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Abstract—Exergames can increase cognitive performance com-
pared to sedentary games and the same non-gamified exercise.
Whether this advantage can be further enhanced by the high
immersion and arousal level VR systems offer remains unclear.
Therefore, we developed an exergame that can be played in VR or
in front of a TV screen with identical gameplay in both versions.
In a study with 32 participants, we collected data on cognitive
performance, arousal, presence, motivation, and exertion. OQur
results show no difference in cognitive performance and arousal
between the conditions. However, the VR version significantly
increased players’ presence and motivation while significantly
reducing perceived exertion. OQur results help to understand in
which aspects VR can have a significant impact on exergames.

Index Terms—Virtual Reality, VR, Exergaming, Exergames,
Exertion Games, Motivation, Cognitive Performance, Arousal

I. INTRODUCTION

Exertion games or exergames are digital games “[...] where
the outcome of the game is predominantly determined by
physical effort” [31]. The use of exergames has demonstrated
a positive impact in a variety of different domains, such
as prevention and counteraction of childhood obesity [18],
supporting physical rehabilitation [4] and improving cognitive
performance [17].

While most of the exergaming research used older TV
screen systems such as Microsoft’s Kinect or Nintendo’s Wii,
current work focuses specifically on modern VR systems such
as the HTC Vive. Since body movements serve as the main
interactions, modern VR systems have an inherent exergaming
property. Furthermore, first studies observed that in contrast to
conventional non-VR exergames, VR exergames can improve
central player experience related constructs such as motivation
[6], [28] due to the high level of immersion VR systems offer.
Thus, VR exergames are used for different purposes such as
improving physical performance [2], decreasing perceived
exertion [43], or supporting physical rehabilitation [19].

Beyond advantages that are directly linked to the context
of physical activity, recent works used VR exergames to
improve the cognitive performance of players [21], [26],
[35]. For non-VR exergames, it has already been shown that
exergaming can lead to better cognitive performance than
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playing a sedentary game [17] and performing the same
gamified exercise [1]. Beyond that, the use of VR exergames
can lead to enhanced cognitive performance compared to the
same non-exergame physical exercise without VR [26], [35].
However, if the use of VR can enhance the cognitive benefits
non-VR exergames provide remains unclear.

Therefore, we developed an exergame that uses either a
conventional TV screen or an HMD as the output device but
offers the same gameplay regardless of the output device.
In a between-subjects design study with 32 participants,
we investigated whether the VR exergame version could
enhance the players’ cognitive performance after a one-time
training. In addition to cognitive performance, we measured
the players’ perceived and actual exertion, arousal, presence,
and motivation to investigate their moderating effect on
cognitive performance. Further, we used these constructs to
investigate the impact of VR on player experience to support
the research area with results from a between-subjects design
study.

We did not observe a significant difference in arousal or cog-
nitive performance between the conditions. Hence, we assume
that the cognitive benefits exergames offer after a one-time
training cannot be increased using VR. However, our results
indicate that the VR version could significantly increase the
players’ motivation and presence while significantly reducing
perceived exertion, although, as intended, actual exertion did
not differ between the conditions. With our results, we address
game developers and researchers alike. Our results support
the insights on the comparison between VR and non-VR
exergames. VR exergames but also conventional exergames
in front of the TV (e.g., Nintendo’s Ring Fit Adventure) are
constantly developed further. Our results help identify areas in
which VR systems can offer substantial benefits but also areas
where VR may not further enhance the benefits exergames
provide.

II. IMMERSIVE VR EXERGAMES

Immersion can be defined as the extent of a user’s technical
integration into a virtual environment and is described as an
objective characteristic of a technology [37]. Thus, modern



room-scale VR systems offer a higher level of immersion
compared to conventional screen systems. Immersion has a
direct impact on the user’s experience of presence [38] which
can be defined as the feeling of “being there” [20] or simply
as presence. In the context of exergames, a high sense of
presence can significantly improve the player experience in
various aspects.

VR exergames can significantly increase the player’s
experience of presence, self-efficacy, performance, and
intrinsic motivation [6], [28] compared to non-VR exergames
and to the non gamified version of the exercise [28],
[43]. The player’s intrinsic motivation, in particular, is a
central construct in the context of VR exergaming since
being intrinsically motivated can result in engaging in and
enjoying a specific activity [34]. Moreover, on the one
hand, VR exergames can reduce perceived exertion when
used to distract from strenuous and repetitive exercises such
as rowing or cycling [28], [43]. On the other hand, VR
exergames that are driven by more complex and constantly
changing interactions and thus do not require an exercycle or
rowing machine can produce high motivation scores despite
unreduced perceived exertion scores [6], [7], [16].

A. Exergaming, Arousal, and Cognitive Performance

However, beyond motivational benefits, which are directly
related to the athletic context and the main focus of most
studies on VR exergaming, exergames offer further benefits.
One of these benefits is the improvement of cognitive
performance through exergames [1], [17]. The positive
influence of physical activity on cognitive performance has
already been shown in various studies for a large number of
different activities, intensities, periods, and target groups [11].
However, cognitive performance does not depend directly on
physical activity but is influenced by arousal, which, among
other things, is influenced by physical activity [24]. Arousal
is defined as one of three dimensions of emotions besides
valence [33] and dominance [29] and describes the excitation
level of an affective state that ranges from calm to excited.
In addition to physical activity influencing the arousal level,
arousal can also be influenced by affective stimuli, such as
pictures [25], sounds [9] or even game elements [30].

Beyond simple affective stimuli, the authors of [17]
compared an exergame to the same game played sedentarily
and to a conventional treadmill exercise. Although the
exergame and the treadmill exercise induced similar physical
exertion, the exergame induced more arousal. However,
though the exergame showed improved cognitive performance
compared to the sedentary game, no difference in cognitive
performance to the treadmill condition could be found.
Beyond that, the authors of [1] compared a three-month
exergame intervention with a non-gamified version of the
same athletic exercise. Although physical exertion did
not differ between groups, the exergaming intervention

significantly increased participants’ cognitive performance.
Unfortunately, the authors did not measure the participant’s
arousal as a potential moderator for cognitive performance.
However, the results of [1] suggest that if the arousal level
increases while physical exertion remains constant, the
cognitive performance can be improved even more. With
regards to the results of [17] and [1], the question arises
how the arousal of exergames can be increased even further
and whether an increase in arousal can benefit the cognitive
performance even more, since for complex tasks, increasing
arousal levels can decrease the cognitive performance after a
certain arousal level is exceeded [42].

One way to further increase the arousal level in exergames
is the use of VR. Several studies [10], [15], [32] observed
increased arousal levels in VR games compared to non-VR
games. Therefore, we hypothesize that the combination of
VR and exergames can increase arousal through its physical
exertion and high level of immersion. Thus, VR exergames
have a potentially more substantial influence on cognitive
performance compared to non-VR exergames. The influence
of VR exergames on cognitive performance has been
investigated in very few studies so far. The studies devoted
to this topic have compared the effect of a VR exergame
intervention with a control group that did not consist of
a gamified version of the exercise. The authors of [35]
compared a conventional training on a cycle ergometer to an
exergaming version where the participants wore a Samsung
Gear VR. Similar to the results of [1], the exergaming variant
could lead to improved cognitive performance. However,
the authors only compared a VR exergaming variant to
the conventional non-gamified exercise but not a non-VR
exergaming variant. Furthermore, the authors only measured
cognitive performance and not arousal. In another work, the
authors of [26] observed a positive effect of a VR exergame
on older adults’ cognitive performance above the age of
65 after a four-week intervention in contrast to no intervention.

The comparison between a VR and a non-VR version of
an exergame regarding the effects on cognitive performance
has been investigated by only one work so far. A recent
study [21] showed that a VR exergame could lead to greater
cognitive performance in people over 50 than a non-VR
version of the game, but only after regular training over four
weeks. However, the authors did not record the physical
exertion as well as the arousal of the participants. Thus,
it is difficult to determine whether the improved cognitive
performance is due to the VR system’s property or whether,
for example, the physical exertion in the VR variant was
higher than in the non-VR variant. Since the mere use of VR
in the context of exergames can lead to increased exertion
[41], it could be that the use of VR in the work of [21]
increased physical exertion and thus influenced the cognitive
performance. Furthermore, since only persons over 50 years
of age participated in the study, it is particularly interesting
to conduct further evaluations with a different age group,



Fig. 1. The sword is 71 cm long, 16 cm wide, and weighs 356 grams with the
HTC Vive Tracker attached. The shield has a diameter of 50 cm and weighs
829 grams, including the mount and the HTC Vive Tracker. While the sword
is held in hand, there is a mount for the entire forearm on the shield’s back.

taking into account physical exertion and arousal. Moreover,
since the author of [21] could not observe any effects for
one-time training on the cognitive performance, but the work
of [17] and of [35] could, the question arises whether the
non-observable difference in the work of [21] is due to the
high average age of the participants or the difference in the
conditions compared.

B. Contribution

To gain a detailed insight into whether VR in the context of
exergames can increase cognitive performance after a single
training session and which factors can influence this, we
developed an exergame that differs only in the output medium
(VR vs. TV). To systematically evaluate which constructs are
moderating this process, we record the constructs presence,
motivation, exertion, and arousal in addition to cognitive
performance in a study with 32 subjects. On the one hand,
our results help to clarify the role of VR in enhancing
cognitive performance in the context of exergames. Beyond
that, our results also support the still relatively sparse research
field comparing VR vs. non-VR exergames concerning central
motivational and player experience-related factors.

III. VR TESTBED GAME

To investigate the difference between a VR and a non-VR
exergame regarding their impact on the player’s cognitive
performance, we developed a new exergame with the game
engine Unity. The game’s setting takes the player to a small
medieval village that Vikings have just plundered. As shown
in figure 2, the player is standing at the end of a footbridge
that leads from the village to a boat located behind the
player. Vikings run toward the player to get on the boat

and secure their loot. Besides, the opponents have occupied
several positions in the village to throw skulls at the player.
The players have to defeat the enemies running towards them
and repel the skulls. For this, the players are equipped with a
shield and a sword.

As shown in figure 1, we used padded weapons from the
live-action role-playing domain for the shield and the sword.
We mounted an HTC Vive tracker to both objects, using a
clamp for the shield and a unique 3D-printed mount for the
sword. The weapons are the only interaction objects in the
game. The virtual representation of the weapons corresponds
to the real ones. Since we wanted to develop a game that could
be played in VR and in front of a conventional screen, the
range of movements is severely limited if we want to compare
the two conditions. However, to offer players a certain amount
of exertion and interesting gameplay despite this limitation, we
decided to use the real-looking interaction objects instead of
lighter conventional controllers. Furthermore, in the context
of VR, exergames using heavy controllers can increase
the player’s exertion while maintaining a high intrinsic
motivation [7]. Since the interaction objects are mostly made
of foam, they can be played with safely since even accidental
hits of objects and body parts do not cause significant damage.

To keep the necessary movements identical in the VR and
non-VR version, the players must perform all interactions with
the shield and sword on the spot and do not have to walk
across the room or rotate their vision. Hit enemies increase the
player’s score, while missed enemies decrease the score, which
is displayed at a central location in the player’s field of view, as
shown in figure 2. To provide another motivational incentive,
the player’s striking power and the trajectory of defeated
opponents continuously increase as the player consecutively
defeats opponents. This mechanism is based on the idea of
virtual performance augmentation from [22] and can increase
intrinsic motivation in the context of VR exergames. The time
intervals in which the enemies spawn shorten during the game
time. Thus, the necessary exertion increases continuously. We
have developed two different versions of the exergame, which
only differ in the output device. In the VR condition, an HTC
Vive Pro is used, while in the TV condition, a conventional
Full HD 50 inch TV screen is used. We used a standard
computer with a Ryzen 7 2700 CPU, 16 GB Ram, and an RTX
2070 Super GPU for both versions of the game. The gameplay
and the interaction objects are identical in both conditions.
Thus, we also use the HTC Vive trackers in the TV condition.

IV. STUDY

We conducted a quantitative study to evaluate the differ-
ence between the two versions of our exergame on cognitive
performance and player experience.

A. Method

Cognitive performance was measured using the Stroop
task [27]. In that task, participants are presented color words



Fig. 2. A screenshot of the gameplay from the player’s perspective.

printed either in color the term stands for (congruent stimuli)
or in a color that does not match the color’s name (incongruent
stimuli). Participants have to name the color the word is
printed in and not the word itself. We used a computerized
Stroop test provided by the psytoolkit.org website [39], [40].
Here, 40 color words were presented successively, and the
participants had to press the corresponding button on the
keyboard (e.g., for blue, they press “b”). We recorded the total
reaction time, the reaction time for congruent and incongruent
stimuli in seconds, and the number of errors. The arousal was
measured by the Self-Assessment Manikin (SAM) [8] which
includes one item for each affective state dimension (arousal,
valence, dominance) that could be rated from 1 - 9.

To determine the perceived exertion, we used the Borg
scale [5]. The scale asks for the sensation of exertion,
which refers to the strain and fatigue of the muscles and
the feeling of being out of breath and ranges from 6-20
(none - very, very hard). The actual exertion was assessed
using the subjects’ average heart rate during the baseline
and gameplay phase. We used the Bittium Biosignals Ltd.
Faros 180 pulse belt. We used the Intrinsic Motivation
Inventory (IMI) to measure the player’s intrinsic motivation.
The entire inventory comprises six subscales, of which the
Interest/Enjoyment is considered the most significant one since
it directly measures intrinsic motivation [14]. Beyond the
Interest/Enjoyment subscale, we also assessed the Perceived
Competence subscale and the Pressure/Tension subscale.
Each subscale ranges from 1 - 7. The experience of presence
was measured using the IGroup Presence Questionnaire
(IPQ) [36]. The IPQ comprises the three subscales Spatial
Presence, Experienced Realism, Involvement and the one
item scale General Presence. Each subscale ranges from 0 - 6.

To consider the player’s physical activity as a potential
moderator for the assessment of the exergame and the player

experience, we used the International Physical Activity
Questionnaire (IPAQ) [13] to assess the player’s physical
activity level. There are two forms of output, a categorization
of the participant’s activity level (low, moderate, high activity)
and a total value representing the weekly amount of energy
expenditure carrying out physical activity. Furthermore, we
used the Simulator Sickness Questionnaire (SSQ) [23] to
assess if our setup causes simulator sickness. The resulting
SSQ score can be between 0 and 235.62.

B. Design and Procedure

The study was conducted in a between-subjects design.
Hence, each participant either played the TV or VR version
of the exergame. We chose not to use a within-subjects design
to prevent potential exhaustion, boredom, and fatigue of the
participants. We deliberately did not include a third condition
in which participants would have engaged in physical
activity without an exergame, because a comparison between
this variant and a non-VR exergame [1], [17] as well as
to a VR exergame [26], [35] has already been studied in detail.

After arriving at the study site, the participants put on the
pulse belt gave their consent to the study and completed ques-
tionnaires on demographics, prior experience with exergames
and VR, TPAQ as well as the SSQ to check whether any
high SSQ values after gaming were due to high SSQ values
before gaming. During that starting period, we recorded the
participants’ heart rate to obtain a baseline heart rate, which
we then could compare to the heart rate during the gameplay.
The starting period depended on how fast the participant filled
out the questionnaires but took around 7 minutes on average.
Afterward, the gameplay phase started. First, the participants
could then choose which hand they wanted to use for each con-
troller. In the TV condition, the participants were positioned
about 2 meters away from the screen. In the VR condition, they



put on the HMD and were positioned at the center of a 3m *
2m play area. After finishing a tutorial on the basic gameplay,
the participants started the game themselves. The gameplay
in each condition lasted five minutes. We deliberately decided
on a duration that falls between the duration of the works of
[3] and [17], both of which examined arousal in exergames.
During the gameplay phase, we recorded the participants’ heart
rates. Immediately after completing the game, the participants
first completed the SAM and Stroop test. Subsequently, the
SSQ, Borg, IMI, and IPQ were completed. The study ended
with the participants being debriefed about the study. The
study was compensated with one subject hour, of which up
to 30 must be collected in the context of different study
programs at our university. Since the Stroop test is based on
colors, only participants without color vision deficiencies were
allowed to participate in the evaluation. The ethics committee
of our university approved our study. As the study took place
during the COVID-19 pandemic, a special hygiene concept
was developed and accepted by our university.

C. Hypotheses

Based on the assumption that VR applications can elicit
higher arousal than non VR applications [10], [15], [32], we
hypothesize that:

I The VR condition leads to a significantly increased
arousal compared to the TV condition.

Since arousal can have an impact on cognitive performance
[24] but can improve or worsen it depending on the height of
the arousal level [42], we further hypothesize that:

Il The VR condition leads to a significantly different cogni-
tive performance compared to the TV condition.

Furthermore, due to the identical gameplay in both variants,
we assume that:

IIl The exertion in the VR condition is not significantly
different from the TV condition.

Based on the results of [6], we further assume that:

IV The VR condition leads to a significantly increased expe-
rience of presence compared to the TV condition.

V The VR condition leads to a significantly increased moti-
vation compared to the TV condition.

D. Results

20 female and 12 male participants were included in
the analysis (N = 32) and randomly assigned to one
of the two conditions. Both conditions were assigned 16
participants each. The age ranges from 18 — 34 years
(M =22.6,5D = 3.12). 59.38% of the participants reported
having played an exergame at least once. 87.5% of the
participants in the VR condition had no or just a little
experience with VR systems, while the remaining 12.5% had
at least five VR experiences. The IPAQ evaluation showed
that the physical activity level of 6 participants can be rated
as low, 13 as moderate, and 13 as high.

TABLE I
MEANS AND STANDARD DEVIATIONS OF THE DEPENDENT VARIABLES
WHICH ARE NOT PRESENTED IN FIGURES 3 AND 4

VR TV
Subscales M (SD) M (SD)
IPQ
Spatial Presence 4.33 (0.95) 1.93 (1.34)
Involvement 3.39 (1.47) 2.16 (1.19)
Experienced Realism 1.78 (0.93) 0.97 (0.72)
IMI
Perceived Competence 4.10 (1.16) 2.58 (1.28)
Pressure/Tension 4.26 (1.25) 4.54 (1.35)
SAM
Valence 7.26 (1.61) 5.25 (1.88)
Dominance 5.56 (1.71) 3.38 (1.31)
Stroop
Incongruent Stimuli Response Time 27.6 (6.08) 26.7 (6.04)
Congruent Stimuli Response Time ~ 8.64 (2.42) 9.33 (2.97)

We calculated independent t-tests for the following group
comparisons if normal distribution and variance homogeneity
was given. If normal distribution was given, but no variance
homogeneity was given, we calculated Welch t-tests. For
both variants of the t-test, we used Cohen’s d as the effect
size measure. According to [12] the values of |d| = 0.2, 0.5,
and 0.8 correspond to small, medium, and large effect sizes.
If no normal distribution was given, we calculated Mann-
Whitney-U tests and used the coefficient of determination R?
as effect size measures. Values of R2 = 0.02, 0.13, and 0.26
correspond to small, medium, and large effect sizes [12]. We
calculated a mixed ANOVA with the condition as between
factor and time of measurement as within factor for the heart
rate. Normal distribution, equality of covariance matrices, and
variance homogeneity were given. For the mixed ANOVA,
we used eta-squared n? as the effect size measure. Values
of 7]2 = 0.02, 0.06, and 0.14 correspond to small, medium,
and large effect sizes [12]. The variables relevant to the
hypotheses are shown in figures 3 and 4. The remaining
descriptive values, which are not represented in the figures,
are shown in table 1. The inferential statistical comparisons
are presented in the following subsections.

1) Presence: A Mann-Whitney-U test revealed signifi-
cantly higher General Presence values in the VR condition
U=175,7Z = —4.25,p < .001, R?2 = 0.56. Further, t-tests
revealed significantly higher values in the VR condition for
the Spatial Presence t(30) = 5.85,p < .001,d = 2.07, In-
volvement t(30) = 2.67,p = .012,d = 0.95, and Experienced
Realism t(30) = 2.77,p = .010,d = 0.98 subscale.

2) Motivation: A Mann-Whitney-U test revealed signifi-
cantly higher Interest/Enjoyment values in the VR condition
U = 6657 = —2.32,p < .020,R? = 0.17. For the
Perceived/Competence subscale, a t-test revealed significantly
higher values in the VR condition #(30) = 3.53,p =
.001,d = 1.25. No significant difference was found for the



Fig. 3. Boxplots of the constructs relevant to hypotheses I-III.
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Fig. 4. Boxplots of the constructs relevant to hypotheses IV&V.

Pressure/Tension subscale t(30) = —.60,p = .554,d = —.21.

3) Exertion: For the Borg Scale, a t-test revealed sig-
nificantly lower values in the VR condition #(18.98) =
—2.51,p = .021,d = —0.89. For the heart rate we had to
exclude nine participants since the pulse belt did not record
data for these cases. A mixed ANOVA revealed no signifi-
cant interaction between condition and time of measurement
F(1,21) = 0.49, p = .490,n? = .004. There was a significant
main effect for time of measurement F'(1,21) = 66.45,p <
.001,7? = .481 but no significant main effect for condition
F(1,21) = 0.50, p = .487,n = .008.

4) Arousal: Mann-Whitney-U tests revealed significantly
higher values in the VR condition for the Dominance U =
39.5,Z7 = —3.39,p = .001,R?> = 0.36 and Valence U =
43.05, Z = —3.28,p = .001, R? = 0.34 subscale. However, a
t-test could not reveal a significant difference for the Arousal
subscale ¢(30) = 3.53,p = .645,d = —.17.

5) Cognitive Performance: With the exception of the
Number of Errors, the following tests apply to all answers,
regardless of whether they were correct or incorrect. Nei-
ther t-tests for the total response time #(30) = 0.07,p <
941,d = 0.03 and the response time of the incongruent
stimuli ¢(30) = 0.41,p < .684,d = 0.15, nor Mann-
Whitney-U tests for the response time of the congruent stimuli
U=114.0,Z = —0.53,p = .598, R? < 0.01 and the number
of errors U = 117.0,Z = —0.42,p = .674,R*> < 0.01
revealed significant differences between the conditions.

6) SSQ, IPAQ, and Correlations: The SSQ values in the
VR condition before M = 25.01,SD = 30.50 and after
M = 29.20,SD = 36.72 the gameplay are very low and

give no reason to believe that simulator sickness has had a
confounding influence. The IPAQ values do not significantly
differ between the conditions ¢(30) = —0.797,p = .431,d =
—0.28. Interestingly, we have found no correlations between
the Stroop constructs and any of the other assessed subscales.
However, beyond the cognitive performance, we have found
correlations between the Interest/Enjoyment subscale and the
Spatial Presence subscale r(30) = .364,p = .041, between
the Interest/Enjoyment subscale and the Borg value r(30) =
—.363,p = .041, and between the Spatial Presence subscale
and the Borg value r(30) = —.434,p = .013.

V. DISCUSSION

Our evaluation was motivated by whether cognitive
performance following an exergame can be improved when
the exergame is played in VR instead of in front of a TV
screen. We considered arousal as a central moderator for
the change in cognitive performance. We assumed that the
use of VR could significantly increase arousal. We observed
significant differences for the emotional dimensions valence
and dominance, but not for arousal. Thus, we reject our first
hypothesis. Hence, our results are not in line with [10], [15],
[32], who found increased arousal levels in VR applications
in contrast to non-VR applications. This leads to the question
of why we could not observe this difference in our results.
A possible explanation for this could be that the exergame
used in our study already elicited arousal to an extent where
the additional use of VR could not or only insignificantly
increase the arousal level further. Moreover, the nature of
the visual stimuli is crucial when it comes to the increase of
arousal by VR systems [15]. Thus, our virtual environment’s
design and visual appeal could have just been perceived as
not arousing. However, our VR exergame could significantly
increase the experienced valence and dominance. Thus,
we conclude that VR can substantially impact the player’s
affective response, but in the context of exergames, it has no
impact on the player’s arousal. Based on the results of [17],
we, therefore, assume arousal is mainly influenced by the
exergame regardless of the output device.

Similar to the arousal scores, the evaluation of the Stroop
test reveals no significant difference between the conditions.



We thus also reject our second hypothesis. Hence, according
to our results, the player’s cognitive performance after a
one-time exergaming intervention does not seem to benefit
from the use of VR. Thus, VR exergaming interventions that
aim to increase the player’s cognitive performance, such as
in [35], mainly profit from the exergame and not from the
VR system. As in [1], the exergame itself seems to have the
most significant impact on cognitive performance, regardless
of the output medium. Interestingly, our results are congruent
to those of [21], although the game used, the target audience,
the VR system, and the duration of the game intervention
differ. Interestingly, however, the authors of [21] observed
a positive impact of VR on cognitive performance after a
4-week intervention. Thus, although we conclude that VR can
not improve cognitive performance after a single exergame
intervention, VR could be beneficial for long-term exergame
interventions that aim to support cognitive performance.

Besides the main question regarding arousal and cognitive
performance, we have assessed the players’ exertion,
motivation, and presence to give a more detailed insight into
the effects of VR on the player experience. The evaluation
of the heart rate shows, as hypothesized, no significant
difference between the conditions. It is noticeable that the
baseline heart rate is relatively high in both conditions.
This could be because we did not have a resting phase at
the beginning of the evaluation in which the baseline was
measured since we were not interested in the exact resting
heart rate but instead in checking if the heart rate change
in both conditions was similar. Interestingly, the evaluation
of perceived exertion shows significantly lower values in
the VR condition, although physiological exertion does not
differ between conditions. Thus, we only partly confirm
our third hypothesis. We assumed that, as in [6], perceived
exertion shows the same tendency as actual exertion since our
game does not require repetitive interactions such as rowing
or cycling, which could be performed without a constant
focus. Instead, the VR condition appears to have distracted
from exertion as in the work of [28]. Since we have found
negative correlations between the presence/motivation and
the perceived exertion, our results suggest that also for VR
exergames with constantly changing interactions, VR and the
resulting presence and motivation can decrease the perceived
exertion.

Furthermore, the evaluation of the IPQ reveals significantly
higher values for all subscales in the VR condition than in
the TV condition. Thus, the VR condition of the exergame
led to a higher sense of presence. Our assumption that the
VR system is more immersive than the TV system and thus
leads to a higher presence is thus confirmed. Similar to the
results of [6] the output device seems to have a significant
impact on the experience of presence. We, therefore, accept
hypothesis IV.

The evaluation of the IMI reveals higher scores for the

Interest/Enjoyment and Perceived Competence subscales in
the VR condition. Thus, the VR version of the exergame
could lead to significantly higher intrinsic motivation than
the TV condition. Hence, we also accept hypothesis V. Our
results are in line with the findings of [6], [28] and confirm
the positive influence of VR on players’ intrinsic motivation
in the context of exergames. Of particular interest is also the
positive correlation between the Interest/Enjoyment subscale
and the Spatial Presence subscale, which, in the context
of exergames, was already observed by [7]. Since intrinsic
motivation is the main object of investigation in most work
on (VR) exergames, future research and developments should
pay special attention to a potential connection between the
players’ presence and motivation.

A limitation of our work is that we only surveyed 32
participants, which could result in reduced test power. Also,
our sample has few participants with a low physical activity
level, which indicates a high basic motivation for physical
activities and could thus have a particular impact on the
assessed motivation. Moreover, the participants in our study
were predominantly young, which makes it difficult to transfer
our results to other age structures, especially in the context
of cognitive performance. Thus, future studies examining the
impact of VR exergames on cognitive performance should
include a more diverse sample of participants regarding their
age and physical activity level. Further, future studies should
also vary the duration of the game and the type of physical
movements, as both factors can have a substantial impact
on cognitive performance [24]. Furthermore, future studies
should measure more aspects of cognitive performance and
use additional physiological parameters to measure arousal.

VI. CONCLUSION

Our study indicates that using a VR system instead of
a conventional TV screen system does not benefit cognitive
performance for a one-time exergame intervention. Moreover,
our results suggest that while VR can enhance parts of the
player’s emotional response, arousal, as a vital moderator for
cognitive performance, cannot be increased by the mere use
of a VR system in the context of exergames. Beyond that,
however, our results show that VR can significantly benefit the
player’s motivation and reduce perceived exertion. Particularly
the player’s experience of presence resulting from the high
immersion the VR system offers seems to be linked with this
increase. Our results help future developers as we show the
benefits and limitations of VR systems for exergames. Future
exergame developments that focus on player motivation should
consider VR exergames, while exergames with the goal of
increasing cognitive performance do not necessarily need to
use VR to achieve a significant benefit.
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