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Research on the Construction of the New Ecosystem of “Internet + Wisdom Education” under the Back-
ground of Artificial Intelligence
QI Shaobo, JIANG Shanshan

Abstract: Wisdom education is the product of educational informatization. Relying on “Internet +” technology to
build a new educational ecosystem of “materialization, intelligence and ubiquity” has become a research hotspot
in the era of artificial intelligence. Based on the background of artificial intelligence, this paper compares and ana-
lyzes the differences of teaching resources, teaching scenes, teaching evaluation and teaching management be-
tween traditional classroom and wisdom education classroom driven by artificial intelligence, and finds out the in-
herent laws and influencing factors of teaching and learning. Using the theory of system coordination, based on the
macro, meso and micro environmental points of view, it constructs a three=dimensional new ecosystem of “virtual
and real environment + wisdom classroom + intelligent evaluation”, forms a community of artificial intelligence
and teaching between teachers and students, and deeply integrates artificial intelligence with the field of educa-
tion and teaching, in order to speed up the development of education to a high—quality stage.
Key words: artificial intelligence; Internet + wisdom education; educational ecosystem
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Discussion on Strategies to Improve Teachers’ Digital Ability in Higher Vocational
Colleges in Digital Age

ZHANG Yanyan'?
(1.Zhengzhou Universily of Economics and Business, Zhengzhou Henan, 451191, China;
2. Songshan Shaolin Wushu College, Dengleng Henan, 452470, China)

Abstract: Under the background of the rapid development of information technology, digital technology has profoundly
changed every field of society. The wide application of digital technology has promoted great changes in education odcl, teaching
method and learming experience. For higher vocational colleges, teachers’ digital ability has become a key factor aflccting the
quality of talent training. Teachers with good digital ahility can belter integrate digital 1ools into teaching, stimulatc students’
interest in lenming, and improve teaching resulls. This paper discusses the stralegies to improve the digital ability of teachers in

higher vocational colleges in order to promote the professional development of teachers and promote the digital teaching in higher

vocational colleges 1o a higher level.
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Metaverse is the future of the Internet and integrates a variety of information technologies. It leads future education trends and
brings profound changes to education. On the basis of analysis of the development trend of smart education and the connotation
and action mechanism of edu-metaverse in the view of metaverse, this paper structures the smart education ecosystem, builds the
scenario and modular smart learning space of three education scenarios of resource collaborative interaction, virtuality-reality
integration experience, and ubiquitous spatial inquiry by using the six core technologies, and forms the new education mode of
virtuality-reality symbiosis, trans-spatial fusion, and collaborative inquiry. Then, it verifies the application effect by AHP. Finally,
it creates the smart education ecosystem of “four ecology integration”—resource ecology, interaction ecology, space ecology, and
collaboration ecology, which accelerates the organic integration of metaverse and smart education and provides theoretical basis
and reference for the new application of future education.

1. Introduction

The term “metaverse” was coined by Neal Stephenson in
his 1992 science fiction novel “Snow Crash.” In 2021, the
“Roblox” game platform was launched, which was a
landmark event and garnered widespread attention. The
word “metaverse” is increasingly popular nowadays, and
this year 2021 is known as the year zero of the metaverse
[1]. Metaverse emerges with the development of infor-
mation technologies such as 5G, Al VR, AR, and digital
twins. Both national and local governments have incor-
porated this concept into the 14th Five-Year Development
Plan, focusing on digital empowerment, integrating new
scenarios, and creating a new ecosystem of content, re-
sources, technology, and services. As the metaverse era
unfolds, new opportunities open up for new infrastructure
of Chinese education, cultivation of advanced thinking
among students, and future educational development. At
present, “metaverse” has not yet been uniformly defined.
There are four main theories: embodied Internet, social
ecology, virtual space and time, and virtuality-reality
combination. Thus, this study believes that metaverse is a
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virtual space parallel to the real world and IS supported by
Al, big data, HCI, and other communication technologies,
which can meet people’s experiential, immersive, sharing
and creative needs and can be widely applied in various
fields.

The concept of educational ecology integrates pedagogy
and ecology. It is an interdisciplinary subject that emerged in
the mid-1970s [2-5]. It mainly studies the laws and
mechanisms of how education interacts with its surrounding
environment, opening up a new field in education studies.
From both macro and micro perspectives, educational
ecology borrows the principles and methods from ecology to
study the process, law, and ecological balance of the in-
teraction between education and information, people, and
the environment so as to leverage educational resources to
improve students’ cognitive ability and improve the level
and function of the entire ecosystem, allowing it to enter a
virtuous cycle.

Educational ecology has three basic characteristics:
overall association, coevolution, and dynamic balance [6].
The smart education ecosystem is also built on the above
basic theories. The concept of smart education originated in



2008 when IBM first proposed the concept “Smarter Planet”
in A Smarter Planet: The Next Leadership Agenda [7]. The
concept later spread to various fields and inspired new ideas,
leading to the emergence of smart education. The core of
smart education is to enable the perception, interconnection
and intelligence of everything through the use of infor-
mation technology. With the development of intelligent
technology, especially 5G technology, China has issued a
package of policies to reform its education model and ac-
celerate the development of smart education [8]. To sum up,
smart education ecosystem is a “symbiotic, dynamic, bal-
anced, and sustainable” system that integrates the effects,
interconnection, and educational elements. It organically
connects educational subjects (teachers and students) with
educational concept, teaching design, teaching resources,
teaching evaluation, and other factors using information
technologies, aiming to realize intelligent and ecological
education.

With the emergence of the metaverse, information
technologies and artificial intelligence have stimulated in-
novation in education, transformed traditional pedagogical
concepts and methods, and formed the basis for smart
education. Smart education, driven by the metaverse, has
become one of the most heated topics in the current edu-
cational research. Leveraging information technologies such
as digital twins, 5G, and artificial intelligence in the met-
averse, smart education integrates variables in the education
ecosystem such as teachers, learners, resources, and teaching
environment and explores the intrinsic nature of each ele-
ment. It helps to create diversified education scenarios, form
a new system of unified and coordinated smart education
ecosystem, systematize theoretical research results, and
provide new ideas for deeply integrating education and
metaverse. By applying the metaverse technology in edu-
cation, a full-process closed-loop structure can be developed.
With no boundaries between online and offline settings, a
“multidimensional” teaching approach can be delivered,
which effectively overcomes shortcomings of traditional
education, creates an intelligent and interactive learning
environment, and realizes intelligence-driven and custom-
ized education. This new pattern is of great significance for
improving educational quality and efficiency, delivering
tailor-made education, transforming education modes, and
providing new impetus for the development of teaching and
learning.

Based on an analysis of the development trend of smart
education and the mechanism of education metaverse, this
study creates a smart education ecosystem. Using six core
technologies, we develop three scenarios, namely, resource
orchestration and interaction scenario, virtual-reality
combination scenario, and ubiquitous space inquiry sce-
nario and build three scenario-based modular smart
learning spaces so as to form a new education mode featured
by virtuality-reality symbiosis, trans-spatial fusion, and
collaborative inquiry. Then, the application value of the
mode is verified using the analytic hierarchy process (AHP).
Finally, a smart education ecosystem that integrates four
ecologies, namely, resource ecology, interaction ecology,
space ecology, and collaboration ecology, are established.
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2. Current Research Status

Metaverse-related research started early in developed
countries, and many results have been achieved. A number
of countries, including the United States, Germany, and
India, have developed relatively mature metaverse-related
information technology. Based on a review of literature over
the past decade, we found that at the technical level, the
study of smart education mostly focused on specific tech-
nical methods and applications of the smart education
platform; the most relevant theoretical aspect was the def-
inition of metaverse. Jonathan Glick, senior editor of the
New York Times, believes that the development of metaverse
involves two stages. The primary stage is manifested by the
desire of participants to live in a completely virtual space.
They believe virtuality is somewhat “better” than the real
world. The higher stage is the technical ecosystem that ul-
timately realizes the connection between facts and fictions
[9-11]. Metaverse has been used in education in the US,
where the University of California, Berkeley held an online
graduation ceremony on its Minecraft digital campus. The
South Korean Ministry of Education launched a metaverse-
based creative science classroom program. In smart edu-
cation research, Oshima discussed how robots can assist in
teaching as intelligent mentors [12]. Professor Rensing
proposed a query-based recommendation system of text
learning resources and a knowledge recommendation sys-
tem that automatically generates knowledge bases. Jennifer
et al. developed an intelligent writing system based on
learners’ writing ability [13]. Chae presented IEEE 802.11 ax
Optimal Design for XR (Extended Reality) in Education and
Training [14]. We reviewed research on the application of
metaverse-based smart education in China from well-known
databases such as CNKI, Wanfang Data, and Baidu Xueshu,
and found as follows: (1) The Number of Studies. Taking
CNKI as an example, using keywords such as “metaverse,”
“education ecosystem,” and “smart education,” 335 relevant
papers were published in the past decade. Most scholars
began studying metaverse in 2021 and smart education
ecosystem in 2013, with research results increasing year by
year. (2) Research Content. In terms of metaverse education,
previous research mainly explained the development trend
of metaverse smart education. Invitation to Metaverse: A
Discussion on the Need of a New Space for Future Education
described the potential of the metaverse for educational
development in the virtual world [15]. Metaverse and Ed-
ucation: A New State of Educational Development in the
Future believed that the edu-metaverse will lead to a future
education form that combines the edu-metaverse with the
physical world as the core of the interstellar civilization [16].
In Open Another Door of Education—the Application,
Challenges and Prospects of Edu-metaverse, the authors
presented the problems and challenges facing the metaverse
and propose solutions for the early development of edu-
metaverse from mechanism, technology, and teaching [17].
In terms of smart education and ecosystem theory and
application, past studies mainly discussed the applications of
“Internet +” in smart education, which uses information
technologies to influence and transform the education
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ecosystem. AI+ Education—Smart Education Ecosystem
Boosts the Realization of Educational Equity proposed to
enhance the availability of educational resources through
information-based methods and realize educational equity
through smart learning [18-21]. Research on the Construc-
tion of Ecological Path of Online Education in Universities
under 5G proposes to develop online education with the
support of 5G and improve the ecosystem of online edu-
cation in universities with 5G [22].

Various research results suggest that in the era of
metaverse, information technologies have developed rapidly
and become more diverse, and the smart education eco-
system is humanistic, intelligent, interactive, immersive, and
collaborative. The future research direction is to develop a
new smart education ecology using metaverse technology.

3. Smart Education Trends in the
View of Metaverse

As information technologies develop, smart education
emerged and has transformed traditional education pro-
foundly. The use of digital multimedia and other mobile
methods leads to diverse learning forms, allowing students
to customize their learning pattern. Technologies create a
learner-centered educational ecology, digitalize education,
and facilitate the cultivation of intelligent talents. Smart
education can be seen as a new form of education amid
informatization, an advanced development stage of digital
education, and a ubiquitous educational information
ecosystem.

With the emergence of metaverse technology, smart
education presents new trends and views while driving
digital transformation and intelligent upgrading. The Met-
averse Development Report pointed out that the metaverse
integrates virtual Internet application and real social forms
generated by a variety of new technologies. It provides
immersive experience using extended display technology,
generates mirrors of the real world using the digital twin
technology, and builds an economic system using the
blockchain technology. It closely integrates the virtual and
real worlds in terms of the economic system, social system,
and identification system and allows users to produce
content and edit the world [23, 24].

3.1. Simulating the Real Teaching Scenario. With information
technologies, it breaks down the boundaries of space and
time in the physical world, expands the traditional learning
space, and creates a virtual learning space that simulates the
real settings. It gives teachers and students digital identities,
allowing them to communicate synchronously in both the
physical and virtual worlds. Students and teachers interact
and influence each other and develop together, making up
for the shortcomings of physical teaching and demon-
strating a better teaching pattern.

3.2. CreatingImmersive Teaching Experience. In a metaverse-
based learning scenario, teachers can adopt highly effective
teaching methods and directly and intuitively display videos
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and images related to the teaching content. Reality and
virtuality are seamlessly connected so that students can
customize learning services and enjoy real-life learning
experiences. Through auxiliary equipment, a three-dimen-
sional interactive presentation method can be employed to
produce diversified and comprehensive sensational experi-
ence such as vision, hearing and touch, realize multimodal
learning and to create a sense of “being there.” Rich and 3D
teaching experiences stimulate students’ curiosity, enhance
the teaching effect and quality, and improve learning
efficiency.

3.3. Facilitating Students’ Cooperation and Personalized
Learning. Flexible teaching activities can be carried out by
teachers. In the metaverse, teachers customize learning
scenarios to cater to the needs of students. Teachers and
students interact in the metaverse in real time, and students
are allowed to collaborate on learning in different places.
Thorough inquiry and discussion, sharing of information
and resources in real time, as well as in-depth communi-
cation, students can better absorb and internalize knowl-
edge. Teachers can also modify and introduce new learning
resources for learning activities to create personalized
learning space and enhance students’ thinking abilities and
literacy level.

3.4. Promoting Interdisciplinary Studies. Smart education
transcends the single medium and linear teaching process of
traditional teaching, addresses the limits of the original
talent training system, breaks down the correlation between
curriculum systems, facilitates STEM education as well as
interdisciplinary teaching and innovation, and gives stu-
dents greater freedom to engage in various forms of
teaching.

Therefore, in the era of metaverse, smart education is
characterized by virtuality-reality integration, collaborative
interaction, and resource coconstruction. Compared with
traditional education, it breaks down the boundaries of time
and space, enhances students’ cognition and scenario-based
experience, and creates a collaborative, interactive, and
dynamic education ecology.

4. Construction of the Metaverse-Based Smart
Education Ecosystem

4.1. Ecosystem Architecture. The architecture of the smart
education ecosystem is designed on the basis of metaverse-
empowered education and ecological principles. Following
the definition of smart education ecosystem, the metaverse
technology is used to build internal and external ecosystems
and to coordinate the internal structure, interaction, and
mutual adaptability with the surrounding environment. The
ecosystem fully considers the needs of teachers, students,
administrators, and other users. It incorporates smart ed-
ucation into the whole process of education and integrates
the elements of the smart education system and other ele-
ments, reconstructing the relationship between the ele-
ments, including the smart education environment and
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FIGURE 1: Architecture of the smart education ecosystem in view of metaverse.

technologies. It transforms the traditional educational en-
vironment into a ubiquitous one and adopts real teaching
resources, flexible teaching modes, and intelligent teaching
methods. The students’ learning methods are personalized,
and the learning content is targeted.

The design idea is supported by six core technologies
including virtual reality and artificial intelligence, including
the five elements of smart education, teachers, students,
environment, technology, and resources. The foundation is
the hierarchical principle of information management sys-
tem architecture. First, the infrastructure layer (IaaS) is
constructed. By using virtualization, cloud computing, and
cloud storage technologies, an immersive environment is
formed to realize cross-level, cross-platform docking, data
sharing, and system integration so as to integrate systematic
resources and platforms and develop and apply education
scenarios. Specifically, the ecosystem has four layers:
physical layer (terminal devices), network layer (cloud
platforms), data layer, and application layer. The layers are
interconnected and developed progressively. Eventually, a
logical connection is formed between the underlying envi-
ronment, resources of the smart education ecosystem, and
the high-level scenarios and applications. A sustainable,
complete, and balanced system architecture is then created
to promote the virtuous circle and for the development of
the smart education ecosystem [25-30]. (See Figure 1).

4.1.1. Environment. The metaverse-based smart education
environment includes both software and hardware. By
setting up hardware and software equipment in the terminal,
an environment for implementing metaverse education with
an organic brain-computer interface is created. After
building the 5G campus network using network and
computing technologies, the network infrastructure for
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multiterminal collaborative cloud computing is built. By
accessing the metaverse channel via the Internet of Things,
face recognition, high-definition video, and voice acquisi-
tion are enabled, effectively linking the physical world with
virtual scenarios. Blockchain technology is applied to ensure
the security and integrity of data generated in the teaching
process, providing guarantee for knowledge sharing and
certification. Interactive technology is used to create a
wireless learning space in the metaverse and establish a 3D
human-computer interaction learning environment based
on computer graphics and multimodal recognition. Al
technology is leveraged to analyze teaching and learning
behaviors as well as data mining, knowledge mapping,
multimodal computing, and intelligent analysis. With video
game technology and virtual scenarios, students are im-
mersed in the edu-metaverse. Teachers adopt game-based
and task-driven teaching methods to optimize interactions,
creating a man-machine coordinated classroom. Finally,
growth files of students are kept to ensure tailor-made
education.

4.1.2. Resources. Resources include learning resources and
interactive resources. As part of metaverse education, cloud
platforms are used to collect and store digital resources and
also process and manage the resources that link virtuality
and reality, thus narrowing the digital resource gap and
building an open ecosystem of education resources. In
addition, students and teachers can freely enter the edu-
metaverse to edit or create content. Through collaborative
creation and updating, comprehensive, rich, and personal-
ized educational resources can be gathered. At the same
time, sharing and allocation of the resources will be pro-
moted to reduce information asymmetry and foster a
community of resources available to teachers and students.
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4.1.3. Scenarios. According to the interactive, immersive,-
collaborative, and diverse characteristics of smart education
in the view of metaverse, we establish interactions and re-
alize seamless switch between scenarios using XR, digital
twin, and other technologies. We create three education
scenarios, namely, resource collaborative interaction, vir-
tuality-reality integration experience, and ubiquitous spatial
inquiry scenarios, to replace traditional teaching settings.
Scenario-based teaching and immersive experience can
enrich learning activities. Through shaping diverse scenarios
and generating student portraits, various learning needs of
students can be satisfied. Convenient learning and barrier-
free communication then lead to smart teaching evaluation
and classroom analysis, promoting students’ all-round de-
velopment and enhancing education quality.

4.1.4. Applications. The metaverse-based smart education
ecosystem has wide applications. The first one is the edu-
cation of specific subjects. With the help of intuitive and
interactive VR 3D scenarios, students can learn various
subjects such as language, humanities, history, and geog-
raphy and access-recommended personalized resources. The
second is virtual learning community. The community can
serve as the second classroom where students carry out rich
extracurricular activities, such as visiting virtual museums
and laboratories and conducting social survey in virtual
communities. The last application is interdisciplinary edu-
cation and vocational training. A highly simulated practical
environment not limited by time and space can be created to
cultivate students’ hands-on abilities and skills, strengthen
occupational skills, break down education barriers, and
support the recognition and transformation of learning
outcomes. A lifelong education system can be established,
and more learning opportunities are created for vocational
training.

4.2. Scenarios of Metaverse-Based Smart Education Ecosystem.
According to the trend analysis and architecture design of
metaverse-based smart education ecosystem, we build three
education scenarios of resource collaborative interaction,
virtuality-reality integration experience, and ubiquitous
spatial inquiry [31-33]. The process is as follows.

4.2.1. Resource Collaborative Interaction Scenario. In the
resource collaborative interaction scenario, learning theory
is used to design the interaction between course teaching
resources and learning resources. The scenario usually oc-
curs before and after class. In traditional teaching, teachers
provide students with multimedia resources such as text,
pictures, and videos. It is challenging to support students to
conduct in-depth and exploratory learning as the resources
lack interactivity, operability, and accuracy. In the edu-
metaverse, the adopted smart education resources are
multidimensional and real. For example, 3D technology is
applied to render graphics, present dynamic pictures, and
enhance the attractiveness of courses to students. In addi-
tion, from the resource scenarios, students can collect and
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analyze data, explore objects in the metaverse, use tools, and
leverage the full-life-cycle data monitoring function. Users
can interact with the computer via the online resource
system to acquire solutions to teaching problems. The
scenario integrates rich, comprehensive, and personalized
resources, optimizes resource allocation, and promotes re-
source codevelopment and sharing.

4.2.2. Virtuality-Reality Integration Experience Scenario.
Through the virtuality-reality integration experience sce-
nario, students learn through experience, reflection and
observation, abstract investigation, and application while
being free from the limitations of traditional teaching
practices. This scenario is used in class, where students enter
the edu-metaverse through wearable devices and human-
computer interaction technology. Students engage in mul-
timodal and immersive learning by observing and experi-
encing. The metaverse provides intelligent analysis,
explanations, and conclusions, and students can go through
the content repeatedly in the system.

4.2.3. Ubiquitous Spatial Inquiry Scenario. The ubiquitous
spatial inquiry scenario combines the real and metaverse
learning spaces by breaking down the physical boundaries.
Students and teachers enter the edu-metaverse together,
where teachers create problem scenarios before class for
students to explore the answers and develop hypotheses. In
class, teachers put forward the problems to be inquired
again, and engage students through organizing interactive
activities such as classroom competitions, group discus-
sions, and game-based exercises. Students have free dis-
cussions via the metaverse and leverage human-computer
interactive equipment to collaborate with each other.
Students may keep improving the discussion results, which
will be simultaneously reported back to the teachers. Then,
teachers put forward improved solutions based on the
discussion results. After class, teachers propose new
questions. Through two-way feedback, students can verify
conclusions and finish learning in a scenario that combines
virtuality and reality.

4.3. Applications of Metaverse-Based Smart Education
Ecosystem

4.3.1. Evaluation Indicator. The final objective of the smart
education ecosystem is to promote intelligent education. It
focuses on three key elements, namely, learners, learning
design and implementation, and learning effects. Based on
the above-mentioned scenarios and characteristics, a model
is constructed for scientific and objective evaluation. With
the support of the metaverse technology, a smart learning
ecosystem with interactive resources, and an intelligent
learning environment that combines virtuality and reality, a
smart inquiry space will be created. The identities of
teachers, students, and schools can be transformed. Stu-
dents’ intelligent learning will be promoted through
immersive, experiential, and self-conscious teaching
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TaBLE 1: Evaluation indicator system of the metaverse-based smart education ecosystem.
Dimension Evaluation indicator Evaluation criterion

Can use effective resources collected according to the characteristics of students

Teachers’ digital literacy

Resource ecology

. Students’ access to
construction

information resources
School resource
management

and provide digital resources for specific learning scenarios to make learning

experience more real

Can edit and share resources via the edu-metaverse

Can effectively manage learning resources and share and disseminate learning

resources

Creation of virtual and real
environments
Virtual and real symbiotic Organization of knowledge
environment creation
Emotional engagement in
learning

Can establish virtual and real teaching environments as well as learning spaces

with emotional interactions as the core educational content

Can remodel collaborative learning, promote self-learning, and complete

teaching objectives in this process

Students can be immersed in learning scenarios by observing and experiencing;

can create an immersive experience of teaching and learning

Cooperation and sharing

Inquiry learning space Learning personality

portrait

Can use learning resources for communication and cooperation, and use

creative tools for collaborative inquiry learning

Can perform intelligent data analysis and draw personalized student portraits
according to students’ learning behaviors and to customize teaching methods

methods. The ecosystem will cultivate intelligent and in-
novative students, form a new education ecology that
highlights students’ core competencies, and empower deeper
development of smart education. Therefore, the evaluation
of the metaverse-based smart education ecosystem should be
dynamic and scientific. The factors that affect the smart
education ecosystem and the relationship between the fac-
tors are to be evaluated and generally applied to the above-
mentioned three scenarios.

Based on the above analysis, this study establishes an
evaluation system for the smart evaluation system from
three dimensions, i.e., resource ecology construction, virtual
and real symbiotic environment, and inquiry learning space.
(See Table 1).

4.3.2. Application Effect of Metaverse-Based Smart Education
Ecosystem. The effect evaluation is to develop an evaluation
system based on the above evaluation indicator and then
make a relatively objective evaluation of the effect of the
smart education ecosystem. The analytic hierarchy process
(AHP) method is adopted. It is a quantitative evaluation of
the comparative importance of hierarchical elements
according to the subjective judgmental structure of a
certain object. AHP is a hierarchical weight decision
analysis method proposed by Thomas L. Saaty, an Amer-
ican professor at the University of Pittsburgh in the early
1970s [34]. AHP uses matrix eigenvalues and eigenvector
operations to help people make group judgments to de-
termine the assignment of certain qualitative variables. It is
a systematic and hierarchical analysis method that de-
composes the elements related to decision into the ob-
jective layer, criterion layer, and plan layer for qualitative
and quantitative analysis. This flexible method can simplify
complex problems and provide a scientific basis for
selecting the optimal solution and is widely used in eval-
uation. Since the evaluation of the smart education eco-
system involves many interconnected elements, which
cannot be quantitatively expressed by data, it is rather
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complicated and fuzzy. Therefore, the AHP approach is
used to establish a model to realize multifactor compre-
hensive evaluation, as well as systematic analysis of the
decision-making process. It follows the general laws of
educational evaluation, conforms to the characteristics and
requirements of metaverse-based smart education, and is
relatively scientific and applicable.

In general, the evaluation has four steps. First is data
acquisition. To avoid subjective influence of the AHP
method, a total of 156 teachers are selected for the survey,
including teaching management officials, discipline
leaders, and ordinary teachers from 21 universities and
junior colleges in Henan Province. The Likert 5-level scale
is adopted, and the results of each indicator are weighted
and averaged and then rounded to form a matrix for
evaluation. The scale mainly adopts Likert 5-level mea-
surement method, which is relatively easy to design and can
be widely applied to multidimensional complex problems
or attitudes. The three scenarios of intelligent education
ecosystem from the perspective of the metauniverse are
suitable for this method, and each respondent can quickly
mark his or her own views with high reliability. After the
evaluation of the survey object, the results of each index
data survey are weighted average and rounded to form a
judgment matrix. Second is the identification of evaluation
indicators. Based on the authors’ teaching experience and
previous research, three dimensions of eight indicators are
identified. Third is the establishment of a hierarchy. The
evaluation system is broken down into a hierarchical
evaluation model. The multiobjective decision-making
problem is regarded as a system of three goals (criteria),
namely, resource ecology construction, virtual and real
symbiotic environment, and inquiry learning space,
according to the features of the smart education ecosystem.
The three goals (criteria) are then decomposed into eight
indicators, namely, teachers’ digital literacy, students’ ac-
cess to information resources, school resource manage-
ment, creation of virtual and real environments,
organization ~of knowledge creation, emotional
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FIGURE 2: Evaluation system for the metaverse-based smart education ecosystem.
TaBLE 2: Weight of the indicators for the metaverse-based smart education ecosystem.
, Students’ . oo . .
Smart Teachers School Creation of ~ Organizationof =~ Emotional . Learning
. L access to . . Cooperation : .
education digital . . resource virtual and real ~ knowledge  engagementin . personality Wi
. information . . . and sharing .
ecosystem literacy management  environments creation learning portrait
resources

Teachers’ digital 1 172 1/3 0.0377
literacy
Students’ access
to information 2 1 1/3 0.0599
resources
School resource 3 3 ] 0.1426
management
Creation of
virtual and real 1 5 3 0.3446
environments
Organization of
knowledge 1/5 1 1/4 0.0515
creation
Emotional
engagement in 1/3 4 1 0.1538
learning
Cooperation

. 1 2 0.1399
and sharing
Learning
personality 1/2 1 0.0699
portrait

engagement in learning, cooperation and sharing, and
learning personality portrait. Then, a multilevel and orderly
progressive structure evaluation structure model is de-
veloped (see Figure 2). Fourth is data analysis and con-
clusions. The relative importance of each influencing factor
of the evaluation indicators is determined by comparing
every two indicators, and an evaluation matrix is estab-
lished. The overall ranking of the indicators is identified,
and a consistency test is performed.

Finally, the consistency test is conducted using profes-
sional software. The specific test data are as follows: the
judgment matrix is constructed according to the evaluation
indicator system in Table 1. The Yaahp software is used to

obtain the weights of each evaluation indicator (see Table 2).
The judgment matrix passes the consistency test, with a CR
11/2 1
value 0f 0.0176. The first-level indicator matrixis{ 2 1 3
11/3 1
The weight indicators are 0.2402, 0.5499, and 0.2098.
As can be seen from Table 2, the weight ratio of resource
ecology construction, virtual and real symbiotic envi-
ronment, and inquiry learning space to the smart edu-
cation ecosystem is 0.2402, 0.5499, and 0.2098,
respectively. The influence of virtual and real symbiotic
environment is higher than that of the resource ecology
construction and inquiry learning space. The weight ratios
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of the eight specific indicators (teachers’ digital literacy,
students’ access to information resources, school resource
management, creation of virtual and real environments,
organization of knowledge creation, emotional engage-
ment in learning, cooperation and sharing, and learning
personality portrait) are 0.0377, 0.0599, 0.1426, 0.34446,
0.0515, 0.1538, 0.1399, and 0.0699, respectively.

Therefore, first, it can be seen that for the smart edu-
cation ecosystem, the most important evaluation indicator is
the creation of the virtual and real environments. Building
infrastructure for the metaverse teaching space is the main
task of metaverse teaching. Second, emotional engagement
in learning, school resource management, and cooperation
and sharing are the next three important indicators. On the
one hand, students need to be fully immersed in the virtual
environment during learning, and they must learn to co-
operate and share in the learning process. On the other
hand, schools should improve the codevelopment and
sharing of resources so that students can be more active and
innovative in the classroom and turn from knowledge
consumers to knowledge creators. Last but not the least,
learning personality portrait, students’ access to information
resources, organization of knowledge creation, and teachers’
digital literacy are less important in the evaluation. Through
analysis and verification, it is proven that the metaverse-
based smart education ecosystem changes the traditional
way of learning. The teaching activities are student-centered
and highlight in-depth immersive experience as well as
dynamic interaction and collaboration. Students create
knowledge in collaboration and sharing and verify hy-
potheses and put knowledge into practice after reflection
and observation. The process can help students better
achieve learning objectives [35, 36]. Thus, the metaverse-
based smart education ecosystem is relatively reasonable,
scientific, and effective.

5. Conclusion

Using information technologies to promote educational
reform has become a consensus for the international
community. As the metaverse is gradually developing and its
applications are expanding, researchers pay more attention
to it and explore its application potential in education for
building a learning-oriented society where “everyone can
learn things at anytime, anywhere.” At present, relevant
research is still in its infancy with well-developed theoretical
results. Based on the ecological theory, this study discusses
the development of a metaverse-based smart education
ecosystem in the hope to provide reference for promoting
the applications of the metaverse in education.

The metaverse-based smart education ecosystem is
student-centered and delivers dynamic and integrated
teaching experience by building various education sce-
narios. With smart computing, it reconstructs the class-
room design and realizes in-depth learning and feedback.
It further enriches smart education, builds an ecosystem of
teaching and learning resources, extends the educational
space, and provides the functions of social communication
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and inquiry learning, thus effectively promoting deep
interactions between learners and improving the in-depth
learning of learners. The ecosystem balances the ecological
niches of students, teachers, society, and schools and
forms a new systematic ecosystem and is thus the future
direction of smart education reform. However, the system
also has certain limitations. The data flow-driven tech-
nologies still need to be improved. Real-time acquisition
and processing of interactive data between the virtual and
physical worlds propose challenges for the computation.
The information security of students, teachers, and other
users cannot be fully guaranteed, and there is a risk of
personal privacy leakage. As students spend most of their
time in the virtual world, those with poor self-control
ability may develop social phobia, cannot properly handle
interpersonal relationships, and cannot adapt to the real
world. Besides, anonymous login may induce problems
and violations. In terms of the evaluation effect, this paper
adopts the analytic hierarchy process and Likert 5-level
measurement method. The selection of experts is sub-
jective. Although it can express the attitude of experts, it
cannot describe the structural differences between view-
points by uniformly using equal weights to calculate the
weights of indicators at all levels. In future research,
different weights can be given to experts according to their
positions, working years, and education background, and
then the weights of indicators at all levels can be calculated
to make them more objective. With the continuous de-
velopment of new technology, the human society is de-
veloping towards the trend of new type, science and
technology, diversity, and prosperity. We also need plenty
of practice for further application and exploration, con-
stantly set up reasonable and conform to the yuan universe
teaching ecological scene, combined with the character-
istics of the new technology, especially virtual-reality
interaction, etc., which helps to realize the organic unity,
virtual and reality, and to meet the needs of wisdom
education comprehensive, integrated into the teaching of
each link, and strengthen the appeal and effectiveness of
the science and education integration. We should opti-
mize the ecosystem evaluation indicators and promote the
synchronous development of the “meta-
universe + education” related management system and
laws and regulations, so as to further extend the scope of
application and have universal promotion value and
significance.

With the continuous development of new technologies, a
large number of new applications need to be explored. There
is still a long way to go to fully realize the metaverse-based
smart education ecosystem. Facing more opportunities and
challenges, we will gradually promote the innovative, be-
nign, and sustainable development of the metaverse-based
smart education ecology.
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Abstract

Purpose — This study aims to offer a comprehensive exploration of the potential and challenges associated with sensor fusion-based virtual reality
(VR) applications in the context of enhanced physical training. The main objective is to identify key advancements in sensor fusion technology,
evaluate its application in VR systems and understand its impact on physical training.

Design/methodology/approach — The research initiates by providing context to the physical training environment in today's technology-driven
world, followed by an in-depth overview of VR. This overview includes a concise discussion on the advancements in sensor fusion technology and its
application in VR systems for physical training. A systematic review of literature then follows, examining VR's application in various facets of
physical training: from exercise, skill development and technique enhancement to injury prevention, rehabilitation and psychological preparation.
Findings — Sensor fusion-based VR presents tangible advantages in the sphere of physical training, offering immersive experiences that could
redefine traditional training methodologies. While the advantages are evident in domains such as exercise optimization, skill acquisition and mental
preparation, challenges persist. The current research suggests there is a need for further studies to address these limitations to fully harness VR's
potential in physical training.

Originality/value — The integration of sensor fusion technology with VR in the domain of physical training remains a rapidly evolving field.
Highlighting the advancements and challenges, this review makes a significant contribution by addressing gaps in knowledge and offering directions
for future research.

Keywords Virtual reality, Sensor fusion, Injury prevention, Mental training

Paper type Research paper

1. Introduction small groups, targeting specific personal goals such as increasing
muscle strength, improving cardiovascular health, enhancing

Physical training has gained significant prominence in flexibility or augmenting endurance (Myers, 2003; Lam ez dl.,

contemporary society, as an increasing number of individuals 2018). Historically, the evolution of technologies in the domain of
acknowledge the benefits of maintaining a healthy and active physical training has been marked by significant transitions. From
lifestyle. Numerous studies have demonstrated that physical rudimentary tools like weights and calisthenics, there was a shift
training can mitigate the symptoms of chronic diseases, such toward tools like heart rate monitors and pedometers in the 20th

as heart disease, hypertension, diabetes and obesity (Coats et al.,
1990; Diaz and Shimbo, 2013; Zinman et al., 2003; Krotkiewski
et al., 1979). Besides physical health advantages, physical training Funding: This study was supported by the project Research on the

has also been shown to enhance mental health, productivity and Standardization Development Strategy of Central Plains Wushu of Henan
overall quality of life (Folkins and Sime, 1981; Sjogaard et al., Provincial Sports Bureau under Grant No. 202327.

20165 Gill er al., 2013). It can be conducted individually or in
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century (Epstein er al., 1985; Tapia et al., 2007; Bravata et al.,
2007). With the advent of the technological era, wearable devices
and mobile applications became prominent (Qi and Aliverti,
2019). Yet, the most transformative phase in this evolution has
been the convergence of sensor fusion technology with virtual
reality (VR), which holds the promise of redefining training
methodologies across diverse domains (Ali ez al, 2017). This
technological integration has the potential to bridge gaps in
traditional training, thereby underscoring the significance of this
review.

VR, initially proposed by Jaron Lanier, is a technology that
generates a sense of immersion in a computer-rendered,
interactive 3D environment by using computer graphics systems
and various interface devices for input and control (Mantovani
et al., 2003; Gandhi and Patel, 2018). Users can interact with VR
through a range of devices, such as head-mounted displays
(HMDs) and motion sensors (Colago ez al., 2013). VR can be
classified according to its level of immersion, which pertains to the
degree of sensory engagement and human—computer interaction
(Bowman and McMahan, 2007). Based on this criterion, VR can
be divided into three main categories: fully immersive VR, semi-
immersive VR and nonimmersive VR (Kyriakou ez al., 2017).
Notably, the distinction in VR classifications has relevance on a
global scale. Different regions with varying infrastructural and
technological advancements might find one form of VR more
accessible than another (Ii and Wong, 2021). Another prevalent
classification of VR is grounded in hardware and equipment.
Immersive VR systems typically necessitate specialized hardware,
such as HMDs and data gloves, to facilitate a fully immersive
experience for the user (Lantz, 1996). In contrast, nonimmersive
VR generally uses a desktop computer or mobile device with a
standard monitor or display to simulate a virtual environment
(Saposnik ez al., 2016). Significantly, sensor fusion-based VR has
emerged as a pivotal advancement. By integrating data from
diverse sensors, it offers enhanced immersive experiences,
especially vital for physical training (Shi ez al., 2023a, 2023b;
Pfeiffer, 2008; Tian ez al., 2023).

Sensor fusion-based VR technology has witnessed rapid
advancements in recent years, finding applications across
various domains such as entertainment, education and health
care (Pillai and Mathew, 2019; Hsieh and Lee, 2018). In the
entertainment sector, sensor fusion-based VR has been used for
gaming and cinematic experiences, offering users a more
immersive and interactive environment Lin (2017). Within
education, it facilitates interactive and immersive learning
experiences, particularly for subjects like science and history
(Helsel, 1992; Wickens, 1992). In health care, it has been used
for medical training and rehabilitation exercises, enabling more
accurate and personalized treatment plans (Fertleman ez al.,
2018; Bracq et al.,, 2019). Moreover, in sports and physical
training, sensor fusion-based VR can enhance athletic
performance by providing real-time feedback and precise
movement tracking (Diiking er al, 2018). Considering its
diverse applications and global potential, sensor fusion-based
VR emerges as a versatile tool for enhancing physical training
and overall well-being (Chirico ez al., 2016). Given its potential
impact, a systematic review of the advancements in sensor
fusion-based VR for physical training becomes imperative.

This systematic review is intended to probe into the recent
advancements in sensor fusion-based VR as a tool for enhancing
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physical training. In Section 2, we outline our search strategy,
inclusion and exclusion criteria, and quality assessment process
according to the preferred reporting items for systematic reviews
and meta-analyses (PRISMA) guidelines. Section 3 provides an
overview of sensor fusion-based VR technology, encompassing
the types of sensors commonly used in VR, such as tactile
sensors, eye-tracking sensors and inertial measurement units
(IMUgs). In Section 4, we analyze the current literature on the
application of sensor fusion-based VR for improved physical
training, including strength training, endurance training,
flexibility training, skill acquisition and rehabilitation training,
and psychological training. Section 5 delves into the advantages
and limitations of using sensor fusion-based VR for physical
training, as well as the future research and application direction in
this field. Finally, we summarize our findings and emphasize the
implications of our review for future research and practice in the
field of physical training.

2. Materials and methods

2.1 Search strategy

We conducted an exhaustive literature search in electronic
databases including PubMed, Web of Science, Scopus, Embase
and IEEE Xplore, using a mix of keywords and MeSH terms
concerned with “virtual reality” or “VR” and “physical training”
or “exercise” or “fitness” or “skill” or “rehabilitat*” or “mental”
or “psycholog*.” The search was restricted to articles published
between 2018 and 2023. The selected journals and conference
proceedings as well as their corresponding publishers are
presented in Table 1. A research librarian assisted in developing
the search strategy to ensure the identification of all relevant
articles. In addition, we manually examined the reference lists of
pertinent articles to discover supplementary studies. Duplicate
articles were excluded using EndNote software. The study
selection process, in accordance with the PRISMA guidelines, is
depicted in Figure 1.

2.2 Study selection

In the selection process, two independent reviewers sifted

through the titles and abstracts of all retrieved articles to

identify potentially pertinent studies. The full articles were

subsequently assessed for eligibility according to predefined

inclusion and exclusion criteria. Studies were included if they

met the following criteria:

+ published in English language;

+ original research studies;

+ involving the use of sensor fusion-based VR technology for
physical training; and

« reporting outcomes related to physical training.

Studies were excluded if they:
« were not related to sensor fusion; and
+ had multiple publications on the same program.

Disagreements over study selection were resolved through
argument and consensus between the two reviewers. The
number of studies included and excluded at each stage of the
sifting process is reported in the PRISMA flow diagram.
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Table 1 Selected journals and conference proceedings as well as corresponding publishers

Publication Source

IEEE IEEE Journal on Selected Areas in Communications; IEEE Access

Elsevier Gait & Posture; Microprocessors and Microsystems; Education for Chemical Engineers; Journal of Hand Therapy;
Medicine in Novel Technology and Devices

Springer Journal on Image and Video Processing; Virtual Reality

MDPI Machines Applied Sciences; Energies Biomimetics; Sensors; Electronics Sports

Taylor & Francis
Frontiers Media SA

Traffic Injury Prevention

Frontiers in Bioengineering and Biotechnology; Frontiers in Psychology

Case Studles in Sport and Exercise Psychology; Journal of Sport Rehabilitation

Wiley-Blackwell Developmental Medicine & Child Neurology
Egyptian Knowledge Bank Bulletin of Faculty of Physical Therapy

Hindawi Mobile Information Systems

Human Kinetics

ACM ACM Transactions on Computing for Healthcare

SAGE Publications

Dove Medical Press

Oxford University Press

Mary Ann Liebert, Inc. Publishers
BioMed Central

Chitkara University Publications
Other

Surgical Innovation

Clinical Interventions in Aging
Journal of Public Health
Games for Health Journal
BMC Geriatrics

Journal of Electronics and Informatics
Advances in Visual Computing: 13th International Symposium; IEEE Conference on Virtual Reality and 3D User

Interfaces (VR); Proceedings of the ACM on Interactive, Mobile, Wearable and Ubiquitous Technologies; IEEE
REGION 10 CONFERENCE; International Conference on Virtual-Reality Continuum and Its Applications in
Industry; International Conference of Information and Communication Technology; International Conferences
on Virtual Reality and Visualization; International Conference on Robotics and Automation; International
Instrumentation and Measurement Technology Conference; Procedia CIRP; Medical Technologies Congress;
Proceedings of the IEEE VR Workshop on Applied VR for Enhanced Healthcare; IEEE Conference on Virtual

Reality and 3D User Interfaces

Source: Created by authors

2.3 Data extraction

Data extraction entailed a systematic process of obtaining
relevant information from the included studies. Two
independent reviewers separately extracted data using a
normative form, and any disagreements were resolved through
argument and consensus reached with a third reviewer. The
data items below were extracted: study design, sample size,
participant characteristics (age, gender, health status),
intervention details (type of VR technology used, training
regimen, duration, frequency), outcome measures (physical
performance, functional ability, quality of life, motivation) and
any adverse events. Data were extracted using a combination of
manual and electronic methods, including direct data entry
into a spreadsheet and use of software for text mining and
data extraction.

2.4 Quality assessment

To assess the quality of the included studies, we used the
Cochrane risk of bias tool, which estimates the risk of bias
across multiple fields, including selection bias, performance
bias, detection bias, attrition bias, reporting bias and other
sources of bias. The evaluation of bias risk for each study
included was undertaken by two independent reviewers. Any
disagreements were dealt with through argument or
consultation with a third reviewer if required. Furthermore, the
Grading of Recommendations, Assessment, Development, and
Evaluations (GRADE) methodology was used to determine the
overall quality of evidence for each outcome. Various criteria,
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such as bias risk, inconsistency, imprecision, indirectness and
publication bias, were considered while assessing the quality of
evidence. The quality appraisal was conducted with a
systematic and transparent approach to ensure the accuracy
and dependability of the results.

3. Sensor fusion in virtual reality

Multisensory fusion, often termed sensor fusion, is integral in
creating a more immersive and engaging VR experience (Su
et al., 2020). The synthesis of data from various sensors ensures
a comprehensive representation of the user’s movements and
actions within the VR environment, thus leading to a richer
interactive experience. In the realm of physical training, sensor
fusion’s applications in VR are transformative, as they enable an
accurate depiction and analysis of an individual’s movements
and performance.

The VR landscape, particularly in the context of physical
training, uses a diverse array of sensors (Qi ez al., 2021; Su ez al.,
2022). These typically include inertial sensors (IMUs), motion
capture systems and physiological sensors. First, IMUs
measure and report specific force, angular rate and sometimes
magnetic field surrounding the sensor. Widely used in physical
training VR applications, IMUs can detect the smallest shifts in
movements, facilitating granular feedback. By tracking an
individual’s movement in a 3D space, motion capture systems
have profound applications in refining techniques, such as
dance or athletic drills. Second, by tracking an individual’s
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Figure 1 Literature review process
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movement in a 3D space, motion capture systems have
profound applications in refining techniques, such as dance or
athletic drills. Lastly, physiological sensors capture the body’s
physiological responses. Heart rate monitors, skin conductance
sensors (which measure arousal) and electromyography
(EMG) sensors (measuring muscle activity) fall into this
category. These sensors are especially crucial in crafting
realistic simulations and gauging real-time physiological
reactions to training scenarios.

Immersive feedback for training: By fusing data from eye-
tracking sensors, IMUs and tactile sensors, VR systems can
adapt in real time to the user’s actions. For instance, a trainee
can receive real-time feedback on their stance or grip in a virtual
sport training application, leading to immediate correction and
learning (Herrera-Luna ez al., 2019).

Realistic simulation of environments: For applications like
pilot training or medical simulations, the combination of data
from various sensors, such as pressure sensors and heart rate
monitors, can create lifelike scenarios (Marin-Pardo er al.,
2020). The trainee’s physical responses can further influence
the virtual environment’s response, making the training
scenario more dynamic.

51

51

Enhanced engagement in rehabilitation: In medical
rehabilitation, combining EMG sensors with tactile feedback can
offer a more holistic view of a patient’s muscle activity (Dhawan
et al., 2019). This fusion allows for the creation of customized
virtual training regimes, adapting in real-time to a patient’s
progress.

Precision in skill training: Whether it is a virtual dance class
or a martial arts tutorial, the synthesis of data from sensors like
IMUs and EMG sensors ensures that the VR system can detect
and respond to even the minutest of movements, allowing for
refined skill training.

Psychological preparedness training: By integrating feedback
from skin conductance sensors, which measure arousal, with
the VR environment, training modules can be designed to
prepare athletes or soldiers for high-pressure situations, making
them mentally resilient.

Beyond the use of sensors, the true essence of sensor fusion
lies in the techniques used to process and combine the data they
provide. Some pivotal techniques include Kalman filtering,
sensor data fusion algorithms and sensor calibration (Qi ez al.,
2023; Qi and Su, 2022). Kalman filtering refers to a recursive
algorithm that estimates the state of a linear dynamic system
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Table 2 Experiments with virtual reality (VR) in exercise and fitness training
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Author and date of

publication Subjects

Design

Method

Conclusion

Galarza et al. (2018) Three boys and two girls
between 8 and 13 years
old

Linetal. (2021) Eight subjects in active

state

De Vries et al. (2018) Thirty young and elderly

participants

Abdelraouf et al. (2020) Fifty male collegiate
athletes (football players)
from 18 to 24 years old

with nonspecific LBP

Lee and Kim (2018) Twenty-one male

university students

Postolache et al. (2020)  Two healthy volunteers
(one male and one

female)

Kern et al. (2019) Thirty-six healthy

participants

Rabbi et al. (2018) Fifteen participants

Source: Created by authors

An electromyographic sensor-
based virtual system using the
Unity3D graphics engine

A robot-assisted active training
(RAAT) using an adaptive
admittance control scheme
with virtual reality interaction
(AACVRI)

Seven optoelectronical
cameras based on Kinski

Oculus Rift DK2 VR headset
with embedded sensors

The sports VR system
consisting of the IR sensor and
the reflector

Physical rehabilitation
monitoring combining virtual
reality serious games and
wearable sensor network

An immersive VR rehabilitation
system that includes a head-
mounted display and motion
Sensors

JARVIS, a virtual exercise aide
that offers a fully immersive
and interactive gym exercise
experience to users

Two videogames with different
difficulty levels and easy
execution

Stimulate a virtual training
environment including action
following, event feedback and
competition mechanism

Two skiing games, one on the
Wii Balance board (Wiiski) and
the other with the Kinect
sensor (Kinski)

Compare the effect of
combined core stability
exercises (CSE) and virtual
reality (VR) training versus CSE
training solely on body balance
and function

A program spanning over
four weeks which emphasizes
enhancing fundamental
functions like endurance,
strength and function

Five sessions of 3-min play
(180 s) at Cans Down
challenge, using both limbs to
grab the virtual objects

Compare the immersive
program to a traditional
rehabilitation program

Surface electromyography
(sEMG) signal analysis of
participants

The acceptation level of the
virtual system designed to
strengthen the lower limbs of
children can be measured
RAAT is a feasible approach for
lower limb strength training,
and users can independently
complete high-quality active
strength training under RAAT
Assessing the movement
challenge in games used for
balance training is important

CSE training plus virtual reality
is more effective than CSE
training alone in improving
total body balance and
dysfunction level in collegiate
male athletes with nonspecific
LBP

A four-week virtual reality (VR)
training program for sports is
suitable for enhancing body
composition and overall health
through VR-based sports
training

The remote monitoring of
physical training sessions helps
the patients to achieve better
rehabilitation results in short
period of time process
Immersive VR provides a
promising augmentation for
gait rehabilitation

JARVIS has the potential to
deliver effective and engaging
guidance for exercises
involving machines

from a series of noisy measurements. It is widely recognized for
its efficacy in real-time applications. Then, sensor data fusion
algorithms are designed to manage, process and combine data
from multiple sensors, enhancing the precision and reliability of
the results. A crucial step before data fusion, calibration ensures
that sensor data is accurate and aligned. Proper calibration can
significantly reduce errors in the fused data.

4. Enhanced physical training through sensor
fusion-based virtual reality
This section focuses on the application of sensor fusion-based

VR technology for enhancing physical training. Table 2
presents representative experiments that have used VR in
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exercise and fitness training. Moreover, this section provides an
overview of the various types of physical training that can
benefit from sensor fusion-based VR, including exercise and
fitness training, skill acquisition and technique training, injury
prevention and rehabilitation training, as well as mental
training and preparation. Concurrently, we review the current
literature on the employment of sensor fusion-based VR for
these types of training, emphasizing the advantages and
limitations of this technology.

4.1 Exercise and fitness training

In this subsection, we concentrate on how sensor fusion-based
VR can be used to enhance different types of exercise and
fitness training, such as strength training, balance training,
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endurance training and flexibility training. Moreover, we also
examine how sensor fusion technology can be used to track and
analyze physical performance data, such as heart rate, body
temperature and muscle activation. This allows for a more
user-friendly human—computer interaction and provides
valuable insights for optimizing training experiences.

Virtual systems using sensor fusion-based VR technology
have been proposed to enhance lower limb strength training. A
virtual system was proposed to fortify children’s lower limbs
using EMG sensors and Unity3D graphics (Galarza er al.,
2018). The system uses Bluetooth wireless communication to
collect and process EMG signals, allowing users to control
virtual environments. Five users between 8 and 13years old
with muscle affectations participated in experimental tests, and
the system’s usability was assessed by the single ease question
test, yielding a result above 40, which indicates a high level of
acceptability. Lin ez al. (2021) introduced a robot-assisted
active training (RAAT) using an adaptive admittance control
scheme with virtual reality interaction to improve the lower
extremity ability of stroke survivors. Furthermore, terminal
force sensors and angular transducers were used to perceive the
human—computer interaction force and joint status, while force
sensors measured the interaction force and deviations of the
dynamic model. Experiments involving eight subjects
demonstrated that RAAT is a feasible approach for lower limb
strength training.

Sensor fusion-based VR technology has proven to be
effective in enhancing balance training, as demonstrated in
several studies. de Vries er al. (2018) compared the challenge
level of two skiing games, Wiiski and Kinski, for balance
training in young and elderly participants. The results indicated
that Kinski, using seven optoelectronic cameras, imposed a
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higher challenge level than Wiiski, and adaptations led to a
decrease in challenge in Wiiski. This study highlights the
importance of assessing movement challenges in games used
for balance training, which may have implications for the design
and selection of effective balance-training tools. Similarly, a
study was conducted to investigate the effectiveness of VR
training in improving body balance and function in male
collegiate athletes with nonspecific low back pain (Abdelraouf
et al., 2020). The Oculus Rift DK2 VR headset, equipped with
embedded sensors, was able to detect the wearer’s head
motions and adjust the displayed images accordingly,
producing a stereoscopic 3D image. The experimental group
underwent core stabilization exercises while wearing the
Oculus Rift DK2 VR headset, resulting in significantly higher
postvalues for dynamic balance.

Recently, sports virtual training has demonstrated significant
potential in improving endurance and flexibility through the
integration of applied sports science, information and
communication technology and sensor fusion techniques
(Qiao er al., 2021, 2022). A four-week sports VR training
program involving 21 participants effectively improved body
composition and health, emphasizing the efficiency of VR
systems in enhancing endurance and flexibility training (Lee
and Kim, 2018). The use of VR serious games and wearable
sensor networks enables personalized exercise and improved
patient engagement in physical rehabilitation, leading to better
results in a shorter period of time (Postolache ez al., 2020). An
example of wearable sensor devices is shown in Figure 2.
Sensor fusion, such as the combination of HMDs and motion
sensors, was used in an immersive VR rehabilitation system for
treadmill-based programs, resulting in enhanced feelings of
competence and superior outcomes compared to traditional

Figure 2 The final prototypes of wearable devices developed, presented on a 3D object schematic with all smart sensors connected in right places

Right Glove

SUBTILE:
Arduino Nano
Microcontroller
IMU MPU.9250
HC-05 Bluetooth
Module
Battery Pack 3.7V
2050mAh
USB Battery
Recharger
FlexiForce A201

FlexSensor 2.2"

Left Glove

/' @m m O O ® »

Notes: The green board represents the printed circuit board where are placed all
hardware components. The black cover on the headband represents the box of devices

and are opened in figure

Source: Figure courtesy of Postolache ef al. (2020)
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training (Kern ez al., 2019). JARVIS, a virtual exercise assistant
using Internet of Things (IoT) and immersive VR technology,
offers an interactive and immersive gym exercise experience by
using miniature IoT sensing devices to track exercise
information and guide users in proper exercise execution in a
virtual environment (Rabbi ez al., 2018). The integration of
various sensor fusion techniques, including wearable sensor
networks, motion sensors and IoT sensing devices, contributes
to the effectiveness of VR systems in endurance and flexibility
training, ultimately leading to better physical conditions,
increased enjoyment and improved competence.

In summary, the current research trends in sensor fusion-based
VR for exercise and fitness training highlight the application
in enhancing various forms of exercise, from strength to balance
to endurance and flexibility. With real-time data analysis,
personalized feedback and immersive experiences, there is a clear
shift toward more tailored and interactive training regimes.
Looking ahead, as sensor technologies become more integrated
and sophisticated, and as VR platforms become more
widespread, the potential for fully immersive, individualized
training sessions in both professional and home settings will only
continue to grow.

4.2 SKkill acquisition and technique training

This type of physical training focuses on developing specific skills
and techniques required for a particular sport or activity as shown
in Table 3. VR offers a secure and controlled environment,
allowing athletes to practice and hone their abilities, such as
shooting accuracy in basketball or ball control in soccer. In
addition, sensor fusion-based VR technology can be used to
enhance various forms of skill acquisition, including surgical
training.

To begin with, VR technologies have been proposed as
effective tools for enhancing basketball training. Yao ez al
(2020) developed an innovative human action recognition
system for VR applications that uses triple Kinect sensors, as
illustrated in Figure 3. Unlike previous studies, this system can
perform real-time mark detection to identify the user’s front
and fuse skeleton data. The feasibility of the proposed system
has been verified through an experiment using a VR basketball
application. In addition, a framework using augmented reality
(AR) technology was proposed for basketball training, with the
goal of improving the mastery of technical fundamentals and
training efficiency (Bao and Yao, 2021). When pitted against
each other, the two approaches underscore the dynamism and
potential variety in VR applications for basketball training.

Moreover, VR technology shows potential for enhancing
athletic training in soccer, as evidenced by the following
studies. In Wood er al. (2021), to ensure precise tracking of
movements, participants were provided with custom-made
training shoes and shin guards tailored to their shoe size.
These were specially designed to include four detachable
HTC Tracker 2.0 sensors integrated with each shoe and shin
guard, enabling precise measurement of movement during
soccer-specific VR training. The results of the study confirm
the VR simulator’s construct validity, as it was able to
distinguish between participants of different skill levels, thus
demonstrating the potential of VR technology to augment
athletic training. Shimi ez al. (2021) investigated the influence
of attentional abilities on goalkeeping performance in soccer
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using immersive VR. The findings indicated that attention
networks, including alerting, orienting and executive control,
significantly contributed to performance in the VR goalkeeping
task. This study emphasizes the importance of cognitive skills in
sports and highlights the potential for training cognitive abilities
in athletes.

Besides, VR can enhance trainees’ performance in archery
and boxing. Zhang and T'sai (2021) presented a sports training
framework based on VR and a motion capture data algorithm.
The training experiment results demonstrated that the VR
training method could stimulate students’ interest in training,
improve their training effect and promote their psychological
internal motivation to continue training. To assess head—trunk
motor coordination and visuomotor transmutation, Esposito
et al. (2021) introduced the virtual aRCheRy platform, a VR
archery game. The platform was equipped with a pipeline using
its own sensor fusion algorithms to analyze both spatial
performance and motor behavior. The demonstrative
experiment revealed that the egocentric reference frame
transition away from the trunk occurred between 7 and 9 years
of age. Romeas er al. (2022) found that the 360° VR program
led to greater improvements in decision-making performance
for boxers. The study highlighted the potential of VR for
psycho-perceptual-motor-skill evaluation and training in sports
and provided guidance for practitioners.

Researchers have developed various multisensor-based VR
systems, such as skiing, shooting and cycling simulators, to
improve sports training by overcoming traditional limitations.
To address environmental and instructional constraints in
conventional alpine ski training, Wu ez al. (2019) proposed a
VR ski training system using various sensors. The system used
motion tracking technology to capture professional skiers’
movements and replayed them to users for skill improvement.
This laid the foundation for future development and utilization
of VR ski simulators to support skiers in their training.
Comparatively, Sun and Yang (2022) sculpted a multisensor
skiing simulator with safety, training and virtual simulation at its
core. On another note, Elor er al. (2020) pitted two immersive
VR systems, the Cave Automated Virtual Environment and
HMD, against each other, deducing the latter’s superior
engagement and efficacy. Such comparative insights provide a
nuanced perspective on the capabilities and potential areas of
improvement for each system. To address the issue of cycling
enthusiasts being unable to ride outside due to weather and
traffic accidents, a VR cycling system with multisensor fusion is
proposed (Liao et al., 2020). Hall sensors, gyroscopes and other
sensors are used to capture cycling speed and rotation angle,
while real-time data exchange with a mobile VR scene enables
monitoring of movement consumption, speed and distance. In
addition, the system simulates natural wind effects using a fan,
resulting in a more realistic indoor VR cycling experience.

Diving into professional skills like welding, Lee er al. (2021)
launched a sensor-rich extended reality platform tailored for arc
welding, offering an immersive welding ambiance. Contrasting
this with surgical training, Queisner ez al. (2022) capitalized on
depth sensors and cameras to forge the VolumetricOR system,
facilitating dynamic 3D visualizations in operating theaters.
While both domains are drastically different, juxtaposing the
VR applications underscores the versatility and potential
customization based on the specific training needs.
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Table 3 Experiments with virtual reality (VR) in skill acquisition and technique training

Author and date of
publication Subjects Design Method Conclusion
Yao et al. (2020) Five three-dimensional (3D) A novel system for A method for detecting marks in  The system'’s feasibility has been
skeleton data sequences from recognizing human actions  real-time to identify the user’s demonstrated through the use of
body parts in VR applications using front and fuse skeleton data a virtual reality basketball
three Kinect sensors application
Bao and Yao (2021) Basketball players The framework for Basketball technology's mode Players can gain crucial insights
reproducing basketball founded on virtual reality-based into sports skills, leading to a
training using augmented  virtual data augmentation substantial enhancement in
reality technology technology (VDRT) basketball players' training
efficiency
Wood et al. (2021)  Seventeen professional soccer A soccer-specific VR Four VR soccer drills per group VR platform effectively
players (13 male, 4 female), simulator distinguished between
seventeen academy players (14 participants of varying skill levels
male, 3 female) and seventeen
novice players (9 male, 8 female)
Shimi et al. (2021)  One hundred volunteers (34 VR goalkeeper task Three computerized tasks and Cogpnitive skills relating to
males and 66 females) the two paper-and-pencil scales  attention play a critical role in the
efficient execution of soccer-
specific tasks
Zhang and Tsai High-school students learning The framework of sports The training method using VR training method can stimulate
(2021) tennis for the first time training based on virtual virtual reality technology students’ interest in training,
reality technology and a improve students’ training effect
motion capture data and promote students’
algorithm based on psychological internal motivation
behavior string to continue training
Esposito et al. Adults, 10-to 11-year-old The VRCR platform A virtual reality archery-like The VRCR platform is useful in
(2021) children and 6- to 7-year-old serious game for the assessment  simplifying the study of such a
children of head-trunk motor complex system by disentangling
coordination, head-trunk its components
visuomotor transformation,
egocentric space encoding and
their relationship
Romeas et al. Six boxers A 360° VR (360VR) One experimental group trained ~ 360VR offered self-reported
(2022) temporal video-occlusion on 360VR, and one active control satisfactory, representative and
program group trained on a VR game safe individual training
simulation during 11 sessions opportunities for the boxers
Wu et al. (2019) Fourteen participants (6 female) A ski training system using  One training trial to get familiar ~ The VR-based ski simulator
virtual reality technology with the visualization and two  offered users an immersive skiing
and an indoor ski simulator  test trials experience and enabled them to
overcome environmental
limitations associated with alpine
ski training through the use of
relatively inexpensive equipment
Sun and Yang Skiing participants The attitude training A stimulated training that helps  The attitude training simulator
(2022) simulator of ski machine people simulate based on multisensor technology
with multisensor multidimensional skiing posture  can demonstrate favorable
in real skiing scene experience  benefits in practical applications
Elor et al. (2020) Forty participants with and The Cave Automated Virtual Compare the room-scale The HMD exhibited exceptional
without cognitive disabilities Environment (CAVE) and Mechdyne CAVE and HTC Vive  performance within the game,
the head-mounted display ~ Pro HMD with a custom in-house eliciting a positive biofeedback
(HMD) exercise game response and promoting player
engagement
Liao et al. (2020) Cycling enthusiasts A virtual reality cycling The virtual simulation scene of ~ The indoor VR cycling effect can
system with multi-sensor bicycle riding built through the  be realized
fusion virtual reality environment of
mobile phone
(continued)
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Author and date of
publication Subjects Design Method Conclusion

Lee et al. (2021) Platform users

Queisner et al. Trainees

(2022) operating room

Source: Created by authors

A new multisensor
extended reality platform
for arc welding training

A photorealistic virtual

The automated multisensor
technique demonstrated superior
performance in terms of
precision, learning curve and
efficacy

VolumetricOR improved the
linking of theoretical expertise
and practical application of
knowledge and shifts the
learning experience from
observation to participation

A "bot trainer,"” virtual cues of
the seam geometry, automatic
spot tracking and performance
scores

Traditional video-based formats
of digital simulation in surgical
training

Figure 3 Schematic illustration of the Three Kinect System

3 Kinect 2

(
[ i1.4m

Kinect 3

Kinect 1

Source: Figure courtesy of Yao et al. (2020)

Summarizing, the current research trends in the domain of skill
acquisition and technique training using sensor fusion-based VR
emphasize the technology’s capability to create realistic training
scenarios for diverse sports and professional activities. These
technologies provide a bridge between the virtual and real worlds,
allowing for safe, controlled and effective training. From sports
like basketball and skiing to professional skills like welding and
surgery, VR is proving to be an indispensable tool. As we move
forward, the fusion of more sensors and the development of more
realistic virtual environments are expected, ensuring that athletes
and professionals can train more effectively and safely than ever
before.

4.3 Injury prevention and rehabilitation training

This form of physical training, as depicted in Table 4, concentrates
on minimizing the risk of injuries and expediting the recovery
process following an injury. VR can be used to replicate real-life
scenarios and movements that potentially expose a subject to
injury, thereby enabling them to practice and refine appropriate
techniques and movements to avert injury.
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VR interventions have been explored in recent studies for their
potential to enhance pedestrian safety and occupational safety.
In one study, Phu ez al. (2019) evaluated the effectiveness of VR
training with the Balance Rehabilitation Unit compared to the
modified Otago Exercise Programme in enhancing physical
performance and balance among older adults with a history of
or at risk of falls. The results demonstrated that both
interventions significantly improved timed up and go, gait
speed, limits of stability in posturography assessment, falls
efficacy scale — international score and handgrip strength
compared to the nonintervention group. Luo ez al. (2020)
examined the application of VR technology for pedestrian
safety training in Chinese children, aiming to identify and
modify risky pedestrian behaviors through three street-crossing
challenges. The study used two infrared sensors to construct a
large tracking space. In 2022, through a virtual environment
that simulates tractor operation and rollover hazards, VR
intervention Virtual Reality Intervention for Safety Education
(VRISE) enhances the perceived threat of tractor-related
accidents and improves tractor safety intentions (Namkoong
et al., 2022). The research underscores the effectiveness of VR
interventions like VRISE in promoting behavioral intentions
for occupational safety.

Recent research has explored the potential of VR to address
challenges and enhance training in various industries, including
the chemical, precast concrete and smart grid industries.
Fracaro er al. (2021) discussed the potential of VR as a solution
to obstacles in chemical industry operator training, such as high
costs, safety limitations and lack of engagement. Their work
contributes to a multidisciplinary exploration of VR training
environments within the chemical industry. In Joshi er al
(2021), a safety training module was created using Unity3D
and Visual Studio platforms, interfaced with Oculus Rift/
Oculus S and equipped with Oculus sensors to reduce the
occurrence of common injuries in the precast/prestressed
concrete industry. The module focused on three significant
safety concerns. He ez al. (2022) introduced a vectorized graph
convolutional deep learning model aimed at assessing the
precision of manual operations within VR training systems
designed for smart grids. The model uses multisensor data sets
obtained from data gloves and is capable of reducing data
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Table 4 Experiments with virtual reality (VR) in injury prevention and rehabilitation

Author and date of
publication Subjects Design Method Conclusion
Phuetal. (2019) 195 Balance Rehabilitation The study compared participants receiving  Virtual reality can improve outcomes of
participants Unit (BRU) and a modified interventions to a control group, assessing  balance training
with a risk and/ Otago Exercise their physical performance
or history of Programme (EX)
falls
Luo et al. (2020) 79 children A VR program comprising  Participants completed pedestrian challenges VR is effective for correcting risky
from three three street-crossing twice, with debriefing in between, and their  pedestrian behaviors in Chinese children
elementary challenges risky behaviors were analyzed
schools
Namkoong et al. 291 high Virtual Reality VRISE was developed, and subjects were VRISE can effectively improve public
(2022) school students Intervention for Safety randomly assigned to the treatment ortwo  health outcomes in occupational safety
Education (VRISE) control groups education
Fracaro et al. (2021) Industrial A VR training solution The VR training environment comprised VR training environments can assist the
participants game-based learning components, chemical industry

evaluation methods and learning analytics
Joshietal. (2021) 32 students A VR training module VR training module is evaluated through VR training is characterized by higher

from efficacy and effectiveness analyses engagement and yields a deeper
Mississippi comprehension of concrete plants
State University
He et al. (2022) Trainees A vectorized graph The model constructs a kernel with different  The method for evaluating manual
convolutional deep weights for finger joints and uses different  operation accuracy in VR training
learning model evaluation strategies for different actions systems of smart grids is efficient
Kumar et al. (2018) 12 hemiplegic  Virtual reality-based CoM- Participants interact with Virtual COMBaT The system can improve overall
patients assisted balance tasks through ankle strategy for weight shifting performance in balance-related tasks of
(Virtual CoMBar) and complete tasks of varying challenge varying difficulty levels
levels
de Vries et al. Thirty young VR balance games EMG was used to monitor muscle activity in ~ The method analyzed muscle activity
(2020) and thirty young and healthy older adults as they during VR games and identified potential
healthy older played seven VR balance games strength training elements
adults
Zahedian-Nasab 60 elderly VR exercises based on The study used demographic questionnaires, VR balance exercises for 6 weeks
etal. (2021) individuals Xbox Kinect the Berg Balance Scale, the Timed Up and Go improved balance ability and reduced
living in test and the Falling Efficacy Scale as research fear of tumbling in the elderly
nursing homes tools
Bai and Song (2019) 32 participants A home-based multiscene An FMA-RSA model assessed upper limb The system has the potential to become
upper limb rehabilitation ~ motor function, and dynamic time warping  an effective home rehabilitation training
training and evaluation solved movement path inconsistencies and evaluation system
system
Liuetal. (2019) Users A glove-based system A network of 15 IMUs is deployed, and hand  Such a glove-based system can simplify
location is tracked by a Vive Tracker witha  the data collection of human
Lighthouse manipulations with VR
Tarakci et al. (2020) 92 patients An 8-week LMCBT A randomized control trial comparing LMCBT  The use of LMCBT should be considered
program to conventional treatment was conducted on  as an effective intervention for children
children and adolescents with different and adolescents experiencing physical
disabilities disabilities
Lietal. (2023) Patients with  Inexpensive soft robotic A glove with 15 inertial measurement units ~ The proposed glove could be used as a
severe hand glove for hand and a motor—tendon stimulus system tracks  simple method for assessing and training
impairment rehabilitation in VR finger motion hands
Marin-Pardo etal.  Four stroke An EMG-based variantof ~ Participants underwent seven 1-h training Training with MCls improved clinical
(2020) survivors our REINVENT VR sessions using a head-mounted VR system assessment scores and induced changes
neurofeedback and clinical assessments were conducted in corticospinal communication
rehabilitation system
Xiao et al. (2022) Patients with A virtual reality Patients control their virtual role using The virtual reality upper limb
movement rehabilitation system Kinect, following guidance for training rehabilitation system is proven reliable,
disorders based on Kinect actions stable and effective in guiding users
(continued)
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Author and date of
publication Subjects Design Method Conclusion
Alexandre et al. Patients A solution for physical A Web API processed sensor data, providing  The developed system proves to be an
(2019) rehabilitation of upper insights on user capabilities during training  appropriate solution that can be used in the
limbs based on VR physiotherapy area
Choi etal. (2021) 80 children A virtual reality Eighty children beset by brain injury In comparison to conventional
with brain rehabilitation system of  participated in a randomized controlled trial  occupational therapy, virtual reality
injury wearable multi-inertial and assessments were conducted using training proved to be more effective in
Sensors evaluation tools enhancing dexterity
Shi and Peng (2018) Patients A VR-based user interface  QFD and ergonomic analysis used to enhance the ~ Game playing using the developed
interest of patients and improve their rehabilitation interface improves patient rehabilitation
Covaciu et al. People who A VR simulator for an This simulator uses sensors including By using this intelligent module by the
(2021) have had a intelligent robotic system  gyroscope, accelerometer and EMG to collect rehabilitation system, the patient's
stroke data on foot movement and muscle activity  recovery process can be improved
Akbulut et al. Unimpaired A low-cost, effective Researchers used the Kinect sensor, SEMG The proposed system functions
(2019) healthy rehabilitation system sensor and Oculus Rift headset to extend effectively in a domestic setting

participants

Note: FMA-RSA = Fugl-Meyer assessment and relative surface area
Source: Created by authors

therapeutic interaction

dimensionality. The proposed approach for evaluating the
accuracy of manual operations has demonstrated effectiveness
in VR training systems for smart grids.

According to recent studies, the potential benefits of
using VR in various areas such as poststroke rehabilitation,
balance training and fall prevention among the elderly have
been analyzed. A platform incorporating technology-based
solutions, such as VR and readily available sensors like the
Nintendo Wii balance board and Kinect, was created to design
captivating balance exercises for individuals with poststroke
hemiplegia (Kumar ez al., 2018). The platform, named Virtual
CoMBaT, was developed to adjust to an individual’s weight-
shifting capacity and provided tasks of varying difficulty levels
while following the ankle strategy for weight transfer. de Vries
et al. (2020) investigated the intensity and duration of muscle
activity in VR balance games using surface EMG and Kinect
cameras. The study found that the muscle activity during
gameplay was predominantly low and prolonged activation was
lacking; however, it identified game elements that could
potentially provide a strength training stimulus. In a study by
Zahedian-Nasab et al. (2021), the influence of VR exercises
based on Xbox Kinect, which executes and recognizes
movements through infrared motion sensors and a camera, was
examined in relation to balance and fear of falling among older
adults. The intervention group received VR exercises, while the
control group participated in routine nursing home exercises.
Results demonstrated that VR exercises significantly improved
balance ability and mitigated fear of tumbling in elderly
participants.

VR technology has been applied to improve the control of
upper limb movements, stable grasping, and hand and finger
movements. Bai and Song (2019) presented a novel, low-cost
home-based upper limb rehabilitation and evaluation system
for poststroke patients using the Kinect sensor and posture
sensor. The system featured multiple virtual scenes for upper
limb and trunk rehabilitation, as well as a rehabilitation
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evaluation method that integrated the Fugl-Meyer assessment
and reachable workspace relative surface area. Results
indicated that the system effectively improved upper limb
motor control function, with the highest forecast accuracy of
92.7%, demonstrating its potential as a home rehabilitation
training and evaluation system. A glove-based system that
combined hand pose sensing, hand localization and haptic
feedback for stable grasps in VR was proposed (Liu ez al.,
2019). The glove-based system used a network of 15 IMUs for
real-time hand pose sensing and a Vive Tracker for hand
localization. The proposed glove-based design demonstrated a
higher success rate, simplifying data acquisition of human
operations within VR environments. Tarakci er al. (2020)
proposed a Leap Motion Controller—based training (LMCBT)
to evaluate its efficacy in children and adolescents beset by
physical disabilities. The study innovatively used a Leap
Motion Controller to track hand and finger movements in
video game-based training with motion sensor interactions, as
well as VR. The findings indicated that LMCBT could serve as
a viable alternative treatment for children and adolescents
suffering from physical disabilities.

In addition to motion control, VR technology has also been
used for sensory training. Li er al. (2023) introduced an
affordable soft robotic glove for hand rehabilitation in VR,
providing force feedback to the fingers, enabling users to feel
the force of a virtual object. The glove contained fifteen IMUs
to track finger motion and simultaneously calculate the
gestures of all five fingers using static threshold correction
and complementary filter algorithms. Figure 4 depicts
different states of the glove during static tests. The proposed
data glove demonstrated precise and stable finger motion
tracking, as evidenced by the results of both static and
dynamic tests.

Moreover, VR technology could combine the aforementioned
aspects to enhance neuromuscular functions. In a pilot study by
Marin-Pardo ez al. (2020), the feasibility and effectiveness of
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Figure 4 Open state, semi-closed state and closed states for static tests

Open State
Source: Figure courtesy of Li ef al. (2023)

EMG-based variant of the REINVENT VR neurofeedback
rehabilitation system were explored. The system aimed to
promote volitional muscle activity and reduce unintended co-
contractions in patients with severely restricted active wrist
movement in the chronic stage of stroke recovery. The
study recruited four participants who completed seven 1-h
training sessions using the VR system, suggesting potential for
functional recovery and neural plasticity. The study
highlighted the potential of using muscle—computer interfaces
as a simpler and equally effective alternative to brain—
computer interfaces in stroke rehabilitation. Xiao et al. (2022)
proposed a VR rehabilitation system based on the Kinect
sensor for stroke patients in Brunnstrom Stage III or
above. The system provided a personalized training plan, real-
time motion data collection and adaptive guidance to help
patients correct compensatory patterns. Two experiments
demonstrated the accuracy of range of motion and the
effectiveness of virtual guidance, showcasing the potential of
the system to improve rehabilitation outcomes.

The following two paragraphs discuss the development and
evaluation of VR rehabilitation systems aimed at improving
upper-limb and lower-limb functions.

VR-based solutions incorporating IoT wearable devices
and smart sensors have been designed to rehabilitate the
upper limb. In Alexandre er al. (2019), a VR-based solution
for upper limb rehabilitation that used IoT wearable devices
and smart sensors was proposed. The system comprised a
headband and two gloves equipped with smart sensors, which
communicated with the VR platform via Bluetooth.
Experimental data on upper limb and finger motion during
rehabilitation sessions yielded satisfactory results (Chen and
Qiao, 2020b; Chen er al., 2022). Choi et al. (2021) evaluated
the effectiveness of a VR rehabilitation system using wearable
sensors to improve upper-limb function in children suffering
from brain injuries. The outcomes indicated that, when used
in conjunction with conventional occupational therapy, the
VR group exhibited more significant advancements in upper-
limb dexterity, performance of daily activities and forearm
supination. To create a user-friendly interface for upper limb

Semi-Closed State
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Closed State

Figure 5 (a) Virtual patient who performs rehabilitation exercises with
robotic structure and (b) virtual human character picking apples

Source: Figure courtesy of Covaciu ef al. (2021)

rehabilitation, Shi and Peng (2018) proposed a solution that
used VR technology. They used a VR-based interface with
Unity3D software and a Kinect motion sensor to identify
patients’ needs. By incorporating game elements, the
interface enhanced patients’ engagement and rehabilitation
outcomes.

In addition to its application in upper-limb rehabilitation, VR
technology has also been used for the rehabilitation of lower
limbs. Covaciu ez al. (2021) introduced the development of a
VR simulator for ankle rehabilitation after a stroke. The
simulator used sensors equipped with a gyroscope and
accelerometer to detect and track the patient’s motions and
muscle activity. Furthermore, it featured an intelligent module
that used machine learning to create personalized exercises
within a virtual environment, as depicted in Figure 5.
Consequently, the simulator reduced dependence on therapists
and enhanced patient motivation. Akbulut ez al. (2019)
discussed the development of four diverse serious games
designed for rehabilitating phantom limb pain syndrome. The
proposed low-cost, effective rehabilitation system incorporated



Sensor fusion-based virtual reality

Robotic Intelligence and Automation

Xiaohui Li et al.

the use of Kinects, EMG sensor and Oculus Rift VR headset,
facilitating extended therapeutic interaction between the
patient and the cybertherapy environment. Alpha testing with
unimpaired healthy participants yielded promising results for
practical use in a home setting.

The application of VR in physical training showcases a
paradigm shift from traditional methods to technology-driven
approaches. The latest trend encapsulates a comprehensive
application of VR in motion control, sensory training and
neuromuscular retraining. As the field advances, we may
anticipate more intuitive and immersive VR environments,
possibly integrated with biofeedback mechanisms, that can
adapt in real time to the user’s physiological and psychological
states. Future studies might also delve deeper into
understanding the long-term impacts of VR-based physical
training and its holistic benefits.

Table 5 Experiments with virtual reality (VR) in mental training and preparation

Volume 44 - Number 1 - 2024 - 48—67

4.4 Mental training and preparation

VR technology has been increasingly applied in various
domains, including psychological training, neurological disease
treatment, posttraumatic stress disorder (PTSD) therapy and
emergency fire training. As described in Table 5, researchers
have used an array of sensors and intelligent devices for data
collection. The findings reveal that VR technology holds
significant potential for enhancing balance, alleviating pain,
mitigating psychological stress, treating PTSD and augmenting
emergency response capabilities.

Numerous studies have investigated the potential of VR
technology for therapeutic applications. Flores er al. (2018)
examined the feasibility and efficacy of using immersive VR to
enhance dialectical behavioral therapy (DBT) mindfulness
skills training in reducing psychological symptoms in two spinal
cord injury patients. Both patients reported experiencing

Author and date of

publication Subjects Design

Method

Conclusion

Immersive virtual
reality (VR)
enhanced DBT®
mindfulness skills
training

VR technology
based on several
sensors

Flores etal. (2018)  Two patients with SCI

Individuals who have
experienced trauma as a result
of incidents such as accidents,
war, sexual abuse and similar

Smys et al. (2019)

situations
Rings etal. (2019)  Patients with neurological Exergames in
diseases virtual

environments (VEs)

Clifford et al.
(2019)

A multiuser,
collaborative, and
multisensory
(vision, audio,
tactile) VR system
Cloud-based VRET

Twelve professional
firefighters from the Air Attack
training cohort (eleven males
and one female)

Salkevicius et al. Thirty subjects (seventeen

(2019) males and thirteen females) system
Nambi et al. (2021)  Fifty-four university American  Virtual reality
soccer players with chronic low training

back pain

Harrison et al. Thirteen female soccer players  Oculus Quest with

Each patient looked into VR goggles
and had the illusion of slowly “floating
down” a river in virtual reality while

Both SCl patients accepted VR, the
patients liked using VR, and, with
assistance from the therapist

listening to DBT® Mindfulness Skills
training instructions

Gather the user movements on a
motion platform and replicate it in the

VR can effectively boost the PTSD
therapy

virtual environment with the help of a
Raspberry Pi board and Unreal
Developer's kit

Innovative therapy methods using
immersive VR technology

Two separate experiments to compare
the multisensory VR simulator with two
conventional training methods: real-
world field exercises and radio role-

VR-based games required motor,
mental and cognitive efforts to follow
the dual-task-paradigm through
complex motor—cognitive tasks

No significant differences between
the VR training exercise and the real-
world exercise in terms of the level of
stress

playing in a room

A model of public speaking anxiety
involving four levels of anxiety
recognition

Various exercises for enhancing
balance over a duration of four weeks

Three blocks of five penalty kicks

The best performing VRET stimuli-
based models had a window length
between 20 and 25 s

Training through virtual reality is an
effective treatment program when
compared with conventional exercise
training programs from a
psychological and hormonal analysis
perspective

VR played an initial step to evaluate

(2021) avirtual relaxation against a goalkeeper relaxation interventions on
session from the performance in female soccer players
Liminal VR
application
Kéyagasioglu et al. Fifty-seven healthy adults Virtual reality VR head-mounted display and non- VRMT may be superior to CMT in
(2022) (twenty-eight females, twenty- mental training immersive computer screen training, improving balance test results
nine males) (VRMT) each lasting for 30 min, conducted
three days per week for a period of four
weeks
Source: Created by authors
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decreased depression, anxiety and emotional distress following
VR-enhanced DBT mindfulness skills training. Moreover,
Patient 2 reported substantial reductions in short-term ASD/
PTSD symptoms after the initial VR DBT mindfulness skills
training session. Smys er al. (2019) explored the use of VR
technology to create virtual environments that aid in PTSD
therapy for individuals affected by trauma. Through the use of
different motion platforms and sensors, movements can be
simulated within a virtual setting, enabling clinicians to adapt
to the environment according to the patient’s requirements. In
addressing neurological diseases such as Parkinson’s and
dementia, an interdisciplinary collaboration, EXGAVINE, was
proposed (Rings er al., 2019). The project used IMUs and
vibrotactile feedback to inform patients of incorrect movements
while concentrating on innovative VR-based games that
demand both motor and cognitive efforts.

Meanwhile, the application of VR technology in health care
and anxiety ease has been further explored. Clifford er al
(2019) investigated the use of a multisensory VR system for
aerial firefighting training scenarios, as depicted in Figure 6,
and compared it to real-world and radio-only exercises.
According to the study’s findings, there were no noteworthy
variations in stress levels between VR and real-world exercises.
In addition, no significant distinction was observed between
VR and radio-only exercises based on HRV and SSSQ
evaluations. Salkevicius ez al. (2019) explored the potential of
combining VR exposure therapy (VRET) with mental stress
detection to efficiently track a patient’s anxiety levels during
treatment. Through the use of wearable biofeedback sensors to
collect physiological signals, a model of four-level anxiety
recognition achieved 80.1% accuracy across subjects and
86.3% accuracy with 10 x 10-fold cross-validation.

Lastly, VR technology has been emphasized in various
aspects of sports, health and psychology. Nambi ez al. (2021)
evaluated the short-term effects of sensor fusion-based VR
training on chronic low back pain in American soccer players,
in comparison with combined physical rehabilitation and
control groups (Chen and Qiao, 2020a). The VR training

Figure 6 A trainer observed the trainee AAS to assess their performance

Note: Previously, this was only conducted in a real helicopter
without any fire
Source: Figure courtesy of Clifford et al. (2019)
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group showed significant improvements in pain intensity,
kinesiophobia and hormonal variables compared to the other
two groups. Harrison ez al. (2021) investigated the effectiveness
of a VR relaxation intervention on reducing anxiety and
improving penalty kick performance in female soccer players.
The study collected physical data using Kinematics and Polar
H10 sensors to appraise the physical effects of stress and VR on
the participants. Results showed significant reductions in
cognitive and somatic anxiety and increased self-confidence,
supporting the potential of VR relaxation interventions in sport.
A randomized controlled trial investigated the effects of mental
training programs on balance skills and hemodynamic
responses of the prefrontal cortex in healthy adults
(Koyagasioglu et al., 2022). Conventional and VR mental
training significantly enhanced balance test outcomes, with
some added benefits observed in the VR group, a motor—
tendon actuation system.

However, while there is ample evidence to suggest the
positive implications of VR technology, there remain unresolved
issues and gaps in the existing literature. For instance, many
studies focus on the immediate outcomes of VR interventions,
but long-term implications and potential side effects are less
documented. There is also a disparity in the methods and
standards used in various studies, making cross-comparative
analyses challenging. Moreover, while certain populations have
been extensively studied, like sports professionals or specific
patient groups, other potential beneficiaries of VR, such as
elderly individuals or children with developmental disorders,
are underrepresented in the current literature.

In light of the aforementioned studies, current research
trends indicate a strong inclination toward harnessing VR
technology in diverse areas ranging from medical therapies to
sports training. This multifaceted application of VR is
underpinned by its capability to create controlled, immersive
environments, which when combined with sensor technologies
offers precise data-driven insights. As for future prospects, it is
anticipated that as VR technology evolves and becomes more
accessible, its integration with artificial intelligence (AI) and
other emerging technologies will further its potential in medical
and therapeutic applications, providing more personalized,
immersive and effective interventions for patients and
individuals across various domains.

5. Discussion

The implementation of sensor fusion-based VR systems in
physical training presents a transformative approach to
traditional methods. The multifaceted benefits of this
integration span across various domains of physical training,
substantiated by empirical research. First, in exercise and
fitness training, real-time feedback is paramount. Sensor fusion
allows for this immediate monitoring, enabling users to hone in
on specific fitness metrics, including strength, balance,
endurance and flexibility (Lin ez al., 2021; Abdelraouf ez al.,
2020; Postolache er al, 2020; Rabbi et al., 2018). This
personalized approach enhances workout efficiency and
effectiveness, leading to superior overall outcomes (Lee and
Kim, 2018). Furthermore, the immersive nature of VR
environments can improve user motivation and engagement,
leading to increased adherence and enjoyment during fitness
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training (Postolache et al., 2020). Beyond basic fitness, the
acquisition of specialized skills demands precision. Sensor
fusion-enhanced VR systems cater to this requirement,
furnishing meticulous feedback on user movements and
postures (Wood ez al., 2021). This level of feedback is often
challenging to achieve in traditional training settings, making
VR systems an invaluable tool for skill acquisition and
mastering complex techniques. Another domain where sensor
fusion-based VR shines is in injury prevention and
rehabilitation. These systems are adept at tailoring training
programs, molding them to fit an individual’s unique profile —
taking into account their needs, constraints and progression
(Kumar et al., 2018; de Vries ez al., 2020; Xiao er al., 2022). By
closely monitoring user movements and providing real-time
feedback, these systems can help ensure proper exercise
execution, reducing injury risk and facilitating a safer and more
efficient rehabilitation process (Namkoong ez al., 2022). Lastly,
mental preparedness, an often-underestimated aspect of
physical training, is crucial. Sensor fusion-based VR platforms
recreate high-fidelity, challenging scenarios that facilitate the
honing of mental faculties like focus, visualization and stress
handling (Rings et al., 2019; Salkevicius ez al., 2019; Harrison
et al., 2021). This immersive experience fosters mental
resilience and preparedness, essential aspects of overall
performance in various physical activities (Clifford ez al., 2019).

However, alongside these merits, several challenges arise that
may hinder the technology’s widespread adoption and efficacy,
including sensor accuracy, cost, user acceptance, system design
and data privacy. A significant challenge in implementing
sensor fusion-based VR systems in physical training is the
accuracy and reliability of the sensors. Ongoing research and
development should focus on advanced calibration techniques,
Al-driven error correction and multisensor redundancy to
ensure accurate and reliable data capture (Yang, 2018).
Another challenge in the adoption of sensor fusion-based VR
systems is the cost and accessibility of the technology
(Olshannikova er al.,, 2015). The financial barrier of high-
quality VR and sensor systems may limit their broader
accessibility. Collaboration between academia, industry and
governmental bodies to subsidize costs, develop cost-effective
sensor systems and promote widespread VR literacy can pave
the way for more universal accessibility. User acceptance and
adaptation to VR-based training is another potential challenge
(de Vries er al., 2018). While VR offers immersion, users might
face discomfort or disorientation (Kim ez al., 2018).
Personalized user interfaces, adjustable environment settings
and user education sessions can enhance acceptance and
decrease discomfort during initial VR exposures. The
effectiveness of sensor fusion-based VR systems in physical
training may also depend on the quality of the virtual
environments and the degree of customization offered (Galarza
et al., 2018; Postolache ez al., 2020). Creating realistic, dynamic
and adaptive virtual environments that cater to individual
users’ needs can be technically challenging and resource-
intensive. Collaborative design approaches involving end users,
incorporation of real-world physics and adaptive algorithms
that learn from user behavior can lead to more user-centric VR
environments. Lastly, privacy and security concerns may arise
when dealing with personal data collected by sensor fusion-
based VR systems (Adams ez al., 2018). Adopting stringent
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encryption methods, transparent data handling policies and
regular third-party security audits can safeguard users’ trust
and ensure data protection.

Looking forward, by concentrating on the development of
advanced sensor technologies and integrating VR with other
emerging technologies, VR systems are anticipated to provide
more accurate, immersive and personalized experiences. The
ongoing development and effectiveness of VR systems in
physical training are closely tied to advancements in sensor
technologies (Anthes ez al., 2016). Researchers and developers
should investigate innovative sensor designs, advanced data
processing methods and novel materials that can optimize
sensor performance, enhancing accuracy, response time and
reliability (Zhao and Lv, 2023). Improved sensor technologies
will contribute to more efficient sensor fusion-based VR
systems, leading to better training outcomes and user
experiences. Merging VR with other emerging technologies,
such as AR, mixed reality (MR) and haptic feedback, will
elevate the training experience by creating more realistic,
engaging and interactive virtual environments (Han er al.,
2022; Morimoto et al., 2022; Goyal er al., 2022). The
incorporation of AR can provide real-time, context-aware
information overlays to enrich users’ training experiences,
while MR can blend the best aspects of both VR and AR,
offering a more immersive and versatile environment. Haptic
feedback technologies can introduce tactile sensations,
enabling users to feel physical responses to their actions,
resulting in a more realistic and intuitive experience. These
integrations will not only benefit physical training but also find
applications in various other fields, such as education, health
care and entertainment.

While the research findings delineated in this systematic
review unmistakably spotlight the transformative attributes of
sensor fusion-based VR systems in physical training, it is
essential to acknowledge certain limitations and potential
biases inherent in the studies reviewed. Some investigations
might be influenced by sampling biases, technological
constraints or methodological discrepancies, which could
impart a slant to the outcomes. Furthermore, the rapid pace of
technological advancement implies that certain studies might
operate on assumptions or use technologies that could become
obsolete or surpassed in the near future. This fluidity in the tech
domain necessitates continuous adaptation and validation of
the findings, ensuring they remain relevant and accurate. From
an academic perspective, this review enriches the burgeoning
body of literature on VR and sensor fusion applications in
physical training. It offers a comprehensive examination of the
present landscape, pinpoints prevailing research voids and
paves the way for future scholarly endeavors. Embracing a
holistic stance, it is pivotal to champion interdisciplinary
cooperation across domains like sports science, computer
science and engineering. Such collaboration is instrumental in
conceptualizing avant-garde solutions to grapple with the
intricacies and challenges tethered to sensor fusion-integrated
VR systems in physical training (Liu ez al., 2023; Wang ez al.,
2022). In the realm of practicality, the insights distilled from
this review are poised to shape the blueprint and execution of
sensor fusion-based VR systems across an array of physical
training verticals. By delineating both the strengths and
potential pitfalls of these systems, professionals are empowered
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with a more nuanced comprehension, aiding them in making
judicious decisions about the infusion of VR technologies into
their regimes. This balanced understanding augments the
prospects of maximizing effectiveness, safety and user
immersion in physical training experiences.

6. Conclusion

In this systematic review, we have rigorously examined the
contemporary research and applications of sensor fusion-based
VR systems in physical training. Our exploration spanned
domains like exercise and fitness training, skill refinement,
injury prevention, rehabilitation and mental preparedness. The
principal takeaways and recommendations from this study
underline the transformative potential of such systems in
redefining the landscape of physical training. Sensor fusion,
when synergized with VR, brings forth manifold benefits for
physical training. These advantages manifest in elevated
effectiveness, bolstered safety and heightened user engagement
across diverse exercise modalities. Yet, it is imperative to
remain cognizant of and address associated challenges: the
precision of sensors, cost considerations, user receptiveness,
system design intricacies and ensuring the sanctity of data
privacy. The incorporation of Al and machine learning
algorithms, alongside other emerging technologies such as AR,
MR and haptic feedback, holds great potential to further enrich
the training experience by establishing more realistic, engaging
and interactive virtual environments. Ultimately, this systematic
review is conducive to the expanding body of literature on the
application of VR and sensor fusion technologies in physical
training, offering valuable insights for future research and
practical applications. The persistent development and
refinement of sensor fusion-based VR systems will undoubtedly
lead to groundbreaking advancements in the field of physical
training, benefiting both individuals and the wider society.

References

Abdelraouf, O.R., Abdel-Aziem, A.A., Selim, A.O. and Ali,
0O.1. (2020), “Effects of core stability exercise combined with
virtual reality in collegiate athletes with nonspecific low back
pain: a randomized clinical trial”, Bullerin of Faculty of
Physical Therapy, Vol. 25 No. 1, pp. 1-7.

Adams, D., Bah, A., Barwulor, C., Musaby, N., Pitkin, K. and
Redmiles, E.M. (2018), “Ethics emerging: the story of
privacy and security perceptions in virtual reality”, SOUPS@
USENIX Securiry Symposium, pp. 427-442.

Akbulut, A., Glingér, F., Tarakci, E., Cabuk, A. and Aydin, M.
A. (2019), “Immersive virtual reality games for rehabilitation
of phantom limb pain”, 2019 Medical Technologies Congress
(TIPTEKNO), IEEE, pp. 1-4.

Alexandre, R., Postolache, O. and Giréo, P.S. (2019), “Physical
rehabilitation based on smart wearable and virtual reality
serious game”, 2019 IEEE International Instrumentation and
Measurement Technology Conference (I12MTC), IEEE, pp. 1-6.

Ali, S.F., Noor, S., Azmat, S.A., Noor, A.U. and Siddiqui, H.
(2017), “Virtual reality as a physical training assistant”, 2017
International Conference on Information and Communication
Technologies (ICICT), IEEE, pp. 191-196.

63

63

Volume 44 - Number 1 - 2024 - 48—67

Anthes, C., Garcia-Hernandez, R.]., Wiedemann, M. and
Kranzlmiller, D. (2016), “State of the art of virtual reality
technology”, 2016 IEEE Aerospace Conference, IEEE, pp. 1-19.

Bai, J. and Song, A. (2019), “Development of a novel home
based multi-scene upper limb rehabilitation training and
evaluation system for post-stroke patients”, IEEE Access,
Vol. 7, pp. 9667-9677.

Bao, H. and Yao, X. (2021), “Dynamic 3d image simulation of
basketball movement based on embedded system and
computer vision”, Microprocessors and Microsystems, Vol. 81,
p. 103655.

Bowman, D.A. and McMahan, R.P. (2007), “Virtual reality:
how much immersion is enough?”, Computer, Vol. 40 No. 7,
pp. 36-43.

Bracq, M.S., Michinov, E. and Jannin, P. (2019), “Virtual
reality simulation in nontechnical skills training for healthcare
professionals: a systematic review”, Simulation in Healthcare:
The Fournal of the Society for Stmulation in Healthcare, Vol. 14
No. 3, pp. 188-194.

Bravata, D.M., Smith-Spangler, C., Sundaram, V., Gienger,
A.L., Lin, N., Lewis, R., Stave, C.D., Olkin, I. and Sirard,
J.R. (2007), “Using pedometers to increase physical activity
and improve health: a systematic review”, JAMA, Vol. 298
No. 19, pp. 2296-2304.

Chen, J. and Qiao, H. (2020a), “Motor-cortex-like recurrent
neural network and multi-tasks learning for the control of
musculoskeletal systems”, IEEE Transactions on Cognitive
and Developmental Systems, Vol. 14 No. 2, pp. 424-436.

Chen, J. and Qiao, H. (2020b), “Muscle-synergies-based
neuromuscular control for motion learning and generalization
of a musculoskeletal system”, IEEE Transactions on Systems,
Man, and Cybernetics: Systems, Vol. 51 No. 6, pp. 3993-4006.

Chen, J., Chen, Z., Yao, C. and Qiao, H. (2022), “Neural
manifold modulated continual reinforcement learning for
musculoskeletal robots”, IEEE Transactions on Cognitive and
Developmental Systems.

Chirico, A., Lucidi, F., De Laurentiis, M., Milanese, C.,
Napoli, A. and Giordano, A. (2016), “Virtual reality in
health system: beyond entertainment. A mini-review on the
efficacy of VR during cancer treatment”, Fournal of Cellular
Physiology, Vol. 231 No. 2, pp. 275-287.

Choy,].Y., Yi, S.H., Ao, L., Tang, X., Xu, X., Shim, D., Yoo,
B., Park, E.S. and Rha, D.W (2021), “Virtual reality
rehabilitation in children with brain injury: a randomized
controlled trial”, Developmental Medicine & Child Neurology,
Vol. 63 No. 4, pp. 480-487.

Clifford, R.M., Jung, S., Hoermann, S., Billinghurst, M. and
Lindeman, R.W. (2019), “Creating a stressful decision
making environment for aerial firefighter training in virtual
reality”, 2019 IEEE Conference on Virtual Reality and 3D User
Interfaces (VR), IEEE, pp. 181-189.

Coats, A., Adamopoulos, S., Meyer, T., Conway, J. and
Sleight, P. (1990), “Effects of physical training in chronic
heart failure”, The Lancet, Vol. 335 No. 8681, pp. 63-66.

Colago, A., Kirmani, A., Yang, H.S., Gong, N.W., Schmandt,
C. and Goyal, V.K. (2013), “Mime: compact, low power 3d
gesture sensing for interaction with head mounted displays”,
Proceedings of the 26th Annual ACM Symposium on User
Interface Software and Technology, pp. 227-236.



Sensor fusion-based virtual reality

Robotic Intelligence and Automation

Xiaohui Li et al.

Covaciu, F., Pisla, A. and Iordan, A.E. (2021), “Development
of a virtual reality simulator for an intelligent robotic system
used in ankle rehabilitation”, Sensors, Vol. 21 No. 4, p. 1537.

de Vries, A.W., Faber, G., Jonkers, 1., Van Dieen, J.H. and
Verschueren, S.M. (2018), “Virtual reality balance training
for elderly: similar skiing games elicit different challenges in
balance training”, Gait & Posture, Vol. 59, pp. 111-116.

de Vries, A.W., Willaert, J., Jonkers, 1., van Dieén, J.H. and
Verschueren, S.M. (2020), “Virtual reality balance games
provide little muscular challenge to prevent muscle weakness
in healthy older adults”, Games for Health Fournal, Vol. 9
No. 3, pp. 227-236.

Dhawan, D., Barlow, M. and Lakshika, E. (2019), “Prosthetic
rehabilitation training in virtual reality”, 2019 IEEE 7th
International Conference on Serious Games and Applications for
Health (SeGAH), IEEE, pp. 1-8.

Diaz, K.M. and Shimbo, D. (2013), “Physical activity and the
prevention of hypertension”, Current Hypertension Reports,
Vol. 15 No. 6, pp. 659-668.

Diiking, P., Holmberg, H.C. and Sperlich, B. (2018), “The
potential usefulness of virtual reality systems for athletes: a
short swot analysis”, Frontiers in Physiology, Vol. 9, p. 128.

Elor, A., Powell, M., Mahmoodi, E., Hawthorne, N.,
Teodorescu, M. and Kurniawan, S. (2020), “On shooting
stars: comparing CAVE and HMD immersive virtual reality
exergaming for adults with mixed ability”, ACM Transactions
on Computing for Healthcare, Vol. 1 No. 4, pp. 1-22.

Epstein, L.H., Wing, R.R., Koeske, R. and Valoski, A. (1985),
“A comparison of lifestyle exercise, aerobic exercise, and
calisthenics on weight loss in obese children”, Behavior
Therapy, Vol. 16 No. 4, pp. 345-356.

Esposito, D., Bollini, A. and Gori, M. (2021), “Virtual reality
archery to quantify the development of head-trunk
coordination, visuomotor transformation and egocentric spatial
representation”, 2021 IEEE International Symposium on Medical
Measurements and Applications (MeMeA), IEEE, pp. 1-6.

Fertleman, C., Aubugeau-Williams, P., Sher, C., Lim, A.N.,
Lumley, S., Delacroix, S. and Pan, X. (2018), “A discussion
of virtual reality as a new tool for training healthcare
professionals”, Frontiers in Public Health, Vol. 6, p. 44.

Flores, A., Linehan, M.M., Todd, S.R. and Hoffman, H.G.
(2018), “The use of virtual reality to facilitate mindfulness
skills training in dialectical behavioral therapy for spinal cord
injury: a case study”, Frontiers in Psychology, Vol. 9, p. 531.

Folkins, C.H. and Sime, W.E. (1981), “Physical fitness
training and mental health”, American Psychologist, Vol. 36
No. 4, p.373.

Fracaro, S.G., Chan, P., Gallagher, T., Tehreem, Y., Toyoda,
R., Bernaerts, K., Glassey, J., Pfeiffer, T., Slof, B.,
Wachsmuth, S. and Wilk, M. (2021), “Towards design
guidelines for virtual reality training for the chemical industry”,
Education for Chemical Engineers, Vol. 36, pp. 12-23.

Galarza, E.E., Pilatasig, M., Galarza, E.D., Lépez, V.M.,
Zambrano, P.A., Buele, J. and Espinoza, J. (2018), “Virtual
reality system for children lower limb strengthening with the
use of electromyographic sensors”, Advances in Visual
Compuring: 13th International Symposium, ISVC 2018, Las
Vegas, NV, USA, November 19-21, 2018, Proceedings 13,
Springer, pp. 215-225.

64

64

Volume 44 - Number 1 - 2024 - 48—67

Gandhi, R.D. and Patel, D.S. (2018), “Virtual reality—
opportunities and challenges”, Virtual Reality, Vol. 5 No. 1,
pp. 2714-2724.

Gill, D.L., Hammond, C.C., Reifsteck, E.J., Jehu, C.M.,
Williams, R.A., Adams, M.M., Lange, E.H., Becofsky, K.,
Rodriguez, E. and Shang, Y.T. (2013), “Physical activity
and quality of life”, Journal of Preventive Medicine & Public
Health, Vol. 46 No. Suppl 1, p. S28.

Goyal, C., Vardhan, V., Naqgvi, W. and Arora, S. (2022),
“Effect of virtual reality and haptic feedback on upper
extremity function and functional independence in children
with hemiplegic cerebral palsy: a research protocol”, Pan
African Medical Journal, Vol. 41, No. 1, pp. 1-11.

Han, S., Park, C. and You, J.S.H. (2022), “Effects of robotic
interactive gait training combined with virtual reality and
augmented reality on balance, gross motor function, gait
kinetic, and kinematic characteristics in Angelman
syndrome: a case report”, Children, Vol. 9 No. 4, p. 544.

Harrison, K., Potts, E., King, A.C. and Braun-Trocchio, R.
(2021), “The effectiveness of virtual reality on anxiety and
performance in female soccer players”, Sporzs, Vol. 9 No. 12,
p. 167.

He, F., Liu, Y., Zhan, W., Xu, Q. and Chen, X. (2022),
“Manual operation evaluation based on vectorized spatio-
temporal graph convolutional for virtual reality training in
smart grid”, Energies, Vol. 15 No. 6, p. 2071.

Helsel, S. (1992), “Virtual reality and education”, Educational
Technology, Vol. 32 No. 5, pp. 38-42.

Herrera-Luna, 1., Rechy-Ramirez, E.]J., Rios-Figueroa, H.V.
and Marin-Hernandez, A. (2019), “Sensor fusion used in
applications for hand rehabilitation: a systematic review”,
IEEE Sensors Journal, Vol. 19 No. 10, pp. 3581-3592.

Hsieh, M.C. and Lee, J.J. (2018), “Preliminary study of VR
and AR applications in medical and healthcare education”,
Fournal of Nursing and Health Studies, Vol. 3 No. 1, p. 1.

Joshi, S.; Hamilton, M., Warren, R., Faucett, D., Tian, W.,
Wang, Y. and Ma, J. (2021), “Implementing virtual reality
technology for safety training in the precast/prestressed
concrete industry”, Applied Ergonomics, Vol. 90, p. 103286.

Kern, F., Winter, C., Gall, D., Kithner, 1., Pauli, P. and
Latoschik, ML.E. (2019), “Immersive virtual reality and
gamification within procedurally generated environments to
increase motivation during gait rehabilitation”, 2019 IEEE
Conference on Virtual Reality and 3D User Interfaces (VR),
IEEE, pp. 500-509.

Kim, H.K., Park, J., Choi, Y. and Choe, M. (2018), “Virtual
reality sickness questionnaire (VRSQ): motion sickness
measurement index in a virtual reality environment”, Applied
Ergonomics, Vol. 69, pp. 66-73.

Koyagasioglu, O., Ozgiirbiiz, C., Bediz, C.S., Gidiici, C.,
Aydinoglu, R. and Aksit, T. (2022), “The effects of virtual
reality nonphysical mental training on balance skills and
functional near-infrared spectroscopy activity in healthy adults”,
Fournal of Sport Rehabilirarion, Vol. 31 No. 4, pp. 428-441.

Krotkiewski, M., Mandroukas, K., Sjostrom, L., Sullivan, L.,
Wetterqvist, H. and Bjorntorp, P. (1979), “Effects of long-
term physical training on body fat, metabolism, and blood
pressure in obesity”, Metabolism, Vol. 28 No. 6, pp. 650-658.

Kumar, D., Gonzilez, A., Das, A., Dutta, A., Fraisse, P.,
Hayashibe, M. and Lahiri, U. (2018), “Virtual reality-based



Sensor fusion-based virtual reality

Robotic Intelligence and Automation

Xiaohui Li et al.

center of mass-assisted personalized balance training system”,
Frontiers in Bioengineering and Biotechnology, Vol. 5, p. 85.

Kyriakou, M., Pan, X. and Chrysanthou, Y. (2017), “Interaction
with virtual crowd in immersive and semi-immersive virtual
reality systems”, Computer Awnimation and Virtual Worlds,
Vol. 28 No. 5, p. e1729.

Lam, F.M., Huang, M.Z., Liao, L.R., Chung, R.C., Kwok, T.C.
and Pang, M.Y. (2018), “Physical exercise improves strength,
balance, mobility, and endurance in people with cognitive
impairment and dementia: a systematic review”, Journal of
Physiotherapy, Vol. 64 No. 1, pp. 4-15.

Lantz, E. (1996), “The future of virtual reality: head mounted
displays versus spatially immersive displays (panel)”, Proceedings
of the 23rd Annual Conference on Computer Graphics and Interactive
Techniques, pp. 485-486.

Lee, H.T. and Kim, Y.S. (2018), “The effect of sports VR
training for improving human body composition”,
EURASIP Journal on Image and Video Processing, Vol. 2018
No. 1, pp. 1-5.

Lee, H.Y., Zhou, P., Duan, A., Wang, J., Wu, V. and Navarro-
Alarcon, D. (2021), “A multi-sensor interface to improve the
learning experience in arc welding training tasks”, arXiv
preprint arXiv:2109.01383.

Li, K.C. and Wong, B.T. (2021), “A literature review of
augmented reality, virtual reality, and mixed reality in
language learning”, Internarional Fournal of Mobile Learning
and Organisarion, Vol. 15 No. 2, pp. 164-178.

Li, F., Chen, J., Ye, G., Dong, S., Gao, Z. and Zhou, Y.
(2023), “Soft robotic glove with sensing and force feedback
for rehabilitation in virtual reality”, Biomimetics, Vol. 8 No. 1,
p. 83.

Liao, J., Huang, Y., Lin, C., Wang, H. and Zhang, Y. (2020),
“A virtual reality cycling system based on multi-sensor
fusion”, 2020 International Conference on Virtual Reality and
Visualization (ICVRYV), IEEE, pp. 374-378.

Lin, J.T. (2017), “Fear in virtual reality (VR): fear elements,
coping reactions, immediate and next-day fright responses
toward a survival horror zombie virtual reality game”,
Computers in Human Behavior, Vol. 72, pp. 350-361.

Lin, M., Wang, H., Niu, J., Tian, Y., Wang, X., Liu, G. and
Sun, L. (2021), “Adaptive admittance control scheme with
virtual reality interaction for robot-assisted lower limb
strength training”, Machines, Vol. 9 No. 11, p. 301.

Liu, Z., Yang, D., Wang, Y., Lu, M. and Li, R. (2023),
“EGNN: graph structure learning based on evolutionary
computation helps more in graph neural networks”, Applied
Soft Computing, Vol. 135, p. 110040.

Liu, H., Zhang, Z., Xie, X., Zhu, Y., Liu, Y., Wang, Y. and
Zhu, S.C. (2019), “High-fidelity grasping in virtual reality
using a glove-based system”, 2019 International Conference on
Robotics and Automation (ICRA), IEEE, pp. 5180-5186.

Luo, H., Yang, T., Kwon, S., Zuo, M., Li, W. and Choi, L
(2020), “Using virtual reality to identify and modify risky
pedestrian behaviors amongst Chinese children”, Traffic Injury
Prevention, Vol. 21 No. 1, pp. 108-113.

Mantovani, F., Castelnuovo, G., Gaggioli, A. and Riva, G.
(2003), “Virtual reality training for health-care professionals”,
CyberPsychology & Behavior, Vol. 6 No. 4, pp. 389-395.

Marin-Pardo, O., Laine, C.M., Rennie, M., Ito, K.L., Finley,
J. and Liew, S.L. (2020), “A virtual reality muscle—computer

65

65

Volume 44 - Number 1 - 2024 - 48—67

interface for neurorehabilitation in chronic stroke: a pilot
study”, Sensors, Vol. 20 No. 13, p. 3754.

Morimoto, T., Kobayashi, T., Hirata, H., Otani, K., Sugimoto,
M., Tsukamoto, M., Yoshihara, T., Ueno, M. and Mawatari,
M. (2022), “XR (extended reality: virtual reality, augmented
reality, mixed reality) technology in spine medicine: status
quo and quo vadis”, Fournal of Clinical Medicine, Vol. 11
No. 2, p. 470.

Myers, J. (2003), “Exercise and cardiovascular health”,
Circulation, Vol. 107 No. 1, pp. e2-e5.

Nambi, G., Abdelbasset, W.K., Alsubaie, S.F., Saleh, A.K.,
Verma, A., Abdelaziz, M.A. and Alkathiry, A.A. (2021),
“Short-term psychological and hormonal effects of virtual
reality training on chronic low back pain in soccer players”,
Fournal of Sport Rehabilitation, Vol. 30 No. 6, pp. 884-893.

Namkoong, K., Chen, J., Leach, J., Song, Y., Vincent, S.,
Byrd, A.P. and Mazur, J. (2022), “Virtual reality for public
health: a study on a VR intervention to enhance occupational
injury prevention”, Fournal of Public Health, Vol. 45 No. 1,
pp. 136-144.

Olshannikova, E., Ometov, A., Koucheryavy, Y. and Olsson,
T. (2015), “Visualizing big data with augmented and virtual
reality: challenges and research agenda”, Journal of Big Data,
Vol. 2 No. 1, pp. 1-27.

Pfeiffer, T. (2008), “Towards gaze interaction in immersive
virtual reality: evaluation of a monocular eye tracking
set-up”, Virtuelle und Erweiterte Realitdr-Fiinfter Workshop der
GI-Fachgruppe VR/AR, Citeseer.

Phu, S., Vogrin, S., Al Saedi, A. and Duque, G. (2019),
“Balance training using virtual reality improves balance and
physical performance in older adults at high risk of falls”,
Chnical Interventions in Aging, Vol. 14, pp. 1567-1577.

Pillai, A.S. and Mathew, P.S. (2019), “Impact of virtual reality
in healthcare: a review”, Virtual and Augmented Reality in
Mental Health Treatment, 1IGI Global, Hershey, pp. 17-31.

Postolache, O., Hemanth, D.]J., Alexandre, R., Gupta, D.,
Geman, O. and Khanna, A. (2020), “Remote monitoring of
physical rehabilitation of stroke patients using IoT and virtual
reality”, IEEE Fournal on Selected Areas in Communications,
Vol. 39 No. 2, pp. 562-573.

Qi, W. and Aliverti, A. (2019), “A multimodal wearable system
for continuous and real-time breathing pattern monitoring
during daily activity”, IEEE Fournal of Biomedical and Health
Informatics, Vol. 24 No. 8, pp. 2199-2207.

Qi, W. and Su, H. (2022), “A cybertwin based multimodal
network for ECG patterns monitoring using deep learning”,
IEEE Transactions on Industrial Informatics, Vol. 18 No. 10,
pp. 6663-6670.

Qi, W., Fan, H., Karimi, H.R. and Su, H. (2023), “An
adaptive reinforcement learning-based multimodal data
fusion framework for human-robot confrontation gaming”,
Neural Networks, Vol. 164, pp. 489-496.

Qi, W., Ovur, S.E., Li, Z., Marzullo, A. and Song, R. (2021),
“Multi-sensor guided hand gesture recognition for a
teleoperated robot using a recurrent neural network”, IEEE
Robotics and Automation Letters, Vol. 6 No. 3, pp. 6039-6045.

Qiao, H., Chen, J. and Huang, X. (2021), “A survey of brain-
inspired intelligent robots: integration of vision, decision, motion
control, and musculoskeletal systems”, IEEE Transactions on
Cybernetics, Vol. 52 No. 10, pp. 11267-11280.



Sensor fusion-based virtual reality

Robotic Intelligence and Automation

Xiaohui Li et al.

Qiao, H., Zhong, S., Chen, Z. and Wang, H. (2022),
“Improving performance of robots using human-inspired
approaches: a survey”, Science China Information Sciences,
Vol. 65 No. 12, pp. 1-31.

Queisner, M., Pogorzhelskiy, M., Remde, C., Pratschke, J. and
Sauer, LM. (2022), “VolumetricOR: a new approach to
simulate surgical interventions in virtual reality for training and
education”, Surgical Innovation, Vol. 29 No. 3, pp. 406-415.

Rabbi, F., Park, T., Fang, B., Zhang, M. and Lee, Y. (2018),
“When virtual reality meets internet of things in the gym:
enabling immersive interactive machine exercises”, Proceedings
of the ACM on Interactive, Mobile, Wearable and Ubiquitous
Technologies, Vol. 2 No. 2, pp. 1-21.

Rings, S., Steinicke, F., Dewitz, B., Biintig, F. and Geiger, C.
(2019), “EXGAVINE-exergames as novel form of therapy in
virtual reality for the treatment of neurological diseases”,
Proceedings of the IEEE VR Workshop on Applied VR for
Enhanced Healthcare (AVEH).

Romeas, T., More-Chevalier, B., Charbonneau, M. and
Bieuzen, F. (2022), “Virtual-reality training of elite boxers
preparing for the Tokyo 2020 Olympics during the Covid-19
pandemic: a case study”, Case Studies in Sport and Exercise
Psychology, Vol. 6 No. 1, pp. 21-35.

Salkevicius, J., DamasevicCius, R., Maskeliunas, R. and
Laukiené, I. (2019), “Anxiety level recognition for virtual
reality therapy system using physiological signals”,
Electronics, Vol. 8 No. 9, p. 1039.

Saposnik, G., Cohen, L.G., Mamdani, M., Pooyania, S.,
Ploughman, M., Cheung, D., Shaw, J., Hall, J., Nord, P.,
Dukelow, S. and Nilanont, Y. (2016), “Efficacy and safety of
non-immersive virtual reality exercising in stroke
rehabilitation (EVREST): a randomised, multicentre, single-
blind, controlled trial”, The Lancer Neurology, Vol. 15 No. 10,
pp- 1019-1027.

Shi, Y. and Peng, Q. (2018), “A VR-based user interface for the
upper limb rehabilitation”, Procedia CIRP, Vol. 78,
pp. 115-120.

Shi, Y., Li, L., Yang, J., Wang, Y. and Hao, S. (2023a),
“Center-based transfer feature learning with classifier
adaptation for surface defect recognition”, Mechanical
Systems and Signal Processing, Vol. 188, p. 110001.

Shi, Y., Li, H., Fu, X., Luan, R., Wang, Y., Wang, N., Sun, Z.,
Niu, Y., Wang, C., Zhang, C. and Wang, Z.L. (2023b),
“Self-powered difunctional sensors based on sliding contact-
electrification and tribovoltaic effects for pneumatic
monitoring and controlling”, Nano Energy, Vol. 110,
p- 1083309.

Shimi, A., Tsestou, V., Hadjiaros, M., Neokleous, K. and
Avraamides, M. (2021), “Attentional skills in soccer:
evaluating the involvement of attention in executing a
goalkeeping task in virtual reality”, Applied Sciences, Vol. 11
No. 19, p. 9341.

Sjegaard, G., Christensen, J.R., Justesen, J.B., Murray, M.,
Dalager, T., Fredslund, G.H. and Segaard, K. (2016),
“Exercise is more than medicine: the working age
population’s well-being and productivity”, Fournal of Sport
and Health Science, Vol. 5 No. 2, pp. 159-165.

Smys, S., Raj, J.S. and Krishna Raj, N. (2019), “Virtual reality
simulation as therapy for posttraumatic stress disorder
(PTSD)?”, Journal of Electronics, Vol. 1 No. 1, pp. 24-34.

66

66

Volume 44 - Number 1 - 2024 - 48—67

Su, H., Qi, W., Hu, Y., Karimi, H.R., Ferrigno, G. and De
Momi, E. (2020), “An incremental learning framework for
human-like redundancy optimization of anthropomorphic
manipulators”, IEEE Transactions on Industrial Informatics,
Vol. 18 No. 3, pp. 1864-1872.

Su, H., Qi, W., Schmirander, Y., Ovur, S.E., Cai, S. and
Xiong, X. (2022), “A human activity-aware shared control
solution for medical human-robot interaction”, Assembly
Automation, Vol. 42 No. 3, pp. 388-394.

Sun, Z. and Yang, H. (2022), “Development of a multi-sensor
based ski machine attitude training simulator”, 2022 11th
International Conference of Information and Communication
Technology (ICTech), IEEE, pp. 381-384.

Tapia, E.M.,, Intille, S.S., Haskell, W., Larson, K., Wright, J.,
King, A. and Friedman, R. (2007), “Real-time recognition of
physical activities and their intensities using wireless
accelerometers and a heart rate monitor”, 2007 11th IEEE
International Symposium on Wearable Computers, IEEE,
pp. 37-40.

Tarakci, E., Arman, N., Tarakci, D. and Kasapcopur, O.
(2020), “Leap motion controller-based training for upper
extremity rehabilitation in children and adolescents with
physical disabilities: a randomized controlled trial”, Fournal
of Hand Therapy, Vol. 33 No. 2, pp. 220-228.

Tian, C., Xu, Z., Wang, L. and Liu, Y. (2023), “Arc fault
detection using artificial intelligence: challenges and
benefits”, Mathematical Biosciences and Engineering, Vol. 20
No. 7, pp. 12404-12432.

Wang, Y., Liu, Z., Xu, J. and Yan, W. (2022), “Heterogeneous
network representation learning approach for Ethereum
identity identification”, IEEE Transactions on Computational
Social Systems, Vol. 10 No. 3, pp. 890-899.

Wickens, C.D. (1992), “Virtual reality and education”,
[Proceedings] 1992 IEEE International Conference on Systems,
Man, and Cybernerics, IEEE, pp. 842-847.

Wood, G., Wright, D.]J., Harris, D., Pal, A., Franklin, Z.C. and
Vine, S.]J. (2021), “Testing the construct validity of a soccer-
specific virtual reality simulator using novice, academy, and
professional soccer players”, Virtual Reality, Vol. 25 No. 1,
pp. 43-51.

Wu, E., Perteneder, F., Koike, H. and Nozawa, T. (2019),
“How to VizSki: visualizing captured skier motion in a VR ski
training simulator”, The 17th International Conference on
Virtual-Reality Continuum and its Applications in Industry,
pp. 1-9.

Xiao, B., Chen, L., Zhang, X., Li, Z., Liu, X., Wu, X. and
Hou, W. (2022), “Design of a virtual reality rehabilitation
system for upper limbs that inhibits compensatory
movement”, Medicine in Novel Technology and Devices,
Vol. 13, p. 100110.

Yang, Y. (2018), “The innovation of college physical training
based on computer virtual reality technology”, Fournal of
Discrete Mathematical Sciences and Cryprography, Vol. 21
No. 6, pp. 1275-1280.

Yao, B., Gao, H. and Su, X. (2020), “Human motion
recognition by three-view kinect sensors in virtual basketball
training”, 2020 IEEE Region 10 Conference (TENCON),
IEEE, pp. 1260-1265.

Zahedian-Nasab, N., Jaberi, A., Shirazi, F. and Kavousipor, S.
(2021), “Effect of virtual reality exercises on balance and fall



Sensor fusion-based virtual reality

Robotic Intelligence and Automation

Xiaohui Li et al.

in elderly people with fall risk: a randomized controlled trial”,
BMC Geriatrics, Vol. 21 No. 1, pp. 1-9.

Zhang, Y. and Tsai, S.B. (2021), “Application of adaptive
virtual reality with Al-enabled techniques in modern
sports training”, Mobile Information Systems, Vol. 2021,
pp- 1-10.

Zhao, J. and Lv, Y. (2023), “Output-feedback robust tracking
control of uncertain systems via adaptive learning”,

Volume 44 - Number 1 - 2024 - 48—67

International FJournal of Control, Automation and Systems,
Vol. 21 No. 4, pp. 1108-1118.

Zinman, B., Ruderman, N., Campaigne, B.N., Devlin, J.T. and
Schneider, S.H. (2003), “Physical activity/exercise and diabetes
mellitus”, Diabetes Care, Vol. 26 No. suppl_1, pp. s73-s77.

Corresponding author
Yu Lei can be contacted at: xiaoyu9767@gmail.com

For instructions on how to order reprints of this article, please visit our website:

www.emeraldgrouppublishing.com/licensing/reprints.htm

Or contact us for further details: permissions@emeraldinsight.com

67

67



B R AT TAER 212 K& AF 5. ZZUA2025-11-3325

K ik W

2% & % ( Science Citation Index Expanded » ( SCI-
EXPANDED) ##fi)% . (Journal Citation Reports) (JCR) #§
P AT Crp R B SCER T o O AT KR T RD . A
™1 SRR TR S B TR s R R o X an R -

Fr@i: Systematic review of motion capture in virtual reality: Enhancing the precision of
sports training

fE#: Li, XH (Li, Xiaohui);Fan, DF (Fan, Dongfang);Feng, JJ (Feng, Junjie);Lei, Y (Lei,
Yu);Cheng, C (Cheng, Chao);Li, XN (Li, Xiangnan)

KPR H R JOURNAL OF AMBIENT INTELLIGENCE AND SMART ENVIRONMENTS
£:17 W1 71:5-27 DOI:10.3233/A1S-230198 i igHf [6]:FEB 2025

Web of Science #Z.LE&SEH i “HeglHik” « 10 &

1 (JOURNAL OF AMBIENT INTELLIGENCE AND SMART ENVIRONMENTS )

2024 SFRYME TR 2.0,

SRR (FERZER CRERF OIS XEARRY , 2025 F545XKWTF:

T4 Journal of Ambient Intelligence and Smart Environments
Fi 2025
ISSN/EISSN 1876-1364/1876-1372
Review =
OA Journal Index (OAJ) i
Open Access %
Web of Science SCIE
S X Top HATI
N COMPUTER SCIENCE, ARTIFICIAL INTELLIGENCE i+&#l: AT%gE 4
N COMPUTER SCIENCE, INFORMATION SYSTEMS i+#H#.: 5E &% 4
N TELECOMMUNICATIONS H/{5% 4
KK THEALR 4 i
5 L AIE B

CREE PN 2 IR

#-:-;ﬂiﬁ
A _gEEFRE

TE: A JCR Ho¥ls BB 5, B RO ST T RZ R A 1 PLECHT R JCR Sl NS5

Hihk: M TR RIE 100 S KB FIE HiE 0371-67780900 45 ZME4E: jiansuo@zzu.edu.cn
HM KW 5 RS MME:  hitps:/libwits.v.zzu.edu.cn/kycgfwptweb/login/edu_zzu

68



B R TA G 212 K gy %y ZZUA2025-11-3325
B1% 1 &
FRAR: Systematic review of motion capture in virtual reality: Enhancing the precision of sports training
Y8341 Li, XH (Li, Xiaohui);Fan, DF (Fan, Dongfang);Feng, JJ (Feng, Junjie);Lei, Y (Lei, Yu);Cheng, C (Cheng, Chao);Li, XN (Li, Xiangnan)
SKYE IR : JOURNAL OF AMBIENT INTELLIGENCE AND SMART ENVIRONMENTS #: 17 $#i:1 % :5-27 DOI: 10.3233/A1S-230198 H{AR4F: FEB 2025
Web of Science - LEEFH "HEIHK": 10
BEIFR AT 14
BARE L 180 R): 12
RV (2013 £EL): 12
SIS % 3CRY: 120
#E: In the modern era of sports training, the S§Wotion capture and Virtual Reality (VR) offers an innovative approach to enhancing training precision. This
systematic review delves into the application of g#8Tion %l’e A \' VR for sports training, highlighting its transformative potential. Through a comprehensive literature search,
we examined the myriad applications, from p Sice Pcondﬁlmin?\/ym ents to accelerated rehabilitation processes. Our findings underscore the capability of real-time feedback,
immersive training environments, and tailogfd regﬁ‘e‘fthat this fidibn proviles. However, despite its promise, challenges such as hardware constraints, data processing complexities,
and interaction interface limitations persj t_—:@t_we trajectlries indi@‘an 1creasing influence of Al and deep learning, promising more sophisticated hardware and a broader
spectrum of applications, including nichdspofts'disci review concfides with an emphasis on the wider societal implications, suggesting a shift towards a holistic athlete
well-being approach.
AFEE: WO0S:001465299500003
&% : English i S
SCEREAL: Review E" AN qa;
Ve R4 F : virtual reality;motion capture;spo fﬂﬁrﬁgjig@m:%?\f perience;real-time feedback;injury prevention
KeyWords Plus: REHABILITATION; INJURY; R: SMRENITION; PERFORMANCE; TECHNOLOGY; STRATEGIES; CHILDREN; QUALITY; TIME
Hudik: [Li, Xiaohui; Feng, Junjie] Shaolin Wushu Coll, Dept Wushu, Zhengzhou, Peoples R China;[Li, Xiaohui] Univ Punjab, Dept Hist & Pakistan, Lahore, Pakistan;[Fan, Dongfang]
Henan Univ, Wushu Coll, Zhengzhou, Peoples R China;[Lei, Yu] Hunan Int Econ Univ, Changsha, Peoples R China;[Cheng, Chao] Jilin Univ, Key Lab Bion Engn, Minist Educ,
Changchun, Peoples R China;[Li, Xiangnan] Yantai Sci & Technol Innovat Promot Ctr, Yantai, Peoples R China
JE RS bk : [Lei, Yu] (corresponding author), Hunan Int Econ Univ, Changsha, Peoples R China;[Cheng, Chao] (corresponding author), Jilin Univ, Key Lab Bion Engn, Minist
Educ, Changchun, Peoples R China
L TRkt : rwysxy@hieu.edu. cn;chengchao@jlu.edu.cn
HiR i :SAGE PUBLICATIONS INC
HIFR bk : 2455 TELLER RD, THOUSAND OAKS, CA 91320 USA
Web of Science Index :  {Science Citation Index Expanded) (SCI-EXPANDED)
Web of Science Z5%):Computer Science, Artificial Intelligence;Computer Science, Information Systems; Telecommunications
B J5 A : Computer Science; Telecommunications
IDS 5:1HS5R
ISSN: 1876-1364
eISSN: 1876-1372
SRR H R S 3 23
F4- % BhF I : This review is supported by Sports Research Project of Henan Provincial Sports Bureau under Grant No. 202327.

BEEN

HEREILA F: 40852
Sports Research Project of Henan Provincial Sports Bureau 202327
ESI B#5183: N
EST #1883 N

BWHER: 2025 F 11 H24 H

Hibk: N TR RIE 100 S RZEFIE HBiE 0371-67780900 45 Z HEFE: jiansuo@zzu.edu.cn
FM KA 5 KGR MEE:  https:/libwits.v.zzu.edu.cn/kycgfwptweb/login/edu_zzu

69



Journal of Ambient Intelligence and Smart Environments -1 (2024) 1-23 1
DOI 10.3233/A1S-230198
10S Press

Systematic review of motion capture in
virtual reality: Enhancing the precision of
sports training

Xiaohui Li *°, Dongfang Fan ¢, Junjie Feng?, Yu Lei %", Chao Cheng ™ and Xiangnan Lif
8 Department of Wushu, Shaolin Wushu College, Zhengzhou, 452470, China

b Department of History and Pakistan, University of the Punjab, Lahore, Pakistan

€ Wushu College, Henan University, ZhengZhou, 450000, China

4 Hunan International Economics University, Changsha, China

E-mail: rwysxy@hieu.edu.cn

¢ Key Laboratory of Bionic Engineering, Ministry of Education, Jilin University, Changchun, China
E-mail: chengchao@jlu.edu.cn

f Yantai Science and Technology Innovation Promotion Center, Yantai, China

Received 24 May 2023
Accepted 14 October 2023

Abstract. In the modern era of sports training, the synergy between motion capture and Virtual Reality (VR) offers an inno-
vative approach to enhancing training precision. This systematic review delves into the application of motion capture within
VR for sports training, highlighting its transformative potential. Through a comprehensive literature search, we examined the
myriad applications, from physical conditioning enhancements to accelerated rehabilitation processes. Our findings underscore
the capability of real-time feedback, immersive training environments, and tailored regimes that this fusion provides. However,
despite its promise, challenges such as hardware constraints, data processing complexities, and interaction interface limitations
persist. Future trajectories indicate an increasing influence of Al and deep learning, promising more sophisticated hardware and
a broader spectrum of applications, including niche sports disciplines. The review concludes with an emphasis on the wider
societal implications, suggesting a shift towards a holistic athlete well-being approach.

Keywords: Virtual reality, motion Capture, sports training, immersive experience, real-time feedback, injury prevention

1. Introduction

Sports training, at its core, encapsulates the systematic and purposeful practice aimed at honing athletic skills and
improving physical performance [31,69]. While the primary objective has always been to enhance athletic prowess,
sports training holds broader implications. It plays a pivotal role in injury prevention [26], ensuring athletes adopt
correct techniques and postures that reduce the risk of strains or trauma. Beyond the realm of professional sports,
training has profound effects on improving general life quality [104]. Engaging in regular physical activity bolsters
health, augments mental well-being, and fosters discipline [76,103]. Moreover, foundational training serves as a cor-
nerstone, preparing individuals for more rigorous, high-intensity workouts and competitions [10]. Over the decades,
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sports training methodologies have undergone significant evolution. Traditional training approaches, while effec-
tive, often lacked precision and real-time feedback. Enter VR — a technological marvel that has reshaped numerous
industries, including sports training. VR offers an immersive experience, plunging athletes into simulated environ-
ments that closely mimic real-world scenarios [59]. This immersive nature facilitates better spatial awareness [62],
decision-making [83], and technique refinement. Furthermore, the symbiotic relationship between VR and sports
training is accentuated by the real-time feedback provided through VR systems [42]. Athletes can instantly receive
insights into their performance, make necessary adjustments, and consequently enhance their training efficiency.

As sports training continually strives for precision, the integration of motion capture within VR has emerged as
a game-changer [14]. Motion capture, often colloquially termed as ‘mocap’, involves recording the movement of
objects or people [58]. In the context of sports training, it translates to capturing the intricate nuances of an athlete’s
movement, posture, and technique [65]. What makes motion capture indispensable in VR-enhanced sports training is
its capability to provide immediate feedback [118]. Traditionally, athletes would rely on subsequent video reviews
or coach observations to refine their techniques. With mocap integrated into VR, athletes receive instantaneous
feedback on their posture and performance [100]. This real-time data allows them to make on-the-spot corrections,
facilitating a more efficient and effective training session. Moreover, the granularity of data captured by mocap
systems offers insights that might be imperceptible to the human eye [33]. From the angle of a tennis serve to the
slight tilt in a sprinter’s posture, every minute detail is captured, analyzed, and presented to the athlete [49,85]. This
level of detail fosters a deeper understanding of one’s performance, highlighting areas of excellence and pinpointing
avenues for improvement. In essence, the fusion of motion capture with VR elevates sports training to unprecedented
heights [77,95]. It merges the tangible realm of physical performance with the analytical prowess of technology,
ensuring athletes are equipped with comprehensive insights to refine and perfect their skills.

The primary objective of this systematic review is to delve deep into the intersection of motion capture technol-
ogy, virtual reality, and sports training. As technology continually reshapes the landscape of sports training, under-
standing its nuanced implications becomes imperative. This review aims to elucidate the transformative potential of
integrating motion capture with VR, emphasizing how it enhances the precision of sports training. Our contribution
to the academic and athletic communities is multifaceted. We offer a comprehensive synthesis of existing literature,
bridging the gap between technology and athletic training. This review also sheds light on the current challenges and
future prospects, serving as a roadmap for researchers and practitioners alike. Furthermore, by highlighting practical
applications and real-world implications, this article aims to spur further innovation and exploration in the domain.

In Section 2, we delve deep into the evolution of both VR and motion capture technologies, underscoring their
convergence and significance in sports training. Section 3 elucidates our meticulous approach to the literature,
detailing our search strategy, study selection criteria, and data extraction methods as per the PRISMA guidelines. In
Section 4, we present the tangible applications of motion capture-based VR across various facets of sports training,
ranging from fitness and physical conditioning to rchabilitation and psychological training. Section 5 is dedicated to
discussing the present challenges faced in integrating motion capture with VR, along with a projection of potential
future trends and technological advancements. Conclusively, Section 6 encapsulates the key findings of this review,
emphasizing its implications for subsequent research and real-world applications in sports training.

2. Motion capture in virtual reality
2.1. Development and key technologies of VR

VR has traversed a long journey since its conceptualization. Initially perceived as a mere digital novelty, VR has
matured into an influential technological force shaping various industries, notably sports training [44]. The inception
of VR can be traced back to the early 1960s with the creation of the Sensorama, a mechanical device offering a
multi-sensory experience [9]. This was followed by the first HMD system, ‘“The Sword of Damocles’, developed
by Ivan Sutherland and Bob Sproull in 1968 [98]. With the advent of computer technology in the 1980s, VR saw
significant advancements. Systems like the Virtual Environment Workstation Project by NASA paved the way for
the more sophisticated VR systems we know today [57]. The 1990s and 2000s were marked by the proliferation of
VR in gaming, with companies like Sega and Nintendo dabbling in VR gaming platforms. However, it wasn’t until
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the 2010s, with the launch of Oculus Rift, that VR truly entered the mainstream market [24]. This period marked
a rapid evolution in VR hardware and software. The development of low-latency HMDs, high-resolution displays,
and powerful graphics processing units (GPUs) has made VR experiences more realistic and immersive.

Beyond hardware, software innovations have played a pivotal role. Platforms like SteamVR [19], Oculus
Home [41], and PlayStation VR [39] have provided a plethora of content for users. VR’s scope has expanded beyond
gaming to sectors like healthcare, education, and, notably, sports training. Concurrent technological advancements,
such as augmented reality (AR) and mixed reality (MR), have further broadened the horizons of immersive technolo-
gies [46,80]. Tools like Microsoft’s HoloLens combine real and virtual worlds, offering a hybrid experience [67].

2.2. Evolution of motion capture technology

The realm of motion capture has witnessed a transformative journey, evolving from rudimentary tracking tech-
niques to the sophisticated technologies we observe today. The precision and detail these technologies offer have
been instrumental in enhancing various domains, particularly sports training in the context of Virtual Reality [88,90].

The inception of motion capture revolved around basic sensor technologies. Reflective markers were placed
on key points of an individual’s body, and cameras would track their movement based on the reflection of light
from these markers. Magnetic field sensors [2], another early technology, gauged the movement of body parts
by interpreting alterations in magnetic fields. Though revolutionary at the time, these methods had limitations,
particularly in terms of accuracy and the range of motion that could be captured.

The next wave of innovation was ushered in with optical systems [121]. These systems employed multiple cam-
eras placed at various angles to track markers on the body. The triangulation of data from these cameras resulted
in more accurate and comprehensive motion capture. This method became a favorite in both the film industry and
sports biomechanics due to its precision.

The introduction of depth cameras marked a significant leap [113]. Tools like Microsoft’s Kinect brought about
the possibility of capturing the entire body’s motion without necessitating markers. Using infrared technology,
Kinect mapped the depth and contours of objects, enabling the tracking of human movements with surprising accu-
racy [37]. This technology democratized motion capture, making it more accessible and straightforward.

As technology advanced, the focus shifted to capturing more nuanced movements, leading to the development
of wearable devices, such as rings that track finger motion [1,120]. Gloves embedded with sensors could capture
intricate hand movements, and full-body suits offered detailed data on body dynamics. These wearable devices,
while offering detailed insights, also ensured that the natural movement of the user was not hampered [93,94]. For
example, TSai et al. [100] explored a VR-based basketball training system enhanced with vibrotactile gloves to
simulate real-world ball interactions. Although haptic feedback did not significantly impact passing reaction time,
participants felt the gloves enhanced their passing and catching experience.

The latest in motion capture evolution is the fusion of data from various sources [109]. Combining data from
optical systems, wearables, and depth cameras allow for a holistic view of movement. Advanced algorithms and
software tools enable the synthesis of this data, providing insights that are both detailed and comprehensive.

3. Material and methods

The literature search and selection process followed the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) guidelines [61]. This ensured a comprehensive and unbiased review of motion capture
in virtual reality for sports training. (Fig. 1).

3.1. Literature search strategy

The literature search was conducted across five major databases: Scopus, Web of Science, PsycINFO, ScienceDi-
rect, [EEE Xplore, Embase, and PubMed. The search leveraged a combination of keywords or terms such as “virtual

LE T LET3

reality”, “motion capture”, “track™”, “sports”, “fitness”, “decision making”, “basketball”, “table tennis”, “soccer”,
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Fig. 1. Literature review process.

ELI3 99 99 ¢ 9 9

“rowing”, “skiing”, “running”, “archery”, “team”, “collaboration”, and “rehabilitation”. Emphasis was placed on ar-
ticles published from January 2018 to October 2023. This period was chosen because of the rapid advancements in
both virtual reality and motion capture technologies in the last five years, rendering the insights from this timeframe
particularly relevant and current.

3.2. Study selection criteria

Selected articles had to meet certain criteria to ensure relevance and quality. Firstly, only articles were considered,
and they had to be published in English. Furthermore, the scope was narrowed down to those articles which were
intertwined with virtual reality, motion capture technologies, and their application in sports training.

An initial search yielded 987 studies. After an initial screening, which involved removing duplicates and articles
that were deemed irrelevant based on titles and abstracts, 756 studies remained. A more in-depth assessment of
the full texts of these articles resulted in further refinement, with 214 articles assessed for their detailed relevance.
Ultimately, 54 studies met all the criteria and were included in this systematic review.

3.3. Data extraction

We utilized the Cochrane Risk of Bias tool [5] to assess the quality of the studies incorporated in our analysis.
This tool evaluates the potential bias in various aspects, encompassing reporting bias, selection bias, detection bias,
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attrition bias, performance bias, and other potential sources of bias. For the final set of 54 studies, key information
was extracted. This encompassed aspects like the study design, sample size, and primary findings, especially those
highlighting the applications in sports training. Data from these studies were qualitatively synthesized, allowing for
the identification of overarching themes, potential benefits, challenges, and prospects of motion capture-based VR
in sports training.

4. Practical applications of motion capture based VR in sports training

In today’s rapidly evolving digital age, the confluence of motion capture and VR has carved out novel frontiers in
the domain of sports training. This powerful merger elevates the sports training landscape by offering a unique blend
of precision, interactivity, and adaptability. As sports training transcends beyond mere physical prowess to a holistic
amalgamation of physicality, cognition, strategy, and recovery, leveraging innovative tools becomes paramount. In
this section, we unravel the multifaceted applications of motion-capture-based VR in sports training, exploring how
it resonates across diverse dimensions of the athletic experience.

4.1. Fitness and physical conditioning

In the sprawling canvas of sports training, physical conditioning stands tall as a cornerstone, functioning as a
linchpin that binds together an athlete’s endurance, strength, and flexibility. It’s imperative to stress the convergence
of VR and motion capture in the domain of fitness and physical conditioning as it has not only revolutionized tradi-
tional methodologies but has also amplified the granularity of feedback athletes receive. Harnessing the immersive
capabilities of VR combined with the precision of motion capture can shape training regimens that are tailored,
responsive, and deeply immersive, offering athletes a chance to engage with their regimen in unprecedented ways.
Table 1 summarizes the literature review findings in fitness and physical conditioning.

Immersive VR systems and Xbox Kinect training have shown promising results in improving aerobic activity,
muscle strength, and overall quality of life, addressing challenges like cybersickness and ensuring alignment with
sports science guidelines is critical. Feodoroff et al. [30] examined the effects of an immersive VR training system
and found that it elicited moderate aerobic and muscle-strengthening activity in young adults, with most participants
enjoying the experience (Fig. 2). However, dropouts due to cybersickness and prior injuries underscore the impor-
tance of further technological enhancements and adherence to sport and exercise science guidelines in future VR
training systems. In [8], the integration of Xbox Kinect training was found to considerably boost cardiopulmonary
fitness, muscle robustness, lean body mass, and overall life quality. The heightened sense of pleasure reported by
participants from this approach further accentuates its potential as an impactful and engaging apparatus for physical
rehabilitation. In a comparative study focusing on the repercussions of Xbox Kinect VR training versus traditional
workout regimes for individuals who suffered a stroke, both methodologies exhibited enhanced balance and func-
tional autonomy [97]. Intriguingly, those in the Kinect cohort manifested pronounced improvements in functional
movement, trunk synchronization, and autonomy.

The efficacy of VR balance training is influenced by the type of control sensors used. Vries et al. [22] investi-
gated the balance challenges posed by two similar skiing VR games, Wiiski and Kinski (Kinect sensor), in terms
of center of mass (COM) movements relative to Functional Limits of Stability. Findings revealed that Kinski pro-
vided a more challenging balance experience than Wiiski, suggesting that the type of control sensors and their
settings significantly impact the balance training efficacy of VR games. For populations with specific health con-
cerns, like postmenopausal women with osteoporosis, VR training (VRT) equipped with body-tracking can offer
superior improvements in dynamic task balance compared to conventional methods. In a study involving post-
menopausal women with osteoporosis [81], virtual reality training (VRT) utilizing Xbox 360 games and a Kinect
camera, which tracks the participant’s body position to provide real-time feedback, was evaluated for its effects on
functional balance. The results showed that while both VRT and conventional training methods improved balance
in dynamic tasks, the VRT, with its body-tracking capabilities, was notably more effective in enhancing control over
weight-shifting tasks. Based on a VR-skateboarding scenario developed in Unity3D and displayed on HTC VIVE
headsets (in Fig. 3), participants’ biomechanics during skateboarding were compared to walking [45]. Using motion
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Summary of literature review findings in fitness and physical conditioning

References  Fitness type Study design Participants VR setup Performance measure
Feodoroff et Aerobic physical Cross-sectional 33 participants Icaros system; HMD; Muscle activity; heart
al. [30] activity; experiment Heart rate monitor rate; rate of perceived
muscle-strengthening exertion
activities
Bashaetal. Xbox Kinect training Randomized controlled 40 participants Xbox Kinect-based VO2peak; muscle
[8] trial virtual reality system strength; lean mass

Sultan et al.
[97]

Vries et al.
[22]

Rezaei et al.
[81]

Kantha et
al. [45]

Pourazar et
al. [72]

Rutkowski
et al. [84]

Exergaming by Xbox
Kinect

Balance training

Performance-based
limits of stability; curve
tracking; sit-to-stand;
turning
VR-skateboarding and
walking

Reaction time training

Reaction time training

Parallel double-blind
randomized control trial

Controlled trial
Preliminary single-blind,
randomized controlled

trial

Biomechanical
experiment

Randomized controlled
trial

Pilot study

41 individuals

30 young adults; 30
healthy older adults

12 postmenopausal
women

20 participants

30 boys

14 individuals

Xbox Kinect

‘Wii Balance board;
Kinect sensor

Xbox 360 games; a
kinect camera

A split-belt treadmill;
HMD; a skateboard

Xbox 360 Kinect

quality of life; physical
activity enjoyment
Functional mobility;
independence; trunk
coordination extension
Functional limits of
stability

Center of pressure

Trunk flexion angles;
muscle activity; hip
flexion

Simple reaction time;
discriminative reaction
time

HTC Vive Pro headset; a Reaction time

connected laptop

Fig. 2. (A) Torso—arm angle measurement using protractor, (B) Icaros device, (C) participant being familiarized with the device, (D) upper-to-
lower limb angle measurement using protractor. [30].
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Virtual reality
head-mounted displays

Skateboard
g ————

Stationary belt

Moving belt

b &) ”

[rackers ]

plit-belt treadmill

Fig. 3. An illustration of a virtual reality skateboarding system. [45].

trackers on participants’ legs and skateboards, the study found that VR-skateboarding notably enhanced trunk and
hip flexion, knee extensor muscle activity, and weight distribution on the supporting leg.

Virtual reality and motion capture integration offers revolutionary improvements in physical functions, including
resistance, endurance, and reaction time. Through the integration of virtual reality and motion capture technologies,
Wei et al. [108] developed an algorithm to enhance the shooting techniques of basketball players. Results indi-
cate that this method, combined with resistance training, improved shooting percentages up to 14%, with height
variations being a notable factor in the outcomes. [20] underscored the potential of VR in enhancing motivation
and engagement in endurance exercises for patients with chronic respiratory diseases. The “Virtual Park™ system,
designed for cycle-ergometer training, demonstrated promising initial results in usability and acceptability, suggest-
ing the feasibility of integrating VR into traditional respiratory rehabilitation regimens. Using Xbox 360 Kinect as
the therapeutic VR device, Pourazar et al. [72] assessed the impact of VR on reaction times in children with cere-
bral palsy. The Kinect’s real-time visual feedback and three-dimensional tracking capabilities facilitated significant
improvements in both simple and discriminative reaction times post-intervention. The results underscore the poten-
tial of Kinect-based VR in enhancing rehabilitation for children with cerebral palsy. In [84], the VR setup tracked
the movement of controllers and goggles through two sensors, and participants engaged with music tracks, slicing
color-coded blocks with virtual swords in rhythm, also dodging obstacles to engage the entire body. This VR-based
intervention demonstrated potential in accelerating the proficiency of young musicians in mastering instruments.

In the realm of fitness and physical conditioning, leveraging VR and motion capture offers transformative po-
tential. However, challenges persist. Users often grapple with cybersickness, leading to higher dropout rates in VR
experiences. The efficacy of balance training is influenced by sensor configurations, demanding precision in settings
to achieve desired outcomes. Moreover, when targeting specific demographics, such as postmenopausal women, the
need for tailored VR exercises becomes paramount. Additionally, device-specific limitations, like those observed in
Kinect, may constrain their broad application.

4.2. Cognitive and mental training

At the intersection of sports and cognition lies an intricate web of decision-making, anticipation, strategy for-
mulation, and psychological resilience [106]. While physical prowess remains paramount, the cognitive and mental
faculties of an athlete often determine the outcome in high-stakes scenarios. The advent of VR and motion captute
technologies has ushered in a new age of cognitive and mental training, allowing for unparalleled immersion, feed-
back, and adaptability. Their combination on sports training stretch beyond mere physical adaptations, diving deep
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Table 2

Summary of literature review findings in cognitive and mental training
References Mental training type  Study design Participants VR setup Performance measure
Romeas et 3D multiple object 3D-MOT trial 57 participants NeuroTracker system Speed thresholds; success rate
al. [83] tracking
Tsai et al. Decision-making Between-subject 45 basketball players ~ An IMU-based full-body  Test score; the average
[101] training experiment motion capture suit; HMD duration of decision time
Kittel et al.  Decision-making Randomised control 32 Amateur Australian 360° video camera; Psychological fidelity,
[47] training trial football umpires 360°VR engagement
Kocur et al. Psychological A real-world 24 participants Game engine Unity3D; Heart rate; perceived exertion;
[48] resilience experiment HTC Vive tracker pedaling frequency; distance;

body ownership;
self-perceived fitness; user
identification

First-person-perspective
Virtual Defensive Scenarios

Repeat-until-success

POA

Recognition System m mt'::h
J . Make POA ORSNet
" EEZTEZTEZT Next
{ t_l 3 scenario
-
Training player *POA : Player Offensive Action

Fig. 4. System framework. [101].

into the realms of neuroplasticity, perception, and emotional regulation. Table 2 summarizes the literature review
findings in cognitive and mental training.

Virtual Reality facilitates enhanced decision-making and cognitive performance in sports scenarios. Using video
simulations boosts decision-making in invasion sports, but its real-world transferability and generalizability have
been unclear. A study with varsity basketball players found that while both computer screen (CS) and VR training
enhanced decision-making for trained plays, only VR training led to generalized improvements for untrained sce-
narios [66]. Delving deeper into the intricacies of VR, Romeas et al. [83] investigated a virtual training paradigm
combining three-dimensional multiple object tracking (3D-MOT) with either motor or perceptual sport decision-
making tasks. Results indicated dual-task training improved performance in both areas, but 3D-MOT training was
more effective when sequentially done before a motor decision-making task rather than simultaneously. Meanwhile,
in the basketball arena, Tsai et al. [101] proposed a VR-based basketball offensive decision-making training tool
that allows intuitive user interaction via a motion capture suit, offering feedback on user decisions in varied virtual
defensive setups crafted by experts. The system’s efficacy was contrasted with traditional tactics board training, and
its system is as shown in Fig. 4. In a contrasting sporting milieu, Australian football, Kittel et al. [47] compared
the efficacy of 360° Virtual Reality (360°VR) and traditional match broadcast footage for decision-making training
in amateur Australian football umpires. While the 360°VR showed notable advantages over the control group in
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retention tests, overall improvements were inconclusive. However, results showed that participants favored 360°VR
for its enhanced psychological fidelity, engagement, and relevance over traditional footage.

Virtual Reality offers transformative experiences for athletes by manipulating stressors and perceptions, promis-
ing enhanced performance and psychological resilience. Kocur et al. [48] examined the influence of an avatar’s
athleticism on users’ physiological responses and perceived effort during VR cycling exercises. Results revealed
that more athletic avatars led to significant changes in users’ heart rate and their sense of exertion, suggesting poten-
tial interplays between virtual embodiment and physical exercise perceptions. Broadening the application horizon
of VR beyond traditional athletic training, Liao et al. [4] examined the efficacy of VR integrated with physical and
cognitive exercises to enhance dual-task gait performance and executive function in older adults with mild cognitive
impairment (MCI). Using the Kinect system, the VR training adopted a range of physical activities, such as Tai
Chi and functional tasks like window cleaning. Findings indicated that the VR-based approach, offering immediate
visual and auditory feedback, showed marked improvements in executive function and dual-task gait performance
compared to traditional combined training methods.

In the arena of cognitive and mental training, the integration of VR and motion capture technologies has been
instrumental in amplifying decision-making, anticipation, and psychological resilience of athletes. The immersive
environments of VR, combined with the real-time feedback of motion capture, offer athletes a nuanced training
platform. Studies have indicated that while video simulations can enhance decision-making in sports, the immersive
nature of VR ensures a broader application, including untrained scenarios. Furthermore, VR’s potential in manipu-
lating athletes’ perceptions, such as using athletic avatars, can influence physiological responses and perceived effort
levels, hinting at a profound link between virtual embodiment and physical training. Additionally, VR’s application
isn’t limited to elite athletes. Its use in improving cognitive functions in older adults, by integrating physical and
cognitive exercises, showcases its potential in a broader spectrum of applications. However, despite these advance-
ments, ensuring the transferability of skills from VR to real-world scenarios remains a challenge.

4.3. Sport-specific training scenarios

Each sport offers its unique challenges, intricacies, and subtleties that require specialized training tools and tech-
niques [79,92]. Modern technology, especially the seamless integration of motion capture with VR, is poised to
redefine the training landscape across different sports. Table 3 summarizes the literature review findings in sport-
specific training scenarios.

Basketball, a game requiring accuracy, footwork, and coordination, has witnessed advancements in training
methodologies, among which the precision offered by motion capture in VR is invaluable. This year, Liu et al. [52]
presented an AR/VR-based motion capture approach to enhance college basketball training. By integrating skeletal
data and employing the LSTM algorithm, the method achieved recognition rates of 85% for “shooting” and “de-
fense” actions, and over 93% for other movements. With motion capture equipment, the action recognition time was
reduced to about 210 ms, a 100 ms improvement over conventional tools. In a study examining basketball shooting
in a virtual environment (Fig. 5), success rates and kinematics were tracked across different scales to assess player
expertise and perceptual awareness of basket distance [89]. While success rates and ball kinematics reflected ex-
pertise and distance manipulation, body kinematics only indicated player expertise and gender, underscoring the
nuances of using VR for sports training.

Harnessing motion recognition technology, modern solutions are reshaping the landscape of sport-specific train-
ing, with table tennis serving as a pertinent example. For table tennis beginners in China, proper technical guidance
is often not available, leading to incorrect techniques and potential injuries. Addressing the limitations of traditional
teaching methods, Han [40] introduced an intelligent system that uses motion recognition technology, specifically
through inertial sensors at skeletal points, to recognize and classify human table tennis movements. The proposed
system not only aids in motion correction but also proves valuable for technical analysis and tactical planning in the
sport. Similarly, in response to the push for enhanced physical education in schools, Shen [85] introduced a table
tennis technical action evaluation system developed using mixed motion capture technology, specifically leveraging
Microsoft Kinect2.0. This system facilitates technical guidance and evaluation for table tennis trainers, enhancing
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Table 3
Summary of literature review findings in sport-specific training scenarios

References Sports type Study design Participants VR setup Performance measure

Liu et al. Basketball Test 10 personnel Kinect sensors Accuracy; recall;

[52] training experiment response time

Soltani et Basketball Pilot study 12 experienced and 10 A realistic virtual Success-rate; ball and

al. [89] training novice basketball basketball court; body kinematics
players stereoscopic glasses

Shen [85] Table tennis Pilot study 20 secondary players Kinect2.0 motion Euler distance; degree of

training and 20 outstanding capture equipment participation
players

Chung et al. Soccer training Case study A trial user A wearable motion Kinect energy

[18] capture device with 24

nodes; Vive’s HMD

Wood et al. Soccer training Randomised 17 professional soccer A HTC Vive Pro Passing accuracy,

[110] control trial players, 17 academy head-mounted display; 4 composure, reaction
players, 17 novice detachable HTC Tracker time, and adaptability
players 2.0 sensors

Arndt et al. Rowing training Pilot study 16 participants Augletics Eight2; a HTC Stroke length; recovery;

[6] Vive headset rhythm; consistency;

movement

Wu et al. Skiing training Controlled 81 participants VR ski training Ankle rotation

[111] experiment simulator

Ono et al. Skiing training Pilot study 16 participants HTC Vive Pro; Pro Proficiency level

[64] Ski-Simulator

Perrin et al. Running training Randomised 17 healthy individuals HMD devices; a Error between actual and

[70] control trial handheld Vive controller perceived locomotor

speed

Purnomo et Archery training Pilot study 10 participants Oculus Rift S Navigation, interaction,

al. [74] application process and

satisfaction
Codamotion CX1
Net

Stereospic
glasses

Mock cqurt e
marking

. Projector

Fig. 5. Arrangement of the hardware components of the basketball throwing simulator installed in a 6 m long x 5 m high room. [89].
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Fig. 6. Showing the sensors placed on the shin guards and feet of the players (left), and the accuracy (center) and speed (right) calibration
drills. [110].

self-learning and technique assessment. The use of Kinect2.0 ensures efficient data capture and processing, mak-
ing it practical and feasible for widespread adoption, ultimately advancing the integration of sports with computer
technology.

Modern advancements in immersive VR gaming also spotlight the innovative use of Head Mounted Displays
(HMD) and motion capture methods for soccer training. Chung et al. [ 18] highlighted the rise of Head Mounted Dis-
plays (HMD) for immersive virtual reality gaming. While many interaction devices, like Leap Motion and marker-
based devices, have their constraints, this research introduced a wearable motion capture method, which tracked
movement despite obstructions, and tested its application in a VR soccer game — marking a pioneering effort in the
field. Wood et al. [110] assessed the construct validity of a soccer-centric VR simulator, MiHiepa Sports Rezzil, by
testing its ability to differentiate skill levels among professional, academy, and novice players. The MiHiepa Sports
Rezzil VR platform utilizes the HTC Vive Pro, a high-resolution head-mounted display, complemented by HTC
Tracker 2.0 sensors affixed to players’ shoes and shin guards (Fig. 6). These trackers, synchronized with the HTC
Lighthouse 2.0 system, enable precise motion capture, providing a detailed and responsive simulation experience
for users during soccer training drills.

In rowing, where rhythm and technique are paramount, VR combined with sensor feedback offers a novel ap-
proach to training. In a pilot study exploring the integration of VR with sensor feedback, athletes used a stationary
rowing machine within a VR environment, with the machine’s sensors providing real-time movement data to the
VR display [6]. Initial findings suggest that this VR setup not only enhanced the athletes’ training experience but
also positively impacted their rowing performance compared to traditional training methods. To facilitate athlete
training and offer non-athletes a gamified rowing experience, Shoib et al. [87] focused on creating a VR rowing
simulation. By integrating the rower machine with trackers, the simulation captures real-world rowing motions,
where one ergometer pull equates to a single stroke in the game, allowing for realistic speed and distance replica-
tion. At the same year, In [102], a novel interactive system was developed over three design iterations that pairs the
dynamic ergometer (RP3) with the HTC Vive platform, augmented with three location trackers. This system offers
enhanced opportunities for learning and refining rowing techniques, potentially reducing injury risks associated with
the learning curve.

In ski training, virtual reality’s integration has proven transformative, enabling a more nuanced and feedback-
driven approach to mastering the sport’s nuances. A VR-based ski training platform was developed, using an indoor
simulator enhanced by two trackers to replicate ski movements on a virtual slope [111]. By studying the efficacy of
visual cues and feedback, the system offers insights into leveraging pro-skier motion patterns to bolster ski training,
shedding light on the potential and constraints of such VR ski training tools. Based on the above research, Ono
et al. [64] introduced a VR support system to train novice skiers, emphasizing weight-shifting techniques based
on prior findings from deep learning analyses. Through real-time fecdback on users’ weight-shifting patterns, the
system has been shown to significantly aid participants in mastering this crucial skiing skill.

In the field running and walking, the calibration of perceived motion in virtual reality remains a crucial con-
sideration. Using an enactive approach with the HTC Vive system, Perrin and his colleagues [70] investigated the
accuracy of perceived locomotion speed in virtual environments (VE) during treadmill activities. While the overall
average showed accurate speed perception, individual discrepancies varied, with some consistently overestimating
or underestimating. Consequently, the paper suggests personalized adjustments instead of general correction for VR
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Fig. 7. Proposed gun interface solutions, consisting of three mesh objects and an additional attachment: (a) pistol interface, (b) machine-gun
interface, and (c) correspondence of the motion controller with a virtual gun interface. [50].

locomotion applications to ensure authentic speed perception. Krasnyanskiy et al. [49] explored crafting a control
system for a running platform in virtual reality, aiming for adaptive speed adjustments based on user behavior to
heighten immersion and comfort. Leveraging a unidirectional treadmill and VR trackers, new control functions were
devised, tested, and assessed, which minimized users’ deviations from a starting position, mitigating oscillation and
inertia impacts.

From archery to first-person shooters and even Para-Badminton, the integration of motion capture and VR offers
unparalleled realism and potential therapeutic applications. Aprial et al. [3] delved into the integration of motion
capture with VR in creating a more immersive archery game experience. By harnessing the capabilities of both tech-
nologies, they attempted to enhance realism in archery games, positioning them not only as entertainment but also as
potential cognitive development tools. On the basis of above study, a VR simulator tailored for conventional archery
training was invented, leveraging the Oculus Rift S to mimic authentic archery movements [74]. The simulator’s ef-
fectiveness was evaluated based on navigation, interaction, application processes, and user satisfaction. Apart from
that, an innovative system for heightened realism in VR first-person shooter games was proposed, utilizing motion
controllers to track player’s hand and head movements [50]. By establishing a seamless correspondence between
the physical and virtual realms, they offered refined player-gun interactions (Fig. 7), verified using a VR FPS demo
and a gun template, demonstrating its potential applicability to other VR motion-controlled games. As far as Para-
Badminton matches, researchers from the University of Sdo Paulo, in collaboration with the State University of
Campinas, created a nocel virtual reality game [32]. Designed to boost performance and mitigate neuropathic pain
in athletes with Spinal Cord Injury, this endeavor leverages the Unity 3D game engine and Leap Motion hardware.

To sum up, the amalgamation of VR with motion capture and sensor technologies is ushering in a new epoch in
sports training. It promises more effective training methodologies, personalized feedback mechanisms, and realistic
simulations, potentially reshaping the future of sports training across various domains. The ensuing sections will fur-
ther delve into the underlying technological innovations driving these advancements and their broader implications
for athletes and trainers alike.

4.4. Team collaboration and strategy

In the domain of team sports and collaborative endeavors, VR has come to the forefront as a versatile tool for
assessing and training players. Table 4 summarizes the literature review findings in team collaboration and strategy.
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Table 4
Summary of literature review findings in team collaboration and strategy

References Team collaboration Study design Participants VR setup Performance measure

Vu et al. Multiple soccer players Pilot trials 32 volunteers HTC VIVE EYE PRO Visual tracking

[105] training performance; gaze
activity; search rate

Fan et al. Team training Randomised experiment 6 participants HMD; VoIP headset Simulated training

[271 performance

Mas et al. Spatial navigation Proof of concept N/A Indy, a virtual reality N/A

[56] training system

Gugen- Co-located social Exploratory user study 16 participants FaceDisplay, a mobile Enjoyment; social

heimer et al.  interactions VR HMD interaction; presence;

[36] emotional state

Chen et al. Collaborative VR for Pilot study 30 undergraduate Oculus CV1 HMD; Task performance;

[16] learning students Oculus Touch engagement level;

collaboration patterns

Vuet al. [105] utilized Virtual Reality to investigate the visual tracking capabilities of soccer players compared to
non-players in tracking moving virtual characters. While soccer players exhibited superior tracking abilities, their
expertise did not provide an advantage in scenarios mimicking real game trajectories. Bonfert et al. [27] emphasized
the integration of body area networks (BANs) with VR to enhance soldier-based team training, compensating for
spatial constraints in traditional facilities. Experiments, as indicated by the tracking of arm movements in a T-pose,
demonstrate the system’s proficiency in directly monitoring motion trajectories.

To enhance spatial navigation skills essential for complex industrial settings, Mas et al. [56] introduced “Indy,”
a virtual reality-based collaborative treasure hunting game. Similarly, Wu et al. [112] developed “Sky Classroom,”
a global project-based course emphasizing collaborative building design. This avatar-driven tool, evolving from
desktop to immersive virtual reality versions, enhances collaboration by immersing users within the BIM model.

The momentum of VR applications in team collaboration and strategy has spilled over into engineering and in-
dustrial sectors as well. To streamline lifecycle engineering tasks, a multi-user VR training system was proposed,
meticulously integrated with virtual factories, focusing on wind turbine assembly [115]. Preliminary evaluations by
experts highlighted the system’s potential to revolutionize industrial training effectiveness and efficiency. “FaceDis-
play” [36] is an innovative VR headset embedded with a depth camera and touch-sensitive screens, allowing by-
standers to view and interact with the virtual realm experienced by the primary user. Initial applications and user
studies suggested potential for enhancing co-located social interactions, challenging the prevailing HMD-centric
design approach to be more inclusive of non-HMD users. As far as collaborative VR for learning, it was found that
a shared view improved task performance and that side-by-side positioning optimized user experience [16]. Notably,
users’ movements were realistically mirrored in the VR space, as their heads and hands were tracked in 6 DoF by
the Oculus Touch sensors, enabling accurate representation through avatars. To cope with the limitations of tradi-
tional VR systems, Ha et al. [38] developed a motion-capture-based VR collaboration tool, enhancing immersion
by aligning users’ real movements with their virtual avatars. The system adjusted the avatar’s size for user-body
congruence, with experiments indicating minimal height discrepancies, and successful remote collaboration trials
involving multiple participants (Fig. 8).

VR is revolutionizing team sports and collaborative strategies, offering nuanced platforms for enhanced train-
ing. From evaluating soccer players’ visual tracking to military spatial training, VR’s scope is vast. The industrial
sector, too, is embracing VR for spatial navigation and collaborative design. Innovations like “FaceDisplay” allow
bystanders to participate in a user’s virtual experience, broadening VR’s inclusivity. As VR integrates with motion
capture, it promises to reshape team collaboration across diverse fields.

4.5. Rehabilitation and injury prevention

As sports training continually seeks precision and optimization, there arises a profound need to safeguard the
well-being of athletes and individuals who engage in physical activities. This safeguarding is twofold: ensuring
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Fig. 8. Multi-remote collaboration test. [38].

efficient rehabilitation post-injury and preventing future occurrences. As injuries can range from minor strains to
debilitating conditions, a holistic approach to recovery is essential. Not only does VR offer a dynamic and interactive
platform that enhances patient engagement, but the precision offered by motion capture provides invaluable data
that can be harnessed to tailor specific therapeutic interventions. Table 5 summarizes the literature review findings
in rehabilitation and injury prevention.

VR has emerged as a groundbreaking tool in the realm of rehabilitation and injury prevention, offering tailored
solutions to a spectrum of physical challenges, such as neck pain, shoulder rehabilitation, upper limb rehabilitation,
and lower limb rehabilitation. In [60], a VR system was proposed, which utilized the Oculus Rift DK2 headset to
motivate individuals with neck pain to adhere to prescribed exercises. By immersing users in a tailored exergame
designed around their specific neck range of motion, the system not only promotes rehabilitative movement but
also assesses neck flexibility. In shoulder rehabilitation monitoring, the Oculus Quest 2 [15] demonstrated a mean
absolute error of 13.52 + 6.57 mm for translational displacements at 500 mm from the head display in the x-
direction, and a maximum error of 1.11 & 0.37° for 40° rotational movements around the z-axis. Given these
results, the Oculus Quest 2 offers promise as an effective alternative to conventional motion tracking systems in
rehabilitation scenarios. Bortone et al. [12] presented an immersive VR rehabilitation system with wearable haptics
tailored for children with neuromotor challenges, as shown in Fig. 9. Initial trials with children affected by cerebral
palsy and developmental dyspraxia indicate the system’s adaptability to varying motor skills and its potential as a
tool for kinematic assessment of motor functions. In [73], the effects of incorporating Nintendo Wii-based VR with
conventional therapy were compared with conventional therapy on upper limb function in spinal cord injury patients,
results after 4 weeks revealed comparable improvements in hand function for both groups. VR offers an engaging
and interactive dimension to traditional rehabilitation, serving as a form of biofeedback and allowing patients to
monitor daily performance progress. Zhang et al. [117] employed wearable TENG-based devices for detailed gait
and waist motion analysis, aiding in lower-limb and waist rehabilitation, as shown in Fig. 10. By integrating these
devices with virtual gaming, they enhanced immersion during rehabilitation sessions.
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Table 5

Summary of literature review findings in rehabilitation and injury prevention

15

References Rehabilitation type Study design Participants VR setup Performance measure
Mihajlovic Head-neck rehabilitation A user study 30 users aged Oculus Rift DK2 VR Mean tracking scor
etal. exercises 18-50 headset
Bortone et Rehabilitation of upper Controlled trial 20 subjects Two dedicated Kinematic
al. limbs immersive SG and a measurements
Graphical User Interface
(GUI)
Prasad et al. ~ Rehabilitation of upper Pilot randomized 22 patients Nintendo Wii Capabilities of upper
limbs controlled trial extremity
Fang et al. Sports rehabilitation Pilot study 40 students in the HMD Excellence rate of the
first class and 45 in experimental class
the second class
Askin et al. Upper extremity motor Randomized 40 chronic stroke Xbox Kinect Upper extremity (UE)
functions controlled trial patients Fugl-Meyer Assessment
(FMA)
Shen et al. Physical rehabilitation Pilot study 10 healthy children An HTC Vive VR Engagement; user
and 4 children with headset and Vive experience
TBIs controller
Choi et al. Upper-limb function Randomized 80 children with Virtual reality Functional and

rehabilitation

controlled trial

brain injury

rehabilitation system

kinematic assessments

Leveraging virtual scene position mapping focused on upper limb movements [28], a study on sports rehabilitation
students showed significant improvements in practical test scores, with the experimental group outperforming the
control by 24.2% in excellence and 12% in pass rates, suggesting that VR applications not only enhance practical
skills but also pique learners’ interest, with motor skills in virtual setups being transferable to real-world scenarios.
Yan [114] delved into using virtual reality for sports rehabilitation, introducing an AR algorithm for dynamic target
tracking in VSLAM and leveraging OpenPose for hand gesture recognition in patient training. Through Unity3D
and Photon Server, a multi-user virtual training environment was created, notably improving tracking accuracy in
areas like head positioning and leg movement based on users’ perspectives in a motion capture system.

Moreover, evidence from a randomized trial underscored the advantages of amalgamating Kinect-based VR train-
ing with traditional physical therapy for chronic stroke patients [7]. The synergistic approach led to improvements in
upper extremity motor functions and range of motion compared to exclusive physical therapy treatments. To elevate
the motivation levels of stroke patients and make repetitive exercises less tedious, Dias et al. [25] introduced VR
mini-games tailored for upper limb exercises. Though some challenges were encountered, such as sensor placement
and game misalignment, these were addressed through methodical adjustments, underscoring the adaptability of VR
in rehabilitation scenarios.

The growing integration of VR into cognitive rehabilitation demonstrates its promising potential, especially in
children with traumatic brain injuries (TBI) and associated motor challenges. In 2020, a VR system tailored for
cognitive rehabilitation was devised, targeting three core executive functions, in children with traumatic brain in-
juries [86]. While prior VR tools focused on physical rehabilitation, this innovative system, well-received in pilot
testing, emphasizes cognitive recovery post-TBI in children. In a case study involving a young male with severe TBI,
the Computer Assisted Rehabilitation Environment (CAREN) system — a virtual reality tool by MOTEK Medical
featuring motion capture and a multi-faceted VR immersion experience — was employed alongside standard cogni-
tive rehabilitation [21]. Notably, significant cognitive and motor improvements were observed only post-CAREN
training, suggesting the potential efficacy of immersive VR in TBI cognitive rehabilitation. Choi et al. [17] explored
the effectiveness of a wearable sensor-based virtual reality system in enhancing upper-limb function in children with
brain injuries (Figrue 11). Results revealed that the VR group, which incorporated repetitive task-oriented games
using wearable inertial sensors, showcased notably better upper-limb dexterity and daily activity performance than
the conventional therapy group.

In rehabilitation and injury prevention, the blend of VR and motion capture offers personalized recovery path-
ways. While VR enhances engagement and offers tailored exercises, challenges persist in seamlessly integrating
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Fig. 9. Overview of the proposed rehabilitation system with a close-up of the VE visualized through the HMD (Head Mounted Display), and of
the two wearable haptic devices rendering contact forces. [12].
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Fig. 11. Component of the virtual reality device developed for upper-limb rehabilitation in children with disabilities. [17].

it with traditional methods. Especially in cognitive rehabilitation post-traumatic injuries, ensuring real-world skill
transfer and long-term efficacy from VR training remains pivotal. The synergy between VR and conventional ap-
proaches is crucial for optimal outcomes.

5. Challenges and future trends
5.1. Current challenges

The integration of motion capture within VR for sports training brings forth a new horizon of possibilities. How-
ever, it is not without its set of challenges that need to be addressed to harness its full potential.

The size and comfort of motion capture sensors remain a challenge, especially in sports that demand unre-
strained movement [23]. In sports like long-jump, these sensors can potentially shift during performance, altering
the data’s accuracy. The durability of these sensors is crucial, especially when considering the vigorous movements
in sports like boxing or martial arts. In terms of data processing, sports like gymnastics or ballet, where precision is
paramount, require real-time, detailed feedback. This demands robust algorithms capable of instantaneous process-
ing [51]. In sports that require immediate response, like fencing or tennis, latency can compromise the training’s
effectiveness.

A single motion capture session can generate gigabytes of data, especially when capturing detailed movements.
This data volume exponentially increases in VR scenarios where environments are richly detailed and interactive.
The transformation of raw sensor data into meaningful feedback requires complex algorithms [35]. These algorithms
need to factor in individual athlete biomechanics, the sport’s specific requirements, and potential environmental
variables [43]. In sports training, a delay of even a few milliseconds in feedback can be the difference between a
successful training session and a missed opportunity [29]. Ensuring that data processing and feedback provision
happen in real-time, without noticeable latency, is a significant challenge.

Traditional VR interaction mechanisms, like hand controllers, may not always be feasible in high-intensity sports
training [13]. Integrating voice commands [71], gaze tracking [68], or gesture recognition [34] can offer more natural
interaction methods. However, ensuring their accuracy in dynamic training environments is challenging. Beyond
interaction, how feedback is relayed to the athlete in VR is crucial. Visual or auditory cues need to be intuitive
and non-distracting. They should enhance the training experience rather than disrupt the athlete’s focus. Athletes
come from diverse training backgrounds and have varied familiarity levels with VR. The interaction interface should
be customizable to cater to beginners and advanced users alike, ensuring a seamless transition into VR-enhanced
training [63].
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5.2. Future trends

The dynamic landscape of motion capture in VR for sports training is on the cusp of revolutionary advancements.
As we look ahead, several trends emerge, promising to reshape and refine the domain further [78,91].

From a technical standpoint, the integration of Artificial Intelligence (Al) and deep learning promises to redefine
the boundaries of motion capture in VR [53,55,107,119]. These technologies will not only enhance data analysis
but will also provide predictive insights, enabling athletes to make preemptive adjustments. Additionally, as hard-
ware components become more sophisticated, we can anticipate a shift towards a more seamless and integrated
experience. Athletes will benefit from miniaturized sensors [54], longer battery life [99], and lighter VR headsets.
Furthermore, the convergence of Augmented Reality (AR) with VR, culminating in Mixed Reality (MR), will in-
troduce multi-dimensional training experiences, blending real-time feedback with immersive environments [96].

In terms of application, the future beckons a shift towards more adaptive training regimes [116]. These programs,
driven by real-time data and analytics, will constantly evolve, adjusting to an athlete’s performance and ensuring
optimal skill development. As the technology becomes more accessible and versatile, its reach will extend to spe-
cialized sports disciplines, including ice skating and swimming, ensuring a broader spectrum of athletes benefit
from advanced training tools [75].

However, with these advancements come societal implications. As motion capture in VR becomes more prevalent,
we can expect its adoption to spread beyond elite athletes, reaching local gyms, schools, and rehabilitation centers.
This democratization of advanced training tools will inevitably raise concerns about data privacy and security [11].
Safeguarding athletes’ biomechanical data will be paramount. Moreover, as the lines between motion capture data
and health metrics blur, there will be a synergistic relationship between sports training, medicine, and overall health
monitoring [82]. This integration will play a pivotal role in injury prevention, recovery optimization, and holistic
athlete well-being.

6. Conclusion

In the rapidly evolving world of sports training, the intersection of motion capture and VR stands out as a beacon
of transformative potential. This systematic review embarked on a journey to explore this convergence, aiming to
provide clarity on its implications and future trajectory.

Our study was rooted in the backdrop of a rising demand for precision and personalization in sports training. The
primary objective was to elucidate the transformative potential of integrating motion capture with VR, emphasizing
its capacity to redefine training methodologies. Through a rigorous examination of existing literature, we unearthed
the multifaceted applications of this fusion, from enhancing physical conditioning to facilitating accelerated reha-
bilitation. Our findings underscored the undeniable benefits of integrating motion capture with VR, most notably,
its capacity to offer real-time feedback, immersive training environments, and tailored training regimes. However,
this potential doesn’t come without challenges. From hardware limitations to data privacy concerns, the road to
seamless integration is riddled with obstacles. But, as with any nascent technology, these challenges pave the way
for innovation.

Looking ahead, the future of motion capture in VR sports training is brimming with promise. As Al and deep
learning find their footing in this domain, and as hardware becomes more sophisticated, we can anticipate a revolu-
tion in sports training. Furthermore, the societal implications of this technology’s wider adoption, coupled with its
convergence with health metrics, signal a shift towards a more holistic approach to athlete well-being.
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Exploration of optimization strategy for image recognition ;
based on deep learning pre

LANG Bofei,ZHANG Fangchao i
(Zhengzhou Vocational College of Intelligent Technology ,Zhengzhou 450099, China)

Abstract: To effectively reduce the threat of forest fires to the ecological environment ar
article developed a deep leamning based early fire recognition technology. Through in-de
optimization strategies for image recognition algorithms, an image recognition system usin
algorithm was constructed. The system is implemented using the TensorFlow frameworl
training data through the Imgaug image enhancement library, constructing a dataset contz n
scenarios. Train and test the model on this dataset, and evaluate its performance using m
function curve and accuracy recall curve. The experimental results indicate that as the |
iterations increases, the model loss will gradually decrease, while the recognition accurac
improve. After verification with the publicly available FLAME dataset, the average ac
reached 97.40%, the missed detection rate decreased o 0.03, and the average detection tir
seconds, demonstrating good fire recognition ability. This achievement provides strong
early identification and early warning of forest fires, which is of great significance f
environment and human safety.

Key words: image recognition ,deep learning, SSD object detection algorithm
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W E: BT ENERERFF AT, BMILE (Virtual Reality, VR) HFZR R AN FAREL
AT ABATSRIZ, BRI F ke B8R, Ao ALTR R (Artificial Intelligence, Al) #HARZEZFHAIT
FAERAZZF LA . 12A 3D Max SR E R B F 2R G T, FHFIMHLELFAE, SFERIAITHB
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The Application of AI Technology in the Teaching of Computer Courses in
Colleges and Universities

WANG Mingrui

(Zhengzhou Information Engineering Vocational College, Zhengzhou Henan 450100, China)

Abstract: In the traditional teaching methods of computer courses in colleges and universities, the interactive behavior
of students is not tracked in the Virtual Reality (VR) teaching space scene, which leads to the long response time of traditional
methods. Based on this, the application of Artificial Intelligence (Al) technology in the teaching of computer courses in colleges
and universities is put forward. Use 3D Max software to create VR teaching space scenes, send scene files to students, track
students’ interactive behaviors, introduce Al technology, and obtain communication signals to realize the application of Al
technology in the teaching of computer courses in colleges and universities. The comparative experimental results show that this
research method has faster response time and is more suitable for the teaching of computer courses in colleges and universities.

Keywords: Artificial Intelligence (Al) technology; computer courses in universities; virtual reality
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