adults in this research?

The rest of this section examines the methods used for each process and

breaks these research questions down further into different categories.

3.1. Data extraction & selection
8.1.1. Data collection & search query

Focusing on the two major publication avenues for the CCI community (IDC
and IJCCI), a search was conducted within the Association for Computing Ma-
chinery Digital Library (ACM), and in the Science Direct online repository to
collect high-quality data. The period examined for ACM was from 2010 to
2020, and we also included all articles published in IJCCI from the start of the
journal in 2013 until December 2020. The key search terms used are shown in
Table [l The word “embodied” when used exclusively (unrelated to other rele-
vant keywords) was ignored as a search term, given it could be used in contexts
other than those relating specifically to the subject matter. This also was in the
interest of increasing the quality and relevance of papers identified. The search
pattern for IDC and IJCCI differed as IJCCI focuses primarily on research with
children, hence the first search terms were ignored, and only the second search
terms were used from Table This was the first step in the selection process

and resulted in 158 papers after duplicates were removed.

3.1.2. FExclusion and inclusion criteria
The next stage of this review process was removal of papers which were not
relevant, the following exclusion criteria was applied to the initial selection of

158 papers:

12
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e Papers which do not include children or students in the design, data gath-

ering or testing process

e Papers which do not focus on technologies created for children or students
from the age 0 to 18. This was decided by using an age-based definition of
“child”, as adopted by the “Convention on the Rights of the Child” [G6].

e Papers which do not involve the use any clear form of embodiment
e Dissertations and theses; as these are considered as grey literature

e Credibility: Short-papers, posters, workshop proposals and position pa-
pers, abstracts, work-in progress studies, panels, doctoral consortium, De-
mos, tutorials, editorials and papers which are not peer-reviewed. This
is because either primary research and design reports are not included in

these formats, or less mature work is presented.

e Relevance: Papers that mention embodied as well as derivatives of the term
exclusively in the keywords and references as they do not provide enough
information of what type of embodiment was involved in the research

design.

In terms of inclusion, we considered peer-reviewed papers backed by empirical
evidence, which includes both quantitative and qualitative studies. The research
design had to be appropriate for addressing the aim of the research, with there
being a clear statement of the aim, objectives, data collection, analysis, and
findings.

We also focused on papers which seem centered around some form of senso-
rimotor change/simulation (sensory inputs and motor outputs) [67, 57] rather
than only non-sensory input using the eyes and ears [68]. Sensory inputs are
stimuli which are recognised by the body and evoke a perceptual, motor or af-
fective state or inference (for example, smelling an object, feeling the shape of a
robot etc.), while non-sensory inputs rely primarily on the brain’s interpretation

of information, rather than physical sensing (for example, reading options from

13
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a menu display) [68]. This is because one of the theories of embodied cogni-
tion proposes that when embodied knowledge is simulated through perceptual
and sensory systems (sensorimotor activity), the same “visual stimuli, motor
movement, and tactile sensations” can be reenacted partially or unconsciously
without the initial action [26, 68, [57]. Hence experiments that show no distinct
use of sensorimotor change, (e.g. an animation on a screen with no interactivity
[57]), often rely on the brain’s interpretation of the content via vision and sound
to add context rather than using the body’s perception.

Most of the definitions of the categories around embodied cognition such as
metaphors were coded and operationalised based off Lakoff’s “Explaining em-
bodied cognition results” [69]. Other categories were decided upon using the
authors’ expertise based on how the studies were structured (e.g. age group,
type of study etc). These studies were conducted in both formal and informal
environments and focused on both hard and soft skills like collaboration. Given
these criteria, 43 papers met the final inclusion criteria. The first author con-
ducted the data extraction and selection process; however the second and third

authors defined some of the criteria for the process.

3.1.3. Data analysis

Based on Robson and McCartan’s [70] template approach for qualitative
analysis, the papers were analysed using areas derived from our research ques-
tions. The categories were refined over three iterations and formed the templates
for the data analysis.

The final template was as follows:

e The subject areas that are focused on in the studies (e.g. Maths, Music,

Coding, Collaboration);

e What skills and abilities are being engaged (e.g. cognitive skills, Motor

and sensory skills — Learning communication, play, problem solving, etc.);

e What kinds of learning/teaching methods are used (storytelling, creativity,
prototyping etc.);

14
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Which body parts are being engaged (hands, eyes, ears etc.);
What sort of stimulus/sense is being used (light, sound, smell etc.);
What behaviours were observed (Facial expressions, Response latency etc);

What methodologies are used to understand cognitive-affective state (di-

rect observations, psychological markers etc.);

What were the physical or environmental context/constraints (physical,

spatial, social etc.);
What abstract metaphors and concepts can be seen;

What cognitive process is being offloaded on to an artefact (memory, per-

ception, balance etc.);

What forms of external representations are used (symbols, pictures, move-

ment etc.);

What kinds of technologies are they based upon;
What tangible materials are used;

What digital materials are used;

What is the role of the children in these pieces of research (social actors,

designers, users etc.);
The age group of the children participants;

What cognitive developmental phase is covered (sensorimotor, preopera-

tional etc.)

The role of adults in the design process (users, proxies, expert etc.);

We also created a general template about the studies, including title, authors,
conference, year, instrument, study type, data analysis, sample size, location,

and duration.

15
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The authors selected and extracted each attribute of the different papers
based on the defined categories. The final results were then discussed to en-
sure consistency. All 43 studies were analysed in detail following the template,
extracted, and coded into an Excel sheet to give a structural overview of the
papers. This enabled the authors to see patterns across the different categories
and better answer the initial research questions. The details of the coding are

shown in Appendices H1-H3.

3.2. Limitations

While this study focuses on embodied cognition, the search term only in-
cludes papers that explicitly use the term ‘embodied’, its derivatives (e.g. em-
bodied interaction), and ‘embodiment’. It can be said that not all papers which
address embodied cognition use those terms explicitly but may use related terms
like “Sensory”, “Tangible”, “Enactivist” or “Embedded”, however, we are fo-
cused on addressing embodied cognition related to CCI specifically, which led
to the selected search terms. Also, we discovered that some of the related terms
have negligible results (e.g. using the search term “Child” and “Enactivism,”
and its derivatives returned no results within IDC and I1JCCI.

Another limitation for the search terms is the use of ‘child’ and ‘children’ and
the age group referenced by that topic. The age range for children considered
in this survey is between 0 and 18 because ages above that could be considered
adulthood depending on the cultural context of development [71]. This can be a
grey area, as the marker for where adolescence ends is not strictly defined; and
ages between 18 and 24 can be considered as “late adolescence” or “extended
adolescence” [72] [73]. While the terms used to refer to the participants might
also differ, narrowing the search to the IDC and IJCCI assumes that most papers
would include the term “child” or “children” either within the experiments, or
the related literature. It is possible that some literature may not have the word
“child” in it, however, we assume this is a minimal number based on the venues
of focus.

This paper encompasses papers published in the IDC and IJCCI, though

16



440

445

450

455

460

465

there is a likelihood of relevant works in venues apart from these (e.g. TEI, CHI).
The scope was limited to these two leading venues of CCI research publications
to ensure a workable number of papers but still allow the summarised findings
to give a starting point for future exploration. Hence while there are likely
highly related publications in other venues, not just within computer science,
the initial literature background tries to highlight some of the key findings across
these fields briefly. This gives researchers within the community a starting point
from which they can then make comparisons with other venues. Given the initial
contextualisation that this review intends to offer, subsequent literature surveys
in comparison to other venues would yield additional insights.

Due to the scope of this review, literature in other fields such as cognitive
sciences, applied psychology, body-mind philosophy, experimental psychology,
neuroscience, were also omitted. This creates the opportunity for expansion
and interdisciplinary collaboration in future research, interweaving the research
findings within HCI with its social science and theoretical roots.

Dissertations and theses were not included as they are not published by the
venues referenced for this review. It can be argued that grey literature can help
reduce publication bias in some cases [74], however, Ferguson and Brannick [75]
found that there is not much evidence to support how effective unpublished
works are in reducing publication bias, and that they could even increase bias
if the sample is not full or representative.

Though a few works could be missed, some research shows that the inclusion
of grey literature (like dissertations and theses) has a negligible or minor impact
on the results and conclusions of systematic reviews [76], and included grey
literature can often lead to an overestimation of current results.

Some of the sections used in the data analysis, such as ‘abstract metaphors’,
may not be explicitly stated by authors but were assumed based on the research
context. This allowed for a more flexible analysis whilst ensuring consistency

when interpreting the result.
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Year Number | % References
of publi-
cations

2010 4 9.3 64] [61] [6] 5]

2011 4 9.3 3| [4] [10] [65]

2012 3 6.98 77 [78] [79]

2013 2 4.65 30] [81]

2014 2 4.65 82| [17]

2015 3 6.98

1JCCI 1 [83]

IDC 2 84] [85]

2016 4 9.3 86] [87] 188] 162]

2017 3 6.98

1JCCI 2 [19] B9]

IDC 1 [90]

2018 3 6.98

1JCCI 1 [o1]

IDC 2 [92] 93]

2019 6 13.95

1JCCI 2 [94] ©5]

IDC 4 [96] [97] 98] [99]

2020 9 20.93

LJCCI 3 [100] 101 102

IDC 6 [103] 104] [105] [106] 107
108]

Table 2: Overview of the 43 papers according to the years, venue and percentage of total
papers included. 2010-2014 and 2016 are solely from IDC

4. Research findings

In this section, we break down the results of the analysis of the 43 main

reports and use that to answer the main research questions. An overview of all

the included papers is given in Table

In the analysis we broke down categories for the review based on the three

research questions:

1. What different subject areas of application and skills are prominent?

2. What forms of embodiment can we infer?

3. What are the roles of children and adults in these research?

The different subject areas of application and skills that are prominent in-

clude: the subject areas that are focused on in the studies, what skills and
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abilities are being engaged, and what kinds of learning/teaching methods are
used. ‘The forms of embodiment’ is the largest category and is further broken
down into the body parts engaged, the stimuli used, the behaviours observed,
the methodologies, environmental context/constraint, abstract metaphors, cog-
nitive process offloaded, and forms of external representation used. The final
category is the involvement of children and adults in the research, including
their roles, age groups, cognitive development phase, and the role of adults in
the study.

Out of the papers retrieved, the percentage of screened papers included in
the final report is 28.1% (43 out of 158 papers). We can see that the percentage
of papers reduced from 2012 to 2018, though 2016 had more included papers
within that year range. From 2019 to 2020, there was an increase in papers,
accounting for 34.88% of the total papers. In terms of venues, 20.93% (9) are
from IJCCI, and 79.07% (34) are from IDC.

Percentage of papers per venue

= |DC w lJCC

Figure 1: Percentage of papers per venue

19



495

500

505

510

515

520

4.1. Research Overview

There were a wide variety of papers by different authors; however, three
authors had the most papers attached to their names. Narcis Parés had seven
co-authored papers [5l [62 [77, 17, 84} [89, 93], followed by Laura Malinverni with
four main-authored papers [77, 84], 03], 100] and Joan Mora-Guiard who had
three main-authored papers [17, [62, [89).

The ‘type of study’ refers to whether the methodologies used were qualita-
tive, quantitative, or mixed. Based on this categorisation, the majority of the
papers were qualitative. Out of 43, 44.19% (19) of the papers were qualitative,
30.23% (13) were quantitative, and 25.58% (11) made use of mixed methods.
We also made the distinction as to whether the experiments were carried out
within groups (19), between groups (1), individually (1), or using pre-test (1)
and post-test (5). We also saw combinations of different experimental designs
like pre-test and post-test (5), individually and within groups (9), and one study
combining individually, within groups, and a post-test. However, there was no
combination of within and between groups. All studies that involved a post-test
made use of control conditions, and one of the studies made use of the Solomon
four-group design.

The average sample size was between 10-50. With five (11.63%) studies
having less than 10 participants, 18 (41.86%) studies being having 10-30 partic-
ipants, and five (11.63%) having between 30-50 participants. Among the studies
with participant numbers over 50, four had less than 100, one had 108, and two
had over 300, with one of them taking place at a major fair (over 350). Among
these participants, there was a range of skills and abilities, with five (11.63%)
out of 43 studies involving children with special educational needs (SEN), hav-
ing a total of 87 children participants altogether. However though not all studies
made mention of the gender percentage, 13 studies had more male participants
than female participants, three were equal balance, and 11 had more females.

The most prominent location for these experiments was the classroom (18),
followed by the lab (10), some taking place in both, some in museums (3), and

a few experiments taking place outside these two venues like home (1), gaming
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Participants per year

500
450
400
350
300
250
200
150
100

50

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

e \ean average 38 87 392 21 92 446 157 80 96 189 | 334
e Highest 20 30 331 16 64 350 69 34 48 108 86
Lowest 6 14 10 5 | 28 48 8 20 12 6 6
Papers per year 4 4 3 2 2 3 4 3 3 6 9

a=—=Mean average  ——Highest Lowest Papers per year

Figure 2: Participant per year

centres (1), a park/field (4) and a fair (1). One of the studies did not have
a specific location but allowed the students to take the technology into their
everyday context. Most experiments were conducted within a day (20) to less
than a week (5). However, some lasted more from up to three weeks (4) to 6
months (8), and only a few studies (2) were more than six months (one being
for two years and another for two terms).

Most studies reported using digital artefacts like tablets (8), desktops com-
puters (3), laptops (3), cameras (5), RFID tags (3), projectors (8), and some
form of sensor technology (6). Some (33) used different tangible materials de-
pending on the study design, while some did not. Though there was a variety
of tech in the individual studies, Arduino (6), Making/tool kits (4), Kinect (3),
and the UCube (2) were the most used. We also had robot agents (5) like
PhyPleo, Jibo, mBot, Cellulo Robot, and Clementoni’s Doc robot.

The rest of this section takes each research question as a heading and ad-

dresses them based on the survey results.
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4.2. RQ1, what different subject areas of application and skills are prominent?

The subject areas involved are important as they determine what forms of
embodiment can be explored and how. We split these areas into more con-
crete subjects like mathematics and science and more social/cognitive skills like
problem-solving. There could also be ‘learning communication” which refers to
a specific concept rather than a whole subject area. Learning communication
(15) was the largest single area of focus with topics like bees, group hunting
strategies, sustainability, buoyancy, and nanoscale. Problem-solving (13) was
the second-largest area of focus, followed by mathematics (7), science (6), pro-
gramming (5), and design (5).

The exploration of cognitive skills like learning-communication (15), lan-
guage development (3), behavioural-cognitive skills (3), collaboration (2), ver-
bal ability (1), however, outweighed academic skills like computational thinking
(1) problem-solving (13), abstract thinking (1), and motor-sensory skills like
play (6), social interaction (3) and geometry/handwriting (1). There was also
a higher focus on soft skills (31) as opposed to more concrete skills (24). We
had one study on concrete skills that focused on an art-related study outside of
STEM (23) which was music. Examining the papers, we see that although there
is a combination of learning methods with some doubling as subject areas, more
than half of the papers featured play (29) with six papers being open-ended (6),
and collaboration (24) with two articles specifying “Encouraged collaboration”
(2). Other popular methods were gamification (16), creativity (15), learning
(12), role-playing (8), problem-based prototyping/making (4), and designing
(4). We also saw singular occurrences of methods like situated learning and

learning by teaching.

4.8. RQ2, What forms of embodiment can we infer?

This addresses the forms of embodied behaviours the studies were based
on as well as what body parts were involved. The body parts involved were
categorised based on the five senses and the embodied stimulus. Though most

studies involve some level of visual perception, this was ignored in studies that do
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not employ visual cues in a purely embodied manner but rely on the brain only
to process the visual information in a top-down manner. The most engagement
of different body parts by studies in order of highest to lowest; hands (24),
eyes (18), ears (6), fingers (1), head (1), leg (1), and face (1). While most of
the studies combined multiple body parts, we had studies involving full-body
interactions (21), including touchless interaction (1). However, none of the
studies was concentrated on interacting with the nose/tongue or intentional use
of olfactory and taste stimuli. While stimuli seemed fairly distributed across
studies, the use of visual stimulus (27) was still the most prominent, breaking
down into specifics like imagery (4), light (7), and colour (2). Other stimuli
used were touch (18), movement (23), gesture (15), auditory (13), and one

study involving all types of stimulus.

Body parts being primarily engaged
30

25

20

15
10
0 I - - - - -

Hands Eyes Ears Fingers Head Leg Face Full body Touchless

(%]

m Number of papers

Figure 3: Body parts being primarily engaged

Due to how context-dependent observable behaviours in experiments are,
they depended solely on the researcher and the study type, but behaviours fre-
quently focused on were; understanding of the concept (8), engagement (5), task
completion (3), and motivation to play (2). When reporting these behaviours,

a variety of methodologies were used, such as direct observation (29), indirect
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observation (11), artefacts (8), self-reporting (18), semi-structured interviews

(15), tests or questionnaires (19), Wizard of OZ (3), and focus groups (2).

Methodologies
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Figure 4: Methodologies

Some abstract metaphors and concepts are not always explicitly stated in
the research papers but can be assumed from the experimental design. For ex-
ample, walking forwards to show progress or using height to represent distance.
For example, they may also be embedded in concepts like portraying nectar col-
lection by acting as a honey bee, or role-playing as hunters or town members.
Some metaphors and concepts appear multiple times across different studies
like balance (4), building blocks (5), and modelling (4), possibly due to the
simplicity of the metaphors. These and other abstract metaphors and external
representations occurred with 2D (9), 3D (20), and physical (24) constraints
and are to help offload a part of the child’s cognition of artefacts. Offload-
ing perception (38) and conceptual processing (32) of a particular topic was the
most cognitive process being offloaded /embodied through the body. Apart from
this, we observed other cognitive processes like memory (3), language processing
(4), computation (4), balance (5), and problem-solving (3) being offloaded to

artefacts.
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4.4. RQ3, what are the roles of children and adults in these pieces of research?

This section of the analysis breaks down the role of children and adults in
the 43 main reports. Based on our research, we decided on five major roles
children play in research and four roles that adults can play, especially relating
to CCI research. Examining the roles of children in papers, out of the 43 studies,
portrayed children as social actors (5), designers (13), users (28), testers (23),
and as informants (4). Looking at this, we see a gap for more studies exploring
children’s involvement as social agents and informants. Adult roles, however,
are slightly different; facilitator (40) is the most common role, followed by expert
(22), proxy (13), and in one study, teachers were also users (1).

As embodied cognition differs across cognitive developmental stages (see
Table 3 and Figure 5), we looked at the ages specified in the studies and cate-
gorised them accordingly based on the Piagetian stages. Though not rigid, this
allows for a more cohesive analysis. The average age in most studies was 7-11
years, which is the concrete operational stage of development (35). This is of-
ten combined with children from the formal operational (21) or preoperational
(12) stage. Though the general age range for the formal operational had a high
frequency, most of the studies were combined with other groups and often fell
within 12 and 14 years. Only two studies focused on the formal operational
stage; one focusing on ages 12 to 14, and the other on ages 14 to 17. The
sensorimotor stage is not involved in any of the studies, possibly due to ethi-
cal concerns. Some studies (22) combine two or more phases of development
while some only focus only one (19), and others have a dynamic trajectory of

development (2).

Sensorimotor ‘ Pre-operational ‘ Concrete ‘ Formal operational
(Birth—18-24m) | (18-24m—7 years) | (7—11 years) | (Adolescence—adulthood)
0 12 35 21

Table 3: Number of studies which focus on the different stages of cognitive development
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Figure 5: Number of stages over the years

5. Discussion

After surveying the initial 153 papers, we can see that embodied cognition
remains a relatively new theme within the CCI community, however, there has
been an increase in its exploration over the past few years, with the peak of
research contributions being in 2020, as seen in Table[2] This review focused on
the trends of ‘embodied’ research concepts in recent years and the most com-
mon subject areas of application and skills, forms and mode of embodiment,
technologies, and the role of children and adults in the study. Our inclusion and
exclusion criteria helped streamline the most relevant papers based on our initial
research questions. Finally, 43 peer-reviewed reports were selected through var-
ious categories and applications (both educational and non-educational). This
section further discusses more qualitative observations and trends from the re-
viewed papers.

Due to the nature of embodied cognition and the involvement of children in
studies, ethics is a highly relevant issue to consider for researchers. As emerged
from the survey, ethics pervades topics such as personalisation, special needs,
diversity, inclusion, and children’s ages and stages of development. Researchers

need to consider it in all the aspects that concern their research, for example,
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conceiving fieldwork, designing a prototype, or writing a protocol. Ethical con-
cerns often affect how and if specific experiments are carried out and what age
groups are involved, this could be why certain trends are more pervasive than
others, such as studies involving the concrete operational stage instead of the
sensorimotor stage.

Following the analysis, we present the main trends in the field which emerged

from the survey:

5.1. Exploration of neurological evidence of body parts being engaged

We understand the place of empirical evidence when carrying out any form
of study: when it comes to proving embodiment, this could either be neuroscien-
tific (e.g. associated motor areas [109, 110} TTT]) or behavioural (e.g. conceptual
understanding [20 [67]). Compared to more psychological and cognitive fields,
none of the studies surveyed in this paper used neurological evidence to support
claims. While looking at behavioural evidence is valid and points to embodi-
ment, it can be subject to assumptions and biases as to what body parts are
being engaged in the interaction and to what extent. Neuro-imaging may be
needed in some cases to truly determine what corresponding brain areas are es-
pecially activated during the experiments (for example, visual, olfactory, motor,
gustatory etc) [112, [68]. There is also the potential for ignoring certain forms of
motor and sensory embodiment, which are not apparent using behavioural ob-
servation, (e.g. idiom comprehension [I10]). We do not think that behavioural
evidence is negligible, but it can still be subjective and can lead us to ignore
certain sensorimotor information in favour of others because we cannot observe
the behaviours directly. The exploration of more neurological evidence can open
up more opportunities for collaboration with other fields.

As an intersection exists between embodiment and making, studies involving
maker technologies and activities were included. However, there is still some
question as to what extent some making technologies are embodied, as not all
maker platforms use sensorimotoric engagement (e.g. using physical artifacts).

Some mostly use simple screen simulations, which could be argued as not pri-
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marily being an embodied approach. Godhe also explains that the term ‘maker’
has been misappropriated for numerous learning scenarios and activities [113].
Given that some studies relied solely on behavioural evidence, the making stud-
ies included [65] [78], [95] were those which explicitly showed some form of body

engagement, interaction, or physical embodiment.

5.2. Measuring cognitive-affective state

The results show that although there was mention of methodologies for mea-
suring ‘cognitive-affective state’ as one of the categories, only one study explic-
itly addressed the cognitive-affective states of the children, making use of real-
time psychological markers [T05]. While it seemed hard to explicitly determine
if a number of the studies were augmenting pre-existing knowledge or helping
children form new knowledge, some studies addressed this. Antle et al., in their
“Towards Utopia” study mentioned this ‘inability to determine’ as a limitation
of their study [I0]. This questions the direct long-term effects of the studies,
but does not discredit the validity of the different studies — instead requiring a
specification of such contexts, limitations, and suggestions of future exploration
of long-term effects. In Segura et al.’s analysis, the research aim was based on
the assumption of the children’s first encounter with migration [79]. This led to
the postulation that the study was designed to help form new knowledge. They
explain that there is the possibility of children showing a deeper understanding
of the concept if they get more familiar with it in future studies. In contrast,
Malinverni et al. [77] were more explicit with their approach and contacted
schools prior to the study to ensure the children had no prior knowledge of the
concept of ‘buoyancy’ (for example), focusing and reinforcing their study as one
aimed in the development of new skills. Additionally, Mora et al.’s way of ad-
dressing this was slightly different and more empirical, using pre- and post-tests

to ascertain the children’s level of knowledge before and after the study.

5.83. Embodied versus dis-embodied learning methods
While it is a general assumption that embodied knowledge offers a more

robust experience compared to disembodied knowledge, only a handful of stud-
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ies [61] [79] [77), 17] made empirical comparisons between learning outcomes of
embodied as opposed to dis-embodied learning. There was a larger focus on
the results of the embodied technologies; however, this does not generate con-
textual evidence of their effectiveness against dis-embodied methods. In the
studies where the learning results were evaluated quantitatively [I7], [77], most
did not show a statistically significant difference between both approaches. Still,
it led to the posing of further research questions. It might be said that although
learning outcomes were not statistically different, the children’s self-reporting
and observation of the learning process showed more engagement and excite-
ment. Some other studies even had children asking to prolong the experiment
time so they could “play” more [83].

The lack of a statistical difference could also be as a result of the metrics
used and the time frame of these experiments. These studies compared short-
term effect of embodied technologies (with the longest study being three weeks
[77]). Still, they did not incline the long-term aggregated impact of embodied
technologies over disembodied ones. In one of the studies, ‘Whom would you
like to talk with?’ [I06] which compared children’s perspective of different
levels of embodied peers during the creation process, the authors found that
there was no influence on children’s creative outcome; however, the use of more
embodied agents made the process of creating more engaging. One thing to
note in carrying out these comparative experiments is ensuring the embodied,
and disembodied agents have similar and comparable affordances, though in
some experiments like Pleo (PhyPleo and ViPleo) [79] the presentations of those
affordances may differ. Roberts et al. [82] took a different route, comparing two
different approaches to designing embodied interaction. Studies that rely on
self-reporting could have the bias of children having higher expectations for a
particular type of technology or embodiment — especially robots — hence rating
it lower [10§].

One of the studies [I07] that saw a difference between how children embodied
technologies looked at the difference in the embodiment patterns of the children

themselves rather than the technologies. They found that children who were
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considered as “high gesturers” during the reflective process had a higher un-
derstanding of abstract concepts compared to “low gesturers”. Almjally et al.
suggest further study of how different gestures affect learning gains over time.
Though this study also compares embodied Tangible User Interfaces (TUI) with
Graphical User Interfaces (GUI) and found no significant difference between the
gestures (interpreted as learning gains), it can be assumed that the children who
were high gesturers had higher long-term embodied learning effects. Perhaps
this opens up an opportunity to explore how long-term embodied teaching can

affect children considered as low gesturers.

5.4. Embodied robot toys companions and social agents

One area not as explored is embodied robot toys, companions, and social
agents. One of the studies carried out by Segura et al. [79], compared the
migration or “teleportation” from a physical embodiment of the robot Pleo
and a virtual representation using a tablet. Aside from this, another area that
has potential research opportunities is full-bodied interactive technologies which
make use of the body as a “referent” [I7], focusing on the body as the main
element driving the learning experience. In some full body interactions like the
CoCensus [82] the position of the participants respective to the data system
affected how they viewed the data, whether in first-person (Active), or third-

person (onlooker).

5.5. Engaging play skills as a form of embodiment

It has been found that the use of play as a method of learning allows active
engagement, motivation, and immersion of the players (children) [77]. Participa-
tory games, especially those involving role-playing, give a feeling of personal in-
vestment, which makes the activities more meaningful to the children [3} 10, [82].
Role-playing games can also elicit a sense of interdependence and collaboration
depending on the context (e.g. as town members [3], as hunters [5], or cops
and robbers [80]). Studies have established direct relationships showing that an

increase in body movement leads to an increase in engagement, further staging
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the case for full body technologies. Collaboration also plays a significant role
in engagement, as Sylla et al. [83] demonstrate in their storytelling experiment,
finding that children who played in groups had a longer mean interaction time

—19.24 min as opposed to 10.3 min.

5.6. Physical/environmental contexts

During the analysis, we found that most studies took place in either a labo-
ratory setting or in a classroom, with only a few studies like Sylla et al. [83] [82]
bringing parents into the design studies. Mora et al. [I7], carried out experi-
ments both in the lab and the classroom to compare a controlled environment
to a less controlled environment. Participatory design is not limited to students
alone; teachers are involved in the requirement gathering, whether informally
or informally. In Kang et al.’s study [87], a formative pre-design session of
2.5 hours was held with 20 teachers, testing the concepts and prototypes using
mock-ups and sketching materials. This helps to better the possible areas for
improvement in the current design as the teachers had a better understanding
of the field and the children.

In some cases, teachers would serve as proxies as they had a better relation-
ship with the children. Pire et al. involved educators both in the requirement
gathering phase and in the analysis of the study [104]. A number of studies
involve the informal settings in which the learners interact with objects found
naturally in their environment, while some others were in more formal settings
but still involved direct play with objects found within their environment [95].
Only one study [99] allowed children to take the technologies individually into
their everyday contexts, relying on the children’s natural interactions and em-
bodiment in their settings outside of the classroom. Chu et al. also gave the
students smartwatches and allowed them to record their objects and locations
that led to certain scientific reflections. This not only let children take note
of how the knowledge they gathered is embodied in everyday contexts (both
imaginary and real) but gave them a playful way to embed smartwatches as

educational tools.
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5.7. Abstract metaphors/concepts and gaming technologies

Some Kinem games like Farm Walks [19] allow researchers to change the
difficulty of the games by removing or including certain features like obstacles
and stop signs, and some studies carried out multiple experiments using multiple
games or concepts in terms of experiments. Chu et al. [91] broke down their
making-experiments into simulation models which simulate earthquakes and
solar energy, concept-process models which require students to program a food
chain based on their knowledge over 2 years, and illustrative models which use
LED lights to show their understanding of concepts. There was the combination
of new concepts with pre-established knowledge, like music and conductivity
[85], football and programming [94], and emotions and machine learning [102].
Only one study [I02] was centered around emotions; however, it focused on
children teaching different emotions to the AI by using their bodily and facial
expressions. There was no exploration of how the state of the body can affect

children’s feelings, especially when relating to technology.

5.8. Children’s roles, age and stages of development

Depending on the cognitive-developmental stage of children, certain con-
cepts are easier to introduce. Out of the number of studies reviewed, only a
few considered differences across different age groups. Kang et al. [87] broke
their session into different groups based on the ages of the children, and while
the experiments did not vary by age, the conveying language did. Antle et al.
[10] focused their research on children between the ages of 7 to 10 (concrete
operational stage). This was influenced by the research of environmental psy-
chologist McKenzie-Mohr who suggested that this age was the best time to help
build “ecologically sustainable behaviour” in children [114]. Xiao et al. [88]
also focus on children between 7 and 13, as it was mentioned based on Piaget’s
observation that children between the ages of a toddler and up to 12 years old
have not fully developed their abstract symbolic thinking. Still, the latter end of
the spectrum had higher stage-like increases in abstract, symbolic understand-

ings, while children at the lower end relied more on sensory-motor thinking.

32



825

830

835

840

845

850

However, other studies did not show the rationale for the selected age groups
of their studies. We expected more interventions in the sensorimotor stage, but
to our knowledge, none of the research has involved this age group so far. This
could be due, for instance, to the difficulty of finding a consistent sample of
children who have similar abilities when comparing results. We also expected
more experiments with participants who fell into the middle adolescent age (15
to 17) within the formal operational stage, however only one study was found,
and others concentrated on participants between the ages of 12 and 14 (early

adolescent).

5.9. Subjects focused on in embodied learning studies

On the subject of exploration, we expected more subjects within the arts and
humanities, but there was a heavy focus on STEM-related learning concepts.
Most areas concerned biology like SharedPhys [87], mathematics [19] [98], 64} [65],
or programming [107, 104] 102], with few studies exploring the arts, such as
music, independent of STEM knowledge — Andantino [88] being an excellent
example of that. We find that other studies involving design and other arts
only used it as a teaching method for a more STEM-related goal rather than as
the sole purpose of engagement. For example, Leduc-Mills et al., in their 2012
study, make use of designing as means to help children learn mathematics and
geometric shapes, and Petersen et al. [85] extrapolated on musical instruments
to help children conceptualise intangible conductivity. While it is encouraged
to interplay different subjects to help draw on metaphors, the focus on STEM
subjects, especially programming, could be because they fall naturally within
our domain as researchers. This isolates and ignores other interests children

might have and how embodied technologies can help them learn better.

5.10. Personalisation, special needs, diversity and inclusion

Personalisation goes beyond age and cognitive development stage and also

includes abilities. It can make the experience better or complicate the experience

33



855

860

865

870

875

when it involves a large-scale of users. This can be an especially intricate sub-
ject when relating to children with neurologically diverse needs [81], [89] [19] [92].
Some or all types of stimuli may be hard to process: this is where embodied full-
body touchless technologies with “focused, predictable and replicable” stimuli
maybe be of high advantage [81]. However, most studies often only focus on par-
ticular abilities rather than designing inclusively and accommodating different
abilities. One study that executes that well is Neto et al.’s paper “Using table-
top robots to promote inclusive classroom experiences” [103], which includes
both students with and without visual impairments in the experimental design.
There still seems to be a gap for studies that look at different levels of knowl-
edge, cognitive development, race, gender, and skills. When it comes to gender,
the participants were predominantly boys, and although studies relating to spe-
cial needs like Autism had a rationale as the ratio of males to females within
the autism spectrum is 5-to-1 [89], other studies did not. There was also a lack
of studies that looked outside binary gender definitions. One surprising result
of our study was the expectation of more studies that address and account for
gender biases, differences, and gaps, especially in more STEM-related subjects;
however, none of the studies we reviewed focused on gender issues. Besides
gender, we also did not find any studies addressing the differences in perceiving
embodied interactions racially as most of the research seemed to involve children

from ethnic ‘majorities’.

6. Directions for future research

Considering the survey results critically, we believe it paramount that the
community commits to a more thorough discourse of the fundamental philo-
sophical concepts before making the link to technological embodiment. Follow-
ing this, we propose eight key areas of exploration that could be leveraged by

the community.

1. Using technologies within natural contexts: Most of the technolo-

gies are only available in specific contexts like labs [61], [6] 4, [78], schools
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[3, [83], 90, 1], 103}, 104 [T05], or museums [10, [82] [17]. It would be interest-
ing to have more studies and research into how these systems can function
in public and natural contexts [99] such as children’s homes [82], [102], or
parks [95]. This will also allow us to embed embodied technologies into
everyday child-interactions and open our research to other forms of tech-
nology, like ToT (Internet of Things), as well as reflect upon the most

suitable methods to collect data in such contexts.

. Long-term studies: Most of the studies [103, 104, 105, 107, 108 OF]

took place over shorter periods (less than a month). There is the need to
account for carrying experiments over more extended periods (more than
6 months) [92] 1] and consider other metrics other than static output,
such as maintenance of attention span and long-term learning retention.
Shorter studies allow us to test hypotheses more quickly, however, these
could be further validated over a longer study phase. A longer experimen-
tal period will help account for aggregated output over time and better
understand the impact of the initial experiment outcomes [§]. A more
prolonged engagement can also reduce the innovation effect in children
using a technology for the first time. Despite the apparent benefits how-
ever, long-term studies are not always possible, and several contexts do

not allow them.

. Personalisation using multiple trajectories: There needs to be more

consideration of multiple and dynamic cognitive development trajecto-
ries and embodiment, allowing children learners to regulate their learn-
ing themselves. This includes deeper investigation into different learning
paths [18], levels of difficulty [103], and knowledge, and abstracting them
to augment inclusive embodied interactions. Personalisation should not
only be considered when designing for children with special educational
needs [I03]. There also needs to be more personalisation based on different
stages of development, especially more experiments within the sensorimo-
tor stage, and ages that fall outside early adolescence. Due to the grey

areas on what is considered a child, especially when it comes to ages above
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15, it can be easy to categorise them as adults. However, older adolescents
have different developmental /psychosocial characteristics, behaviours, and
relationships with technology to fully developed adults, and that needs to
be investigated further [72] [IT5] [73]. Understanding how these groups’
individual technological and psychological needs are embodied, given cur-

rent cultural nuances and shifts, will encourage better design.

. Cross-field research and topics: In the study by Spitale et al. [106],

the researchers worked with a linguistic specialist in designing and carry-
ing out experiments. Wilson et al. [92] worked with a speech therapist in
their study; this helped better understand the needs of the children as well
as other nuances and psychological cues. An increase in interdisciplinary
collaborations with researchers as proxies and experts (e.g., in psychologi-
cal, neurological, and philosophical fields) could improve the robustness of
outputs. It could also encourage looking at the phenomenon from different
or less familiar perspectives. For instance, using neuroimaging and psy-
chological markers can provide further evidence to determine true embod-
iment. Additionally, there seems to be a focus primarily on STEM-related
research, and embodied design has the potential to influence and be ap-
plied to other areas of learning by collaborating with researchers within
those fields, such as the arts, history, language cultural studies, writing,

and so on [53| [88] [116].

. Use of embodied memory: One of the potential areas which did not see

much focus was the exploration of more embodied designs and experiments
that encourage reflection on everyday interactions and the use of ordinary
daily objects as memory palaces by offloading cognition [117]. The only
study we found to use was Chu et al. [99] which allowed children to test
their embodied technology in their everyday contexts. More research could
be conducted on how spatial locations and metaphors affect memory, and
there is also a need to explore how we can store and retrieve information
by using the whole body (e.g. olfactory stimulus as a memory trigger, the

use of physical motion to encode memories like in sign language [I18], and
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spoken word patterns [119] 120]).

. Movement, perception and action: Most of the work we looked at

centered around embodiment, including that outside of the CCI commu-
nity, and seems to focus primarily on learning as an outcome. One of
the main themes of embodied cognition explored outside of the wider HCI
community is the direct influence, and “inseparability” of perception from
action [I2I]. More research into emotions [88], bodily movements [90],
and psychological perceptions should be conducted. To our knowledge,
just a few works addressed these topics and these focused on specific body
parts. When considering movements that embody abstract metaphors,
the only studies we found which used full-body movements to elicit em-
bodied metaphors were short experimental papers hence these were not
included in the detailed review [122 [123]. Most of the studies involved
children offloading or outsourcing some form of physical perception onto
objects, however, only one study [79] was found to explicitly explore how
different forms of embodiment (virtual and physical) of a robot affect how
children perceive and behave towards it. There is still space to explore how
specific physical characteristics (such as color [124], size perception, etc.)
of embodied agents embody different metaphors and actions for children
in different contexts (natural and controlled). So more empirical inves-
tigation needs to be done to understand how bodily states and physical
properties bias or affect emotional and psychological perspective/action

and vice versa.

. Diversity, Inclusion and Cognitive Biases: Following the point on

psychological perception and personalisation, although these ideas have
been explored in adults, none of the studies we found addressed how gen-
der and ethnicity may affect how children perceive embodied information.
For example, some abstract metaphors like colors [125] [126] might have
different meanings based on the cultural background, and there might be
biases attached to specific physical properties relating to race[127], and

gender portrayals [128] 129]. Moreover, there is a need to explore how
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embodied interactions might differ across genders, including those outside
the binary. These points pose a gap for more research into how embodied
technologies can be used to educate children on biases as well as inform
how better embodied interactions can be designed.

8. Multi-sensory embodied cognition: As mentioned in the review anal-
ysis, there were no studies involving smell and taste as the main stimuli for
embodiment. This could be due to how contextual those stimuli are and
how they are affected by individual perceptions, increasing their variabil-
ity. Another limitation might be a lack of resources and expertise around
these types of stimuli. However, if we centre more studies around the per-
ceptual states, collaborate with researchers in other fields [106], and have
longer-term studies [92 [91], this might provide a work-around for such

experiments.

While this systematic literature review focuses extensively on the two pri-
mary venues for child-computer interaction publications; this is not an all-
encompassing review for the field of embodied cognition and its associated tech-
nologies: other works of interest will exist outside of these venues. Though the
background section gives a broad span of embodied cognition literature that
is not currently represented in IDC/IJCCI, further work will involve extending
this review beyond the two main CCI venues and investigating what differences
and similarities may exist. Overall we recommend addressing under-explored
areas of research such as stimuli like smell and taste, art-related subjects [88],
and dynamic cognitive stages of development [85] [5]. This could be an oppor-
tunity for collaboration with other fields, especially the native fields responsible

for philosophical concepts.

7. Conclusion

This work surveys 43 peer-reviewed articles selected from the search of a wide
variety of papers on embodied cognition over the past 11 years. The aim of the

paper was to give an in-depth analysis of the different layers and concepts of
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embodied cognition in the CCI community — hence focusing on the two leading
venues, IDC and IJCCI — and use that to make suggestions for future research.

The main reports were analysed based on categories that address the research
questions and better show the direction of embodied research in recent years.
Our research addressed the areas of application and skills, forms and mode of
embodiment, technologies used, and the role of children and adults, focusing on
advantages and opportunities for future research. Given the recent events in
which children have interacted and learned remotely for the past year, the role
of embodied cognition and interactions is more important than ever.

The summary of the discourse is eight key areas showing future research
directions in the field of embodied cognition in Child-Computer Interaction,
offering guidance to the community by illustrating new challenges and opportu-
nities for researchers who aim to investigate this field. Our work demonstrates
the comparative lack of investigations that use neurological evidence, memory
palaces, the under-exploration of research with children within the sensorimo-
tor and pre-operational stage, and the need for a deeper understanding and
application of embodied metaphors and cognitive-affective states.

Future work would be a comparative exploration of embodied cognition and
other related concepts such as enactivisim, situated cognition, context-aware
computing, not just within the CCI community, but within other venues and
literature repositories. We aim to create a conceptual, theoretical, and method-
ological basis for a new field of embodied cognition and Child-Computer Inter-

action in the near future.
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. Appendix

Definition of some coding terms

Cognitive skills- This involve skills which help us understand information

such as memory, problem solving, reasoning, thinking,and learning

Behavioural-cognitive skills - These are cognitive skills which combine both
cognition and behaviour such as understanding and recognising emotional

responses

Concrete skills - This refers to more more physical and tangible skills
rather than abstract learning outcomes e.g. Writing, Playing an instru-

ment, building an artefact

Wizard of Oz method - This is when participants interact with a prototype

which appears to be autonomous but is controlled by a unseen human
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Conceptual processing - This is the ability of participants to assimilate

certain new or existing ideas and concepts like buoyancy

Proxy - An external person who is authorise to act on behalf of or as a

go-between for the participants

Body storming - This is a method of brainstorming which makes use of the
body of the researcher or participants acting within or without a simulated

scenario
Perception - Information gotten through the main senses

Learning communication - This is the process of imparting a new knowl-

edge to participants.
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