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Abstract
This work presents the design and evaluation of a set of three mini exercise games (exergames), called “Ellic’s Exercise
Class,” which allows people to play in virtual reality (VR) using a head-mounted display (HMD) with the intention to promote
physical activities. The exergames require the player to move hands, arms, and body to interact with sporting gameplay events.
The game design methodology considers both display advantages and physical limitations in VR technologies. The games
are evaluated in a usability study with the goal to understand participants’ performance, gaming experience, effectiveness in
motivating them to move, and their exercise intensity levels. In the study, we compare play of games in a VR environment
simulated through an HMD with the play in front of a standard large flat-screen display (LFD), while ensuring the difficulty
level of gameplay to be same in both. The participants’ moving distances and their answers in questionnaires show that they
become more active and engaged when playing exergames with HMD, but according to heart rate data, there is not significant evidence that playing with HMD would be better than that with LFD in terms of increasing the energy expenditure. We
discuss the findings in accordance with the relationship and independence between engagement and exertion in exergaming.
Keywords Exergaming · Virtual reality · Entertainment computing · Human–computer interaction

1 Introduction
An exergame requires a player to move the hands, arms, and
body to operate the game. Such physical movements can
help improve a player’s energy expenditure (Graf et al. 2009;
Biddiss and Irwin 2010; Lyons et al. 2011) and increase the
player’s enjoyment (Lyons et al. 2012; Paw et al. 2008), as
compared to stationary games which do not intend the player
to move. The design of an exergame is usually based on the
rules of real-world exercises. Many existing exergames use
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flat-screen displays, which do not allow a free-view navigation like people would have in a real-world exercise. Freina
and Canessa (2015) mentioned that the ability to exercise is
supported by human instincts to understand the spatial relationship between objects and cognitive distance. In virtual
reality (VR), the viewpoint provides a stereoscopic vision,
and it can copy the player’s head movement, so that it mimics a situated and free-view navigation. These features of VR
technologies make the gaming experience more instinctive
and hands-on, take a more natural use of human’s spatial
abilities, and therefore have the potential to promote physical
activities during exergaming.
In this work, we design, implement, and evaluate three
exergames called “Ellic’s Exercise Class.” Each one is a
single-player game. We use a head-mounted display (HMD)
device, which simulates an immersive virtual environment
and provides the player a plug-and-play solution at a low
cost. In comparison with non-HMD VR systems such as
head-tracked displays (HTDs), the HMD is easier to set up
and maintain (Nunes de Vasconcelos et al. 2019), and it is
more suitable for creating personal experiences with immediate surroundings (Mestre 2017). We want to understand
whether the HMD-based VR technologies will facilitate a
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positive attitude and a motivated playing behavior, especially
when playing an exergame that requires full-body motions.
Existing research work has argued that a large flat-screen
display (LFD) can enhance gaming experiences (Lin et al.
2006; Finke et al. 2008; Rice et al. 2011). To achieve an
immersive experience of exergaming, a LFD may range from
at least a 40-inch TV to a wall-sized projection display. In
this work, we want to find out whether playing exergames
through an HMD will gain a higher exercise intensity level
than playing with a wall-sized LFD. Our game design methodology considers the characteristics of display devices and
limitations in physical-virtual separation. We set the same
difficulty level of gameplay and same play duration for the
VR version (with HMD) and non-VR version (with LFD) of
the games. The usability study evaluates participants’ performance, gaming experiences, effectiveness in motivating
them to move, and their exercise intensity levels. We discuss
our findings in accordance to the relationship and independence between engagement and exertion in exergaming.

2 Related work
Shaw et al. (2015a) presented some challenges in VR-based
exergame design. Related to this work, this section discusses
physical movements as gaming input (see Sect. 2.1) and different display systems for exergaming (see Sect. 2.2).

2.1 Physical movement design
Altamimi and Skinner (2012) presented a comprehensive
survey about exergames, including the topics of game
engagement, input techniques, applied areas, etc. Different
from the use of joysticks in stationary games (button-press
games), exergames usually use hardware such as accelerometers, cameras, and pads/mats to track players’ motions and
use them as input in games (Stach et al. 2009); therefore,
they enable players’ exercises such as gestural motions and
energy expenditures.
As regards the design of physical movements in video
games, Bianchi-Berthouze et al. (2007) showed the evidence that the use of the players’ physical movements as
gaming input may increase their feelings of presence. Gao
and Mandryk (2011) presented a casual exergame called
“GrabApple.” They used a Kinect to capture body movements. By jumping, ducking, and moving, the player was
able to use a virtual hand in the game to grab falling apples.
Reilly et al. (2013) designed an office exergame for people to practice regular body movements in good postures.
The game used external sensors to track the player’s wrist,
neck, and body stretching movements. Mueller and Isbister
(2014) presented a set of general and practical guidelines
for the design of movement-based games, which are highly
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applicable to the movement design in exergaming. They
expressed that the movements should be associated with
appropriate feedback and with certain levels of bodily challenges to the player. Krause and Benavidez (2014) discussed
how exergaming could affect physical activities and sports
in the future, especially for young people at school ages.
The authors expressed that the design of movements and
exergames should promote players’ self-efficacy beliefs and
therefore increase their future participation. Lyons (2015)
discussed the energy expenditure with different types of
exergames. They concluded two findings: (1) faster physical movements would result in a greater energy expenditure
in aerobic games and (2) precise movements would result in
better performance than faster movements in balance games.
Skjæret-Maroni et al. (2016) analyzed the movement characteristics of older adults and found that the choice of exergame and the difficulty level of play affected older adults’
movements during the play. Castañer et al. (2016) proposed
a systematic observational method to analyze sequential
body movements of children to understand the quality of
physical activities. The method was able to aid the exergame
design and have the game mechanics elicit the desired quality of physical activities. Hansberger et al. (2017) studied
the physical exertion of gesture-based interactions. The user
study was performed using a gesture-based video game, yet
the evaluation focused on the fatigue and discomfort of midair hand and arm gestures, rather than physical exercises.
Tece Bayrak et al. (2020) presented a game design strategy
that incorporates the rehabilitation requirements, patient
condition, and player affordances, and therefore the design
strategy established a relationship between the exercise rehabilitation regimen and gameplay.
In this work, the physical movements performed by
players are arm, leg, and upper body movements, which are
simple and easy-to-learn. We carefully control the difficulty
level of play and the play time to provide players a fastaction experience but at a low level of exercise intensity,
which will be similar to a casual workout.

2.2 Display systems
The choice on the type of display systems impacts the user
presence in immersive environments, and it is an important design factor in exergaming. Cummings and Bailenson
(2016) conducted research on the effects of immersive technologies for user presence, and they found that the display
systems that use stereoscopic visuals and wider fields of
view have a more significant impact on user presence than
other technical aspects of immersive technologies. Related to
our work, we review some exergaming work that have used
VR displays and non-VR alternatives. HTDs and HMDs are
two VR display systems supporting head-tracking and stereoscopic visuals (Southard 1995; Kessler et al. 2000). In
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this section, we looked into three types of display systems,
including flat-screen displays (without head-tracking and
stereoscopic visuals), HTDs, and HMDs.
2.2.1 Flat‑screen displays
Rice et al. (2011) studied the usability and acceptability of
gesture-based games for older adults using a large projection-based display device. They used a rear projector projecting the games on a wall-sized screen, which increased
the immersiveness of the display and gave the participants a
feeling of presence. Kim and Sundar (2013) studied the state
of aggressiveness of players in violent video games, with the
comparison between the play with a large screen (a 42-inch
LCD monitor) and realistic controllers and the play with a
small screen (a 27-inch LCD monitor) and a conventional
mouse control. They concluded that “controller type and
screen size have a significant psychological impact on gamers’ perceived levels of presence and arousal.” Schneider and
Graham (2015) developed a video game for cycling exercises. In the game, the player controls an aircraft to race with
a computer-controlled bird. The player uses a handheld joystick to control the moving direction and performs cycling
motions to power the aircraft up. In the study, the game was
displayed on a TV screen. The evaluation results showed
that the game was able to improve the participants’ cycling
performance, but there was no discussion about potentials
with other types of displays.
2.2.2 HTDs
While both HTDs and HMDs can track head movements
and support stereoscopic visuals, one difference between
HTDs and HMDs is that the HTDs use stationary displays, such as large displays, polarized 3D systems, and
Cave Automatic Virtual Environments (CAVEs). López
et al. (2012) used the camera of a mobile device for headtracking and interactions with the stereoscopic visuals on
a LCD screen. However, comparing to CAVEs, the immersive experience with the mobile HTD was limited. McMahan et al. (2006) investigated the effects of immersion and
interaction techniques in an immersive environment. Their
study was based on general 3D manipulation tasks. They
used a 4-screen CAVETM system comprising three sides
and one floor. Participants were moving their bodies and
arms to accomplish the tasks, but those movements did not
contribute to exercises. Finkelstein et al. (2011) designed
and implemented the “Astrojumper,” which is an exergame
in an HTD system composed of three 8� × 6� projection
displays. Later, a new version of the “Astrojumper,” called
“Astrojumper-Intervals,” was developed for the studies in
Nickel et al. (2012) and Nickel et al. (2012b). This new

version was compared to the original Astrojumper exergame with respect to players’ energy expenditures and
heart rates. Finkelstein et a. (2013) used the “Astrojumper”
to help children with autism, intending to engage them
in vigorous exercises and thus leading them to live in a
more healthy style. In their experimental study, the game
was run on “an immersive surround-screen display system
comprising three 2.44 m × 1.83 m rear-projected stereoscopic screens, each of which used two Barco Gemini projectors to display the images for each eye.”
2.2.3 HMDs
Tanaka and Hirakawa (2016) developed a VR system
with an Oculus Rift HMD and a Kinect V2 sensor for
the strength training in fitness. The design methods and
gameplays were presented and evaluated in the paper, but
they were not evident to the effectiveness of the system in
motivating or assisting users in physical exercises. Eckert
et al. (2017) designed a VR-based exergame using a Kinect
and an Oculus Rift HMD, for the users who are physically
impaired. The games were proved to be good for enhancing weak user movements, but the evaluation results did
not show evidence of enhancing general and normal exercises. Yoo et al. (2017a) studied the gap between the player’s actual exercise intensity level from physical activities
and the perceived exertion during the play of VR-based
exergames. They used an HTC Vive HMD in the study.
The results showed that the VR-based games were engaging and provided enough exertion for exercising; however,
it was not very clear that the reason of providing enough
exertion was because of the use of VR or the success of
game design. Yoo et al. (2017b) designed a model that
represents users’ exertion and performance in VR-based
exergames running on an HTC Vive HMD. The model was
able to recommend games, personalize games, and allow
users to track their exercises, from which a foundation for
long-term user modeling could be built. Yoo et al. (2017c)
discussed the importance of personalizing a VR-based
exergame in order to avoid the risk of under-exercising
or over-exercising. They used an HTC Vive HMD. They
proposed a strategy to adjust the game difficulty dynamically based on the player’s game performance and level of
exertion. They also provided recommendations for designing VR-based games. Barathi et al. (2018) proposed an
interactive feedforward method enabling a self competition
in VR exergaming to improve players’ performance. They
used an HTC Vive HMD. The evaluation results showed
that the interactive feedforward method was effective in
terms of maintaining players’ intrinsic motivation, but
their work explored only a single exergame without the
capability to interact with in-game objects.
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2.2.4 Comparison with different types of display

3 Game design

Some existing studies have evaluated the effects of different types of display systems for exergaming.
Yoo and Kay (2016) presented a VR-based run-inplace game that motivates the player to perform running
in virtual environments. The evaluation results showed a
comparison on activity effectiveness with an HMD (using
an HTC One mobile device in a Google cardboard), a
LFD (a wall-sized projection on a wall-mounted canvas),
and a baseline laptop display (a screen size similar to the
MacBook display monitor). Their VR game design was
similar to a walk-through application. It could be useful
for rehabilitation or healthcare, but it is not aligned with
the context of fast-actions or intensive body movements
presented in common exergames such as Wii Sports and
Kinect Sports. Amresh and Salla (2017) designed and
set up a home-based VR cycling exergame using a spin
machine. They did a usability test to compare the VR
version and non-VR version of the game. The VR version
used an Oculus Rift HMD, and the non-VR version used a
laptop monitor with the screen size similar to an HD LCD
display on a modern cycling machine. They concluded
that the VR version enhanced the overall workout experience. Buttussi and Chittaro (2018) studied the effects of
three different displays on user presence. The displays
included a standard desktop display (an ASUS VX279H
27” display with 1920 × 1080 resolution), an HMD with a
narrow field of view (a Sony HMD with 1280 × 720 resolution for each OLED display and 45◦ field of view), and
an HMD with a wide field of view (an Oculus HMD with
1920 × 1080 resolution for each OLED display and 100◦
field of view). The study used a serious game providing
the experience of a full emergency evacuation. Although
it is not an exergame, the evaluation results on the display’s efficacy for user presence are applicable to the
design of exergames.
In this work, given the focus on immersiveness, we
design, develop, and evaluate the exergames using an
Oculus Rift HMD with the goal to promote physical
activities, in comparison with the efficacy of physical
activities in a wall-sized projection display during the
play of the same exergames. Although a few VR-based
fast-action exergames are available on the market such as
Robo Recall (Wu et al. 2016) and VR Baseball (Rank17
2017), their usability and exercise intensity levels have
not been evaluated in comparison with any non-VR display forms. In this work, participants play the same exergames in the VR environment with an HMD and on the
wall-sized screen with a LFD. The gaming performance
is optimized to the best for the user control and display
of their forms.

Many studies in VR systems have been observed as taskspecific evaluations (Saposnik et al. 2010; Lange et al.
2012; Shin et al. 2014; Larsen et al. 2009). In accordance
to this observation and the literature about game design
(e.g., Zyda 2005; Schell 2014) and gamification (e.g.,
Deterding et al. 2011; Peng et al. 2017; Cao et al. 2019;
Molina-Carmona and Llorens-Largo 2020), we designed
three mini exergames called “Ellic’s Exercise Class.”
Ellic is a cartoonish elephant character who will guide
and assist the player in the games.
Performance in exergames can be largely impacted by
the player’s motivation [e.g., winning orientation vs. goal
orientation (Gill and Deeter 1988)]. Hence, it is important
to understand the target group of people and define what
motivations they would have when playing the games. For
our games, we target for the group of people who need
physical movements for general fitness. We want people to
have a fun and immersive experience with the games, get
motivated to perform extension and flexion movements,
and therefore improve their energy expenditures. The
games inspire a desire of general physical exercises, rather
than for health recovery (e.g., rehabilitation). During the
play, the attention of a player will be diverted to how to
stand out in the games. The player will unconsciously gain
some bursts of energy by consciously performing exerciseinspired gaming actions to achieve high scores.
The games can be played with two different display
devices: one is an Oculus Rift HMD, and the other one
is a LFD from a wall projector. Both use a pair of Oculus
Touch controllers as the game control device. The games
are implemented using the Unity 3D game engine and C#
scripting language. Environmental assets are obtained
from the Unity asset store. The game system starts with a
main menu, in which a player can cycle through all three
exergames by moving the thumb stick of the Oculus Touch
left or right. The player presses the confirm button on the
Oculus Touch to start the selected game. The duration of
each game is two minutes. The score table will be displayed on the screen after the two-minute play. The player
can exit the game at any time if he or she does not want
to continue. Each game has a tutorial session before the
actual play, instructing the player how to play the game.
Figure 1 shows arm, leg, and body movements in correspondence with gameplay activities.
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3.1 Design of gameplay
Psychological researchers have raised concerns about
attention and distraction in VR (Czub and Piskorz 2014;
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(a)

(b)

(c)

(d)

Fig. 1  Diagrams showing arm, leg, and body movements in correspondence with gameplay activities. a Movements designed for the
blocking game. b and c Movements designed for the volleyball game.

d Movements designed for the archery game. The top image inside
each diagram is the screenshot at the moment when the player performs the corresponding body and arm movements

Olk et al. 2018). In a VR-based exergame, while the
immersive experience draws players’ attention, it may distract players from the main task. Shaw et al. (2015b) found
that, in the exercycle game, participants had a slight preference for the traditional monitor display. They suggested
that it is because the monitor offers a third-person view
which improves the control of the virtual exercise bike. In
our design, we make target objects in the games obvious
to the player. Some objects such as balls are textured with
glowing and vivid colors, and some other objects such as
the archery target can move at a slow and constant speed,
so that objects can be easily identified, and the player can
respond quickly to gaming events. If the player does not
play actively, for example, lagging on movements or tending to aim but being off the mark constantly, Ellic will post
encouraging messages in a pop-up dialog box.
To mitigate possible symptoms of motion sickness in
VR, we improve the rendering performance of the games.
Game objects are cartoon-looking, low-polygon meshes
and simple textures, which reduce the rendering load and
create a joyful gaming atmosphere. In all three games, the
total number of triangles is less than 300 thousands and the
meshes (including UI elements) are textured with about 100
images, so that the games run at very high frame rates. We
limit scene oscillations on different axes when the player is
controlling the camera. The camera’s roll rotation is disabled, since it could make the player feel the scene shakes
when moving the body or head frequently during the play.
Another way to reduce motion sickness is to reduce sensory
disconnect (Shaw et al. 2015a) by making the motions perceived visually same as those in the inertial system. Toward
this, our design maps the movements of hands and arms to
in-place gameplay actions, such as blocking, hitting, and

shooting, rather than conducting an intensive walk-around
exploration of the virtual world.
The interface and in-game information (e.g., the timer
and scores) are displayed in the same way in the HMD and
LFD versions of the games. In both versions, hand motions
are mapped onto the virtual hands. The player can see the
rendering of virtual hands which help identify its spatial
relationship with in-game objects. However, the perceived
rendering can be different in the HMD and LFD. The camera
in the HMD moves in response to the head movement, while
the camera in the LFD is static. The HMD has a wider field
of view than that of the LFD, so the player can see more
in the HMD. In the LFD, the rendering of virtual hands is
displayed on a projector screen, which may make the player
feel the virtual hands are at a greater distance than those in
the HMD.
3.1.1 Blocking game
A virtual wall composed of 5 × 10 translucent colorful cubes
is created behind the player’s avatar. Ellic stands at a distance and shoots balls with a cannon toward the cubes. The
avatar holds two shields in hands. In order to protect the
cubes from being hit by balls, the player moves the hands,
arms, and body to block balls away, as shown in Fig. 1a.
Ellic can shoot regular balls and special balls. Special
balls can damage a larger region on the virtual wall or are
more challenging to block than regular balls. There are three
types of special balls: a giant ball that can hit multiple cubes
at once, a triple-shoot ball requiring the player to block three
times in a row, and a naughty ball with wobbling motions.
The ball’s initial force and shooting direction are generated
using physics simulations in the Unity game engine. The
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score of the player’s performance is a percentage value, calof ball blocked
× 100 . In this game, fast reactions
culated as #total
# of balls
and wide-field movements are primary motions that the
player is expected to perform.
3.1.2 Volleyball game
Ellic throws volleyballs to the avatar. A basket is placed in
front of the avatar. The player moves the arms and body as
shown in Fig. 1b, c to bounce or spike balls. The player earns
1 point if the ball goes into the basket. After every four balls,
Ellic throws a bonus ball. The player earns 2 points if the
bonus ball goes into the basket. The player earns 0.5 point
if the ball is hit but not bounced into the basket. The score
of the player’s performance is the sum of all points that the
player earns.
In this game, the player is expected to move the body
and adjust arm positions in order to bounce or spike balls
accurately. To achieve a good score, the player needs a good
sense of the controller’s sensitivity for bouncing or spiking
balls.
3.1.3 Archery game
In this game, the player shoots arrows to a moving target.
The player needs to keep turning the body and adjusting
arm positions in order to aim the target and then moves the
arms as shown in Fig. 1d to shoot an arrow. If the arrow
hits the target, the player gains 0.5 to 2.5 points based on
how far away the hit is from the center of the target. The
score of the player’s performance is the sum of all points
that the player earns. The flight path of the arrow is determined by physics simulations in the Unity game engine. The
head and tail of the arrow are added with different mass and
air resistance. The hand positions and the distance between

Speaker

Sounds

HMD / LFD

Texts

Oculus Touch
& head tracker

Gaming Devices

two hands determine the arrow’s initial flight angle and the
launch force. The player is expected to focus on how to accurately aim the target, by holding the bow stably while slowly
turning the body toward the moving target. Assuming the
player’s dominant hand is the right hand, here are the action
steps to shoot an arrow:
1. The player uses the controller in the left hand to hold the
bow and aim the target.
2. The player uses the controller in the right hand to pick up
the arrow, by holding down the trigger of the controller.
Then, he or she moves the controller to put the arrow on
the bow.
3. The player pulls the right arm to the chest and then
releases the trigger of the right-hand controller to launch
the arrow.

3.2 Game mechanics
Figure 2 shows four major components of the game mechanics. The left- and right-hand controllers detect positions,
rotations, and velocities of the player’s hands. Physical hand
movements are mapped onto the avatar’s virtual hands.
Ellic is an AI-controlled character as a fitness coach in the
games. Ellic takes the following responsibilities:
1. Ellic interacts with the player such as throwing volleyballs. Ellic is controlled by a continuous and circular
AI module, which results in random actions. In particular, the AI module determines Ellic’s rotating range,
randomizes its rotating speed, the angle and power for
throwing balls, and controls the throwing frequency. The
results of AI are also affected by the progress and performance of the player in the game.

Core Components
3D
transformations

Physics simulation
& interaction

AI controls

Vibration

Feedback
Components
avatar

Camera

Controllable
objects

Ellic

Background
Enviornment

Game Objects
Fig. 2  The four gameplay mechanics components, including gaming devices, core components, game objects, and feedback components
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2. During the tutorial session, Ellic demonstrates what
movements the player should do. The movement demonstrations are programmed in C# scripts.
3. During the play, Ellic can teach the player how to play,
as necessary. A conditional strategy is used to determine if the player needs help or not. For example, in the
archery game, if the player does not shoot an arrow in
15 seconds, Ellic explains how to shoot it.
Motions of controllable objects such as balls and arrows
are simulated with physics simulations. They correspond to
realistic collisions and interactions. For example, in the volleyball game, the player may bounce a ball at its bottom or
spike it from the top. The ball reacts according to the gravity, hit points, collisions, and the force added by the player.
Exergames need to promote tension and require a fast
reaction of the player. To support this, an immediate feedback system is added in the game. It includes vibration,
sounds, and texts. Vibration is added on the controllers and
triggered when the player has a contact with an object. The
vibration intensity is determined based on the force intensity generated at the contact. Sounds are transmitted to the
speaker when an object is hit by the player or a new object
is instantiated. Texts are used to show earned points and
Ellic’s messages. Earned points are displayed next to a hit
object, and messages can be displayed in the pop-up dialog
box above the Ellic.

4 Experiment
We performed a usability study using the exergames
described in Sect. 3. Figure 3 shows the pictures of the
usability study. In the study, we used an in-game version
of the game experience questionnaire (GEQ) (IJsselsteijn
et al. 2013). Law et al. (2018) pointed out the problematic
psychometric properties in the GEQ, but it is still one of
popular questionnaires to measure game players’ experience.
Sabet et al. (2019) also evaluated the GEQ and suggested

that it should not be used in a long-duration experiment. In
our study, the duration is short.
Participants play the games under the same gameplay
conditions. For each game, the parameters that control the
gameplay difficulty level, such as gaming time, the number
of balls launched, the moving path of the archery target, etc.,
are set to be same in the HMD and LFD versions. Specific
values of the control parameters are discussed together with
participants’ gaming experiences in Sect. 5.1. In this section,
we describe details of the experiment.

4.1 Demographic
Participation of the study is voluntary. We recruited a total
of 20 participants including 11 males and 9 females. Their
ages are between 18 and 37 ( M = 25.35, SD = 4.79). Six
participants have the experience of playing VR video games,
and the other 14 participants had never played a VR game.
In regard to their exercise background, 3 participants exercise daily, 13 participants exercise weekly, and 4 participants
almost do not exercise at all. Six participants expressed that
they are good at sports, 8 participants are moderately good at
sports, 5 participants are skilled in sports, and 1 participant
expressed no sport skill at all.

4.2 Methodology
We set up the usability study in a research laboratory in the
university. We obtained the approval for the study from the
university’s Institutional Review Board of Human Subjects
Committee. The study took about one hour for each participant. Upon arrival, the participant filled a consent form
and was assigned with a unique participation ID. He or she
then answered a demographic questionnaire, which includes
the questions related to participant’s experience in gaming,
virtual reality, and exercise. Then, the participant wore a
Fitbit device in order to monitor the heart rate, which was
turned on when the participant was ready for the games.
The heart rate is related to the amount of calorie burning,

Fig. 3  Pictures of the usability study showing the participants played the exergames with the HMD (right and bottom-left pictures with red
frames) and LFD (top-left pictures with green frames)
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so it is an important factor for measuring the level of energy
expenditure and exercise intensity. Before playing any game,
there was a session for each participant to get familiar with
the use of Oculus Touch controllers and the display devices.
The study included a total of 6 trials (3 games × 2 display devices). In each trial, the participant played one game
with one type of display device, either an HMD or a LFD.
After playing the game in the trial, the participant filled an
in-game GEQ. There was a 5-min break between trials. If a
participant’s ID is an odd number, he or she first performs
the three trials that use the LFD, and then performs the other
three trials that use the HMD. Participants with even IDs
first perform the three trials that use the HMD, and then
performs the trials that use the LFD. After every three trials, the participant filled a core GEQ, each for one display
device across all three games. At the end of the study, the
participant was asked to give overall evaluations of the study
by answering a few interview questions.
As a result, we received a total of 10 questionnaires from
each participant, including 1 demographic questionnaire,
6 in-game GEQs, 2 core GEQs, and 1 interview questionnaire. In total, we collected 200 questionnaires from all
participants.

4.3 Data recording
The gaming system is able to record data items for evaluation and analysis, as listed below:
1. Gameplay-related items, including (1) the blocking
game: the number of balls shot, the number of balls
blocked by the player, and the total score that the player
earned; (2) the volleyball game: the number of balls
thrown, the number of balls hit by the player, the number
of balls bounced into the basket, and the total score that
the player earned; and (3) the archery game: the number
of arrows shot, the number of arrows hit on the target,
and the total score that the player earned.
2. The total distance of hand movements computed by summing up hand position offsets detected by the Oculus
Touch controllers between successive frames.
3. The heart rates tracked by the Fitbit device.

4.4 Safety and protection
All participants had understood how to play the games
before doing the trials. We set up a restricted zone in the
virtual world. The zone was calibrated to match the boundaries of the physical space, so participants did not have a risk
of hitting surroundings. Objects can be interacted with or
controlled only in the zone. If a participant steps out the
zone, a warning message will show on the screen. During
the experiment, an investigator stood close to the participant
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to protect him or her, in the case of the occurrence of any
unbalanced body movements.

5 Results and analysis
Both the core GEQ and in-game GEQ were used to evaluate participants’ gaming experiences. We conducted a oneway analysis of variance (ANOVA) to analyze the effect of
gameplay scores, GEQs, moving distances, and heart rates
between two groups, HMD and LFD. All statistical results
were based on the significance value of 𝛼 = 0.05.

5.1 Performance and gaming experience
Table 1 shows the comparison results between the participants’ HMD experimental data and their LFD data. For
the blocking game, the total number of balls launched by
Ellic was fixed at 122. The “Blocked” column in the table
means the averaged number of balls blocked by participants.
The averaged score that the participants earned with HMD
( M = 86.02, SD = 9.36) was significantly higher than that
with LFD ( M = 52.21, SD = 12.33), F(1, 38) = 95.38 ,
p < 0.001. On average, wearing the HMD increased participants’ performance by 33.82%. For the volleyball game,
the total number of balls launched by Ellic was fixed at 66.
The “Bounced-In” column in the table means the averaged
number of balls bounced or stroke into the basket by participants. On average, wearing the HMD increased participants’
bounced-in rate by 42.80%. For those balls not going into
the basket, participants either reached or completely missed
them. The “Missed” column in the table means the number of balls completely missed. Participants reached 11.96
more balls (or 18.12% more) on average when wearing the
HMD. The averaged score that the participants earned with
HMD ( M = 62.00, SD = 9.23) was significantly higher than
that with LFD ( M = 36.50 , SD = 8.29), F(1, 38) = 82.46 ,
p < 0.001. For the archery game, the “Score” column is the
averaged total point that the participants earned. The averaged score with HMD ( M = 74.18, SD = 35.15) was higher
than LFD ( M = 40.85 , SD = 19.34), F(1, 38) = 13.80 ,
p < 0.001. Thus, wearing the HMD to play the exergames
made the participants gain a significantly better gameplay
performance than playing with LFD. With LFD, the virtual hands are displayed on the projector screen, which may
make the player feel the virtual hands appear a bit far away
from where the physical hands are. This can be a reason why
the gameplay performance in the LFD version was worse
than that in the HMD version.
According to the explanation by Poels et al. (2007), questions in a GEQ cover seven evaluation components, which
are Competence, Sensory and Imaginative Immersion, Flow,
Tension/Annoyance, Challenge, Negative Affect, and Positive

74.18
40.85
78.75
62.03
55.06
42.56
43.36
26.40
62.00
36.50
66.06
23.27
66
66
0.80
12.76
43.60
15.36
86.03
52.21
HMD
LFD

104.96
63.70

122
122

86.03
52.21

Total
shots
(avg. #)
Hit (avg. #)
Bounced- Missed (avg. #)
in (avg. #)
Blocking rate (%)
Blocked (avg. #)

Total

Score (avg. #)

Volleyball game
Blocking game

Table 1  The experimental results of three exergames recorded for evaluating the gaming experience

Total

Bounced- Score (avg. #)
in rate (%)

Archery game

Hit rate (%)

Score (avg.)

Virtual Reality

Affect. The in-game GEQ includes 14 questions, and the
core GEQ includes 33 questions. Participants answered each
question by giving a score between 0 and 4 which represents the lowest rate to the highest rate for the question.
Table 2 shows the averaged scores and how the questions
are mapped into the seven components. For Sensory and
Imaginative Immersive, we have F(1, 38) = 4.61, p = 0.04,
and for Flow, we have F(1, 38) = 4.79, p = 0.03. Since the
p values are smaller than 0.05, wearing the HMD resulted
in a significant enhancement over LFD in those components. For Competence, we have F(1, 38) = 2.71, p = 0.11,
and for Positive Affect, we have F(1, 38) = 3.63, p = 0.06.
The p values are slightly larger than 0.05 but still close
to it, so wearing the HMD was likely to have a significant enhancement in those components. For Challenge,
we have F(1, 38) = 0.12, p = 0.73, for Tension, we have
F(1, 38) = 0.54, p = 0.47, and for Negative Affect, we have
F(1, 38) = 0.51, p = 0.48. The p values are greatly larger
than 0.05. Thus, there was not a significant enhancement in
those components.
From the above analysis, we reach the conclusion that for
exergames where players’ motions are more or less in-place
actions in the real and game world, and where the game
control device and interface design are the same (e.g., using
the same handheld controller and no additional visual aids in
non-VR display), HMDs will result in a better game experience. A main drawback of using LFD is that a player has
to spend extra cognitive efforts to understand the relations
between the physical movements and transmitted controlling behaviors in the virtual environment, which is a 3D
world but projected to the 2D viewport on the LFD. This
process with LFD increases the player’s cognitive load and
consequently increases the player’s reaction time to operate objects. In contrast, the HMD provides an immersive
3D environment that can intuitively engage players. The
HMD’s stereoscopic rendering capability provides a better
depth awareness for the player to justify and estimate events
at a natural level of visual perception as they do in the real
world. This reduces the chance of having cognitive loading
latency. Also, the head tracker on the HMD provides the
naturalness for the first-person camera control. The camera
moves and rotates together with the player’s head, so that it
removes unnatural viewing experience occurring in a fixed
or auto camera, which, however, exists in LFD-based games.

5.2 Effectiveness in motivating players to move
We measured the motivational effectiveness of the games
by using the hand moving distance accumulated from
the position changes of the hand controllers. One goal of
the exergames is to motivate players to move and make
them actively participate in the activities simulated by the
gameplay mechanics. We used Oculus Unity SDK in our
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(31, –)

(13, 5)
(25, –)
(28, –)

(12, –)
(18, –)
(19, –)
(27, 4)
Average
(5, –)

Average
(3, 1)

(–, 10)
Average
Tension/annoyance (22, –)
(24, 8)
(29, 6)
Average
Challenge
(11, –)
(23, –)
(26, 12)
(32, –)
(33, 13)
Average

Flow

Sensory and
imaginative
immersion

(2, 9)
(10, –)
(15, –)
(17, 2)
(21, –)

Competence

I thought it was hard
I felt pressured
I felt challenged
I felt time pressure
I had to put a lot of effort into it

I felt annoyed
I felt irritable
I felt frustrated

I was fully occupied with the
game
I forgot everything around me
I lost track of time
I was deeply concentrated in the
game
I lost connection with the outside
world
I felt completely absorbed

I was interested in the game’s
story
It was aesthetically pleasing
I felt imaginative
I felt that I could explore things
I found it impressive

I felt skillful
I felt competent
I was good at it
I felt successful
I was fast at reaching the game’s
targets

(Core #, in-game #) Questions

Components

Table 2  The GEQ data collected from the participants

3.05
3.03
–
0.60
0.80
0.70
–
–
2.70
–
2.55
2.63

–

3.00
–
–

–
–
–
3.20
3.15
–

2.60
3.10

2.55
–
–
2.65
–

2.85
2.93
–
0.65
0.40
0.53
–
–
2.05
–
2.15
2.10

–

3.00
–
–

–
–
–
3.10
3.10
–

2.58
3.10

2.45
–
–
2.70
–

3.00
2.98
–
0.75
0.45
0.60
–
–
2.75
–
2.55
2.65

–

2.95
–
–

–
–
–
3.05
3.13
–

2.80
3.20

2.80
–
–
2.80
–

2.40
2.55
–
0.70
0.75
0.73
–
–
2.30
–
2.40
2.35

–

2.70
–
–

–
–
–
2.60
2.65
–

2.23
2.70

2.05
–
–
2.40
–

2.40
2.35
–
0.80
1.15
0.98
–
–
2.70
–
2.45
2.58

–

2.30
–
–

–
–
–
2.45
2.58
–

1.95
2.70

1.85
–
–
2.05
–

2.05
2.23
–
0.70
1.25
0.98
–
–
2.55
–
2.50
2.53

–

2.40
–
–

–
–
–
2.50
2.70
–

2.25
2.90

2.20
–
–
2.30
–

Blocking game Volleyball game Archery game Blocking game Volleyball game Archery game

–
2.87
0.35
0.50
0.55
0.47
1.50
0.85
2.40
1.25
2.2
1.64

2.70

2.85
2.40
3.45

2.70
2.70
2.75
3.15
2.93
2.95

2.63
2.75

2.65
2.60
2.65
2.70
2.55

–
2.19
0.20
0.50
1.15
0.62
1.85
0.60
2.10
1.15
2.05
1.55

1.70

1.90
1.90
2.80

2.20
2.20
2.00
2.75
2.40
2.65

2.15
2.75

2.20
1.95
2.50
2.30
1.80

HMD LFD

HMD

LFD

Core GEQ

In-game GEQ
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0.71
2.50
3.00
2.85
2.85
2.90
2.50
2.82
0.55
3.10
3.15
3.30
3.50
3.40
3.50
3.29
0.88
2.40
–
–
3.05
–
–
2.73
0.80
2.45
–
–
2.85
–
–
2.65
0.70
2.20
–
–
2.80
–
–
2.50
The “core #” and “in-game #” are the question IDs in the core GEQ and in-game GEQ, respectively

0.78
2.90
–
–
3.40
–
–
3.15
1.10
2.95
–
–
3.35
–
–
3.15
Positive affect

Average
(1, 11)
(4, –)
(6, –)
(14, 14)
(20, –)
(30, –)
Average

I felt content
I thought it was fun
I felt happy
I felt good
I enjoyed it
It felt like a rich experience

0.93
2.90
–
–
3.65
–
–
3.28

0.50
0.50
0.70
0.70
0.65
0.60
0.75
(16, 3)

I felt bored

0.55

0.85
0.85
1.05
0.90
0.75
1.30
1.45
(9, 7)

I found it tiresome

0.95

1.20
0.60
–
–
–
(8, –)

–
–
I thought about other things

–

0.30
0.25
–
–
–
–
–
–
It gave me a bad mood
(7, –)
Negative affect

Blocking game Volleyball game Archery game Blocking game Volleyball game Archery game

HMD LFD
HMD

(Core #, in-game #) Questions
Components

Table 2  (continued)

LFD

Core GEQ
In-game GEQ

Virtual Reality

implementation. It allows to track the locations of handheld controllers, with which we computed the moving distance of each hand. Table 3 shows the moving distances
and the heart rates recorded from the participants.
Overall, wearing the HMD ( M = 323.47 , SD = 54.18)
resulted in greater hand moving distances than using the
LFD ( M = 259.57 , SD = 62.17), where F(1, 38) = 12.01,
p = 0.001. The distance increase in the blocking game
was 37.85%, where the increment of HMD ( M = 159.99 ,
SD = 42.08) over LFD ( M = 116.07 , SD = 38.70) was
significant, since F(1, 38) = 11.80 , p = 0.001. The distance increase in the volleyball game was 17%, where the
increment in the distance with HMD ( M = 114.88, SD =
21.99) was significant in comparison with the distance
with LFD ( M = 97.80 , SD = 26.34), since F(1, 38) = 4.95,
p = 0.03 . The smallest distance increase occurred in
the archery game, which was by 6.32%. In the archery
game, the increment of HMD ( M = 48.60 , SD = 14.95)
over LFD ( M = 45.70 , SD = 14.50) was not significant,
since F(1, 38) = 0.39, p = 0.54 > 0.05. This is because the
blocking and volleyball games require a player to react
to balls quickly. We observed that participants performed
more body movements to enhance such active reactions. The quicker and more frequent reactions a player
performed, the higher increase was on the total moving
distance, which happened more natural and intuitive in
the immersive environment provided by the HMD. In the
archery game, on average, the right hand moved more than
the left hand. This is because all participants used the right
hand to perform the motions of pulling arrows, while the
left hand was used to maintain a still pose in order to aim
the target. We also observed that the moving distance
could be affected due to cognitive loads when the player
was perceiving the mapping of real hand movements onto
the virtual hands. The LFD version of the games likely
causes a higher cognitive load for the player to make sense
of the mapping, while the mapping through the HMD version was more intuitive and therefore makes players react
to gaming events faster than doing in the LFD version of
the games.

5.3 Exercise intensity level
The exercise intensity refers to the energy expended when
exercising. We measured the exercise intensity using the
heart rate data from the Fitbit device. The heart rate is the
human’s built-in system for measuring an individual’s exercise intensity level. The heart rate data from our participants are shown in Table 3. From the data, we found that
4 participants retained a high exercising-level heart rate
before starting a play trial. This was because the resting
time between the trials was probably not enough for them to
cool themselves down, or because they were in an excising
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activity before coming in our study but did not inform us
about it. Thus, we excluded their data from the analysis of
the exercise intensity. Figure 4 shows the heart rate data over
the time of each game. The horizontal axis is divided into
two parts in consistence with the setting of the play trials.
The first part is the 30-second tutorial time for participants
to get ready for the play, and the second part is the actual
game playing time.
We also recorded participants’ resting heart rate, which
was 74.27 beats per minute on average. The resting heart
rate was recorded with participants standing. It was at
a slightly high end of the standard range of resting heart
rate. The VR device was new to some participants, and the
games were new to all participants. The resting heart rate
was a bit high possibly due to participants’ raising curiosity about the VR device and excitement to the games.
During the play of games, participants’ heart rates with
HMD and LFD were both increased significantly over
the resting heart rate ( M = 74.27, SD = 8.47). For HMD,
we have F(1, 30) = 51.24 , p < 0.001. For LFD, we have
F(1, 30) = 50.13, p < 0.001. Our exergames raised the participants’ heart rate by an average of 31.25%. According to
the explanation in Better Health Channel (2015)—an digital
entity of the Department of Health and Human Services in
Australia, a moderate-intensity physical activity for people
at the age of 25 corresponds to a heart rate in the beat range
of [98, 137] per minute. Regardless of using an HMD or
LFD, the blocking and volleyball games have met this expectation, while the archery game did not but it was close to the
low end of the range, since it was designed to be a relatively
stationary game.
As shown in Fig. 4, during the tutorial time, the heart
rates with HMD and LFD were stable with a slow rate of
increase over time. During the game playing time, regardless of using an HMD or LFD, the heart rate jumped up
quickly and became relatively stabilized after reaching the
beat range of moderate-intensity. The figure shows that the
heart rate with HMD was slightly higher than that with
LFD. It was an average of 3.34% increment over the heart
rate with LFD for all three games. According to the statistical analysis, we found that the increment of the heart rate
with HMD ( M = 98.01, SD = 10.21) was not significant in

comparison with the heart rate with LFD ( M = 94.84 , SD
= 7.96), since F(1, 30) = 0.96, p = 0.34 > 0.05. Thus, there
was no evidence to show that the VR version of the games
could advance the non-VR version in terms of increasing the
exercise intensity level.

6 Overall feedback
At the end of the experiment, participants were asked to give
scores for additional interview questions about their overall impression of the games, in which “1” is very negative
and “10” is very positive. We asked the questions of “What
is your overall impression of the games with HMD?” and
“What is your overall impression of the games with LFD?”
Participants gave an overall score of 9.25/10 for the games
with HMD, and gave 4.90/10 for the games with LFD. We
asked the question of “How tired do you feel after playing
these exergames?” On average, the participants gave a score
of 5.55/10, which indicates a moderate intensity level of
exercising. For the question of “Would you like to play VR
exergames for exercising in the future?”, the participants
gave a score of 9.60/10, and all participants expressed that
they would like to try more exergames with HMD in the
future.
As VR-based exergames are becoming an extra supplement for exercises, the games we developed would engage
people to exercise in daily life and motivate people who do
not do exercise very often. After our study, 11 participants
expressed that they will buy an HMD device to play exergames in the future.
We received delightful feedback from participants about
our games. For example, one participant said he was fully
engaged, so he did not realize he was getting tired and forgot
paying attention to the time. Another participant commented
that he liked our exergames and enjoyed the gaming experience, but he was not in favor of wearing the HMD because
he wore glasses. He expressed that the HMD was a little hard
to put on or take off.
For the question of “Do you feel motion sickness during the usability study?”, the participants gave an averaged
score of 1.60/10. Some participants commented that they

Table 3  The heart rate and hand moving distance recorded during the experiment
Blocking game

Volleyball game

Moving distance (m)

HMD
LFD

Left hand

Right hand

Total

146.19
107.90

173.80
124.24

319.99
232.14

All values are averaged over all participants
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Archery game

Heart
Rate

Moving distance (m)
Left hand

Right hand

Total

100.38
97.37

91.35
81.90

138.40
113.70

229.75
195.60

Heart
Rate

Moving distance (m)
Left hand

Right hand

Total

101.59
98.71

28.48
32.92

68.72
58.48

97.20
91.40

Heart
Rate
92.04
88.44

Virtual Reality

Fig. 4  Participants’ average heart rate over time during the play. a–c Are the results from the experiment with the blocking game, volleyball
game, and archery game, respectively

had motion sickness in other VR games, but they did not
feel motion sickness in our games. Some participants also
expressed that they would like to play more exergames such
as baseball and tennis games with a multi-player option.
All participants finished the usability study without any
risks. For the question of “Do you feel afraid of hitting surroundings during the usability study?”, participants gave an
averaged score of 3.40/10, which indicate they felt fairly safe
to play the exergames with HMD and LFD.

7 Discussion and future work
Our work was to study whether or not applying VR technologies for exergaming would be generally effective in promoting people’s physical activities and exertion. In particular,
we were interested in knowing, in comparison with widely
used flat-screen display devices, whether or not the newer
immersive display provided by an HMD would constantly
advance in exergaming, or it could be constrained under
certain circumstances. We considered this is an important
and fundamental question since VR technologies continue
to be introduced into many exergames and used for fitness,
training, rehabilitation, and education. Toward our goal, we
designed and studied exergames in immersive virtual environments supported by the HMD and handheld controllers.
The three exergames required players to move in different
ways: moving the body and hands sideways in the blocking game, bouncing and spiking in the volleyball game, and
holding and pulling on arms in the archery game. Those
exergames put core scenarios of aerobic exercises into practice, including reaction drills (blocking), movement control
drills (volleyball), and stretching drills (archery). For each
game we developed, we intentionally created an identical
difficulty level of gameplay for both HMD and LFD versions of the games, so that the engagement and exertion

comparisons were not affected by any variation in gameplay. We were aware of discussions in the literature about
the symptoms of motion sickness caused by VR (Moss and
Muth 2011; Treleaven et al. 2015). When designing and
implementing the games, we added restrictions on certain
mechanics features which could make players disoriented.
For example, a roll rotation of the camera was disabled to
make players stay balanced during the play. We textured the
gaming scenes with intermediate and cool colors without
any glare or reflectivity to reduce eye strains. In our experiment, we did not observe any participant being motion-sick
during or after playing the games with HMD.
Our experimental results show that the immersive environment provided by the HMD resulted in more engaging
experience than the environment with the standard large flatscreen; however, there was no evidence to show that wearing
the HMD would be more effective than using the LFD in
increasing the exercise intensity level. This suggests that
players will feel more enjoyable when playing with HMD, so
there can be a higher chance that players choose to play more
trials of a VR-based exergame and subsequently improve
their physical activities in the long term. If the goal is to use
an exergame for exercising within limited time or a limited
number of trials, the gameplay mechanics itself should be
the factor that affects the energy expenditure, rather than the
playing environment.
Possibly, it was an interesting observation that, when the
difficulty level of gameplay and the play duration were set
to be the same for playing with HMD and LFD, the moving
distance with HMD was significantly greater than with LFD,
but the increase in heart rates with HMD was not significant.
In other words, playing the games with HMD better motivated participants to move physically, but they achieved a
nearly same level of energy expenditure, regardless of using
an HMD or LFD. This observation suggests that the VR version of an exergame can be used to better motivate people
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who do not usually engage in exercises than using a non-VR
setting of the exergame. For example, a VR-based exergame
can be more beneficial for non-motivated individuals in a
warm-up trial or some low-level activities that are not much
fun to perform, where VR technologies can make them be
willing to repeat the movements for a longer period of time
and possibly improve their motivations in those activities.
This is supported by similar findings by Molina et al. (2014),
where VR-based games were created to rehabilitate physical
functioning of old adults with basic movements.
According to the analysis of the heart rate data and the
feedback received from the participants, our exergames
reached a moderate level of exercise intensity. The difficulty
level of gameplay is determined by the control parameters of
the game, which can be turned, so that the exercise intensity
level can change accordingly from moderate to light, or to
vigorous. In the future, we plan to add an AI component to
automatically adjust the difficulty level of gameplay and the
play duration based on a player’s exercise capability. This
can be achieved by taking the method presented by Xie et al.
(2018). It will be possible for the AI component to analyze
the gaming behaviors of the player and adjust the games
dynamically to maximize the exercise effectiveness.
We found that, during the play, participants tended to
move or lean in a particular direction. For example, some
participants tended to move forward, while some others
tended to move backward. If the movements required in
a game are intense, the Guardian System provided by the
Oculus VR SDK may not be sufficient to keep players in the
safety zone. In the future, in the case of developing a vigorous-intensity version of the games, we will add additional
run-time feedback features, such as warning sounds and
controller vibrations, to enhance a player’s safety awareness.
Motion sensing devices, like the Oculus Touch adopted
in our exergames, have been widely used as game control
devices to interact with game objects in the virtual world. It
is possible that, after players become familiar with gameplay
rules, they may seek a “lazy” way of using the device, so
they do not spend enough physical efforts as they are supposed to (Sun and Lee 2013; Alex et al. 2017; Lee and Lim
2017). Evidences of seeking lazy ways to play exergames
can be seen in commercial games like Wii Sports or Kinect
Sports. In the future, we would like to investigate possible
cheating plays in VR-based exergames.
The study had a total of 20 participants, which could be
a limitation on the sample size. In the future, we want to
collaborate with fitness experts to study the influence of
VR-based exergames in aerobic fitness, especially on the
trainee’s long-term benefits. In future studies, we will invite
more participants and give them longer time to play. We
also plan to develop an HTD version of the exergames and
evaluate it by comparing to the LFD and HMD versions,
and find out whether the HTD version will have a similar
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benefit as that of the HMD version. Also, we will try to add
a multi-player mode in the games, so that people at different
places can play and exercise together. It will be interesting
to see whether or not players become more excited with the
support of a multi-user competitive spirit in VR.
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