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ABSTRACT This paper presents a wearable motion capture (MoCap)-based serious game (SG) for physical
rehabilitation and evaluates its user experience. Conventional physical rehabilitation relies on professional
trainers, equipment, and facilities, which are time-consuming and expensive for users. It often reduces the
users’ motivation to perform exercises. It can be difficult for users to continue their physical rehabilitation
through the conventional model. However, recent studies demonstrate that serious games have the potential
to improve the effectiveness of rehabilitation training through a more engaged and immersive game design.
Most of those studies focus on technology and the development of a specificMoCap sensor-based SG design
for users with motor deficiencies, rather than emphasizing the users’ experience impacting the effect of
performance in physical rehabilitation. This study developed a prototype of a physical rehabilitation exercise
game that considers user experience. This game employs a wearable inertial MoCap sensor enabling users
to interact intuitively with the game to promote physical activities for health. We analyze and discuss user
satisfaction and game experience through user experience questionnaires. The results suggest that most users
were satisfied with the SG-based rehabilitation, and found the game was enjoyable and engaging. Based
on the implications, we discuss possible future research to improve user experience of the highly accurate
real-time MoCap-based serious game. This can enable users with motor disabilities to undertake physical
exercises in a home environment.

INDEX TERMS Serious games, motion capture, physical rehabilitation, user experience, usability.

I. INTRODUCTION
In the last decade, motion capture (MoCap) has become a
promising tool applied in various contexts, such as health-
care and clinical settings for the diagnosis and treatment of
physical ailments [1] industrial settings for entertainment [2],
the gaming industry [3], sports training [4], and intangible
heritage conservation [5]. In particular, in the healthcare
context, MoCap has been widely used in physical rehabili-
tation that assists people with motor disabilities. People who
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havemotor deficiencies often encounter problems that largely
limit their ability to perform daily activities independently.
Moreover, these deficits impact their quality of life, level
of independence, and even occupational perspective [6], [7].
It has been demonstrated that physical rehabilitation can
assist people with motor deficiencies in fully or partially
recovering [8]. Physical rehabilitation has become a primary
method to treat people with motor deficiencies. Due to the
various motor deficiencies (neurological disorder or body
injury), physical rehabilitation can be a complex process
that utilizes various facilities to correct undesired motion
behaviours and meet specific goals. Rehabilitation aims to
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restore or return a patient to a state of optimal function-
ing in interaction with his environment [9]. This typically
involves rigorous exercise routines tailored to the patient’s
needs, whether for musculoskeletal or neuromuscular reha-
bilitation [10]. These activities usually require a professional
therapist to monitor the patients’ exercise and provide an
assessment of the progress at the end of the training [11]. The
process of standard physical rehabilitation typically happens
in clinical settings. Considering the inconvenience of travel
and time costs, however, patients do not periodically visit
healthcare clinics to train and monitor their motor flexibility.
Only 31% of patients with motor disabilities regularly exer-
cise [12]. Obviously, lack of motivation is a major barrier to
patients performing exercise routinely [13]. Other issues of
standard physical rehabilitation include an insufficient num-
ber of exercises in therapy sessions [14]. Given the ongoing
COVID-19 pandemic, furthermore, the situation has become
worse, and the development of home-based rehabilitation is
necessary.

Much research demonstrates that a MoCap-based serious
game (SGs) has the potential to offer a rehabilitation tool to
address these issues [15]. Firstly, MoCap-based SGs allow
users to have physical exercise at home for safe non-contact
rehabilitation. Secondly, users can have free interaction with
full-body 3D motion capture in a natural interactive inter-
face. Different from the Graphic User Interface (GUI), which
adopts a mouse and keyboard to interact with a computer
system, the Natural User Interface (NUI) adopts cameras or
sensors to capture human body gestures interacting with the
computer [16]. The NUI allows users to be more engaged and
motivated during physical exercises, which can effectively
promote rehabilitation. Lastly, the enjoyment of a game could
attract users and reduce boredom during rehabilitation [17].
Recent research focuses on the hardware and software of

motion capture technology for developing various MoCap
devices. Two types of MoCap device have been developed
for physical rehabilitation. One is an inertial measurement
unit (IMU), which is a wearable sensor-based device and
another is a camera-based device [18]. Another is a marker-
less camera-based device, such as the Microsoft Kinect sen-
sor that has been widely used in rehabilitation-related train-
ing or exercises for patients with motor disabilities. Despite
its cost-effective, affordable, and flexible method enabling
it to become an important tool to improve training perfor-
mance [19], using a Kinect-based game system for phys-
ical rehabilitation has certain limitations. One of the key
issues is that tracking with the Kinect sensor is not precise
enough to be completely reliable, which causes some prob-
lems when interacting with games and produces an incorrect
outcome [20]. However, a wearable MoCap system with an
IMU sensor has high accuracy that can accurately estimate
angles at a higher degree of precision [21]. This wearable
MoCap system is also a portable, affordable device with
interactive functionality.

Although the wearable MoCap system brings a new per-
spective to physical rehabilitation, most recent studies only

focus on technological applications and methodologies for
specific purposes, such as elderly care and stroke rehabili-
tation [22], [23]. There is little research on user experience
of the wearable MoCap system, and it is still unclear how
satisfactory users’ experience of the wearable MoCap system
is for physical rehabilitation. Furthermore, a MoCap-based
SG provides users an enjoyable experience, an aspect that
has been ignored in studies [24]. A well-designed study of
user experience demonstrating objective benefits is required
to demonstrate the applicability of MoCap in physical reha-
bilitation.

A review study of physical rehabilitation usingMoCap sys-
tems indicates that 42% of motion capture systems reported
in the MoCap rehabilitation research used IMUs [25]. Thus,
considering its high accuracy and potential, IMU suits were
used as a motion capture tool in the design of our SGs.

This study aims to investigate the user experience of wear-
able MoCap-based SGs as a robust tool for physical reha-
bilitation. We first designed a wearable MoCap-based SG
and then assessed user experience of enjoyment and game
usability quantitatively. The study aims to provide objective
evaluations of how wearable MoCap SGs could help improve
the outcomes of physical rehabilitation. This study has made
significant contributions to research areas in MoCap-based
games and physical rehabilitation by adding a dimension of
user experience studies. It has offered objective guidelines
for home-based rehabilitation practice, enhancing its overall
impact.

II. RELATED WORKS
This section explores current research on wearable MoCap-
based serious games and provides an overview of related
studies on physical rehabilitation using MoCap sensors.
It addresses the issues of user experience of MoCap and how
seriously the game facilitates the improvement of physical
rehabilitation.

A. WEARABLE MOCAP-BASED RESEARCH
Motion capture is a process of digitally tracking and record-
ing the movement of a human body in a given space of
time [26]. It often employs an outfit or similar apparatus fitted
on users. The suit has markers that are determined by sensors,
cables, or a series of cameras previously prepared for this
function [27]. The reference points pick up and map the body
of the users, scanning this data to translate their movements
into a virtual body. Specific software is available to trian-
gulate the points raised and reconstruct the body movement
digitally [28]. A previous study underscores the benefit of
MoCap technology in physical rehabilitation work through
an unprecedented analysis of how a patient performed his
movements and where he exerted more strength to identify
points in the body where a workload is happening [29].

Various MoCap sensors or devices have been devel-
oped since was the first successful application of MoCap
technology in the 1980s [30]. These include magnetic,
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mechanical and optical sensors, with optical further divided
into passive, active, and marker-less systems [31]. Except in
the marker-less system, these systems require a user to wear
either a suit with sensors or markers on the person’s body.
Wearable MoCap sensors were first used for physical reha-
bilitation research; however, most of these studies focus on
technological development, new methodology, monitoring,
and measurement for effects and accuracy of rehabilitation.
Many studies adopt novel interactive motion capture tech-
nology for normal stroke care rehabilitation [32], [33], [34].
The results from these studies indicate that MoCap technol-
ogy can effectively improve inpatients’ post-stroke produced
function, which was similar to the results of normal stroke
rehabilitation. Furthermore, some studies focus on physi-
cal rehabilitation to prevent or treat musculoskeletal-type
injuries along with physical rehabilitation enhancement [35].
They utilize inertial motion tracking sensors incorporated
in a wearable body suit. The results demonstrate that the
system has the potential to help an athlete stay updated
on biodata to analyze their exercise performance [36].
Additionally, Mirabella et al. present a MoCap system con-
sisting of a few MEMS inertial sensors, for accurate mea-
surement of a user’s arm. This study suggests the value
of using MoCap in training and rehabilitation [37]. More
recently, an Android-based image sensor, the Nively Men-
torAge, has been used to assess the movement of patients
with Parkinson’s disease [38]. It captures the patients’ phys-
ical motion and provides an interface for recording and
analyzing their body posture and gestures while they play
a game. Nonetheless, it lacks an emphasis on user expe-
rience of physical rehabilitation through wearable MoCap
sensors.

Most of the studies that explore user experience utilize
marker-less camera-based game devices, such as Microsoft
Kinect, Nintendo Wii, and PlayStation [39]. In particular,
Kinect has demonstrated the potential to create an enjoyable
setting for physical activity in previous research [40]. For
example, some studies highlight the use of Kinect to train
people recovering from minor upper limb burns [40]. These
studies indicate that Kinect can effectively enhance rehabil-
itation and users’ satisfaction, resulting in a more positive
rehabilitation outcome compared to conventional physiother-
apy [41]. Some studies, moreover, focus on the elderly popu-
lation. Sáenz-de-Urturi et al. evaluate elders’ experience of
computer usability through Kinect-based games [42]. The
study demonstrates that the elderly can engage with the game
and reports a willingness among older users to engage with
the Kinect system at home. Pedraza-Hueso et al. outline a
serious game combining Kinect and virtual reality for phys-
ical and cognitive rehabilitation therapies [15]. During the
exercise programme, patients were monitored and received
feedback in real-time, so they knew if they performed the
exercises correctly. Existing studies show that using MoCap
technology for physical rehabilitation can lead to remarkable
outcomes if integrated with serious games.

B. SERIOUS GAMES AND PHYSICAL REHABILITATION
Serious games are distinguished from entertainment-focused
goal games based on goals and objectives [43]. The objective
of a serious game is not associated with entertainment but
with education, as they are often linked to perceptual, cog-
nitive, behavioural, affective, and motivational development
and result in knowledge acquisition or understanding [44].
SGs have been shown to have a positive impact on the
development of personal skills through the use of a nat-
ural user interface, for example, in health care and phys-
ical rehabilitation. This particular type of game has been
described as ‘‘edutainment’’, which is education through
entertainment [45]. Corti suggests that SGs are about lever-
aging the power of video games to captivate and engage
users for the specific purpose of developing new skills [46].
Ritterfeld et al. [47] define serious games as ‘‘any form of
interactive computer-based game software for one or mul-
tiple players to be used on any platform and that has been
developed with the intention to be more than entertainment’’
(p. 6). One advantage of SGs is that they simulate users’
body mobility through a series of exercises. The players
of SGs acquire skills by overcoming serious challenges
related to real-world situations, such as physical therapy
programmes [48]. This type of SG focuses is designed for
exercise, training, simulation, education, or solving real-life
problems through a game approach that runs on a computer
or game console [49]. This approach can effectively improve
exercise action performance [50]. Furthermore, this type of
SG refers to ‘‘exergames’’ (exercise games) that are particu-
larly useful in the training of physical rehabilitation, provid-
ing an immersive experience for the improvement of users’
physical and cognitive functions. In addition to providing an
enjoyable experience, a serious game has always a practical
goal. The design of a serious game needs to carefully connect
both aspects so that the resulting game is both enjoyable and
meaningful.

Compared with conventional physical rehabilitation, SG-
based rehabilitation can create engagement and enjoyment
during the playing of the game [51]. SG-based rehabilitation
depends on various game elements including competition,
chance, role play, rules, goals, interactivity, and story [52].
Those elements can motivate players during a game [53].
According to Mildner and Florian Mueller, when SGs are
used as a tool, they can provide ‘‘an extrinsic motivation to
players who do not have an intrinsic motivation to engage
with a topic otherwise’’ (p. 60). In the conventional mode of
physical rehabilitation, patients may not have a high intrinsic
motivation to exercise to improve their condition. However,
they might be interested in playing a game in which they
can compete against other players or virtual avatars. This
is extrinsic motivation, in which the game is considered a
tool to help players accomplish a goal. Prensky [54] argues
that enjoyment in a game experience refers to being engaged.
This also suggests that fun is a crucial part of learning, as
it provides a relaxed atmosphere for active learning [55].
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Fun is considered essential for most games, and it can largely
promote the central objectives of a serious game [56].
Recent studies point to the trend of developing MoCap-

based SGs for physical rehabilitation purposes. Combining
MoCap technologies with SGs can create more engagement
and enjoyment for users through a natural human-computer
interface rather than using a mouse and keyboard. Apply-
ing these technologies to physical exercise programmes can
facilitate the development of body mobilization skills. In
fact, however, there is little research on how users experi-
ence MoCap-based games including the characteristics of
playability, engagement, and enjoyment. In this study, user
experiences of a serious game are analyzed with the aim of
providing a positive game experience.We adopted a wearable
MoCap suit with embedded sensors to develop a serious
game ‘‘Dungeon Quest Adventure’’ for the purpose of pro-
moting therapeutic exercises while having fun. The game
was designed for pervasive physical rehabilitation, which
includes post-stroke conditions, motor disabilities, and upper
limb motor problems. Wearable MoCap is a non-visual track-
ing system that allows users to interact without an inter-
mediary device such as a game controller. It provides users
with great advantages and new experiences that conventional
approaches to physical therapy cannot achieve. The wear-
able MoCap-based SG aims to provide individuals who have
experienced motion deficiencies rehabilitation exercises. The
objectives of the SG emphasized improving the performance
of rehabilitation exercises by making them more enjoyable
and enhancing the user’s experience.

III. METHODS
The game system developed for this research adopted a
Noitom wearable MoCap device connected to a PC with
a large LCD screen. It is based on inertial measurement
units (IMUs) with a natural user interface (NUI) using the
Windows operating system. This wearable MoCap captures
users’ body movements in a 3D environment conducive to
interaction. The system uses the participant’s body as a game
controller interactive within the 3D environment. The game
can track multiple users simultaneously in real-time.

A. PARTICIPANTS
We consulted an occupational therapist for suggestion when
selecting participants in this study. The participants were
selected based on a set of eligibility criteria: the cognitive
ability to understand the game and the instructions from the
physiotherapists; basic physical conditions with minimum
movement in either both arms or one arm. The detailed
selection criteria for participants are presented in Table 1.
Twenty-five participants (15 men and 10 women) aged
between 25 and 50 (M = 35.52, SD = 8.07) were recruited
for this study. The Mini Mental Status Examination (MMSE)
was used for measuring participants’ cognitive impairment.
The score of MMSE (M = 28.27, SD = 2.54) indicated
that all participants had a normal mental state. Most of the
participants had limited experience with computer games.

Eight participants had previous experience with game con-
soles, such as Kinect and Wii. None had previous experi-
ence with wearable MoCap suits. Seventeen participants had
musculoskeletal injuries, while eight participants reported
experiencing chronic pain in their arms.

TABLE 1. Inclusion and exclusion criteria for selecting participants.

B. DESIGN PROCEDURE
All participants were asked to sign a consent form before
the study. The testing was located at a university lab in
Shanghai, China. After the test, all participants needed to
complete questionnaires. The game had three levels with
different tasks that were easy, moderate, and difficult. Each
participant took part in a game and passed three levels during
a session. Three sessions were held on different days, and the
whole testing process was completed in one week. Before
participants played the game, they were provided explana-
tions and instructions on the game tasks and what they needed
to do during the session. Subsequently, the participants were
given assistance with the MoCap suits. It is crucial to allow
the participants to become familiar with the MoCap system.
A physiotherapist was available to assist them when needed.
Researchers provided questionnaires after the participants
completed the game.

C. GAME DESIGN
The game was developed using the Unreal Engine 4 (UE4)
game engine combined with Axis Neuron Pro software to
record the participants’ body motion data in a virtual environ-
ment. The approach aimed to assign participants to undertake
specific exercises by analyzing their movement performance
and providing evaluation of their experience of playing the
game. This study adopted UE4 to create game modules and
game rules. The rules of the game were designed to require
participants to collect golden coins flying from the front to
enhance their upper limb rehabilitation (upper limb horizon-
tal abduction, shoulder abduction 90◦) at the optimal level
to develop strength (Figure. 1). In this study, we emphasized
upper extremity rehabilitation exercises, which were based
on Brunnstrom’s upper limb function. Upper extremity reha-
bilitation is a common treatment and intervention for many
people who have suffered from strokes, hemiparesis, and
other conditions. Clinical research demonstrates that physical
rehabilitation can assist people with motor deficiencies in
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FIGURE 1. A participant is trying to perform an upper limb exercise with
his shoulder at a 90◦ abduction.

fully or partially recovering [57]. Brunnstrom’s approach to
rehabilitation involves the use of reflexes to develop move-
ment behavior via functional retraining to enhance movement
control [58]. Three different exercises were possible during
the playing of the game: right upper limb, left upper limb, or
both upper limbs. Although Brunnstrom’s scale was mainly
used for stroke rehabilitation, it can be applied to improving
general physical health [59].
The scene of the game ‘‘Dungeon Quest Adventure’’ was

a virtual underground castle, similar to a medieval castle,
featuring 3D elements such as skeletons, statues, and torches
(Figure. 2). It was designed with an adventure-oriented
approach aimed at capturing users’ attention and providing
an immersive experience. The dungeon was designed to be as
realistic as possible to create an immersive, mysterious atmo-
sphere to inspire an experience of engagement for the players.
The game encouraged players to explore the mythical world
and attracted them to play the game. The avatar was designed
as a knight-errant that challenged the user to complete tasks.
The movements of players were transferred to the knight-
errant in the game (Figure. 3). The left image of Figure. 3
shows a player wearing MoCap; the middle image depicts a
model created with Axis Neuron Pro software while the right
image features the avatar created by MotionBuilder software.
The movement of the subject mapped instantaneously to the
avatars. Thus, the players could immediately see how the
avatar played every move they made. This encouraged the
mobility of players during the exercises. For players who had
limited mobility in either arm, the game was configured in
a way that allowed players to choose to play the game with
their left or right arm.

Figure 4 shows a participant playing the game showing the
time the player took, an energy bar, life, and tasks displayed
on the screen. There are three objects: a golden coin, a flying
axe, and a heart. The golden coin represents energy, the flying
axe represents life reduction, and the heart represents health.
In the game, players use their arms to collect flying golden
coins to gain energy and lower their arms to avoid touching
the flying axe that can harm the avatar. Figure 5 depicts

FIGURE 2. A screenshot of the game showing the game environment.

FIGURE 3. Excerpt from the rehabilitation game ‘‘Dungeon Quest
Adventure’’. (A) A player wearing a MoCap suit to play the game. (B) The
avatar is shown in the Axis Neuron Pro software. (C) The avatar with
game costume in MotionBuilder software.

FIGURE 4. The screenshot displays the game interface and environment
as a player attempts to collect a flying golden coin. The timer at the top of
the screen indicates the duration of the game. Additionally, two bars
located at the top left represent the player’s life and energy levels. The
objectives are displayed on the left side of the screen, which involve
avoiding axe attacks and collecting the golden coins to escape from the
dungeon.

these objects. The energy bar in the game is very important,
as it decides if the game will move to the next level. The
player needs to concentrate on the flying objects and attempts
to collect as many golden coins as possible. Each time the
player collects a golden coin, the player’s energy grows until
becoming full. When the energy is full, the task is achieved,
and the players move to the next level. When the axe is
flying overhead, the players need to lower their upper limbs
to avoid being hit. If they are hit, the health bar becomes
smaller. When the health bar is empty, the player fails and
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FIGURE 5. The screenshot from the game shows the objects of a golden
coin (A); a flying axe (B) and a heart (C).

the game needs to be restarted. Hearts are used to restore
health, preserving the players’ vitality and allowing the game
to continue.

The game has a total of three different levels of twominutes
for each level. The design aims to avoid player fatigue during
training. However, the time for each player varies depending
on how fast they collect golden coins. The first level is easy
because the speed of flying objects is very slow. This can
help players familiarize themselves with the game rules and
begin to exercise slowly. In the first level, the objects follow
a horizontal path. In the second level, the objects follow a
horizontal angle that is slightly different from the first level.
The third level has a faster speed with a different angle. The
players need to focus on the flying objects and distinguish the
objects to collect, from those to avoid. This design aims to
enhance their sense of immersion and cognitive engagement,
characteristics highlighted by Hookham and Nesbitt [60].
After finishing the three levels, the players receive a medal as
a final reward. Figure 6 shows the architecture of this game
element.

IV. RESULTS AND DISCUSSION
A. GAME USABILITY
The study adopted a system usability scale (SUS) to evaluate
game usability [61]. The scale consists of ten items. In this
study, the scale is altered by replacing the word ‘‘system’’
with ‘‘game system’’ and ‘‘use’’ with ‘‘play.’’ It adopted a
5-point Likert Scale for the evaluation with the scores from
0 to 100. The SUS was applied to assess game usability
after participants played the game for three sessions. The
participants were asked to complete the SUS questionnaires
immediately after the game sessions. The scores of the first
session were good (M = 74.24, SD = 3.15); those of the
second session were also good (M = 75.8, SD = 3.5) similar
to the first one. The third session had the highest score
(M = 88.60, SD = 2.79). The scores indicated the game
usability was good.

Apart from the SUS questionnaires, we also evaluated
usability according to the following four criteria: user sat-
isfaction, task completion time, the experience of MoCap-
based SG, and the feeling of wearing MoCap suits. Except
for the SUS score, this study classified the ratings into
three levels of satisfaction including dissatisfaction (poor
or worse), neutral (ok), and satisfaction (good or better)
scores [62]. Table 2 summarizes the results of the experi-
ment. The table indicates that the three sessions improved
overall user satisfaction with a mean score of over 60%,

TABLE 2. Results of a user satisfaction assessment measured with SUS.

indicating that user satisfactionwas good [63]. The SUS score
increased between sessions, and then we performed a post-
hoc test. We found that the mean difference was significant
(p< 0.05). Furthermore,most of the participants reported that
they were satisfied with their gaming experience. A compar-
ison between dissatisfaction and satisfaction reflected a sig-
nificant difference (from 20% dissatisfaction in S1 to 8% in
S3 and from 48% satisfaction in S1 to 64% in S3). This result
suggests that overall the participants were satisfied with the
physical game exercises. We assume that this may be due to
the fact that the game is enjoyable, relaxing, and reduces the
monotony of regularly repeating prescribed exercises. Thus,
adopting the wearable MoCap-based SG may positively add
benefit to rehabilitation for the patients.

1) TASK COMPLETION TIME
For a further evaluation of the benefits of the ‘‘DungeonQuest
Adventure’’ game for physical rehabilitation, this study inves-
tigated the time a participant took to complete tasks using
the wearable MoCap. Firstly, we allowed the participants to
finish the game and recorded the completion time. Then we
compared task completion time with satisfaction regarding
the MoCap suits to determine if there was a correlation.
The duration of the game was two minutes. Most of the
players completed the game within two minutes. The score
for the first session was (M=1.624, SD=0.24); the score
for the second session was (M=1.71, SD=0.21); and the
score for the third session was (M=1.78, SD=0.15). The
mean score of the three sessions was (M=1.70, SD=2.15).
A Pearson’s correlation test was used to determine if there
was a correlation between task completion time and satis-
faction. The results indicated that there was a significant
difference between users’ satisfaction with playing games
and the time to complete the tasks (p = 0.00). We also
analyzed and compared the average task completion time
between men and women using an unpaired t-test. The results
demonstrated that there was significant difference (p < 0.05)
(Table 3). This result suggests that higher satisfaction leads to
more time being taken to complete the game. This could be
because MoCap-based gameplay was enjoyable and engag-
ing, which ultimately increased participants’ motivation to
play the game. This increased enjoyment and engagement
motivated players to perform exercises. The results also show
that female participants spent more time to complete game
than male participants.
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FIGURE 6. An overview of the game architecture.

TABLE 3. Task time for game completion between men and women.

2) USERS’ EXPERIENCE OF MOCAP-BASED SG
As a serious game provides an enjoyable method of training
for physical rehabilitation, it is critical to understand whether
the players realize they are actually exercising while they
are playing a game using a wearable MoCap suit. To inves-
tigate the correlation between the physical exercises they
performed in the game and awareness of the exercise they
were performing while playing, the participants were asked
to rate the overall level of physical exercise during the game
sessions. Meanwhile, the participants’ awareness level was
assessed in order to evaluate if theywere aware of the exercise
they performed while playing the game. The evaluation used
a seven-point Likert scale to assess the level of physical
exercise. The questionnaire regarding the level of aware-
ness ranged from number 1 for ‘not aware’, number 4 for
‘moderately aware’ and number 7 for ‘extremely aware’. The
‘moderately’ level indicated they were ‘fairly aware’. The
results from the questionnaire demonstrate that the physi-
cal exercise score was moderate (M=5.50, SD=0.74), and
the awareness score was (M=2.14, SD=0.92). The results
highlight that the participants had a low level of awareness
of the exercise they were doing while playing the game.
We also applied a Pearson correlation test to see if there was
a significant difference between the exercise and awareness
scores. The results indicate there is no significant correlation
(p = 0.902).

3) USERS’ EXPERIENCE OF WEARABLE MOCAP SUITS
In addition, the participants were requested to rate the expe-
rience level of the MoCap suits they were wearing while

playing. In this study, we attempted to investigate if wear-
able MoCap suits affected the performance of the physical
rehabilitation exercises. The rating scale was a seven-point
Likert scale, in which number 1 refers to ‘no effect’, number 4
is ‘moderate’, and number 7 is ‘strong effect’. The results
of these questionnaires indicate that there was little feeling
of effect about the suits they wore while playing the game
(M=1.88, SD=0.94). No significant correlation was found
between the physical exercises and the experience level of
the wearable suits (p = 0.469). Previous studies point out
that one of the disadvantages of using wearable MoCap suits
is the time spent wearing the suits, which could cause users
discomfort and inconvenience in long-term rehabilitation
contexts [64]. In this study, we recorded the time (minutes)
spent wearing suits for each participant in the three sessions.
One-way ANOVA was used to analyze the results. The time
wearing the suits in the first session (M=18.08, SD=1.80)
was more than in the third session (M=11.28, SD=2.18). The
results indicate there was a significant difference between the
first session and the third session in time spent wearing the
suits (p < 0.05). Figure 7 indicates the difference between
session 1 and session 3. This suggests that the time wearing
the MoCap sensors can be significantly less than the normal
time in long term training. Through our observation, the time
wearing the MoCap suits was variable, depending on the
individuals and the environment. The results show that the
wearable MoCap suits themselves did not greatly influence
the performance of physical rehabilitation. In terms of user
experience, this implies that a wearable MoCap system based
on inertial sensors has a comparable performance to camera-
based systems, such as Microsoft Kinect. The result accords
with Milosevic, Leardini, and Farella’s research, which indi-
cates that wearable inertial sensors and Kinect have similar
performances for motor rehabilitation [65].
In addition, the participants rated their opinion as to

whether the MoCap suits were inconvenient to use during
physical rehabilitation. A five-point Likert scale was used
for this survey. Most of the participants reported moderate
inconvenience (M=3.84, SD = 0.8), and they could accept
the time spent wearing the MoCap suits. Our results suggest
that using wearable MoCap suits for rehabilitation did not
cause users inconvenience and discomfort, which is contrary
to other research findings, such as a study byChang et al. [64].
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FIGURE 7. The diagram illustrates the duration for which participants
wore the MoCap suits between the first and third sessions.

Moreover, the participants were asked to rate their feeling
about wearing MoCap suits during the gameplay. As this
study attempted to assess the user experience of the wear-
ableMoCap-based serious game for physical rehabilitation, it
was important to assess whether the participants were aware
of the exercises they performed while wearing the MoCap
suit. In other words, we were interested in whether or not
the participants experienced discomfort during the training
due to wearing the suits. The rating scale was a seven-point
Likert scale, in which number 1 represents ‘‘not at all’’,
number 4 represents ‘‘moderate’’ and number 7 is ‘‘extreme
discomfort’’. The results of the questionnaire indicate that
participants in the physical exercise programme experienced
nominal feelings of wearing the suit (M=2.26, SD=1.08).
This could be because players experienced ‘‘flow’’ during the
playing. The concept of flow signifies the feeling of complete
and energized focus on an activity, with a high level of
enjoyment and achievement [66]. This suggests that the level
of the players’ focus maximizes their performance in and
pleasurable feeling from playing, during which players lose
track of their worries [67]. This also indicates that participants
had an experience of pleasure while gaming.

Overall, when participants played the game, they experi-
enced little awareness of the exercises and few were overly
self-conscious of the suits they were wearing. This result
suggests that the wearable MoCap did not impact the perfor-
mance of the physical exercises, and the system may provide
a user experience comparable to marker-less MoCap devices.
However, comparing user experience between a wearable
MoCap and Kinect requires further investigation. Our find-
ings suggest that a wearable MoCap system can be utilized as
a dependable tool for home rehabilitation. Aside from those
studies, we also conducted a gaming player experience study
which is detailed in the following section.

B. GAMING PLAYER EXPERIENCE
In the past decade, user experience has become a dynamic
research area in entertainment media such as video games.
However, standard usability testing is not enough for testing
games because its metrics, such as effectiveness measured
by task completion or efficiency measured by error rate,
do not map directly to game evaluation [68]. According to

Wiemeyer, Nacke and Moser, the evaluation of a game needs
to have a strong focus on the players. Thus measuring and
understanding player experience (PE) has become key to
studies of gaming users. This study adopted the core element
of the gaming experience model to understand PE for serious
games [69]. In this study, we used the Core Element of
the Gaming Experience Questionnaire to evaluate players’
experience. Calvillo-Gámez et al. similarly developed a ques-
tionnaire for gaming experience. It has 10 scales: Enjoyment,
Frustration, CEGE, Puppetry, Video-game, Control, Facili-
tators, Ownership, Environment, and Game-play [70]. Our
questionnaire model includes 38 items with a 7-point Likert
scale. The outcome of user experience shows that partici-
pants were very positive about the game with an average
score of (M = 6.32, SD = 0.94). Most of the participants
said that they enjoyed the game and their score (M=6.52,
SD = 0.66) out of a maximum score of 21. However, most
of the participants indicated that they did not experience
frustration while gaming, and the average Frustration score
was (M = 1.41, SD = 0.6) out of a maximum score of
14. For the video game, the average Video-game score was
(M = 5.14, SD = 1.15). Moreover, participants stated that
they were in control of the game with an average Control
score of (M= 6.23, SD=0.85).

The results indicate that the scores for the Video-game and
Enjoyment scales were positive and encouraging. The overall
results of PE were encouraging, as they showed that most
participants rated the game as challenging and fun. When
comparing male and female participants, male participants
considered the game to be easy. Aches and fatigue were sig-
nificant barriers to recovery. However, the findings indicate
that there is no evidence that wearable MoCap-based exer-
cises cause aches or fatigue after movement. The majority
of participants reported not experiencing aches or fatigue in
their arms after each session. This may be attributed to the
gameplay we designed within a reasonable timeframe. How-
ever, if the duration of the gameplay is increased, the level
of aches and fatigue experienced by the participants may also
increase. This finding implies that customized games should
be used for rehabilitation instead of commercial games. This
issue requires further investigation utilizing appropriate mea-
surement methods in the specific patients.

This study aimed to evaluate the user experience of using
a wearable motion capture (MoCap)-based serious game in
order to enhance the effectiveness of physical rehabilitation.
We assessed the user experience using the System Usabil-
ity Scale (SUS) test and the Core Elements of the Gaming
Experience Questionnaire. These findings can potentially be
utilized in the creation of the MoCap-based serious games
for home based rehabilitation of various motor deficiencies.
This study focused on patients with upper limb issues. The
results suggest that the wearable Motion Capture-based seri-
ous game could potentially be applied to other types of motor
deficiencies in the upper extremity.

The qualitative results of this study indicate potential clin-
ical applications for patients with motor disabilities in the
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future. Our findings indicate that completing rehabilitation
at home is comparable to undergoing rehabilitation as an
inpatient or at a clinic. Although remote rehabilitation for
motor disabilities has not been extensively explored, our
studies provide support for the potential use of a wearable
MoCap system in enhancing the effectiveness of home-based
rehabilitation.

C. LIMITATIONS AND FUTURE STUDIES
This study employed an inertial measurement unit for serious
game design which may be a limitation. Other commercial
devices should be explored for a more comprehensive under-
standing of users’ experience across different platforms. This
is one avenue for further research.

Future studies should investigate physiological measures
of galvanic skin response, heart rate, and other variables for
testing user experiences. Adopting a biometric approach has
the benefit of increased accuracy in recording information
without disturbing the player. In addition, user experience
across different motion capture platforms will need to be
compared and evaluated. It will help researchers and physio-
therapists to have better knowledge of different rehabilitation
tools. Future studies, moreover, should adopt a more accurate
wearable MoCap system measuring‘‘flow’’ and immersion
experience. The aim of subsequent research should be to
enable players to achieve a strong feeling of presence in
game environments, allowing users to realize a higher level
of physical rehabilitation.

V. CONCLUSION
This study introduced a serious game that utilizes a wearable
MoCap system, along with an integrated user experience
evaluation component within the process. The results from
the study were encouraging and suggested a high game per-
formance. The results from the study have the following
contributions. (1) The findings demonstrate that wearable
MoCap-based serious games have the potential to become
a useful tool for improving physical rehabilitation and aid-
ing patient recovery. (2) The use of wearable MoCap-based
serious games improved users’ satisfaction during upper limb
exercises, making the gameplay more enjoyable and engag-
ing. (3) ThewearableMoCap-based game had positive effects
on patients’ attention and enhanced motivation, leading to
improvements in upper limb performance. (4) Serious games
using wearable MoCap technology in physical rehabilitation
provide an immersive and enjoyable experience, which may
enhance the effectiveness of the exercises. (5) A wearable
MoCap suit performs similarly to other marker-less camera-
based game devices for motor rehabilitation. (6) The wear-
ableMoCapmay not cause users’ inconvenience and discom-
fort during the exercises. The participants in this study were
interested in the gameplay and indicated a willingness to use
it in their home environment in the future.
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APPENDIX
Questionnaires of system usability scale (SUS)

1. I think that I would like to play this game frequently.

2. I found the game unnecessarily complex.

3. I thought the game was easy to play.

4. I think that I would like the support of a technical person
to be able to use this game.

5. I found the various functions in the game were well
integrated.

6. I thought there was too much inconsistency in this game.

7. I imagine that most people would learn to use this game
very quickly.

8. I found the game very awkward to use.

9. I felt very confident playing the game.

10. I needed to learn a lot of things before I could get going
with this game.

I am aware that the game I am playing is actually an
exercise.
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I feel uncomfortable playing the game while wearing a
MoCap suit.

I think that I would like to use the MoCap suit to play the
game again.

The Core Element of the Gaming Experience
Questionnaire

1. I enjoyed playing the game
2. I was frustrated at the end of the game
3. I was frustrated whilst playing the game
4. I liked the game
5. I would play this game again
6. I was in control of the game
7. The controllers responded as I expected
8. I remember the actions the controllers performed
9. I was able to see in the screen everything I needed during

the game
10. The point of view of the game is that I had spoiled my

gaming
11. I knew what I was supposed to do to win the game
12. There was a time when I was doing nothing in the

game
13. I liked the way the game looked
14. The graphics of the game were plain
15. I do not like this type of game
16. I like to spend a lot of time playing this game
17. I got bored playing this game
18. I usually do not choose this type of game
19. I did not have a strategy to win the game
20. The game kept constantly motivating me to keep

playing
21. I felt what was happening in the game was my own

doing
22. I challenged myself even if the game did not require it
23. I played with my own rules
24. I felt guilty for the actions in the game
25. I knew how to manipulate the game to move forward
26. The graphics were appropriate for the type of game
27. The sound effects of the game were appropriate
28. I did not like the music of the game
29. The graphics of the game were related to the scenario
30. The graphics and sound effects of the game were

related
31. The sound of the game affected the way I was playing
32. The game was unfair
33. I understood the rules of the game
34. The game was challenging
35. The game was difficult
36. The scenario of the game was interesting
37. I did not like the scenario of the game

38. I knew all the actions that could be performed in the
game.

REFERENCES

[1] K. Aminian and B. Najafi, ‘‘Capturing human motion using body-fixed
sensors: Outdoor measurement and clinical applications,’’ Comput. Ani-
mation Virtual Worlds, vol. 15, no. 2, pp. 79–94, May 2004.

[2] M.Kitagawa andB.Windsor.MoCap for Artists:Workflow and Techniques
for Motion Capture. New York, NY, USA: CRC Press, 2020.

[3] A. Menache, Understanding Motion Capture for Computer Animation.
Burlington, MA, USA: Elsevier, 2011.

[4] B. Ortega and J. M. J. Olmedo, ‘‘Application of motion capture technology
for sport performance analysis,’’ Retos, Nuevas Tendencias En Educación
Física, Deporte Y Recreación, vol. 32, pp. 241–247, Jan. 2017.

[5] Q. Li, ‘‘Towards a Taoist aesthetics of data visualization,’’ Digital Schol-
arship Humanities, vol. 35, no. 3, pp. 601–614, 2020.

[6] W. Gabriele and S. Renate, ‘‘Work loss following stroke,’’ Disability
Rehabil., vol. 31, no. 18, pp. 1487–1493, Jan. 2009.

[7] J. M. Wagner, C. E. Lang, S. A. Sahrmann, D. F. Edwards, and
A. W. Dromerick, ‘‘Sensorimotor impairments and reaching performance
in subjects with poststroke hemiparesis during the first few months of
recovery,’’ Phys. Therapy, vol. 87, no. 6, pp. 751–765, Jun. 2007.

[8] C.-Y. Chang, B. Lange, M. Zhang, S. Koenig, P. Requejo, N. Somboon,
A. A. Sawchuk, and A. A. Rizzo, ‘‘Towards pervasive physical reha-
bilitation using Microsoft Kinect,’’ in Proc. 6th Int. Conf. Pervasive
Comput. Technol. Healthcare (PervasiveHealth) Workshops, May 2012,
pp. 159–162.

[9] B. Bonnechère, Serious Games in Physical Rehabilitation. Berlin, Ger-
many: Springer, 2018.

[10] H. Zhou and H. Hu, ‘‘Human motion tracking for rehabilitation—A sur-
vey,’’ Biomed. Signal Process. Control, vol. 3, no. 1, pp. 1–18, Jan. 2008.

[11] D. U. Jette, N. K. Latham, R. J. Smout, J. Gassaway, M. D. Slavin, and S.
D. Horn, ‘‘Physical therapy interventions for patients with stroke in inpa-
tient rehabilitation facilities,’’ Phys. Therapy, vol. 85, no. 3, pp. 238–248,
Mar. 2005.

[12] M. Shaughnessy, B. M. Resnick, and R. F. Macko, ‘‘Testing a model of
post-stroke exercise behavior,’’ Rehabil. Nursing, vol. 31, no. 1, pp. 15–21,
Jan. 2006.

[13] E. Lynch, S. Hillier, andD. Cadilhac, ‘‘When should physical rehabilitation
commence after stroke: A systematic review,’’ Int. J. Stroke, vol. 9, no. 4,
pp. 468–478, Jun. 2014.

[14] C. E. Lang, J. R. MacDonald, and C. Gnip, ‘‘Counting repetitions:
An observational study of outpatient therapy for people with hemiparesis
post-stroke,’’ J. Neurologic Phys. Therapy, vol. 31, no. 1, pp. 3–10, 2007.

[15] M. Pedraza-Hueso, S. Martín-Calzón, F. J. Diaz-Pernas, and
M. Martínez-Zarzuela, ‘‘Rehabilitation using Kinect-based games
and virtual reality,’’ Proc. Comput. Sci., vol. 75, pp. 161–168, Jan. 2015.

[16] H. Mousavi Hondori and M. Khademi, ‘‘A review on technical and clinical
impact ofMicrosoft Kinect on physical therapy and rehabilitation,’’ J.Med.
Eng., vol. 2014, pp. 1–16, Dec. 2014.

[17] J. Jain, A. Lund, and D. Wixon, ‘‘The future of natural user inter-
faces,’’ in Proc. CHI Extended Abstr. Human Factors Comput. Syst., 2011,
pp. 211–214.

[18] H. Tannous, D. Istrate, A. Benlarbi-Delai, J. Sarrazin,M.-C. H. Ba Tho, and
T. T. Dao, ‘‘Serious games for home based rehabilitation: Inertial sensor
energy consumption,’’ IRBM, vol. 39, no. 6, pp. 440–444, Dec. 2018.

[19] N. Vernadakis, V. Derri, E. Tsitskari, and P. Antoniou, ‘‘The effect of
Xbox Kinect intervention on balance ability for previously injured young
competitive male athletes: A preliminary study,’’ Phys. Therapy Sport,
vol. 15, no. 3, pp. 148–155, Aug. 2014.

[20] D. Webster and O. Celik, ‘‘Systematic review of Kinect applications in
elderly care and stroke rehabilitation,’’ J. Neuroeng. Rehabil., vol. 11,
no. 108, pp. 1–24, Jul. 2014.

[21] A. Leardini, G. Lullini, S. Giannini, L. Berti, M. Ortolani, and
P. Caravaggi, ‘‘Validation of the angular measurements of a new inertial-
measurement-unit based rehabilitation system: Comparison with state-of-
the-art gait analysis,’’ J. Neuroeng. Rehabil., vol. 11, no. 1, pp. 1–7, 2014.

[22] R. Planinc and M. Kampel, ‘‘Introducing the use of depth data for fall
detection,’’ Pers. Ubiquitous Comput., vol. 17, no. 6, pp. 1063–1072,
Aug. 2013.

[23] M. Kepski and K. Bogdan, ‘‘Fall detection on embedded platform using
Kinect and wireless accelerometer,’’ in Computers Helping People with
Special Needs. Berlin, Germany: Springer, 2012.

108416 VOLUME 11, 2023



Y. Fu et al.: User Experience of a SG for Physical Rehabilitation Using Wearable MoCap Technology

[24] C. Le Marc, J.-P. Mathieu, M. Pallot, and S. Richir, ‘‘Serious gaming:
From learning experience towards user experience,’’ in Proc. IEEE Int.
Technol. Manage. Conf. (ICE), Jun. 2010, pp. 1–12.

[25] A. C. Alarcón-Aldana, M. Callejas-Cuervo, and A. P. L. Bo, ‘‘Upper
limb physical rehabilitation using serious videogames and motion capture
systems: A systematic review,’’ Sensors, vol. 20, no. 21, p. 5989, Oct. 2020.

[26] M. Menolotto, D.-S. Komaris, S. Tedesco, B. O’Flynn, and M. Walsh,
‘‘Motion capture technology in industrial applications: A systematic
review,’’ Sensors, vol. 20, no. 19, p. 5687, Oct. 2020.

[27] Y. Fujimori, Y. Ohmura, T. Harada, and Y. Kuniyoshi, ‘‘Wearable motion
capture suit with full-body tactile sensors,’’ in Proc. IEEE Int. Conf. Robot.
Autom., May 2009, pp. 3186–3193.

[28] A. Drapeaux and K. Carlson, ‘‘A comparison of inertial motion capture
systems: DorsaVi and Xsens,’’ Int. J. Kinesiol. Sports Sci., vol. 8, no. 3,
pp. 24–27, 2020.

[29] T. H. Ribeiro and M. L. H. Vieira, ‘‘Motion capture technology-benefits
and challenges,’’ Int. J. Innov. Res. Technol. Sci., vol. 4, no. 1, pp. 48–51,
2016.

[30] M.Kitagawa andB.Windsor,MoCap for Artists:Workflow and Techniques
for Motion Capture. Boca Raton, FL, USA: CRC Press, 2020.

[31] T. Baker, ‘‘The history of motion capture within the entertainment indus-
try,’’ Bachelor thesis, Metropolia Univ. Appl. Sci., Helsinki, Finland, 2020.

[32] J. Cannell, E. Jovic, A. Rathjen, K. Lane, A. M. Tyson, M. L. Callisaya,
S. T. Smith, K. D. Ahuja, and M.-L. Bird, ‘‘The efficacy of interactive,
motion capture-based rehabilitation on functional outcomes in an inpatient
stroke population: A randomized controlled trial,’’ Clin. Rehabil., vol. 32,
no. 2, pp. 191–200, Feb. 2018.

[33] C. Scheffer and T. Cloete, ‘‘Inertial motion capture in conjunction with an
artificial neural network can differentiate the gait patterns of hemiparetic
stroke patients compared with able-bodied counterparts,’’ Comput. Meth-
ods Biomechanics Biomed. Eng., vol. 15, no. 3, pp. 285–294, Mar. 2012.

[34] S. Y. Shin, R. K. Lee, P. Spicer, and J. Sulzer, ‘‘Quantifying dosage of
physical therapy using lower body kinematics: A longitudinal pilot study
on early post-stroke individuals,’’ J. NeuroEng. Rehabil., vol. 17, no. 1,
pp. 1–9, Dec. 2020.

[35] A. Karatsidis, M. Jung, H. M. Schepers, G. Bellusci, M. de Zee,
P. H. Veltink, andM. Skipper Andersen, ‘‘Predicting kinetics using muscu-
loskeletal modeling and inertial motion capture,’’ 2018, arXiv:1801.01668.

[36] R. De Fazio, V.M.Mastronardi,M. DeVittorio, and P. Visconti, ‘‘Wearable
sensors and smart devices to monitor rehabilitation parameters and sports
performance: An overview,’’ Sensors, vol. 23, no. 4, p. 1856, 2023.

[37] O. Mirabella, A. Raucea, F. Fisichella, and L. Gentile, ‘‘A motion capture
system for sport training and rehabilitation,’’ in Proc. 4th Int. Conf. Human
Syst. Interact., May 2011, pp. 52–59.

[38] D. J. Mahboobeh, S. B. Dias, A. H. Khandoker, and L. J. Hadjileontiadis,
‘‘Machine learning-based analysis of digital movement assessment and
ExerGame scores for Parkinson’s disease severity estimation,’’ Frontiers
Psychol., vol. 13, Mar. 2022, Art. no. 857249.

[39] D. Fitzgerald, J. Foody, D. Kelly, T. Ward, C. Markham, J. McDonald,
and B. Caulfield, ‘‘Development of a wearable motion capture suit and
virtual reality biofeedback system for the instruction and analysis of sports
rehabilitation exercises,’’ in Proc. 29th Annu. Int. Conf. IEEE Eng. Med.
Biol. Soc., Aug. 2007, pp. 4870–4874.

[40] A. Y. Karahan, F. Tok, H. Taskin, S. Küçüksaraç, A. Başaran, and
P. Yildirim, ‘‘Effects of exergames on balance, functional mobility, and
quality of life of geriatrics versus home exercise programme: Random-
ized controlled study,’’ Central Eur. J. public health, vol. 23, pp. 14–18,
Nov. 2015.

[41] K. Voon, I. Silberstein, A. Eranki, M. Phillips, F. M. Wood, and
D. W. Edgar, ‘‘Xbox Kinect based rehabilitation as a feasible adjunct for
minor upper limb burns rehabilitation: A pilot RCT,’’ Burns, vol. 42, no. 8,
pp. 1797–1804, Dec. 2016.

[42] Z. Sáenz-de-Urturi, B. García Zapirain, and A. Méndez Zorrilla, ‘‘Elderly
user experience to improve a Kinect-based game playability,’’ Behaviour
Inf. Technol., vol. 34, no. 11, pp. 1040–1051, Nov. 2015.

[43] F. Laamarti, M. Eid, and A. E. Saddik, ‘‘An overview of serious games,’’
Int. J. Comput. Games Technol., vol. 2014, p. 11, Jan. 2014.

[44] T. M. Connolly, E. A. Boyle, E. MacArthur, T. Hainey, and J. M. Boyle,
‘‘A systematic literature review of empirical evidence on computer games
and serious games,’’Comput. Educ., vol. 59, no. 2, pp. 661–686, Sep. 2012.

[45] D. Michael and S. Chen, Serious Games: Games That Educate, Train, and
Inform. Boston, MA, USA: Thomson. 2006.

[46] K. Corti, ‘‘Games-based learning; A serious business application,’’ Informe
de PixelLearning, vol. 34, no. 6, pp. 1–20, 2006.

[47] U. Ritterfeld, M. Cody, and P. Vorderer, Serious Games: Mechanisms and
Effects. Evanston, IL, USA: Routledge, 2009.

[48] J. A. Caballero-Hernández, M. Palomo-Duarte, and J. M. Dodero, ‘‘Skill
assessment in learning experiences based on serious games: A systematic
mapping study,’’ Comput. Educ., vol. 113, pp. 42–60, Oct. 2017.

[49] R. Menendez-Ferreira, J. Torregrosa, D. López-Fernández, and J. Mayor,
‘‘Design of a serious games to improve resilience skills in youngsters,’’
Entertainment Comput., vol. 40, Jan. 2022, Art. no. 100462.

[50] E. M. Whyte, J. M. Smyth, and K. S. Scherf, ‘‘Designing serious game
interventions for individuals with autism,’’ J. Autism Develop. Disorders,
vol. 45, no. 12, pp. 3820–3831, Dec. 2015.

[51] O. Postolache, F. Lourenço, J.M.Dias Pereira, and P. Girão, ‘‘Serious game
for physical rehabilitation: Measuring the effectiveness of virtual and real
training environments,’’ in Proc. IEEE Int. Instrum. Meas. Technol. Conf.,
May 2017, pp. 1–6.

[52] S. De Freitas and F. Liarokapis, ‘‘Serious games: A new paradigm for
education?’’ in Serious Games and Edutainment Applications, M. Ma,
A. Oikonomou, and L. C. Jain, Eds. London, U.K.: Springer-Verlag, 2011,
pp. 9–23.

[53] P. Mildner and F. ‘Floyd’Mueller, ‘‘Design of serious games,’’ in Seri-
ous Games: Foundations, Concepts and Practice, R. Dörner, S. Göbel,
W. Effelsberg, and J. Wiemeyer, Eds. Cham, Switzerland: Springer, 2016,
pp. 57–82.

[54] M. Prensky, Digital Game-Based Learning. St Paul, MN, USA: Paragon
House, 2007.

[55] C. Bisson and J. Luckner, ‘‘Fun in learning: The pedagogical role of fun in
adventure education,’’ J. Experiential Educ., vol. 19, no. 2, pp. 108–112,
Aug. 1996.

[56] K. Salen and E. Zimmerman, Rules of Play: Game Design Fundamentals.
Boston, MA, USA: MIT Press, 2004.

[57] A. R. Fugl-Meyer, L. Jääskö, and V. Norlin, ‘‘The post-stroke hemiplegic
patient. II. Incidence, mortality, and vocational return in Göteborg, Sweden
with a review of the literature,’’ Scandin. J. Rehabil. Med., vol. 7, no. 2,
pp. 73–83, 1975.

[58] S. K. Shah, ‘‘Reliability of the original Brunnstrom recovery scale fol-
lowing hemiplegia,’’ Austral. Occupational Therapy J., vol. 31, no. 4,
pp. 144–151, Aug. 2010.

[59] R. H. Smith and M. Sharpe, ‘‘Brunnstrom therapy: Is it still relevant
to stroke rehabilitation?’’ Physiotherapy Theory Pract., vol. 10, no. 2,
pp. 87–94, Jan. 1994.

[60] G. Hookham and K. Nesbitt, ‘‘A systematic review of the definition and
measurement of engagement in serious games,’’ in Proc. Australas. Com-
put. Sci. Week Multiconference, Jan. 2019, pp. 1–10.

[61] J. Brook. (1996). System Usability Scale. SUS—A Quick and
Dirty Usability Scale. [Online]. Available: www.usabilitynet.
org/trump/documents/Suschapt.doc

[62] H. S. Park, G. A. Lee, B.-K. Seo, and M. Billinghurst, ‘‘User experience
design for a smart-mirror-based personalized training system,’’Multimedia
Tools Appl., vol. 80, no. 20, pp. 31159–31181, Aug. 2021.

[63] B. Albert and T. Tullis, Measuring The User Experience: Collecting,
Analyzing, and Presenting UX Metrics, 3rd ed. Cambridge, MA, USA:
Morgan Kaufmann, 2022.

[64] Y.-J. Chang, S.-F. Chen, and J.-D. Huang, ‘‘A Kinect-based system
for physical rehabilitation: A pilot study for young adults with motor
disabilities,’’ Res. Develop. Disabilities, vol. 32, no. 6, pp. 2566–2570,
Nov. 2011.

[65] B. Milosevic, A. Leardini, and E. Farella, ‘‘Kinect and wearable inertial
sensors for motor rehabilitation programs at home: State of the art and an
experimental comparison,’’ Biomed. Eng. OnLine, vol. 19, no. 1, pp. 1–26,
Dec. 2020.

[66] E. Debold, ‘‘Flow with soul: An interview with Dr. Mihaly Csikszentmi-
halyi,’’ in What Is Enlightenment Magazine, Spring/Summer 2002.
[Online]. Available: https://web.archive.org/web/20170810054652id_/
http://www.d.umn.edu/~dglisczi/4501web/4501Readings/Dr.%20Mihaly
%20Csikszentmihalyi_%20Flow%20with%20Soul.pdf

[67] J. Chen, ‘‘Flow in games (and everything else),’’ Commun. ACM, vol. 50,
no. 4, pp. 31–34, Apr. 2007.

[68] R. A. Grier, A. Bangor, P. Kortum, and S. C. Peres, ‘‘The system usabil-
ity scale: Beyond standard usability testing,’’ in Proc. Human Factors
Ergonom. Soc. Annu.Meeting, 2013, vol. 57, no. 1. LosAngeles, CA,USA:
SAGE, pp. 187–191.

[69] J. Wiemeyer, L. Nacke, C. Moser, and F. ‘Floyd’Mueller, ‘‘Player experi-
ence,’’ in Serious Games: Foundations, Concepts and Practice, R. Dörner,
S. Göbel, W. Effelsberg, and J. Wiemeyer, Eds. Cham, Switzerland:
Springer, 2016, pp. 243–271.

[70] E. H. Calvillo-Gámez, P. Cairns, and A. L. Cox, ‘‘Assessing the core
elements of the gaming experience,’’ inGameUser Experience Evaluation,
R. Bernhaupt, Ed. Cham, Switzerland: Springer, 2015, pp. 37–62.

VOLUME 11, 2023 108417


