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Abstract—The benefits and drawbacks of using immersive
virtual reality (IVR) for learning are increasingly being explored,
with growing evidence that a major contributor to IVR learning
benefits are the sensorimotor-based affordances of the technol-
ogy. However, to our knowledge, there have been no reviews
of sensorimotor-based IVR learning studies for academic or
cognitive learning. In order to provide an overview of the field, we
present a scoping review based on a comprehensive search that
identified 14 documents reporting on experimental sensorimotor-
focused learning studies. The review found universally positive
learning outcomes for sensorimotor-led approaches across a
variety of topics and approaches, although noted multiple areas of
difference and potential issues across studies, including differing
measures for learning success, potential common confounding
factors, a lack of longitudinal investigations, a lack of a common
methods for surveying sensorimotor engagement in IVR, and a
disconnect between researchers in this area.

Index Terms—Virtual reality, Human computer interaction,
Educational technology, Cognition

I. INTRODUCTION

The benefits and drawbacks of using immersive virtual
reality (IVR) for learning are increasingly being explored.
Common explanations for why IVR might provide learning
benefits point towards high levels of immersion, spatial pres-
ence, or motivation in participant learners [1] [2] [3] [4] [5]
[6]. There is growing evidence, however, that a major cause
of the benefits of IVR learning could be in allowing learners
to enact their learning [7] [4], particularly in ways which
leverage the body’s natural sensor and motor apparatus (i.e.
a sensorimotor-based approach) [8]. These approaches stem
from ”enactive cognitive science”, which present cognition as
an “interconnected system of multiple levels of sensorimotor
subnetworks” [9].

While there have been multiple reviews into IVR and learn-
ing [10] [5] [11] [12] [13], to our knowledge, there have been
no attempts to specifically synthesize the divergent approaches
and interests of sensorimotor-based IVR learning interventions
in order to present an understanding of the research area.

A review of studies exploring sensorimotor IVR learning is
important, as the studies vary across numerous factors. These
include (1) which learning topics are being explored; (2) how
are (and what type of) sensorimotor approaches leveraged,
and what hardware is enabling them; (3) what theoretical
justifications or motivations are behind these decisions; (4)

what experimental process are used and how is learning
gain being measured; (5) what learning results have been
uncovered; and (6) what other experiential measures are also
being monitored. This scoping review, therefore, seeks to fill
that gap and present an overview of the characteristics listed
above.

Our comprehensive search identified 14 documents report-
ing on experimental sensorimotor IVR learning studies which
universally presented positive learning results. However, we
also identified questions around differing definitions of learn-
ing gain, potential confounds (such as situation and context);
and an absence of longitudinal or holistic learning studies, of
sensorimotor-orientated embodiment questions, of discussion
of how different IVR hardware might impact results, and of
connections between sensorimotor research.

II. BACKGROUND

A. Embodied cognition and sensorimotor learning outcomes

Learning benefits linked to embodied cognition and
sensorimotor-based encoding have been described in litera-
ture for almost 100 years [14]. Contemporary research has
many examples of experiments where a group learning in
a highly embodied scenario or with sensorimotor processes
out-perform a lowly embodied control across a variety of
learning subjects, including language [15] [16] [17] [18] [19]
[20] [21], STEM subjects [22] [23] [24] [25] [26] [27] [28]
and learning related-skills [29]. The breadth of research into
the impact of embodied approaches to learning have mostly
demonstrated positive learning results, with the majority of
the above research focused on embodiment in terms of the
sensorimotor or ”action”, rather than the environmental aspect
of embodied cognition.

Commonly used learning techniques already leverage em-
bodied and sensorimotor mechanisms, such as counting on
hands, which has been shown to positively influence children’s
and adults’ numerical processing [25], and leads to better
understanding and application of more advanced concepts
later in their learning process [26]. The belief that enhanced
embodiment leads to better learning is not universal, however,
and some argue that embodied learning approaches can either
be not optimal or detrimental to learning outcomes [30] [31].



There is also physiological evidence that sensorimotor pro-
cesses are tightly linked to learning and cognition. Brain
responses to sensorimotor activity and learning have shown
that areas of the brain responsible for the motor system are
activated during language comprehension, suggesting a link
between reading words and activity in parts of the brain
associated with engaging in that action. For example, reading
action words (like kick or throw) activate areas of the brain
responsible for carrying out those actions [32], while reading
odor words (like the names of spices) prompt olfactory-related
brain activity [33].

Sensorimotor benefits have also been shown to exist in
both non-immersive and immersive virtual reality. Participants
in a Kinect-based condition significantly outperformed their
counterparts in the less embodied mouse-based condition
immediate recall and retention recall tests [29]; Edge [34]
found users enacting a sequence of movements to complete
a foreign-language movement instruction performed better
than a control; Macedonia [35] had participants imitating a
pedagogical agent’s gestures and visually successfully learn
words accompanied by gestures; and Repetto [36] found that
when recognizing novel words, participants made less errors
for words encoded with gestures compared to words encoded
with pictures.

More immersively, a Mixed Reality physics learning study
saw embodied students improved their performance by 76%
on the second trial compared with 51% for those who used
the simulation without bodily cues [27]; and in an IVR
experiment, learning was significantly better for users who
had to move their body than not [28]. Additionally, students
in the “high embodiment” condition retained their learning
better when retested a week later.

B. Existing IVR learning reviews

Previous systematic reviews and meta-analyses into IVR
and learning provide some useful definitions of different
learning-related scopes of IVR studies. These were scopes
of IVR hardware (from CAVEs, to three degree-of-freedom
HMDs, to six-degree-of-freedom HMDs); scopes of learning
(including vocational training, cognitive and education, skill-
improvement, empathy enhancement); and scopes of sensori-
motor engagement.

The broadest IVR learning meta-analysis, in terms of scope
of IVR, learning and sensorimotor engagement, is Howard’s
meta-analysis of virtual reality hardware and software for
personal development [10]. It found no evidence that input
hardware, which includes but is not limited to, sensorimotor
inputs, had a significant effect on cognitive development.
Howard presents four potential explanations for this: (1) input
hardware may have little impact on mechanisms that may
subsequently influence learning outcomes; (2) current input
hardware influences important mechanisms, but input hard-
ware may not influence these mechanisms enough; (3) input
hardware may influence mechanisms that have little effect
on IVR intervention outcomes compared with other, more
important IVR aspects; and (4) specialized input hardware may

not influence the nature of tasks enough to incur a substantive
effect on outcome.

If we subscribe to the belief that embodied cognition could
play a role in learning development whatever the medium, then
these questions can be re-summarised as: does existing IVR
hardware and design enable embodied cognition in a form that
provides comparable-or-better learning outcomes to physical-
word embodied approaches?

A potential limitation in applying Howard’s findings to the
study of embodied sensorimotor interaction in IVR is that
his scope of IVR and learning were both broad. The IVR
studies he examined took a variety of less embodied and
sensorimotor-enabled forms, including CAVEs or three degree-
of-freedom HMDs; and his definition of cognitive learning
included both academic subjects, vocational training and other
forms of personal development. Other reviews and meta-
analyses approached IVR learning with more tightly defined
scopes, which will be discussed below.

C. Scopes of IVR hardware

Many of the existing reviews of IVR learning are focused
on HMDs, rather than CAVEs, and limit their explorations
to HMDs from 2016 or newer [5] [11] [12] The reasoning
for this was due to their ”relatively low cost of entry and
improved practicality” compared with CAVE environments;
and their improved performance compared with the field-of-
view limited HMDs used before 2016 [5]; or to a timeline
when HMDs gained popularity and may have changed the
way IVR is used in the education context [11].

There has been little distinction, however, between three
degree-of-freedom IVR and six degree-of-freedom. This is an
important distinction for enabling sensorimotor interactions, as
six-degrees of freedom allows for navigation around a physical
space and much richer bodily tracking.

D. Scopes of IVR learning

A common distinction in existing IVR learning reviews is
between academic education and vocational training [13] [11]
[12] [5]. Checa and Bustillo [13] noted that this was often
reflected in how studies were being evaluated: the majority
of studies evaluating training focused on task performance,
whereas the education-dominated ones evaluated knowledge
acquisition. This approach suggests that difference scopes of
learning should be, and often are, treated differently. There
were also distinctions in the types of academic education,
with one reviews exploring studies of IVR learning in high-
education contexts [11], with another focused on K-12 and
higher educational subject-learning contexts [12]. Jensen &
Konradsen’s review found six studies, out of 21 they discussed,
that specifically investigate academic education rather than
vocational training [5].

E. Sensorimotor engagement and embodiment

The impact of sensorimotor engagement in IVR educational
learning has not been thoroughly investigated. Jensen & Kon-
radsen identified five studies that leveraged sensorimotor input



[5], but these were all concerned with skills acquisition -
such as juggling - rather than cognitive learning. The review
concluded that the prevailing question was not if HMDs
should be used, but rather how and for what should HMDs
be used. They also theorised that IVR learning could work
successfully with educational approaches and theories such as
Constructivism and active learning.

Natale et al. do not specifically mention sensorimotor en-
gagement, but do discuss an idea similar to that of embodiment
[12]. They conclude their study by mentioning that the possi-
bility for users to feel present in IVR, to use their bodies in
a natural way, and to live sensory experience similar to those
in the real world could be promising as advanced learning
instructional strategies, and call for further research into how
these aspects could affect the learning affordances compared
to less immersive ones.

Radianti et al. presented a thorough summary of the main
ideas behind the existing IVR learning paradigms, including
Behaviorism, Cognitivism, Constructivism, Experientialism,
Connectivism, but do not specifically refer to a sensorimotor
approach [11].

F. Summary

The above reviews found that IVR can support experiences
that enable learning and motivate students to fulfill educational
goals. Increasingly, it also seems that modern IVR HMDs,
rather than CAVE systems, are considered the best place to
examine this type of benefit. These reviews also present a dis-
tinction between academic education and vocational training.

There is, however, a lack of investigation into the learning
possibilities and benefits afforded by leveraging sensorimotor
techniques in IVR learning, especially for academic learning.
While Howard touches on the area with ”input hardware”, his
search is more interested in the hardware itself rather than its
application in the learning context. Similarly, for Radianti et al.
it is not mentioned in their list of identified learning paradigms.
Only Natale et al. refers to the possibilities of sensorimotor-
based approaches, although this is in the limitations section of
their own research.

This lack of investigation, coupled with the growing number
of investigations into sensorimotor IVR academic learning,
suggests a dedicated review is needed.

III. SCOPING REVIEW

Our scoping review was conducted using an approach
informed by Xiao and Watson [37] and consists of three
stages: (1) formulating the research problem and developing
the review protocol; (2) searching the literature, screening for
inclusion, extracting data, analyzing and synthesizing data; and
(3) reporting the results.

As this was a scoping review, and so attempted to discuss
the breadth of the field, there was no requirement to formally
assess paper quality [37]), however all included papers had
passed a formal peer-review.

A. Formulating the research problem and developing the re-
view protocol

Our initial proposal was to scope the field of experimental
research concerning learning using sensorimotor techniques in
IVR, reviewing the efficacy, experimental methodologies, the-
oretical approaches and hardware-use related to sensorimotor-
led learning experiments inside IVRs.

Our goal was to provide a complete overview of experi-
mental research into sensorimotor-led learning inside IVR in
an attempt to identify a conceptual boundaries of the field, the
size of the pool of research, types of available evidence, and
any research gaps.

However, during pre-mapping we reduced the scope from
all learning to only academic (or non-vocational) learning.

B. Pre-mapping

In order to understand if our area of investigation was
feasible, we used a pre-mapping approach [38] to identify
potential subtopics within our proposed research area. To
explore this broad area, we used Google Scholar and the
following search term:

“virtual reality” OR “virtual environment” OR “virtual
simulation” OR vr AND immersive AND learning AND
sensorimotor

As expected, Google Scholar provided many results (n
= 5600). We analysed the first 250 abstracts of these results
and determined an important taxonomy of subtopics: type
of learning. We categorised the types of ”learning” returned
as being cognitive (or semantic, knowledge-based learning);
skill-training; physical or mental recovery; and affective
exercises (e.g. encouraging empathy or reducing anxiety).
These categories are similar to those identified in Jensen &
Konradsen’s review of the IVR learning space, and map to
the definitions and distinctions between academic and training
found in other reviews.

To reduce the size of the investigation, and to align with our
research interests, we were conscious to only include cognitive
learning in our research questions.

C. Research question development

Our research questions were informed by criteria from
previous systematic literature reviews related to IVRs and
learning. In Feng et al.’s [6] IVR serious games systematic
literature review, they determined two primary types of re-
search question: pedagogical impact, concerned with learning
outcomes and measures; and the behavioral impact, concerned
with behavioural outcomes and measures. From the outcomes
perspective, Natale [12] also recorded learning measures,
learning result, effect size, motivation measure, motivation
result, effect size.

Feng also presents a further question ”what are the essential
elements for developing IVR serious games?”, with five sub-
questions relevant to this study: what are the teaching meth-



ods, navigation solutions, senses simulated, narrative methods,
NPC contributions.

To add sensorimotor-specific questions, we also explored
whether the system was HMD or CAVE, the type of embodied
controls; the conditions the study was comparing between;
whether it was one-off or across multiple sessions; was it
standalone or as part of a pedagogical tool; how was the data
recorded; and what IVR-related experiential measures were
used.

These were summarised into the following core research
questions:

• What areas of study (topics) are being explored for
cognitive sensorimotor learning in IVRs?

• What theoretical learning or teaching approaches are
being used to justify these approaches, and do they
depend on the topic

• How are these studies being conducted
• How is (or what type of) sensorimotor embodied is being

used?
• What hardware is being used to enable this embodiment?
• What objective learning results (efficacy) have these

studies demonstrated?
• What subjective learning experiences have these studies

demonstrated?

D. Developing the review protocol

1) Selection criteria: In order to include experimental
research concerning cognitive learning using sensorimotor
techniques in IVRs, we outlined the following criteria for
paper inclusion:

• Use immersive virtual reality (not just virtual reality)
• Explore cognitive, semantic or knowledge-based learning

(not studies on skill-development, physical and mental
recovery, and affective changes like anxiety or empathy)

• Designed to explore relationship between sensorimotor
activity and outcomes

• Use a HMD-enabled immersive environment (not CAVE)
• Use controllers that enable some form of bodily input

with the environment and learning situation beyond the
user interface menus, including physical and camera-
based methods

• Be experimental or quasi-experimental
• Report either objective (learning change) or subjective

(experiential) measures
• Full text is accessible and available
• Full text is in English
2) Search strategy: Our strategy includes all peer-reviewed

research documenting experimental or quasi-experimental
studies related to the topic. We identified five research
databases, two interdisciplinary (SCOPUS, Web of Science),
and others in computer science and engineering (IEEE
Xplore), education (ERIC) and psychology (PsycINFO).

As high field-of-view HMD IVR systems with embodied
controls were not widely available prior to the release of
modern commercial headsets, such as the HTC Vive and

Fig. 1. Flowchart depicting the article selection process

Oculus Rift; we limited results to those published in 2016
or after (as is noted in other meta-reviews).

Each database was searched in March 2021 with keywords
based on this Boolean search string:

(”virtual reality” OR ”virtual environment” OR ”virtual
simulation” OR vr OR ”head-mounted display” OR
”immersive environment”) AND (”learning” OR ”training”
OR ”education”) AND (”sensorimotor” OR ”kinematic” OR
”embodied”)

Papers that passed the inclusion criteria were then snow-
balled exhaustively in both directions, exploring papers from
their reference list; and using Google Scholar to identify
papers that had referenced them.

3) Data collection: The database listings and search results
were achieved for record keeping, reproducibility, and cross-
checking [39].

Each paper’s abstract was examined to determine if it
matched the above criteria, and if it was unclear, the conclu-
sion section was also read [38]. If it was still unclear, studies
were included for further study. The reason for exclusion was
recorded for each paper.

IV. SEARCHING THE LITERATURE, SCREENING FOR
INCLUSION, EXTRACTING DATA, ANALYZING AND

SYNTHESIZING DATA

A. Searching the literature and screening for inclusion

Our search uncovered 928 results (ERIC, 18; PsycINFO, 30;
IEEE Xplore, 118; SCOPUS, 470; Web of Science, 292). Of
these, 573 remained after removing duplicates. The following
removals occurred at each stage of our criteria: [A] Must
use immersive virtual reality (not just virtual reality), must



use a HMD-enabled immersive environment (not CAVE) (309
removals). [B] Use controls that prioritise sensorimotor input
as part of the learning process (and so behold controller or
keyboard button-pressing) (34 removals). [C] Explore cogni-
tive, semantic or knowledge-based learning (not studies on
skill-development, physical and mental recovery, and affective
changes like anxiety or empathy) (183 removals). [D] De-
signed to explore relationship between sensorimotor activity
and outcomes (14 removals). [E] Be experimental or quasi-
experimental and report either objective (learning change) or
experiential measures (10 removals).

This left 23 papers. We snowballed references backwards
and forwards and identified a further six papers. This left
29 papers for a full reading for inclusion. At this stage,
we removed a further 15 papers due to the following three
categories: the paper was reporting on the same experiment as
another included paper; there were not recorded experimental
results; or the target was not cognitive learning. This left 14
eligible papers [40] [41] [42] [43] [44] [45] [46] [47] [48] [49]
[50] [51] [52] [53]. This process is illustrated in Fig. 1, and
the list of included papers can be found in the appendix.

B. Extracting, analyzing and synthesizing data

We used an inductive approach to categorisation, which
resulted in the research questions listed above. Responses were
thematically analysed using an inductive approach based upon
Braun and Clarke’s six phases of analysis [8].

V. RESULTS

A. Topics

The predominant learning topic investigated was second
language education (n = 7); specifically word memorisation
(6). Of the papers, five included noun memorisation and two
included verb memorisation.

There was a diverse, if limited, range of other topics
present in the papers: biology (2), mathematics (1), physics
(1), computer science (1) and geography (1).

There was also a single investigation into a sensorimotor-led
cognitive skill development that could provide benefits across
multiple learning subjects: perspective taking, or “the ability
to mentally represent a [visual] viewpoint different from one’s
own”.

B. Theoretical approaches

All but one of the papers referenced a theoretical approach
behind their motivation to investigate sensorimotor-based IVR
learning. The most evident theory was that of embodied
cognition, which was also referred to as embodied learning
and learning from embodied interaction (7). Additionally, four
(of the six) investigations into language learning referenced
language embodiment theories.

Three papers referred to approaches that are related to em-
bodiment, although not sensorimotor embodiment specifically.
These were (1) spatial cognition, the importance of using the
environment around you for meaning making, storage and
processing; (2) Constructivist, specifically Interactionist, in

which interactions (but not necessarily sensorimotor ones) play
an important role in learning, and (3) situated learning, which
includes aspects of both spatial cognition and Interactionist
perspectives.

One paper justified its approach from a motivation-
perspective, suggesting that the motivation benefits of IVR
interaction should cause enhanced learning outcomes.

C. Research motivations

There was a notable distinction between the research mo-
tivations for language learning investigations and those of
other topics. Four of the language learning investigations were
motivated by a desire to provide empirical evidence for an
existing theory of embodied benefits to language learning; and
whether these extend into IVRs.

The major justification for non-language studies was to
improve on perceived shortcomings of real-world sensorimotor
teaching approaches, including practicality and cost. More
detailed examples of these include whether a sensorimotor
IVR experience could adequately replace the experience of
re-constructing canine skeletons (compared with a real box of
bones); whether seeing inside a hand can improve understand-
ing of hand biology over cadaver dissection (and also remove
the requirement of having access to a severed hand); or re-
balance gender-related interest in Computer Science learning
through more a active and interesting approach.

Three papers cited the motivation to see if a sensorimotor
approach could maintain learning whilst also improving mo-
tivation and interest in the subject.

D. Experiment methodologies

The studies presented five methodologies for measuring
learning gain. The most popular approach was a pre- and
post-exposure test of participants’ knowledge, with the per-
formance change between the two measures showing the
learning gain (6). Other approaches examined the participants’
response times to questions, with quicker responses presented
as evidence of better learning outcomes. One study monitored
participant movement via HMD data to understand if the
user was performing an action that represented the target
learning (bowing at the start of interactions as a cultural
Japanese learning process). Another monitored performance
in a game to determine progress of the learning material -
better game performance being indicative of a better desired
learning outcome. Finally, one study simply asked participants
to report if they felt they had achieved better learning via the
IVR system.

Eleven of the studies compared the sensorimotor IVR con-
dition with a control, although the types of control varied. The
most prominent comparison was with an non-sensorimotor
IVR alternative (3). There were also comparisons with in-
congruent sensorimotor activation (2); non-IVR sensorimo-
tor interactions (2, such as a physical skeleton arrangement
task versus a virtual one); non-IVR and non-sensorimotor
digital setting (2); low-interaction (flashcards); non-interaction
(watch-only) and AR embodiment.



One study compared non-tangible IVR sensorimotor activa-
tion with a tangible version, using a bespoke device to provide
physical feedback to the virtual interaction.

E. Types of sensorimotor

The studies used a variety of different approaches for en-
abling participants to interact in a sensorimotor-embodied way.
These could loosely be broken down into two categories: (1)
sensorimotor interaction with objects in an environment, and
(2) sensorimotor-as-input method. For the former, participants
would manipulate 3D objects in a contextual setting with
varying levels of feedback. For the latter, participants moved
their bodies in novel ways and the system would recognise
and react to these.

Among studies engaging sensorimotor interaction with the
environment, the dominant form was allowing participants to
pickup virtual objects, move them around and conduct actions
with them. For example, picking up a jug and pouring it so
water comes up in order to learn the verb ”to pour” or the
noun ”jug”.

Two studies allowed participants to pick up and move
objects, but do not allow them to be used in an interactional
way with the environment. For example, a jug could be picked
and moved, but not poured with an interactive outcome from
the system.

One further study allowed users to pick and move objects,
but rather than provide a real-world equivalent action, instead
presented an outcome only possible in IVRs. In this case, users
could pick up bones and move them in the air, where they
stayed suspended as the used constructed a zero-gravity canine
skeleton.

The types of activation in the sensorimotor-as-input method
studies were more varied. In one, participants would move
their own hand to see a digitised version (and an enlarged
digitised version) move in the same way but with added
visualisations, to demonstrate how the typically hidden hand
tendons worked. Another, using a custom suspension-rig,
allowed participants to experience a situation similar to micro-
gravity in order for them to experience how the related forces
work. One studied used dance-based input in order to organise
a virtual computer programming experience, while another had
users slash words with virtual lightsabers in order to make
active selections of multiple options.

Among these types of sensorimotor implementation, there
was an even split between types of head-mounted display
(HTC and Oculus), with bodily inputs coming from HTC
”wands” (4), hand-tracking (2), bespoke hardware (2), camera-
based full-body tracking (1), head movement (1) and Oculus
”touch” controllers.

F. Learning efficacy

The conclusions of all of the examined papers supported the
use of IVR sensorimotor approaches for learning. However,
the criteria used to justify that support varied between studies.
The criteria was either: (1) learning occurred, as opposed to
no learning or negative learning; (2) learning occurred at a

TABLE I
SHOWING THE NON-LEARNING MEASUREMENTS USED IN THE STUDIES

Type Measure details
Usability 2x SUS, 1x MEEGA+, 3x Custom/not given
Sickness & Comfort 1x SSQ, 1x SSQ adaptation, 3x Custom/not given
Presence 2x IPQ, 1x Nowak &Biocca, 1x Custom/not given
Motivation 1x MEEGA+, 1x Custom/not given
Enjoyment 2x Custom/not given
Embodiment 1x Gonzalez-Franco
Task Load 1x NASA TLX
Flow 1x Custom/not given
Intrinsic Interest 1x Custom/not given
Concentration 1x Custom/not given
Satisfaction 1x Custom/not given
Enthusiasm 1x Custom/not given
Interest in subject 1x Custom/not given
Perceived Usefulness 1x Custom/not given
Perception of Time 1x Custom/not given
Fun 1x Custom/not given
Preference 1x Custom/not given
None 3x no measures presented

System Usability Survey (SUS) [54], Model for the Evaluation of
Educational Games (MEEGA+) [55], Simulator Sickness Questionnaire

(SSQ)( [56], Igroup Presence Questionnaire (IPQ) [57], Task Load Index
(NASA TLX) [58], Nowak & Biocca [59], Gonzalez-Franco [60]

similar rate to the control; or (3) learning out-preformed the
control.

The majority of studies defined ”learning occurring” as
knowledge gain based on pre- and post- test result changes.
However, one study examined the speed of participant re-
sponses, with faster response speeds demonstrating improved
learning. Another study measured learning by the self-reported
”learning experience”, i.e. did participants feel they had
learned during the experience?

There was also variance between studies around how many
tests showed learning gain. Of the papers, six noted significant
learning benefits in the IVR sensorimotor condition across all
of their reported learning gain measures.

However, two noted learning gain benefits only on some
of their reported indicators of learning gain. Interestingly,
these two studies were both on word memorisation, and there
were contrary outcomes between them. One showed only a
significant benefit of sensorimotor encoding in an immediate
test, but not in a retention test taken one-week later; while the
other only showed a significant in a retention test taken one
week later, and not in the immediate test.

Two studies noted similar results between the IVR sensori-
motor condition and an alternative.

No papers reported learning gains worse than the control in
all reported conditions.

G. Experiential measures

The studies featured a wide range of experiential measures
(see Table 1). The most commonly used measures were sick-
ness/comfort, usability and presence. Broadly, the measures
could be categorised into the following categories: properties
strongly linked to IVR (presence, embodiment, sickness); mea-
sures of the system usability (usability); general engagement
properties (enjoyment, excitement, motivation, interest/subject



interest, preference); and experience in the session (flow,
NASA task load index, concentration).

Interestingly, there was only one study that specifically mea-
sured IVR embodiment [42], using the Gonzalez-Franco and
Peck embodiment questionnaire [60]. We found no questions
regarding experiences of the sensorimotor activity.

VI. DISCUSSION

We made the following observations about different aspects
of the surveyed papers, and thus, we believe, the field of
sensorimotor IVR investigations for academic learning.

A. Conceptual consensus and confounds

Unsurprisingly, the IVR sensorimotor investigations found
were predominantly grounded within embodied theoretical
approaches. Perhaps more interesting are the studies that
grounded their explorations in other conceptual approaches,
as these could help highlight potential mediating factors for
investigations looking to support or repudiate sensorimotor and
embodied cognition approaches in IVR (and also the inverse).

One of these approaches was motivation [50], which as a
factor in improving learning outcomes is well-established [61]
[62]. There is also evidence that sensorimotor learning activi-
ties increase motivation [63] [64] [65] [66] [67]. However, the
idea that sensorimotor interaction IVRs prompting motivation
to be the key learning driver of these interventions, is un-
proven. Indeed, Ratcliffe [46] found no evidence of motivation
serving as a mediating factor for embodied learning.

Another approach was situated learning [48] [49]. Despite
being contextualised by their authors inside a situated cogni-
tion framework, these studies deeply deployed sensorimotor
interactivity; one in which physically bowing was a key
interactive input [48], while the other involved pointing-and-
grabbing objects [49]. In fact, some degree of situatedness
(such as realisitic and congruent learning contexts for interac-
tions), was part of all of the surveyed IVR experiences.

The risk of situatedness being a confound for a pure
sensorimotor vs. non-sensorimotor comparison was present
in the majority of studies, as only some of the papers com-
pared (congruent) sensorimotor interaction against either non-
sensorimotor or non-congruent sensorimotor interaction in the
same IVR [40] [45] [46] [51].

If we are to truly understand the contribution of sensori-
motor interaction, we need to be sure we are controlling other
IVR-induced variables, especially those that have a theoretical
backing as potentially contributing to learning outcomes.

B. Language dominance

There was a clear language dominance in the studies we
surveyed. The prevalence of language acquisition in these
studies is likely due to the long history [68] and encouraging
results [69] of using sensorimotor teaching approaches in
applied linguistics outside of IVR. The ability for sensori-
motor engagement to enhance word memorisation has been
widely explored (and evidenced) in this field, and so exploring

whether these benefits transfer into embodied virtual interac-
tions is a logical next-step.

That said, even these studies are not close to giving us a
clear understanding of the impact of sensorimotor interaction
on language learning as a whole. Word memorisation is an
important but subsidiary part of what is considered language
teaching or second language acquisition, and we need to be
able to move beyond these initial examinations if we are to
be able to understand if and how sensorimotor engagement is
beneficial for the myriad of language skills (although we have
one example of this here, with the attempt to teach appropriate
bowing etiquette [48]).

C. What is ”success”?

While all papers reported successful learning outcomes from
their sensorimotor approach, the definition of what success was
varied across papers. Learning improvement over a control;
learning improvement in a specific condition over a control;
the same performance as a control; testing response speed;
”experience” or motivation improvements were all presented
as evidence for the success of a sensorimotor approach.

For studies that use multiple measures of success, such as
retention tests after a set period of time, or knowledge gain and
answer speed, it is unclear how contradictory results between
different tests should be used to promote or refute a learning
”success”.

While the definition of success is certainly learning
intervention-specific, perhaps it would be useful for the field
to define types of success or potential metrics for success, in
order to allow thorough future meta-analyses of the field.

D. Learning ”session” variation

The prevalence of word memorisation studies unveiled
another variable that might benefit from codification and
standardisation in future - the scale of the learning to be
achieved in an intervention. The discrepancies between amount
of learning material are evident in the language-based studies,
which asked participants to learn either six [40], 12 [49],
14 [51], 20 [46] [50] [53] words. Potentially, six words
might be too few to detect a difference in learning outcomes
(although in this case, response time, not accuracy, was the
performance indicator), while 20 may introduce too much
confusion for optimal learning performance. This difference
also adds another confounding factor for cross-analysis.

E. Longitudinal lacking

None of the studies surveyed were longitudinal, nor in-
volved a longer curriculum of learning. These is a known
problem with experimental learning studies [70], and one
that might be exasperated by the additional development
requirements that sensorimotor IVR studies require. With all
the papers reporting some form of learning gain from engaging
these systems, however, a longitudinal study seems like a
logical and pressing next-step to understand how useful IVR
sensorimotor learning is for practical teaching applications.



Fig. 2. Diagram depicting the lack of referencing between papers found in review. Three papers referenced ”Teaching language and culture with a virtual
reality game”; one further paper referenced one of those

F. Sickness and presence above others
There was a wide variety of experiential measures used

across the studies. The frequency of measures of sickness and
presence show that these two factors are starting to become
well-established as important aspects of IVR studies. A notable
absence, however, was any form of measurement of sensori-
motor activity, and the single measurement of embodiment.
Perhaps these studies would have benefited from surveying
how embodied or sensorimotor-activated the participants felt in
their sessions. Questionnaire-based embodied surveys for IVR
are now emerging and being validated [60], although it remains
to be seen if they are suitable for measuring sensorimotor
interactions in IVR.

G. Hardware hiccups
The surveyed studies featured a range of sensorimotor-

interaction enabling hardware, which could introduce another
confound. Although it unclear how the hardware enabling
sensorimotor input affects input, experience or learning, initial
research has found that these devices are not neutral in their
impact. For example, one study found that that the Leap
Motion hand tracker is preferred to the HTC wand when
grabbing close objects due to its natural affordances; but
also resulted in much slower performance at the selection of
distance objects [71]. How we might deal with the impact of
the affordances of the hardware are not clear, but studying,
understanding and noting the impact of these at a system and
experiment design stage could be beneficial.

H. An unconnected field
Finally, it was notable how few of these papers referred to

each other. Among the papers, there were only four references
to other studies found in this selection. Three of these [53]
[50] [49] referred to one paper [48], while the final reference
was to one of these three ( [46] referencing [53]) (see
Fig. 2). These references were all contained within studies
investigating language learning; there were no cross-learning
topic references.

This suggests that IVR sensorimotor learning has not yet
established a central canon, which could bring challenges to
researchers looking for similar works, understanding their out-
comes and exploring and critiquing other research procedures
and approaches.

VII. CONCLUSION

Our review has found that sensorimotor-based IVR learning
explorations are happening across a variety of subjects, backed
predominantly by theories of embodied cognition. We found
two major justifications for the research: (1) to provide em-
pirical evidence for an existing theory of learning; and (2) to
understand if IVR is a suitable replacement or improvement on
physical-world teaching. We also found a variety of measures
of learning, as well as a vast selection of experiential variables
being measured.

From these results, we summarised a number of shortcom-
ings for the field, which resulted in suggestions for further
research for future sensorimotor-based IVR learning practi-
tioners. These are:
(1) be mindful of the potential confound of situation and
context (situation as location-in-space, whereas context is
more cognitive);
(2) engage in more longitudinal or holistic topic learning,
rather than singular interventions;
(3) define measures of success, including beyond learning
gain;
(4) identify viable learning outcomes for interventions;
(5) establish and engage sensorimotor-orientated embodiment
questionnaires;
(6) understand and discuss how the chosen IVR hardware
might impact results;
(7) more strongly engage with other research in the field,
potentially across traditional discipline divisions
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