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Figure 1: Game prototype used in the study. Figure shows the enemy boss (top), the player ship (bottom) and
the laser turrets (sides).

1 Introduction
Eye tracking is a technique that allows tracking the viewer’s gaze position on a com-
puter screen over time [1]. In the area of video games, eye tracking has been used as
an input for control, as a method for offline analysis and as a complementary method
to existing interaction techniques [2]. Recent studies have suggested continuing ex-
ploring this area by using gaze as an input for implicit interaction. This means a
technique that involves the use of eye tracking data, together with the contextual or
cognitive information surrounding a particular activity, to generate dynamic adaptive
changes in different aspects of games [3].

One aspect that seems suitable for experimenting with implicit interaction is sim-
plifying game mechanics, making the set of rules, logic or interaction techniques
that allow to control and progress through the game easier for the players [4]. Nev-
ertheless, initial studies in this area have shown that implicit interaction should be
implemented with caution. If it is not designed correctly, it may give the sensation
of being inefficient [5] or may offer players an unfair advantage compared to tradi-
tional interaction methods [6].

To address this issue, the following paper proposes the research question: How
can gaze be used as an implicit interaction to simplify game mechanics in a space
shooting video game, without giving players a significant advantage compared to
traditional interaction techniques?. This study focused on exploring the possibili-
ties that gaze might offer as a method to simplify game mechanics. The aim was to
design and develop a set of novel implicit interaction techniques that made a game
environment of high difficulty, such as the space shooting genre, easier for players.
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These implicit interaction techniques should adapt to the players’ natural gaze be-
havior, without giving a significant advantage when compared to other traditional
interaction techniques.

2 Related Work
Several comprehensive studies have explored the use of eye tracking as a method for
video game interaction [2]. Previous contributions have analyzed the taxonomy of
the eye movements and visual attention in video games [7], and how gaze interac-
tion can potentially be applied to different video game genres [8]. More recently, a
categorization of the different types of gaze interaction techniques for video games
has been proposed [3]. Initially, gaze has been used as an input for controlling move-
ment. Previous studies have explored the use of gaze to trigger virtual buttons on the
screen [9, 10], or to stare at a specific area to select it as the final destination inside
the game world [11]. Gaze has also been used as a pointing mechanism in games,
allowing to select and move game elements [12], issue different commands [13] and
aim the viewport through a set of predefined gestures and sensible areas distributed
around the screen [9]. The final category is gaze as an input for implicit interaction.
This includes the exploration of gaze-aware environments [6], or the simulation of
social interaction in games [14]. Implicit interaction is one of the areas that is being
studied by the community and, despite recent contributions, requires further explo-
ration in the potential it might have for video game interaction [3].

3 Methodology
To address the research question, two methodologies were used in this study: (Part
I) an analysis of eye-tracking data from players experienced in the space shooting
game genre and (Part II) a small user study with a set of game prototypes. A game
mechanic simplification was examined regarding player experience having ease of
use, enjoyment and efficiency as evaluation variables. Additionally, the player scores
were used as an indicator of player performance.

3.1 Part I: Eye-Tracking Data Analysis
Five volunteers, all male and between the ages of 23 and 30 years old, had their gaze
information recorded while playing the boss encounter from the first level of the
game Ikaruga1, developed by Treasure Co. Ltd2. The interest on the boss encounter

1https://en.wikipedia.org/wiki/Ikaruga Visited March, 2025.
2http://www.treasure-inc.co.jp/ Visited March, 2025.
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Figure 2: Visualization of the AOIs used for the game Ikaruga in Part I. AOI 1 represents the boss position and
AOI 2 the area where players moved and evaded hazards.

was due to the difficulty of the mechanics, along with the ease of recreating a similar
scenario in a custom video game. A 20 or more hours of gameplay experience in
Ikaruga, was the inclusion criteria for volunteers to take part in the eye-tracking data
recordings. Each of the participants had three practice rounds before their gaze was
recorded. Participant data were obtained in a controlled environment using a Tobii
T-60 eye tracker and a dedicated computer with an Intel Core i7-481MQ processor,
16 GB of RAM and a Nvidia GeForce GTX 1080 GPU. The eye-tracking data were
analyzed using Tobii Pro Studio.

The analysis focused on abstracting how experienced players perceived the differ-
ent game elements during the boss encounter, and how their gaze behavior changed
when adopting offensive (attacking the boss) and defensive (evading hazards) stances.
To do so, two areas of interest (AOI), shown in Figure 2, were created for this
part. One contained the enemy boss, while the other contained the area were players
moved and evaded hazards. The amount of time players gaze at a particular AOI
was recorded for each of the participants. This information was later normalized and
averaged to deliver general conclusions and is described further in Section 4.1. Also,
heat map images and gaze-plots videos were generated from each of the participant
recordings, to compare and identify patterns among them, while gazing at a particu-
lar AOI.
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3.2 Part II: User Study Evaluation
For the user study, two versions of a space shooting video game were implemented:
(1) a traditional interaction (TI) and (2) a gaze-implicit interaction (GII). The games
focused on recreating a similar encounter to the one used in the eye-tracking data
recording. An enemy boss attacked the player from the top of the screen, while a
set of hazards (asteroids and laser turrets) spawned and attacked in controlled waves
along the encounter (Figure 1). Players were able to move in 2D along the screen
and shoot lasers. Additionally, they could switch between defensive and offensive
mode. In defensive mode, players moved at a higher speed and were able to activate
a shield that blocked either three turret shots or an asteroid. However, the fire rate
was decreased and the damage dealt was reduced. In offensive mode, participants
were able to shoot at a faster rate and deal an increased amount of damage. But, the
movement was reduced, and the use of the shield was disabled.

Movement and shooting were controlled, for both versions of the game, through
an Xbox One controller. However, the shield and switching between offensive and
defensive mode were controlled differently among the prototypes. For the TI game,
these mechanics were also controlled by the Xbox One controller. But for the GII
game, they were controlled by a set gaze-based interaction techniques that were de-
veloped based on the results found in Part I (see Section 4.1). Dynamic Mode Shift
allowed players to automatically switch into a specific mode, depending on the game
object that was being observed and if the fixation time on that object was superior
to 1.2 seconds. If the element was the boss or an asteroid, the player shifted into
offensive mode. If the element was the player ship or a laser turret, then it switched
into defensive mode. Additionally, Automatic Shield Activation triggered the shield
if a participant stared at the player ship whilst in defensive mode.

The game awarded 50 points for each destroyed asteroid due to their large size
and slow movement, 100 points for each laser turret since they moved faster and con-
stantly aimed at and attacked the player, and 2200 points for the enemy boss since
it was the greatest threat throughout the encounter. Both versions were identical in
content, having the GII techniques as the only difference between them. The Unity
game engine was the development tool used to implement the prototypes. Spaceships
and hazard assets were obtained through turbosquid.com under a royalty-free license.
A Tobii EyeX eye tracker was used for the gaze-based interaction.

Nine volunteers, all male and between the ages of 21 and 27 years old, partici-
pated in the user study. Participants must have previously played ”Ikaruga” or any
other space shooting game, to be included in the study. The experiment conducted in
the user study had a within-subjects design, with two levels of repeated measures. In
a controlled environment using the same testing computer described in Section 3.1,
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participants played both versions of the game after completing their respective tu-
torial levels. As a counterbalance, the version of the game participants started the
test with, alternated from one participant to another. Once the play sessions were
complete, a questionnaire was used to gather participants’ insights regarding the use
of the GII techniques and their effectiveness for reducing the mechanical complexity
of the game, when compared to the TI methods. The questionnaire was based on
”The Game Experience Questionnaire” [15] and was composed of the following 10
statements: (1) I find the traditional interaction game easy to use, (2) I find the gaze
interactions game easy to use, (3) I had fun using the gaze interactions, (4) I had fun
using the traditional interaction, (5) I felt in control when using the gaze interactions,
(6) I felt in control when using the traditional interaction (7) The gaze interactions
were efficient and behaved consistently as explained, (8) After a while, it felt natural
to use the gaze interactions, (9) The gaze interactions made the game easier for me
and (10) I prefer the gaze interactions over the traditional interaction. For each of
the statements, participants selected a number that ranged between 0 (lowest) and 4
(highest), to show their level of agreement to the statement.

Final score values from each participant were also recorded for both versions of
the game. A statistical significance test was conducted with these results using R
Studio, to evaluate how the interaction techniques might have affected the overall
performance of the players. A Shapiro-Wilk test and a Levene test were used to
verify the ANOVA assumptions; then a paired samples t-test was conducted with the
score results.

4 Results
Two different results were obtained from Part I and II presented in this paper: (1)
gaze patterns abstracted from the eye-tracking recordings from experienced players,
and (2) the answers and final scores from the user study.

4.1 Gaze Pattern Results
The data analysis showed that the main focus for the experienced players were the
hazards, instead of the enemy boss. In average, the boss encounter lasted for 72
seconds and participants spent 73% of the play time on AOI 2, focusing mainly on
the incoming hazards and adjusting their position on the screen. It was also observed
that players gazed at the boss when they triggered an offensive move, suggesting that
experienced players gazed at AOI 2 when adopting a defensive stance, and at AOI
1 when switching to the offensive one. Additionally, gaze plots and heat maps from
each of the participants showed that they did not follow the hazards’ position over the
screen. Their main point of interest was in the area directly on top of the player’s ship
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Figure 3: Box plot from the results of each of the statements in the questionnaire.

position. But when adopting an offensive stance, participants focused their attention
on the boss or the hazard they aimed to destroy.

4.2 User Study Results
Results obtained from the questionnaire are summarized in Figure 3. The final score
results are shown in Table 1. The Shapiro-Wilk test on residuals showed no signifi-
cant variation from the normality model (Equation III.1). Then, the Levene’s test on
means showed no violation of homoscedasticity (Equation III.2). Lastly, the paired
samples t-test was conducted, showing no significant difference between the results
obtained while using the TI and the GII (Equation III.3).

Shapiro − Wilk(1, 7) = 0.93, p > 0.05 (III.1)

Levene(1, 8) = 11.98, p > 0.05 (III.2)

t − test(1, 7) = 0.096, p > 0.05 (III.3)
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Table 1: Final scores obtained by participants while using the traditional interaction (TI) and the gaze implicit
interaction (GII) techniques.

Participant TI Score GII Score

1 4450 4500

2 4250 4450

3 5250 4800

4 5000 5050

5 4750 4650

6 5200 5300

7 4500 4400

8 4050 4950

9 4480 3950

5 Discussion
The questionnaire aimed to evaluate the overall player experience when using the GII
techniques and compare it to the TI methods. Statements 1, 2, 5 and 6 evaluated the
ease of use of the GII techniques. Results suggest that participants found GII easier
to use compared to the TI techniques. However, some participants felt less in control
of the ship actions when using GII. The mapping of several game mechanics to the
participants’ gaze might have reduced the complexity of controlling the player ship
only with the Xbox controller, but the fixation time needed to trigger the Dynamic
Mode Shift might have given the sensation of control loss. Statement 3 and 4 evalu-
ated enjoyment. Results suggest that participants perceived GII to be more fun to use
than TI methods. This could be due to the novelty factor of the use of eye tracking in
games, as well as the possible ease GII might have provided when playing the game.

Lastly, statements 7, 8, 9 and 10 evaluated the efficiency of the GII, meaning the
actual perception of gamemechanic simplification due to the implicit interaction tech-
niques. Overall, results suggest GII was well perceived by the participants. Results
from statements 7 and 8 propose that participants felt GII reduced the mechanical
complexity of controlling the ship in the game, feeling natural for them to use GII
after some practice. Also, results from statements 9 and 10 suggested that GII was
preferred over TI methods. Nevertheless, in a few cases during the experimentation,
players felt that the GII technique was not functioning correctly. An argument for
this may be that noise present in the eye-tracking signal, calibration loss, or the fixa-
tion time needed to trigger the Dynamic Mode Shift might have caused an undesired
or delayed response in the game.
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The player scores were used to analyze how player performance changed when
using theGII technique. The statistical significance test showed that there is no signif-
icant difference between using TI and the GII techniques, regarding scores obtained
by each player. However, scores varied between participants due to the different
approach they had to win the game. Some players focused on evading hazards and
attacking mostly the boss, while some others aimed to destroy every single hazard
thrown by the game. The non-significant difference between the scores obtained with
both of the interaction techniques suggests that there was not an unfair advantage in
using the gaze as an implicit interaction method.

6 Conclusions and Future Work
Overall, the results from the study presented in this paper suggest that participants
had a positive experience while using GII. Results also suggest players agreed GII
provided a mechanical simplification and preferred the use of this type of interaction,
compared to the TI methods. Additionally, even if players perceived that the gaze
interaction simplified the complexity of the game mechanics, the statistical analysis
showed that there was no significant difference between the two interaction tech-
niques, regarding player scores. This suggests that there was not a significant advan-
tage in the use of the GII techniques, compared to the TI method. This study has
explored some of the possibilities that gaze offers to the design and development of
implicit interaction techniques for video games. It was used as a tool for mapping
the contextual evaluation of experienced players into a set of interaction techniques,
as well as a mechanism to simplify and trigger dynamic changes in the mechanics of
a space shooting video game. Future work could explore similar options, involving
other game genres and a larger group of participants. Fighting and platform games
are also considered to be interesting options for further studies.
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Abstract

The following article offers a set of recommendations that are consid-
ered relevant for designing and executing experiences with virtual real-
ity (VR) technology. It presents a brief review of the history and evo-
lution of VR, along with the physiological issues related to its use. Ad-
ditionally, common practices in VR, used by both academia and indus-
try are discussed and contrasted. These practices were further analyzed
from an ethical perspective, guided by legal and CSR frameworks, to un-
derstand their motivation and goals, and the rights and responsibilities
related to the exposure of research participants and final consumers to
VR. Our results showed that there is a significant disparity between prac-
tices in academia and industry, and for industry specifically, there can be
breaches of user protection regulations and poor ethical practices. The
differences found are mainly in regards to the type of content presented,
the overall setup of VR experiences, and the amount of information pro-
vided to participants or consumers respectively. To contribute to this
issue, this study highlights some ethical aspects and also offers practical
considerations that aim, not only to havemore appropriate practices with
VR in public spaces, but also to motivate a discussion and reflection to
ease the adoption of this technology in the consumer market.
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1 Introduction
Virtual reality (VR) is a technology used to present a realistic and immersive simula-
tion of a virtual world to an individual through the use of specialized hardware and
software. A core feature of VR is that it isolates the viewer from the outside world,
and has the potential of achieving a high level of immersion [1].

There are mainly two different approaches to isolate the viewer from the outside
world. One being a head-mounted display (HMD) and the other a cave automatic
virtual environment (CAVE) [2, 3]. This work will be focused on the consumer mar-
ket, therefore only HMD experiences will be discussed. A HMD is a headset with
binocular displays that blocks the outer real world incoming light and presents one
image for each eye producing stereoscopic imagery. These headsets also track, with
certain precision, the head movements, and match those with the movement of the
main virtual camera inside the simulation.

A realistic and immersive simulation does directly imply that VR resembles how
humans see and perceive the real world, but that the level of immersion is such that the
viewer achieves a sense of embodiment [4] in which she owns and controls another
avatar.

1.1 A Brief Review of the History and Evolution of VR
In order to understand the motivation of this work, it is important to present briefly
what has been the path of VR as a technology from inception to present day. Up until
1990, the main applications and purpose for VR were training simulators (aviation,
automobile, military and medical), although with many technological shortcomings
compared to today’s systems, it was the best that could be achieved at the time [5–7].

In 1993, Sega announced the Sega VR at around 200 USD, supporting stereo vi-
sion, sound, and the user’s head tracking. The project did not last long in the market,
suffering from poor hardware capabilities, inducing motion sickness and eye-strain
and was quickly removed from the market a few years later [8].

The technological advancements of the decade in terms of computing and graph-
ics capabilities, refresh rate and tracking technology were not sufficient to fit in a
portable format the immersive experience that VR was meant to provide [9]. In
1999, Brooks discussed and argued that VR was “happening”, “This personal assess-
ment of the state of the VR art concludes that whereas VR almost worked in 1994, it
now really works...” [9, p. 1], adding to the list of open problems latency, geometry
complexity, resolution and haptic augmentation and concluding “...VR has crossed
the high pass from ‘almost works’ to ‘barely works’...” [9, p. 27]. It is important
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to note, that the requirements deemed acceptable in 1999 regarding latency, tracking
and resolution would not be acceptable today.

Davies [10] explains that “twentieth-century technical developments have put hu-
mankind ... [into] a totally new ethical situation” and that “we have to be stewards of
the whole creation whether we like it or not” [10, p. 77]. In his argument, the author
states that, besides obvious developments of destructive technologies, “there are no
real effective mechanisms by which society can seriously question technological de-
velopments”, posing a major challenge for ethics, and “... if ethics does not rule, then
mere technical capability will, with whatever technological implications that has for
society” [10, p. 77].

Due to VR not reaching the mass consumption market as it seems to be doing
now, many of the problems did not pose such ethical controversy for the society
and consumers. These systems were being used in restricted spaces and disciplines,
where there was much more control in the safety protocols, risks assessment and con-
tent. In other words, VR was actively used with a very clear goal, mostly training
and research and not as much in entertainment.

In the last two decades, different VR devices were developed, lowering the costs
and improving in display resolution, refresh rate, and tracking capabilities. It has not
been up until recent years that the technology has experienced much interest from
blue chip companies such as Sony, Microsoft, Facebook, and Google, investing and
partnering with technology developers to give a boost to VR for mass consumption.
This trend continues to develop, and it could be argued that on the technological side
the improvements are such that successful VR experiences can be delivered for indi-
viduals with a spending budget of under 2000 USD for all the equipment.

Due to the concerns of delivering poor quality VR experiences, and hurting the
technology as it happened in the past, (probably as well for commercial reasons)
NVIDIA aswell as AMDhave started branding some of their products asVRReady [11,
12]. This initiative has been quickly adopted by many manufacturers of Laptops and
Desktops in the industry. A VR Ready PC is said to fulfil the minimum set of re-
quirements needed to deliver an optimal VR experience.

The growth projections for VR [13] in terms of headsets shipments and revenue,
and the availability of affordable or free high quality game engines (eg. Unity3D
[14]) for prototyping VR applications indicate that VRwill likely reach a much wider
audience in the upcoming years. This setting for VR experimentation, will not be
as controlled and well designed as it has been in the past and hence will pose new
unknown challenges and risks for the final consumers.
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1.2 Scope
After surveying the way VR is being used today, in the private and public spheres, as
well as in research, we believe that basic health and safety guidelines are not always
being followed or at least clearly communicated by most of the stakeholders. Not
following health and safety guidelines can increase the risks of accidents for mem-
bers of the society and arguably violate codes of ethical conduct [15].

Although there are multiple aspects that attain to ethics in VR, this work focuses
on physiological secondary effects as well as health and security guidelines that need
to be considered in any VR installation found in a consumer’s setup, a conference
booth or exhibit, or a research lab. Users’ rights as consumers are also discussed in
regards to the potential places of exposure to VR, and how in each of those situations
practice and protocols diverge.

To our understanding, this particular situation where consumers and VR meet in
public spaces has not been explored from a legal or even an ethical perspective, and
it is of great interest if the technology is expected to grow in adoption. Psychological
side effects (positive and adverse) of VR go beyond this analysis, for a comprehen-
sive discussion on these see [16].

The research questions this work is trying to answer are the following:

• What are the current practices for VR done by research and industry?

• What are the ethical and legal implications of these practices?

• How can these practices be improved to reduce risks associated with the expo-
sure to VR?

1.3 Paper Overview
In Section 2, previous works about ethical aspects in VR and physiological problems
linked to the technology are discussed. Section 3 describes the research methods
employed to collect and classify information for this paper. In Section 4, the most
relevant results are presented, and in Section 5 these are critically analyzed, and pro-
posals to improve some aspects of existing practices and regulations are presented.
Section 6 summarizes the main results of the paper and highlights some areas of
future research.
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2 Related Work
In this section some definitions of Computer Ethics relevant for this paper are dis-
cussed, as well as a brief mention of the legal and Corporate Social Responsibility
(CSR) frameworks analysed. Lastly, common physiological adverse effects of VR
are presented.

2.1 Computer Ethics
It is necessary to establish a relevant framework to discuss the ethical issues that
are foreseen for a successful adoption of VR technology. In [17], Bynum revises
the history of Computer Ethics as a field, including its most influential definitions.
The majority of these definitions are grounded in theories such as teleological and
deontological. The most significant difference between them is that in teleological
(utilitarian) theories actions are seen as a mean to an end, and it is this end that jus-
tifies the actions. On the other hand, on deontological theories (Kantianism), higher
principles such as dignity of human beings are used to determine if actions are right
or wrong, regardless of the purpose or objective.

The contributions to the Computer Ethics field started with the work of Wiener
et al. [18] during the Second World War in the 40s. Wiener coined the term Cyber-
netics and then in the 1950s with his work The human use of human beings [19] he
established some principles that are still valid today. Bynum [17] summarises his
work and describes these principles as (1) an account of the purpose of a human life,
(2) four principles of justice, (3) a powerful method for doing applied ethics, (4) dis-
cussions of the fundamental questions of computer ethics, and (5) examples of key
computer ethics topics.

Johnson [20] and Maner [21] proposed similar definitions of Computer Ethics,
mostly suggesting that computers did not bring new ethical problems, but trans-
formed or exacerbated some of them, hence traditional theories such as utilitarianism
and Kantianism should be used.

A much broader (and relevant for this work) definition, not explicitly grounded
on philosophical theories, was provided by Moor [22] in 1985, arguing that many
Computer Ethics problems arise due to an existing policy vacuum about how new
technology should be used. Moor defines Computer Ethics as ”... the analysis of
the nature and social impact of computer technology and the corresponding formula-
tion and justification of policies for the ethical use of such technology”. The author
highlights that computer technology in his definition is used in a general sense, in-
cluding software as well. When trying to solve the policy vacuum problem, a larger
problem arises, which is a conceptual vacuum and the solution lies in analysing and
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”... proposing conceptual frameworks for understanding ethical problems involving
computer technology ...” [22, p. 266].

2.2 Legal Frameworks
There is a large body of policies and legal regulations that aim to offer protection
to consumers worldwide. Even with similarities in some of their directives, these
policies vary in definition, execution and enforcement between countries.

Although not strictly laws, ISO standards are well established documents that
provide guidelines to ensure good practices and high quality standards by the indus-
try; for the discussion in this work it was found relevant to briefly review the ISO
26000:2010 on Social Responsibility. This ISO [23] provides a guidance (not certi-
fiable) on social responsibility issues worldwide, aimed at organisations of any size,
location and activity. These guidelines are the result of the cooperation between gov-
ernments, NGOs, industry, consumer groups and labour (unions) organisations.

Relevant findings from this ISO will be mentioned in Section 4.

2.3 Physiological Issues Related to VR
Behr [24] defines four key aspects from VR that are subject to ethical scrutiny and
are described here for reference and further analysis in Section 5.

2.3.1 Simulator Sickness
It is one of the most relevant physiological negative side effects of VR, although it
can also happen in real life. Whenever a person perceives a mismatch between an
expected sensory stimulus and the real input, motion sickness can occur. This man-
ifests as the loss of balance, and is mostly (in a healthy person) due to the visual
system [25]. Simulator Sickness was introduced [26] to refer more specifically to
issues encountered in early simulators for aviation, military and automotive indus-
tries. Although the area of application of VR is much broader today, this term (or
Cybersickness) is still used to refer to the same group of symptoms.

In [25] Lewis-Evans talks about some of the symptoms of Simulator Sickness,
including balancing issues, sweating, disorientation, vertigo, loss of colour of skin,
nausea, eye-strain, and headaches. In VR, the disparity between the physical world
movements and the virtual world (through the visual system) is considered the main
source of simulator sickness, although there are other aspects such as resolution, field
of view, flickering and luminosity among others that can also trigger this issue [27].
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In research studies, it is common to see the simulator sickness questionnaire
(SSQ) [28] being provided to participants, before and after the experimentation, help-
ing the researcher identify the possibility of a side effect and take actions to alleviate
and warn the participant about activities that should be avoided afterwards. It is also
used when trying to compare different locomotion methods within Virtual Environ-
ments. For an extensive analysis on empirical evidence in research regarding induced
Simulator Sickness see [29].

The use of screening methods (such as the SSQ) and establishing protocols for
dealing with a case of Simulator Sickness are often required by local institutional
review boards (IRB) [30].

2.3.2 Information Overload
Studies on human information processing argue that humans face finite limits when
processing and assimilating information, and when a limit is reached ”behaviour be-
comes confused and dysfunctional” [31]. It could be said that VR is no exception
as to whether this situation can occur, although it would not be due to technological
factors, but mostly related to the content, the task, and the interaction technique pro-
vided. Possible side effects of information overload include stress, frustration, and
disillusionment among others [32].

As mentioned in Section 2.3.1, if there is a possibility of affecting physically or
psychologically a research participant, an IRB would require from a researcher to
have a protocol in place if the participant experiences discomfort during or after the
study [9]. For other practitioners (public spaces), there are no formal requirements
established. Although this could be part of the policy vacuum that Boor refers to in
his analysis of Computer Ethics [22], it is important to highlight that this is not an
exclusive issue of VR.

2.3.3 Intensification of Experience
This aspect highlights the fact that VR can provide the means to intensify an experi-
ence that would not be possible in the real world. For instance, changing the physical
environment, the avatar physical characteristics, etc. From a practical standpoint, this
is a positive feature of VR, researchers see this as a benefit in user studies as well, as
there is no ”real” laboratory to setup or maintain, allowing them to share spaces and
time without major effort. When immersion is achieved, some authors suggest that
the possible lack of control can have adverse effects in the participants, such as stress
or aggressive behaviour, exceeding ethical limits of even utilitarian ethics research
[24, 33].
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2.3.4 Reentry into the Real World
The physical and psychological issues that participants can suffer after the VR expe-
rience have been labeled as reentry problems [24]. As the nature of an immersive
VR experience can transcend after the activity, participants may experience changes
in cognition, emotion and behaviour [34]. Some of the approaches to deal with this
issue are addressed in the Section 5.

3 Methodology
The methodology proposed for this analysis included an information retrieval activ-
ity from different bibliographical databases, online video sources, license agreements
(EULA) from VR vendors, and legal frameworks for consumer protection. Also, a
Participatory Observation during a visit to a game exposition event was done.

The reason for searching for video content was to evidence the different setups in
which VR is exposed to people, along with some of the incidents that had occurred
when using this technology. This search included public exhibitions, research and
technology conferences or events. Information regarding domestic installations and
private use of the technology was excluded from this analysis as it goes outside of
the scope of this paper.

Overall, these activities provided us with enough information to analyze and com-
pare the practices and responsibilities in research and industry spaces. The results are
presented in section 4 according to the following categories:

1. Policies that protect VR users.

2. Common practices for exposure and experimentation with VR.

Lastly, the next section describes in detail the Participatory Observation done.

3.1 Participant Observation
In addition to the collected multimedia content, a participatory observation was per-
formed by visiting a major game conference in Europe.

This study was done by one of the authors of this work. The purpose was to
experience personally some of the VR demos being presented (small and large game
studios) in a public space. The authors have no affiliation with these expositors, and
they were selected randomly among the different exhibits that were available to visit
in the conference. In all cases, expositors were told about the purpose of the questions
and the motivation of the study in general. The questions asked were:
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• How long does the session last?

• Have people testing your game experienced symptoms related to simulator
sickness?

• Do you use the Chaperone warning feature?

• Do you take any measures after the VR session is finished?

The HTCViveChaperone [35] is an adjustable visual feedback, provided to warn
the user about close physical limits in the surrounding. Other observations were done
and noted, such as available space for VR, furniture or other hard objects near the
VR setup and cabling handling. All five VR experiences tested were, based on our
findings of good practices and ethical considerations, lacking some aspects of health
and safety regulations stated in the manufacturers (HTC Vive in this case) “Safety
and Regulatory Guide” [36]. These findings are further discussed in Section 4.

4 Results
This section presents a synthesis of the information obtained, clustered in two cate-
gories: user protection and exposure to VR.

4.1 User Protection
User protection was considered to be one of the key elements for this review. In order
to offer a clear overview regarding the different guidelines and procedures that aim
to ensure user protection, this section analyses VR users from the perspective of both,
a product consumer and a research participant.

4.1.1 Protection as a Consumer
To analyse the different legal approaches to consumer protection, existing legal frame-
works from the United States of America (USA), European Union (EU), and China
were analysed. Specifically, from U.S.A. the directive 15 U.S.C §§41-58 [37], from
the EU the directive 2001/83/EU [38] and from the People’s Republic of China the
Law on Protection of the Rights and Interests of Consumers [39]. These documents
are considered to be a representative sample, however the following synthesis should
not be understood as a comprehensive review over the global regulations regarding
consumer rights. The overlapping ideas found on these documents were:

1. The right to acquire products that have a minimum standard of quality.

2. The right to obtain truthful, precise and sufficient information regarding both,
the products themselves and the risks associated with their use.
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3. The right of making a direct reclamation to manufacturers and to receive com-
pensation.

4. The right of freedom of choice in providers, products and services.

5. The right of being protected from abusive clauses in contracts as well as a fair
transaction system.

6. The right of being legally represented.

7. The right of having legal mechanisms to make reclamations and protect their
interests.

4.1.2 Protection as a Research Subject
Different sources were reviewed in order to find a document that addresses the pro-
tection of research participants explicitly. However, no results were found that fol-
lowed that structure. Instead, most of the participant protection guidelines are cov-
ered within the codes of conducts and ethical regulation for scientific research and
the responsibility of the participants well-being lies on the researcher.

For this synthesis, the ACM Code of Ethics and Professional Conduct [40], the
APA Code of Ethics and Professional Conduct [15], the Software Engineering Code
of Ethics [41] and the ISO Guidance on Social Responsibility [23] were reviewed.
The following set of aspects were common guidelines in all of them:

1. Beneficence and non-maleficence: the main intention of the research means
no harm to the participants, and all potential risks must be considered.

2. Fidelity andResponsibility: All agreements between participants and researches
must be clear and respected before and throughout the research.

3. Justice and Integrity: Fair, honest and objective selection of participants, eval-
uation data and delivery of conclusion.

4. Dignity: The respect for participants rights, confidentiality, privacy and auton-
omy.

4.2 Exposure to VR
This section presents some results regarding how VR is used in different settings,
including research laboratories, conferences and exhibits. Usage by consumers in
the private realms is much more difficult to analyse and was not included. It can be
seen in many of the videos uploaded to sites such as Youtube, that individuals do not
follow the health and safety guidelines, but from an ethical and legal perspective it is
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difficult to argue how they should behave within their homes as long as they do not
break the law.

4.2.1 Industry and Expositions
One of the motivations of this work was to investigate the particular aspect of how
VR is being used in public spaces, and what can be said about the ethical practices.
These spaces include technology and research conferences, as well as VR hardware
manufacturer or major partners commercial stores. The parties involved in this rela-
tionship are the following: the VRmanufacturer (vendor), the site owner or whoever
rents the venue (organiser), the expositor (VR demo), and the individual.

The vendor in all cases provides detailed health and safety guidelines, in writ-
ten form and updated versions online [36, 42]. These guidelines serve the following
purposes: (1) to avoid legal issues in case of accidents by misusing the device, (2) to
warn users with specific medical conditions about the inherent risks of the technol-
ogy, (3) to recommend optimal setups when using the device, and (4) to give advice
regarding side effects and recommend paths of action in case issues arise. It is im-
portant to emphasize that these guides are comprehensive and clearly written, so it is
not necessary to be an expert to understand the language.

There was not much information regarding the role of the organiser, whether it
is the owner of the premises or sublets the space. The only information that could
be found is related to normal practices of legal liabilities disclaimers where the party
(VR demo) that rents the booth or exhibit is solely responsible for any issue that oc-
curs within this space.

During the visit to the game conference, all booths regardless of featuring VR or
not were of the same size, which is interesting considering that many VR interactions
(standing and with locomotion) require more space than non-VR demos.

The role of the VR Demo is of course of much interest in this work. Among
other things, the VR Demo company or individual decides how to use the space
available, what VR content to present, how to address the individuals, how to deal
with accidents and issues, etc. It has been observed in online videos that there have
been accidents that could have been avoided if the VR setup would have followed the
safety guidelines provided by the vendor. These include participants loosing balance
and falling against the floor and walls [43, 44]. It has also been observed deliberate at-
tempts to induce fear (and succeeding) in the participants for no apparent reason [45].

During the participant observation, the following results were gathered:

1. How long does the session last? 2-3 minutes in average in all five cases.
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2. Have people testing your game experienced symptoms related to simulator
sickness? No, in all five cases.

3. Do you use the Chaperone feature? Affirmative in 3 out of 5 cases.

4. Do you have any measures after the VR session has finished? No, in all five
cases.

Among other observations about the overall setup, it could be seen that space
was not sufficient according to the manufacturers guidelines, there were physical ob-
jects nearby the participants (that the participants could not see whilst doing VR).
It was also noticed that due to the level of noise in the hall it was difficult to hear
the voice of the staff or ask them any questions. In any case, VR safety and health
guidelines frommanufacturers were not on display nor on offer for the visitor to read.

Finally, for the individuals there is not much information specific to VR. It could
be assumed, that in average most participants of a technology conference are familiar
with technology and maybe VR, although the different regulations in each country
can vary significantly when it comes to assigning responsibilities.

4.2.2 Academic
Research performed within institutions is often done following the national and local
laws. It is also common that there exist IRBs for each region of a country where
researchers must submit applications every time participants are involved (user stud-
ies) [30]. These applications help the researcher to formulate the methods and re-
search questions in a systematic manner, clarifying the motivation and justifying the
participation of human subjects. In Sweden for instance, there is one IRB for each
geographical region in the country where researchers can submit applications, and
they offer clear instructions to define the study and apply for ethical vetting [46].

Usually experiments are run in dedicated private and controlled spaces, and often
take into consideration all related risks that could appear during the experimentation.
Participants also know in advance the estimated length of the experiment, must give
consent to participate and must be told that they can withdraw at any time without
any consequence or explanation.

5 Analysis
Within the extent of this analysis, the only similarities that were identified between
industrial and academic practices were the hardware and software (Unity3D in many
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cases) used. On the hardware side, it is common to see the HTC Vive and Oculus
Rift as the preferred platforms for high-end VR.

On the other side, there were several differences in how VR was implemented
and exposed between academia and industry. These might be due to the objectives
that each area aims for: research studies pursue exploration and acquisition of new
knowledge, regardless of the technological platforms and the implications related to
its use, while industry has a much stronger focus on economic revenue and is driven
by market values. It is important to note that industry also learns from exhibitions in
public spaces, and can feed back these experiences into the development process to
deliver a higher quality VR experience.

As Friedman [47] argues in his seminal work The Social Responsibility of Busi-
ness is to Increase its Profits, ”... there is one and only one social responsibility of
business–to use its resources and engage in activities designed to increase its profits
so long as it stays within the rules of the game, which is to say, engages in open and
free competition without deception or fraud.” [47, p. 6]. There has been significant
progress in promoting CSR [23], as it can also be seen as added intangible value to
a brand or corporation [48]. The Small and Medium-sized Enterprise (SME) sector
does not attract much attention from media as large corporations do, and although
there are opportunities for CSR they are not often developed [49].

Having these ideas in mind, the discussion is divided into three major parts: par-
ticipants, setups for VR, and content.

5.1 Participants
From the participants perspective, it is clear that final consumers in their private
spaces are mostly responsible for reading and ensuring they understand the manufac-
turer’s health and safety guidelines. It is out of the scope of this paper to discuss how
liability is assigned to the different parties in private spaces (manufacturer, content
developer, final consumer).

The amount of possibilities in which a VR experience can be delivered (content
and interaction modes) cannot be predicted by manufacturers. For example, this
video [50] shows a player jumping to impact a high tennis ball and hitting the ceiling
with the controller. When immersion occurs, the user sees the sky inside the game
and completely forgets about the physical world limits.

In public settings (exhibits, exposition booths, etc.) it is not so clear where the re-
sponsibility lies. No one is forcing people to approach an exhibit and test VR (strictly
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speaking). Although, considering that this is a new technology, it is ultimately the
staff showcasing the product who must provide all important health and safety guide-
lines. Furthermore, participants should be informed about the possible post effects
of the VR experience, to ensure these are minimized or removed completely.

For example, it is not recommended that a person with a pacemaker uses VR [36].
Who’s responsibility would be in the case of any interference with the pacemaker?
the person who did not ask or the VR staff who did not ask or inform about the risks?
A person with a pacemaker knows that electromagnetic interference is bad for the
pacemaker, though office computer equipment is often deemed as acceptable [51].

In contrast, how the academia approaches participants for research is very dif-
ferent. In a way, research participants are protected by a system put in place that
enforces the researcher to validate his protocol and methodology through an IRB. It
is ultimately the participant, who agrees to an experiment after reading in detail the
procedures and tasks he will be exposed to. There is a clear contract between the
researcher and the participant, and all information is disclosed and agreed upon.

On this aspect, there seems to be a need for some form of collaboration between
these two actors, to transfer experiences and knowledge from research to the industry
practitioners to educate and inform about the risks related to the use of VR. The objec-
tive would be that the provided safety and health regulations are adopted accordingly
by all stakeholders involved.

5.2 VR Setup
It could be argued that, the risk of having a bad VR experience is much higher in an
informal setting than in a research facility.

Researchers must follow ethical guidelines, ethical vetting, and have better lab-
oratory space and equipment to run experiments. Furthermore, in research there are
protocols in place for when things go wrong, and researchers have allocated time to
ensure the well being of the participants after they have finished their experiment.

On the other hand, manufacturers, publishers and game companies use VR as
a mean to conduct some form of business or market research. Because of this and
other limitations such as location, space, and the portability of the equipment, indus-
trial practices are perceived to be less controlled and less consistent with the reviewed
consumer rights and ethical values.
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Some of the industrial setups visited during the Participatory Observation did not
provide sufficient space and an obstacle-free environment to expose VR to partici-
pants, as recommended by the safety and health regulations from the vendors.

It is not clear why there is a lack of information available for the public about
potential side effects, as they are clearly stated in the user safety and health regula-
tions. A possible explanation could be the assumption that users that attend these
places are technologically savvy and are aware of the issues. Another possibility is
that such level of warnings and disclaimers could put people away from even trying
these experiences.

For public settings, it is suggested to have a written and clearly visible summa-
rized disclaimer of potential adverse effects of VR and also to encourage participants
to ask about these. Furthermore, all VR simulations should provide a simple mech-
anism to exit the experiment or to force the HMD to display a neutral image that is
established to not cause any discomfort.

Another issue noted in the conference we visited was the surrounding noise and
immersion, and how it isolates the participant from the outer environment. Although
this is good for delivering a successful immersive experience, we think that in noisy
environments a direct audio channel of communication between the participant and
a staff member could be used to reassure, warn or guide in any way the participant.
In user studies (research) this is not often a problem as the environment is highly
controlled.

It is encouraged that industrial practices are improved in order to provide an
appropriate environment for the public exposition of VR. Following the suggested
guidelines for its use, and stating clear, sufficient and precise information regarding
the potential risks associated with this technology. Since the hardware platform is
a common denominator between both academia and industry, it should be the hard-
ware (display) which presents a normalized set of disclaimers and simple guidelines
that all parties agree to use and improve upon to communicate effectively this infor-
mation.

5.3 Content
The type of VR content between industry and academia differs, as they have diverg-
ing goals. Research has as a main aim to explore and understand causes and conse-
quences, studying variables in isolation under controlled environments and in many
occasions taking a utilitarian approach to ethics. For instance, it is acceptable for
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academia and researchers to design and perform a user study to compare two alter-
natives of locomotion andmeasure which one produces less simulation sickness [52].

On the other hand, the industry tries to provide an immersive experience, with
the goal of communicating an idea or providing entertainment for the benefit of the
company. In this sense, these VR experiences have been designed and tested to not
have any physiological adverse effect.

Here lies an interesting point, whilst the industry tries to produce the best VR
experience, that should not induce physiological adverse effects, the academia delib-
erately pushes some ethical boundaries for the sake of the greater good (acquiring
knowledge).

Both approaches have legitimate intentions, although we would like to see some
of the ethical considerations established in academia transferred to practices in the
industry. At least during this period of massive adoption of the technology until
all the side effects and ways of mitigating them are well known by most users and
practitioners.

6 Conclusions and Future Work
VR is a technology that is growing and brings great opportunities and challenges
for both, academic and industrial practitioners. The recommendations proposed are
considered to be important, to ensure an appropriate exposition of VR to research
participants and final consumers.

In academia, to a high degree, the ethical issues highlighted are accepted and
agreed upon when a participant decides to be part in a study. In public settings this
is more difficult, as discussed.

As a summary from Section 5, the following points are considered relevant for a
responsible and ethical usage of VR in public spaces and academia:

• Staff demonstrating VR experiences must be well aware of the potential risks
of VR and have a protocol in place in case adverse effects occur.

• Participants of VR in public spaces should be informed about possible adverse
effects, regardless of what the experience is or what the past participants have
reported.

• A written and clearly visible disclaimer of possible adverse effects should be
standardized and used among practitioners.
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• All safety regulations from vendors must be carefully checked by staff setting
up the public VR. Including warnings about radio frequency interference with
any medical device. A written copy of the EULA of the VR hardware should
be available if requested.

• Ensuring that enough space surrounding participants is safe in case of tripping
or falling to the floor.

• A designated (and hopefully widely adopted) mechanism should be used to
exit the VR experience immediately.

• An audio communication channel (via an audio mixer for instance) between
the participant and the practitioner should be available in noisy environments.

We consider the platform used to deliver VR, to be the ideal place to commu-
nicate and pass the basic usage guidelines and disclaimers, and as mentioned, new
users should always be properly informed.

A larger adoption of the VR technology is expected. It would be interesting to
analyse if the issues being addressed are exacerbated or the lessons learned can help
the different parties improve their practices. Also, ideas like the policy vacuum [22]
by Moor, should be reconsidered in order to be more inclusive to ethical considera-
tions and social responsibilities guidelines in industry practices.
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Abstract

An important aspect of VR interfaces is novel NUI. The increased
use of VR games requires the evaluation of novel interaction techniques
that allow efficient manipulations of 3D elements using the hands of
the player. Examples of VR devices that support these interactions in-
clude the HTC Vive controller and the Leap Motion sensor. This paper
presents a quantitative and qualitative evaluation of player performance
and experience in a controlled experiment with 20 volunteering partici-
pants. The experiment evaluated the HTC Vive controller and the Leap
Motion sensor when manipulating 3D objects in two VR games. The
first game was a Pentomino puzzle and the second game consisted of a
ball-throwing task. Four interaction techniques (picking up, dropping,
rotating, and throwing objects) were evaluated as part of the experiment.
The number of user interactions with the Pentomino pieces, the number
of ball throws, and game completion time were metrics used to analyze
the player performance. A questionnaire was also used to evaluate the
player experience regarding enjoyment, ease of use, sense of control and
user preference. The overall results show that there was a significant de-
crease in player performance when using the Leap Motion sensor for
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the VR game tasks. Participants also reported that hand gestures with
the Leap Motion sensor were not as reliable as the HTC Vive controller.
However, the survey showed positive responses when using both tech-
nologies. The paper also offers ideas to keep exploring the capabilities
of NUI techniques in the future.

1 Introduction
VR has become a popular consumer technology thanks to its mass production and
constant development of novel interactive content tailored for it. VR offers a high
level of immersion due, in part, to its coverage of the full peripheral view of users and
head tracking capabilities. Despite this, the initial level of immersion experienced
with VR technology can be deteriorated when users fail to interact naturally and ef-
fectively with the virtual environments [1–3]. Hardware manufacturers, including
HTC, have addressed this issue by implementing direct hand manipulation through
a set of proprietary peripherals, adapting design concepts from traditional gamepad
controllers (buttons, triggers, rumble packs and wireless connectivity) into hand-held
devices suitable for 3D-space interaction. The HTC Vive controller is one example
of them. More recent designs have tried to further enhance the user experience by
introducing NUIs, techniques that recreate real-life action within a certain level of
fidelity [4], as a novel method for interacting with VR environments. An example of
them is the Leap Motion sensor, which allows hand tracking and natural hand manip-
ulation of virtual objects. Different VR interactive applications have featured novel
interaction techniques using the HTC Vive controller and the Leap Motion sensor.
Nonetheless, despite previous contributions, few studies offer a detailed evaluation
of how user performance and experience could be affected by their use. This situa-
tion offers an opportunity to analyze how efficient NUIs could be when performing
basic interactive tasks in VR environments, in comparison to hand-held devices. To
contribute to the previous gap, the following study proposes a couple of research
questions: (1) What are the variations in player performance between the HTC Vive
controller and the Leap Motion sensor when used as the main interaction input for
picking up, dropping, rotating and throwing objects in VR games? and (2) What are
the variations in the perceived player experience between the HTC Vive controller
and the Leap Motion sensor when analyzed in terms of enjoyment, ease of use, sense
of control and user preference?. An initial hypothesis proposes that the HTC Vive
controller will offer a better overall performance result, compared with the Leap Mo-
tion sensor. However, there will not be a significantly large difference between the
results obtained with both sensors and the Leap motion will be the preferred one by
participants. The previous questions are addressed by performing a user study, that
differentiates from similar contributions (e.g. [5]) by offering a more complex game
environment in which tracking precision and accurate control over the interaction
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techniques play a greater factor in the performance measurements. Results from this
study could help to identify some of the possibilities and challenges, offered by NUIs
and hand-held controllers, in the field of efficient 3D-interaction techniques. Addi-
tionally, it can provide an initial understanding of how these technologies can affect
the overall perceived user experience when used in VR environments and other vi-
sual and interactive applications.

2 Background
The HTC Vive controller is a hand-held motion and pointing device that resembles a
television remote controller with a hollow ring attached to its top. It features a track-
pad in the front, a couple of buttons on either side and a trigger button in the back
side of its handle. It uses a set of 24 infrared (IR) sensors for positional tracking with
the HTC Vive base stations (devices responsible for the tracking of the headset and
controllers), and operates in a frequency ranging between 250Hz and 1KHz1. On
the other hand, the Leap Motion sensor is a small rectangular device that combines
three sources of IR light, together with a stereoscopic array of IR cameras, fitted in-
side of a metallic frame2. It allows the tracking of hand movements, with a 5-finger
level of detail, without the need of wearing any additional hardware. It operates at
a frequency of 200 frames/sec, with a field of view of 150◦, an interaction area of
0.74m2 approximately and an overall accuracy of 0.7mm [6, 7]. Previous contri-
butions analyzing VR technologies, in combination with NUI devices, have focused
on exploring their interactive capabilities in a wide variety of scenarios, while also
identifying some of their potential drawbacks and limitations [8]. Nonetheless, only
a small set of recent studies offer a direct comparison between the HTC Vive con-
troller and the Leap Motion sensor, evaluating quantitative and qualitative variables
from the user performance and experience, that derives from their respective use.

An initial usability evaluation analyzed two different interaction techniques for
manipulating objects in a VR environment. The techniques focused on translating
and rotating virtual objects through direct (touching the object) and constrained (us-
ing a visual pivot attached to the object) manipulation. The results were qualita-
tively analyzed and showed that participants preferred to use direct manipulation for
translating objects, while constrained manipulation was the preferred method for ro-
tation [9].

A performance analysis was conducted on a collaborative virtual environment.

1https://www.vrheads.com/exposing-magic-behind-htc-vive-controller, visited July, 2020.
2https://learn.sparkfun.com/tutorials/leap-motion-teardown/all, visited March, 2025.
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In this study, pulling and pushing interactions were tested by 30 participants in an
exergame setup. Two participants took the test at a time. The first one was immersed
in the virtual environment while the second monitored the performance of the first
participant and provided visual assistance to complete the task. Performance results
were analyzed quantitatively and showed an overall better performance of the HTC
Vive controller over the Leap Motion sensor, requiring a less amount of interactions
and less time to complete the experimental task [10].

A similar study evaluated the variations in user experience when interactively
manipulating 3D graphs, comparing traditional input methods (gamepads, mouse
and keyboard) against natural interaction techniques with the Leap Motion sensor.
Results have shown that participants had an overall better experience when using the
traditional input methods, suggesting ease of use and responsive control to be some
of the determining factors for such an outcome. Even if participants found the use of
natural interaction techniques interesting and fun, the limitations of the technology
and the variations in user preference for performing and articulating gestures made
the Leap Motion sensor a challenging platform to manipulate 3D graphs [11].

Finally, a more recent study analyzed the possibilities each device offered in
terms of interaction design, and evaluated their respective performance when used
for object manipulation in virtual environments. Results from this study show an
overall user preference for the HTC Vive controller, while identifying a necessity
for simplifying complex interaction techniques in virtual environments, to deliver an
overall better user experience [5].

3 Methodology
A user study was selected as the main methodology for the research. Volunteering
participants were exposed to two different VR games featuring either the HTC Vive
controller or the Leap Motion sensor. During gameplay, different data was captured
as quantitative metrics for evaluating the player performance. A survey, consisting
of a modified version of the Game Experience Questionnaire [12], was presented to
the participants in order to analyze the perceived player experience upon completing
each game level.

3.1 Participant Criteria
The participant criteria aimed to provide a more homogeneous group in terms of age,
previous experiences with VR and the evaluated game genres. It was: (1) experience
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with VR content of at least 2 hours, (2) experience using the HTC Vive controller
of at least 2 hours, (3) experience with puzzle games (e.g. Tetris, World of Goo,
Antichamber, or Lyne) of at least 10 hours, (4) an age range between 20 and 28 years
old, (5) no previous cases of photo-sensitivity or epilepsy and (6) no other medical
or physiological condition that limits the use of stereo vision or the use of hands
and fingers. Only participants that self-reported they fulfilled these criteria were
included.

3.2 Experiment Procedure
The experimentation was a within-participant user study, with one factor and two
levels of repeated measures. Volunteers were initially presented with a consent form,
describing the inclusion criteria, goal of the study, experimental procedure, stimuli,
tasks, required time, risk of participation, data captured and data protection policies.
Upon agreeing to and signing the form, the experimenter then verbally introduced the
two interaction devices used for the test and guided the participant to the gameplay
area (see Section 3.3). The HTC Vive headset was placed upon the participant head
and, since the interaction devices are capable of tracking both hands, participants
were told the study should be performed using only their dominant one. A couple of
VR games were presented to the participants as the main stimuli. One game featured
the HTC Vive controller as the primary interaction device, while the other used the
Leap Motion sensor. The VR games, composed by a tutorial, a Pentomino puzzle
level and a Ball-throwing level (shown in Figure 1 and Figure 2), were identical in
content, being the interaction devices they featured, together with their respective
interaction techniques, and the reference image provided for the Pentomino level the
only variations between them. Both games were developed using the Unity game
engine, v. 2018.2.7f1. The HTC Vive headset and controller were integrated using
the Steam VR plugin for Unity, v. 2.0.1, by Valve Corp. For controlling the Leap
Motion sensor, the Unity Assets for Leap Motion Orion Beta v. 4.4.0 and the Leap
Motion Interaction EngineModule for Unity v. 1.2.0, both published by LeapMotion
Inc, were used.

The tutorial level was presented first and introduced the participants to the virtual
environment, the 3D elements and the four main interaction techniques evaluated in
the study: picking up, rotating, dropping and throwing virtual objects. Participants
were verbally guided through the tutorial level, receiving explanations about the rules
of the game, experimental conditions, tasks and how to perform them correctly using
the respective interaction device. Participants were allowed to proceed to the follow-
ing levels only when they manifested a complete understanding and sense of control
over the game tasks and how to use the interaction devices. In this way, the lack of
experience with the game or unfamiliarity with the interaction techniques were min-
imized.
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Figure 1: The Pentomino puzzle level, using the HTC Vive controller. Inset in the lower-right corner shows the
reference images used for the Pentomino levels.

The Pentomino puzzle was the first game level participants were exposed to, be-
ing tasked with assembling a diamond-shaped figure by picking, dropping and rotat-
ing a set of 12 Pentomino pieces (geometric shapes composed of five cubes of the
same size, connected through one or several faces 3) as fast as possible. A reference
image was offered as a visual aid, showing the correct arrangement of the pieces.
The same diamond shape was used in both games, but the original reference image
was flipped horizontally and vertically in the Leap Motion game (see inset in Fig-
ure 1) to control for carryover effects without the risk of increasing the difficulty of
the task. The Ball-throwing level was shown last, tasking players with hitting six
targets, floating in the horizon, by throwing a set of three balls at them. The task had
to be completed in the least amount of time possible. Targets were placed at different
distances and heights from the initial viewpoint of the participants, while the balls
appeared directly in front of them. Players were surrounded by leaned walls with no
friction, so balls could rapidly bounce back to their position.

To grab a piece with the HTC Vive controller, participants needed to press and
hold the trigger button while touching its surface with the top ring of the controller.
Releasing the trigger button dropped the piece. For rotating, participants needed to
physically rotate the controller while holding the piece in their hands. To perform
these actions with the Leap Motion sensor, participants needed to recreate similar
hand movements as they would usually do in the real world. To grab a piece, the

3https://en.wikipedia.org/wiki/Pentomino, Visited March, 2025.
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Figure 2: The Ball-throwing level, using the Leap Motion sensor. Inset in the lower-right corner shows the HTC
Vive, its controller and the Leap Motion sensor attached to the front of the headset.

thumb and any other finger from the participants’ hand needed to be in contact with
its surface. Participants were instructed to grab pieces by pinching or claw-gripping
them to avoid tracking issues with the sensor since a closed fist showed an erratic be-
havior during initial tests. To release a piece, participants simply opened their hand
widely. To rotate a piece, participants needed to hold it in their hand while rotating
it. For throwing a ball, participants had to release it while performing the throwing
motion.

Upon completing each of the VR games, the headset was removed from the par-
ticipants, and a modified version of the Game Experience Questionnaire [12] was
presented. The survey evaluated their perceived experience when interacting with
the virtual world, by performing each of the evaluated tasks with the respective inter-
action device. The game stimuli were presented counterbalanced to the participants
in an alternated order. This means that if the current participant started with the game
featuring the HTC Vive controller, the next started with the game using the Leap Mo-
tion sensor. When both games were completed, the final part of the survey was given.
The final part evaluated their overall opinion and preferences when having a general
comparison between both devices.

3.3 Experimental Setup and Equipment
The study was conducted within a dedicated controlled environment, provided by
the Department of Creative Technologies (DIKR) at the Blekinge Institute of Tech-
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nology. Following the criteria for an appropriate exposure of VR content proposed
by [13], a dedicated squared gameplay area of 2.5 x 2.5 meters, free of any obstacles,
was prepared for the participants. Also, participants were seated during the entire
length of the experimentation.

Outside the gameplay area, a dedicated workstation computer ran the VR games
while, simultaneously, managing the different apparatus needed for the experimenta-
tion. The computer had an Intel Core i7 6700k CPU @ 4.00GHz, a Nvidia GeForce
GTX 980 GPU and 16 GB of Corsair DDR4 RAM@ 1333MHz. The apparatus used
for this study were the HTC Vive VR headset, its base stations, controller, and the
Leap Motion sensor. The HTC Vive controller was held in the participants’ hands
and was attached to their wrists. The Leap Motion sensor was attached to the head-
set using the Universal VR Dev Mount that was glued to the front of it (see inset in
Figure 2).

4 Results
A total of 20 participants volunteered for the study. Gathered data were classified
into performance (Section 4.1) and experience results (Section 4.2). Statistical sig-
nificance tests were applied to the gathered performance data, while the survey results
were analyzed according to the scoring parameters exposed in the Game Experience
Questionnaire [12].

4.1 Performance Results
The total amount of pieces grabs needed to complete the game, together with the
total completion time, were the evaluation metrics for the performance analysis in
the Pentomino level. The Ball-throwing level evaluated the total number of throws
required to finish the level, along with the completion time. Performance data was
initially tested to verify the ANOVA assumptions and determine an appropriate sig-
nificance test. Normality was evaluated using the Shapiro-Wilk test on data residuals,
while homoscedasticity was reviewed with the Levene’s test. None of the gathered
data was able to satisfy the ANOVA assumptions. Therefore a non-parametric test
was applied. Based on the data properties and the proposed experimental design, a
Wilcoxon-Mann-Withney (WMW) test was used for the statistical significance eval-
uation.

4.1.1 Pentomino Puzzle Level
The summary of the results obtained in the Pentomino puzzle level can be seen in
Figure 3. Overall, participants had better performance when using the HTC Vive
controller, requiring fewer pieces grabs and time to complete the level. For the pieces
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Figure 3: Performance summary for the Pentomino puzzle level results. Figure (A) shows the total amount of
pieces grabs per participant and device. Figure (B) shows the average number of grabs per device. Figure (C)
shows the total level completion time per participant and device. Figure (D) shows the average completion
time per device.

grabs, participants averaged 50.1 when using the HTC Vive controller, compared to
91.35 with the Leap Motion sensor. After applying the WMW test, results showed
a statistically significant difference between the HTC Vive controller and the Leap
Motion sensor.

WMW(1,n=20) = 3.7355, p < 0.05

For completion times, participants required more time to complete the game us-
ing the Leap Motion sensor, scoring an average of 251.48 seconds. The time needed
with the HTC Vive controller was less, averaging 135.29 seconds. Results from the
WMW test showed a statistically significant difference in the completion times for
each interaction device.

WMW(1,n=20) = 5.1395, p < 0.05

4.1.2 Ball-Throwing Level
A summary of the results gathered from the Ball-throwing level is illustrated in Fig-
ure 4. Participants had overall better performance when using the HTC Vive con-
troller, needing fewer throws and less time to complete the game, when compared
with the scores obtained with the LeapMotion sensor. The average amount of throws
needed to complete the level using the HTC Vive controller was 10.1, while 30.45
was the average needed with the Leap Motion sensor. The WMW test showed a
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Ball-Throwing Level Results
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Figure 4: Performance summary for the Ball-throwing level results. Figure (A) shows the total amount of throws
per participant and device. Figure (B) shows the average number of throws per device. Figure (C) shows the
total level completion time per participant and device. Figure (D) shows the average completion time per
device.

statistically significant difference between the number of throws needed with each
interaction device.

WMW(1,n=20) = 4.3283, p < 0.05

The time required to finish the level was higher when using the Leap Motion
sensor, with an average of 107.73 seconds among the participants, when compared
with the average time of 33.61 seconds obtained with the HTC Vive controller. Time
results had a statistically significant difference between them when evaluated with
the WMW test.

WMW(1,n=20) = 4.0846, p < 0.05

4.2 Experience Results
The survey was composed by three parts: Part 1 evaluated the game featuring the
HTC Vive controller, Part 2 focused on the game using the Leap Motion sensor and
Part 3 made a direct comparison between both interaction devices. Each part of the
survey was, subsequently, composed of two modules. For Part 1 and 2, there was a
module for the Pentomino puzzle and the ball throwing levels. In Part 3, each inter-
action device had its module respectively. Each module from Part 1 and Part 2 pre-
sented 11 different statements to participants. They evaluated five components from
the perceived experience: Statements 1, 3 and 5 evaluated competence, Statements 2
and 7 evaluated challenge, Statements 4 and 10 evaluated tension, Statements 6 and
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Table 1: Average scores for the experience components in the Pentomino puzzle level.

Component Vive Controller Leap Motion

Competence 4 2.85

Challenge 1.62 2.75

Tension 1.45 2.27

Positive Affect 4.27 3.61

Negative Affect 1.12 1.27

8 evaluated positive affects and Statements 9 and 11 evaluated negative affects. Sim-
ilarly, each module from Part 3 offered four different statements. Statement 1 evalu-
ated enjoyment, Statement 2 ease of use, Statement 3 sense of control and Statement 4
evaluated preference, respectively. A total of 52 statements were presented to partici-
pants in the survey. To answer the survey statements, participants used a Likert scale
to determine the level of the agreement they had with them. Value one represented
the lowest level of agreement, while five represented the highest one. Following the
evaluation guidelines offered in the Game Experience Questionnaire [12], each com-
ponent was analyzed by directly comparing the average answer score between the
interaction devices.

4.2.1 Pentomino Puzzle Level
The average survey results for the Pentomino puzzle level are shown in Table 1. Over-
all, the HTC Vive controller was perceived to offer a better experience in the Pen-
tomino puzzle level when picking, dropping and rotating pieces, compared with the
LeapMotion sensor. In the level of challenge experienced when using the interaction
devices, the Leap Motion sensor was perceived to be the more challenging. The ten-
sion generated by the use of the interaction devices was perceived to be lower on the
HTC Vive controller, while the perceived positive affects were higher on the same
device. Despite offering a better-perceived experience on all previous components,
the negative affects results were not considerable different between the HTC Vive
controller and the Leap Motion sensor.

4.2.2 Ball-Throwing Level
The average survey results for the Ball-throwing level survey are shown in Table 2.
As an overview, participants perceived to have a better experience using the HTC
Vive controller than the Leap Motion sensor. They felt to be more competent at
picking up and throwing balls when using the HTC Vive controller and they gave a
higher positive affect score when interacting with it. The Leap Motion sensor was
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Table 2: Average scores for the experience components in the Ball-throwing level.

Component Vive Controller Leap Motion

Competence 3.73 2.86

Challenge 1.72 3.05

Tension 1.37 2.2

Positive Affect 4.02 3.38

Negative Affect 1.17 1.57

Component Vive Controller Leap Motion

Enjoyment 4.25 4.35

Ease of Use 4.5 3.15

Sense of Control 4.35 2.95

Preference 3.95 2.55

Table 3: Average scores for the experience comparison components between the HTC Vive controller and
the Leap Motion sensor.

perceived to generate more tension and challenge with its use. Despite this, the nega-
tive affects perceived by players were not considerably different between the devices.

4.2.3 Experience Between Devices
The average scores for the experience comparison between the interaction devices
can be seen in Table 3. Overall, the HTC Vive controller was perceived to be the
better option among the interaction devices. It was considered by participants easier
to use than the Leap Motion sensor, offering a better sense of control over the eval-
uated interaction techniques, and being the preferred interaction device for the pro-
posed tasks. Nonetheless, despite having lower performance and a worse perceived
experience than the HTC Vive controller, the Leap Motion sensor was reported as
the most enjoyable interaction device to use in the study by a small margin.

5 Discussion
Results showed that participants had an overall better performance and experience
when using the HTCVive controller, as predicted in the hypothesis. Nevertheless, the
considerable differences in the performance and experience results were unexpected.
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In the Pentomino puzzle level, participants were able to pick up, rotate and drop
objects faster with the HTC Vive controller, requiring on average a lower number of
pieces grabbed with this device than with the Leap Motion sensor. A possible ex-
planation for this could be the way the devices triggered the interaction techniques,
which were activated by only using the trigger button in the HTC Vive controller,
offering a simple execution with an immediate response from the game engine. How-
ever, for the Leap Motion sensor, a more robust calculation was needed to determine
the movements, positions and collisions from different parts of the hand, making it
more susceptible to errors that affected the accuracy of the sensor. Additionally, it
was observed during initial tests that subtle and slow finger movements were nor ef-
fective for triggering the interaction techniques, especially dropping objects, which
showed a ”sticky hand” effect when performed in this manner. To control for this
phenomenon, fast and exaggerated movements were instructed to participants during
the tutorial level.

For the Ball-throwing level, the Leap Motion sensor had a worse overall perfor-
mance among the devices. In addition to the issues previously exposed, the limited
tracking capabilities of the Leap Motion sensor had a detrimental effect in this level.
Thanks to the constant tracking from the base stations and simple execution of the
throwing interaction, movements performed by theHTCVive controller were smooth
and consistent among participants. Since the interaction area for the Leap Motion is
smaller and tracking is only possible when the hand is in front of the device, a nat-
ural throw movement was not possible with the proposed setup. When a ball was
grabbed, participants instinctively raised and moved their hand towards the back of
their head to charge a throw. Since the Leap Motion sensor was attached to the front
of the headset, their hands left the interaction area causing erratic movements and
abruptly readjusting the virtual elements once the hand re-entered it. Participants
were informed about this limitation during the tutorial level and were instructed in
how to perform the throwing interaction properly, making sure that the hand was
always within the interaction area and that the hand dropping gesture was fast and
exaggerated. Nevertheless and despite the training offered in the tutorial level, some
participants, instinctively, performed the natural throwing movement affecting the
performance data.

Results from Part 1 and 2 of the survey showed that participants had an overall
better experience when using the HTC Vive controller than the Leap Motion sensor.
The sense of competence and positive affects experienced by participants were higher
when using the HTC Vive controller, probably due a more efficient activation of the
interaction techniques and better tracking capabilities when compared to the Leap
Motion sensor. These same reasons might have affected the perceived level of chal-
lenge and tension, since the Leap Motion sensor scored higher in those components,
especially in the Ball-throwing level. Results from Part 3 of the survey showed that
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the HTC Vive controller was perceived to be easier to use than the Leap Motion sen-
sor, offering better control over the proposed tasks in this study and was the preferred
device for this evaluation. Nevertheless and despite having a lower score in the ma-
jority of the survey questions, the difference between the Leap Motion sensor and
the HTC Vive controller, regarding the Negative affects and user enjoyment compo-
nents, was reasonably low. This particular result suggests that even if the interaction
capabilities of the Leap Motion sensor were not on par with the HTC Vive controller,
the use NUIs generated a rather strong impression in the participants, as some of
them mentioned. Having the ability to interact with virtual environments by using
your own body, is a novel interaction concept that has rarely been experienced before,
and that could have the potential of redefining the way we communicate with VR ap-
plications. This could be the reason why, despite having the lower performance and
experience scores, the Leap Motion sensor reported higher scores for the enjoyment
component.

6 Conclusion and Future Work
The study presented in this paper has offered an analysis of the variation in perfor-
mance and experience between the HTC Vive controller and the Leap Motion sensor
when used for VR game interaction tasks. A user study exposed 20 participants to a
couple of VR games, each composed by a Pentomino puzzle and Ball-throwing level.
Performance data was captured automatically by the games while the perceived ex-
perience was evaluated through a survey based on a modified version of the Game
Experience Questionnaire [12]. Results showed that the HTCVive controller offered
overall better performance when compared to the LeapMotion sensor. More straight-
forward interaction activation and better tracking capabilities allowed participants to
achieve higher scores when using the HTC Vive interaction device. Similarly, the
HTCVive controller was also considered to offer a better overall experience to partic-
ipants regarding the ease of use, sense of control and user preference. Nevertheless,
the survey results for the Leap Motion sensor showed little difference in the scores
for negative affects, when compared with the HTC Vive and, despite interactive and
tracking limitations, it reported the higher scores for enjoyment in this study.

Future work could evaluate the capabilities of the Leap Motion sensor in other
game genres, since games this study were based on the physical interaction between
virtual elements. Board, adventure or fighting games are considered interesting en-
vironments for the design and implementation of NUIs. Also, the large difference
seen in the performance results motivates a more detailed examination to determine
how the interaction devices and techniques could have led to such results. A further
analysis relating the amount of grabs per piece, or the amount of actions (grabs) per
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time interval could offer a better insight of how and when the complexity and ac-
curacy varied among the devices. Additionally, different software solutions could
be explored to compensate for the limitations found with the Leap Motion sensor.
Improved gesture control and recognition, snapping capabilities and physiologically
aware environments are possible ideas to explore in the future.
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Abstract

Thanks to its effectiveness, electrodermal activity (EDA) has been
previously included as an evaluation metric, within analyses of user ex-
perience. In this study, the phasic component of participants’ EDA data
is examined in relation to their reported experiences when playing a set
of virtual reality games, that featured the HTC Vive and Leap Motion
controllers for input. Two models are used in the analysis of the phasic
component: a deconvolution model and a convex optimization model.
Despite having significant differences in their player experiences, results
indicate that there are not many significant differences in the phasic com-
ponent data. Even if some weak correlations were found, the majority of
results show no linear correlations between the phasic component data
and the reported experience variables. This shows that the phasic com-
ponent of EDA data should be further investigated in conjunction with
other psychophysiological signals because it has only recently demon-
strated a weak link with player experience.
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1 Introduction
Electrodermal activity (EDA) is recognized as an effective method for identifying
and assessing changes in the arousal levels of players when playing video games [1].
Because of this, EDA measurements have been utilized in multiple game research
studies, evaluating variables such as emotional responses [2, 3]; or cognitive loads [4].

Despite this, the evaluation of game experience has been a predominant topic for
EDA data analysis in earlier works. Specially, in the quantification and statistical
analysis of experience variables [5–7]. The majority of those research works, how-
ever, have been on video games played on conventional 2D screens. New interaction
techniques have emerged with the entry of virtual reality (VR) technologies onto the
consumer market, modifying how players engage with video games. The investiga-
tion of the effects that these novel VR interaction techniques may have over the game
experience, and the respective EDA responses from players, is still in an early stage
since few works have been published in this area [8]. This situation provides an op-
portunity to further explore the potential relationship that may exist between these
variables.

Based on the above, the following research question is presented for this study:
How may the differences in game experience correlate with the variations of the re-
spective EDA data from players in VR games?. Changes in the arousal levels of
players during gameplay, and consequently significant differences over the phasic
component (see Section 2) of EDA data, may be an indicator of significant differ-
ences in the reported game experience, according to our hypothesis, which holds that
there is a strong correlation between the EDA data from players and their respective
game experiences.

This work is an extension of previously published preliminary results [9]. It
presents a more comprehensive analysis of the phasic component from the partici-
pants’ EDA data, acquired in a prior experiment [10]. The computation of the phasic
component data has been performed applying two different models, a deconvolution
model and a convex optimization model (See Section 3); in which peaks over the
phasic signal, and their respective amplitude, are analyzed.

2 Background
Electrodermal activity is defined as the measurement of the variations in the elec-
trical conductivity on the skin, caused by Eccrine sweat glands acting as variable
resistors [11–13]. EDA has also been referred to with different terms, such as psy-
chogalvanic reflex and galvanic skin response (GSR) [11]. EDA measurements con-
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sist in applying a small and unnoticeable amount of electric voltage on the skin and
estimating the variation of the speed in which this voltage travels through it [14].
When the subjects experience strong emotional reactions (i.e. a boost in their arousal
levels), the body increases its electrical conductivity caused by higher levels of per-
spiration on the skin. Therefore, increases in the EDA signal are often associated
with increases in the arousal level of people [12].

EDA signals have two main components called tonic and phasic. The tonic com-
ponent describes the slow and gradual changes in the EDA signal over time, estab-
lishing a baseline for the EDA signal called skin conductance level (SCL). On the
other hand, the phasic component characterizes fast varying activity, i.e. quick and
abrupt changes in the EDA signal, also referred to as a skin conductance responses
(SCR) [1, 12].

2.1 Related Work
Previous studies have explored the possible links between EDA data and player ex-
perience from different perspectives. For example, the work by Ravaja et al. [15],
explored the variations of the phasic component during gameplay. Their analysis
combined data from electromyography, heart rate, and EDA. Their results show a
strong positive relationship between increases in the phasic component and rewards
in the game. Additional work presented by Drachen et al. [5] has also looked at a
correlation between EDA and heart rate data to better quantitatively understand the
player experience. Here, the genre of first-person shooting games was used. The
study showed significant correlations between EDA data and the reported player ex-
perience, even with low covariance in the physiological metrics. Nacke et al.[16]
also used a first-person shooting game to study the arousal level of players when the
music and sound effects were on or off. As a result, the sonic stimuli changes did
not have much impact on the EDA data from the players. However, the participants
did report significant effects on the player experience. Klarkowski et al. [17, 18]
presented a couple of publications where the game challenge was researched regard-
ing its correlation with EDA data. Here, the results showed a directly proportional
relation between game challenge and EDA data, despite minor discrepancies with
other literature [5]. Only a few works have been conducted in the specific area of
VR games and EDA data. One example is a study by Egan et al. [8] that analyzed
the effect of VR and non-VR environments on player heart rate and EDA data. The
study found significant differences between the evaluated physiological metrics.

This paper presents an analysis that extends earlier work on further evaluating
EDA data from players manipulating objects in two VR games (a pentomino puzzle
and a ball-throwing task). In the previous experiment [10], both player performance
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and experience were explored when the player was interacting with two different de-
vices: the HTCVive controller and the LeapMotion controller. For additional details
on the experiment design, procedure, and initial EDA data gathering, the reader is
referred to [10]. For example, the number of piece grabs to complete the pentomino
puzzle or the number of throws to hit all targets were used to measure performance
in the game tasks. The overall completion time was also recorded. The player experi-
ence was also evaluated by using two different questionnaires. One was filled in after
using each interaction technique, and the other was used to compare the interaction
techniques after using both technologies in the experiment.

As shown in the previous work, the HTCVivewas perceived to have an improved
player experience. The Leap Motion controller hand gestures were not reported to
have as high performance as the HTC Vive as a control for input. This was due
to the hands not being perceived as reliable for the interaction as the control input
with the HTC Vive. However, the previous work also showed potential for both
controllers, particularly regarding enjoyment [10]. The EDA data was decided to
be analyzed in further detail due to the previously reported significant difference in
player performance.

3 Methodology
To analyze the potential correlation that may exist between the recorded EDA data
and the reported game experience from players, a statistical analysis of the phasic
component was established as the main methodology for this study. The analysis fo-
cused on evaluating the amount of SCR peaks abstracted from each calculated phasic
component, and the respective amplitude of each of those peaks, in relation to a set
of game experience variables.

3.1 EDA Data Capture and Phasic Component Calculation
The rawEDAdatawas gathered using a ShimmerGSR+ sensor (128Hz), and recorded
using the iMotions biometric platform. The phasic components were then calculated
by applying two different models upon the raw EDAmeasurements: a deconvolution
model, and a convex optimization model.

Both models started by cleaning the raw data using a low-pass Butterworth fil-
ter [19]. For the deconvolution model, the phasic components were calculated using
Benedek and Kaernbach’s deconvolution method, which specializes in the separation
of superposed signal features, such as SCR peaks [20]. The deconvolution model
was carried out automatically by the iMotions biometric platform. For the convex
optimization model, the phasic components were calculated using the cvxEDA algo-
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rithm presented by Greco et al. [21]. This algorithm was selected for its capabilities
to compensate for noise in the EDAmeasurements, and to customize the smoothness
of the outcome for the phasic component calculations [22]. In this way, cvxEDA
could be adapted to better describe SCR peaks over the calculated phasic component.
All the signal processing routines featured in the convex optimization model were
implemented using the Neurokit2 Python framework [23].

3.2 Phasic Component Analysis
For the phasic component analysis, two different metrics were defined: peaks per
minute, and average peak amplitude.

The peaks per minute highlighted the ratio in which SCR peaks occurred within
the time required by players to complete each game. The peaks per minute (Pmin)
were calculated using Equation VI.1, where SCRpeak represents the total number of
peaks between the initial exposure time (to in ms) and the completion time (tf in
ms), over the completion time divided by 6 ∗ 104 ms.

Pmin =
∑tf

to
SCRpeak

tf

6∗104

(VI.1)

The average peak amplitude, as its name implies, calculated the average ampli-
tude (in µS) of all SCR peaks detected over a single phasic component signal.

Both, peaks per minute and average peak amplitude, aimed to compare how the
different input devices might have affected the arousal levels of players (in quantity
and intensity respectively) and, consequently, the outcomes of their individual per-
ceived experiences. These metrics were calculated for each game (pentomino and
ball-throwing), and for each input device (HTC Vive controller and Leap Motion
controller).

3.3 Game Experience Analysis
Two different questionnaires, based on the Game Experience Questionnaire by IJs-
selsteijn et al. [24], were used to evaluate a set of game experience variables from
the players. The first questionnaire was used to assess perceived competence, level
of challenge, tension, positive affect, and negative affect when using a specific input
device; and was presented to players upon completion of each pentomino and ball-
throwing game. The second questionnaire examined the overall enjoyment, ease of
use, sense of control, and preference when using a specific input device; and was
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given to players only when they completed both games with it. The questionnaires
used a Likert scale, ranging from one to five, to provide a score for the game experi-
ence variables.

3.4 Statistical Analyses
A set of statistical tests were conducted to evaluate the differences, and potential cor-
relation, between the peaks per minute, the average peak amplitudes, and the game
experience results for the reported player experience of each game, and each input
device.

First, to analyze the differences between the calculated phasic componentmetrics,
the Shapiro-Wilk test for normality and the Levene’s test for homoscedasticity were
used to assess the ANOVA assumptions. A paired t-test was used only for those
results that satisfied the ANOVA assumptions, whereas a Wilcoxon signed-rank test
was used for all others. Lastly and to evaluate the potential correlation between the
phasic component metrics and the player experience variables, a Pearson correlation
coefficient analysis was used.

3.5 Implementation Tools
In addition to the tools already mentioned in this section (the iMotions biometric
platform and the Neurokit2 framework), a custom Python script (version 3.9) was
developed for carrying out all statistical analyses. This script featured three different
libraries: Pandas [25] was used to read data sets; and to create, store, and manipulate
data frames. ScyPy [26] was used to carry out the different statistical significance
tests. Lastly, Maptplotlib [27] was used for generating figures and visualizing results.

3.6 Ethical Considerations
EDA data could be considered sensitive since it allows to assess changes in the
arousal state of an individual. Therefore, this study was subjected to ethical vetting
and granted approval (dnr: 2018/624) by a regional ethics board in Sweden. Addi-
tionally, the identities of participants were confidential and no direct link between
participants and their data was established.

4 Results
A total of 20 participants took part in the experimentation from the earlier work that
this analysis is based upon [10]. However, only the data from 18 participants were
used in this study. The recordings from two participants featured incomplete data sets,
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Figure 1: An example of the calculated phasic component from a single participant. Figures on the right show
the raw and the cleaned signals from the EDA data, while figures on the right show the phasic component
data (convex optimization model) with their respective peaks, recoveries, and onsets.

due to a poor connection with the Shimmer GSR+ sensor, which was attributed to the
range of movements required for the interaction with the Leap Motion controller in
the ball-throwing game. An example of the calculated phasic components can be
seen in Figure 1.

4.1 Peaks per Minute
Eight different data sets were generated for the analysis of the peaks per minute: two
data sets per game (one per input device), for each phasic component calculation
model. Overall, only the peaks per minute in the pentomino game, from convex
optimization model, showed statistically significant differences.

Deconvolution Model
An overview of the results for the peaks per minute calculated from the deconvolution
model data can be seen in Figure 2. The ANOVA assumptions were only satisfied
by the peaks per minute calculated for the pentomino game. Therefore, a paired
t-test was used to evaluate these data sets, which showed no statically significant
differences. AWilcoxon signed-rank test was used for the peaks per minute from the
ball-throwing game, showing no statically significant differences between the HTC
Vive and the Leap Motion controllers:

• Pentomino game: t − test(1,n=18) = 0.84, p > 0.05

• Ball-throwing game: WSR(1,n=18) = 53, p > 0.05
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Figure 2: Overview of the calculated peaks per minute from the deconvolution model results.

Convex Optimization Model
An overview of the results for the peaks per minute calculated from the convex opti-
mization model data can be seen in Figure 3. None of the calculated results satisfied
the ANOVA assumptions and were evaluated with the Wilcoxon singed-rank test.
The test showed statistically significant differences for the peaks per minute from
the pentomino game. However, no statistically significant differences were found
for the peaks per minute from the ball-throwing game:

• Pentomino game: WSR(1,n=18) = 29, p < 0.05

• Ball-throwing game: WSR(1,n=18) = 67, p > 0.05

4.2 Average Peak Amplitude
Eight different data sets were generated to analyze the average peak amplitudes cal-
culated with both phasic component calculation models. No statistically significant
differences were found with this metric.

Deconvolution Model
An overview of the average peak amplitudes obtained with the deconvolution model
is shown in Figure 4. None of these results satisfied the ANOVA assumptions and
were analyzed with theWilcoxon signed-rank test. The results for the pentomino and
ball-throwing game showed no statistically significant differences:
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Figure 3: Overview of the calculated peaks per minute from the convex optimization model results.
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Figure 4: Overview of the peak amplitude averages from the deconvolution model results.

• Pentomino game: WSR(1,n=18) = 99, p > 0.05

• Ball-throwing game: WSR(1,n=18) = 98, p > 0.05

Convex Optimization Model
An overview of the calculated peak amplitude averages with the convex optimization
model is shown in Figure 5. The ANOVA assumptions were not satisfied by any of
the calculated averages, hence a Wilcoxon signed-rank test was applied. Results
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Figure 5: Overview of the peak amplitude averages from the convex optimization model results.

from the tests showed no statistically significant differences between the average
peak amplitudes for the pentomino and the ball-throwing games:

• Pentomino game: WSR(1,n=18) = 82, p > 0.05

• Ball-throwing game: WSR(1,n=18) = 67, p > 0.05

4.3 Game Experience
For the game experience analysis, six different data sets were generated from the
scores gathered through the questionnaires: two for each game, and one for each
input device. Overall, most experience variables showed statistically significant dif-
ferences between the input devices.

Pentomino Game
An overview of the game experience results for the pentomino game can be seen in
Figure 6. None of the scores from the experience variables in the pentomino game
satisfied the ANOVA assumptions. Therefore, a Wilcoxon signed-rank test was used
to evaluate these data. Results showed that all variables, with the exception of nega-
tive affect, showed statistically significant differences between the input devices:

• Competence: WSR(1,n=18) = 1, p < 0.05

• Level of challenge: WSR(1,n=18) = 3.5, p < 0.05
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Figure 6: Overview of the game experience results for the pentomino game.

• Tension: WSR(1,n=18) = 8, p < 0.05

• Positive affect: WSR(1,n=18) = 13.5, p < 0.05

• Negative affect: WSR(1,n=18) = 8, p > 0.05

Ball-Throwing Game
An overview of the game experience results obtained for the ball-throwing game
is shown in Figure 7. None of the scores from the experience variables in the ball-
throwing game satisfied the ANOVA assumptions, with the exception of competence.
Based on this, a paired t-test was used to analyze the competence data, while all other
experience variables were evaluated with the Wilcoxon signed-rank test. Results
show that all experience variables had statistically significant differences between
the input devices:

• Competence: t − test(1,n=18) = 3.45, p < 0.05

• Level of challenge: WSR(1,n=18) = 11, p < 0.05

• Tension: WSR(1,n=18) = 24.5, p < 0.05

• Positive affect: WSR(1,n=18) = 14, p < 0.05

• Negative affect: WSR(1,n=18) = 15, p < 0.05
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Figure 7: Overview of the game experience results for the ball-throwing game.
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Figure 8: Overview of the game experience results between the HTC Vive controller and the Leap Motion
controller.

Input Device Experience
An overview of the results obtained for the overall experience between the input de-
vices is shown in Figure 8. None of the scores for this analysis satisfied the ANOVA
assumptions and were examined with theWilcoxon signed-rank test. Results showed
that all experience variables had statically significant differences between the input
devices:

• Enjoyment: WSR(1,n=18) = 18, p < 0.05

• Ease of use: WSR(1,n=18) = 4, p < 0.05

• Sense of control: WSR(1,n=18) = 5, p < 0.05

• Preference: WSR(1,n=18) = 21.5, p < 0.05
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Experience
Variable

PPM HTC Vive PPM Leap Motion

Pento.
Game

Ball-Throw.
Game

Pent.
Game

Ball-Throw.
Game

Competence No Corr. No Corr. No Corr. No Corr.
Challenge No Corr. Weak Pos. No Corr. No Corr.
Tension No Corr. Weak Pos. No Corr. No Corr.
Positive Affect No Corr. No Corr. No Corr. No Corr.
Negative Affect Weak Pos. Weak Pos. No Corr. No Corr.

Table 1: Results of the correlation analysis between the game experience variables and the peaks per minute
(PPM) from the deconvolution model, in the pentomino (Pento.) and ball-throwing game. Results show either
no correlation (No Corr.) or weak positive (Weak Pos.) correlations.

4.4 Correlation Analysis
Results from the correlation analysis were classified into five different categories,
according to the calculated value for the Pearson coefficient(ρ) for linear correla-
tion [28]:

1. A strong positive correlation when ρ was greater than 0.8.

2. A weak positive correlation when ρ was greater than 0.4 but lesser than 0.8.

3. No correlation when ρ was between the values of 0.4 and -0.4.

4. A weak negative correlation when ρ was lesser than -0.4 but greater than -0.8.

5. A strong negative correlation when ρ was lesser than -0.8.

Peaks per Minute vs. Game Experience - Deconvolution Model
An overview of the correlation results between the peaks per minute from the decon-
volution model, and the game experience variables, can be seen in Table 1.

For the HTCVive controller in the pentomino game, only negative affect showed
aweak positive correlationwith the calculated peaks perminute. All other experience
variables showed no correlation:

• Competence: ρ(1,n=18) = 0.014, p > 0.05

• Challenge: ρ(1,n=18) = −0.058, p > 0.05

• Tension: ρ(1,n=18) = 0.042, p > 0.05

• Positive affect: ρ(1,n=18) = −0.209, p > 0.05

• Negative affect: ρ(1,n=18) = 0.490, p < 0.05
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In the ball-throwing game, the challenge, tension, and negative affect had a weak
positive correlation with the peaks per minute. All other experience variables showed
no correlation:

• Competence: ρ(1,n=18) = −0.257, p > 0.05

• Challenge: ρ(1,n=18) = 0.469, p < 0.05

• Tension: ρ(1,n=18) = 0.554, p < 0.05

• Positive affect: ρ(1,n=18) = 0.063, p > 0.05

• Negative affect: ρ(1,n=18) = 0.669, p < 0.05

For the Leap Motion controller in the pentomino game, none of the game experi-
ence variables showed a correlation with the calculated peaks per minute:

• Competence: ρ(1,n=18) = −0.048, p > 0.05

• Challenge: ρ(1,n=18) = −0.168, p > 0.05

• Tension: ρ(1,n=18) = −0.228, p > 0.05

• Positive affect: ρ(1,n=18) = −0.221, p > 0.05

• Negative affect: ρ(1,n=18) = −0.072, p > 0.05

Similarly, in the ball-throwing game, no correlation was found between the peaks
per minute and the game experience variables:

• Competence: ρ(1,n=18) = −0.372, p > 0.05

• Challenge: ρ(1,n=18) = 0.321, p > 0.05

• Tension: ρ(1,n=18) = −0.115, p > 0.05

• Positive affect: ρ(1,n=18) = −0.212, p > 0.05

• Negative affect: ρ(1,n=18) = 0.173, p > 0.05
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Experience
Variable

PPM HTC Vive PPM Leap Motion

Pento.
Game

Ball-Throw.
Game

Pento.
Game

Ball-Throw.
Game

Competence Weak Pos. No Corr. No Corr. Weak Neg.
Challenge No Corr. No Corr. No Corr. Weak Pos.
Tension No Corr. No Corr. Weak Neg. No Corr.
Positive Affect No Corr. No Corr. No Corr. No Corr.
Negative Affect No Corr. Weak Pos. No Corr. No Corr.

Table 2: Results of the correlation analysis between the game experience variables and the peaks per minute
(PPM) from the convex optimization model, in the pentomino (Pento.) and ball-throwing game. Results show
either no correlation (No Corr.), weak positive (Weak Pos.), or weak negative (Weak Neg.) correlations.

Peaks per Minute vs. Game Experience - Convex Optimization
Model
An overview of the results from the correlation analysis between the peaks per minute
from the convex optimization model, and the game experience variables, is shown
in Table 2.

For the HTC Vive controller, only competence showed a weak positive correla-
tion with the peaks per minute in the pentomino game. All other game experience
variables showed no correlation:

• Competence: ρ(1,n=18) = 0.540, p < 0.05

• Challenge: ρ(1,n=18) = −0.117, p > 0.05

• Tension: ρ(1,n=18) = −0.289, p > 0.05

• Positive affect: ρ(1,n=18) = 0.309, p > 0.05

• Negative affect: ρ(1,n=18) = 0.020, p > 0.05

In the ball-throwing game, only negative affects showed a weak positive corre-
lation with the peaks per minute. All other game experience variables showed no
correlation:

• Competence: ρ(1,n=18) = −0.031, p < 0.05

• Challenge: ρ(1,n=18) = 0.169, p > 0.05

• Tension: ρ(1,n=18) = −0.215, p > 0.05

• Positive affect: ρ(1,n=18) = −0.146, p > 0.05

• Negative affect: ρ(1,n=18) = 0.426, p > 0.05
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For the LeapMotion controller, all game experience variables showed no correla-
tion with the peaks per minute in the pentomino game, with the exception of tension
which showed a weak negative correlation:

• Competence: ρ(1,n=18) = 0.174, p > 0.05

• Challenge: ρ(1,n=18) = −0.392, p > 0.05

• Tension: ρ(1,n=18) = −0.428, p > 0.05

• Positive affect: ρ(1,n=18) = −0.091, p > 0.05

• Negative affect: ρ(1,n=18) = −0.185, p > 0.05

In the ball-throwing game, competence showed a weak negative correlation and
challenge showed a weak positive one. All other experience variables showed no
correlation with the peaks per minute:

• Competence: ρ(1,n=18) = −0.410, p > 0.05

• Challenge: ρ(1,n=18) = 0.447, p < 0.05

• Tension: ρ(1,n=18) = 0.162, p > 0.05

• Positive affect: ρ(1,n=18) = −0.345, p > 0.05

• Negative affect: ρ(1,n=18) = 0.264, p > 0.05

Average Peak Amplitude vs. Game Experience - Deconvolution
Model
An overview of the results from the correlation analysis between the game experi-
ence variables and the average peak amplitudes from the deconvolution model data,
is shown in Table 3.

For the HTC Vive controller, the game experience variables showed no correla-
tion with the average peak amplitudes in the pentomino game:

• Competence: ρ(1,n=18) = −0.043, p > 0.05

• Challenge: ρ(1,n=18) = 0.367, p > 0.05

• Tension: ρ(1,n=18) = 0.224, p > 0.05

• Positive affect: ρ(1,n=18) = −0.280, p > 0.05

• Negative affect: ρ(1,n=18) = 0.148, p > 0.05
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Experience
Variable

APA HTC Vive APA Leap Motion

Pento.
Game

Ball-Throw.
Game

Pento.
Game

Ball-Throw.
Game

Competence No Corr. No Corr. No Corr. No Corr.
Challenge No Corr. Weak Pos. No Corr. No Corr.
Tension No Corr. Weak Pos. No Corr. No Corr.
Positive Affect No Corr. No Corr. Weak Neg. No Corr.
Negative Affect No Corr. No Corr. No Corr. No Corr.

Table 3: Results of the correlation analysis between the game experience variables and the average peak
amplitudes (APA) from the deconvolution model, in the pentomino (Pento.) and ball-throwing game. Results
show either no correlation (No Corr.), weak positive (Weak Pos.), or weak negative (Weak Neg.) correlations.

In the ball-throwing game, challenge and tension had a weak positive correlation
with the average peak amplitudes. All other game experience variables showed no
correlation:

• Competence: ρ(1,n=18) = −0.285, p > 0.05

• Challenge: ρ(1,n=18) = 0.500, p < 0.05

• Tension: ρ(1,n=18) = 0.462, p < 0.05

• Positive affect: ρ(1,n=18) = −0.045, p > 0.05

• Negative affect: ρ(1,n=18) = 0.188, p > 0.05

For the Leap Motion controller, only positive affect had a weak negative cor-
relation in the pentomino game. All other game experience variables showed no
correlation with the average peak amplitudes:

• Competence: ρ(1,n=18) = −0.217, p > 0.05

• Challenge: ρ(1,n=18) = 0.097, p > 0.05

• Tension: ρ(1,n=18) = 0.152, p > 0.05

• Positive affect: ρ(1,n=18) = −0.474, p < 0.05

• Negative affect: ρ(1,n=18) = 0.190, p > 0.05

For the ball-throwing game, none of the game experience variables showed a
correlation with the average peak amplitudes:

• Competence: ρ(1,n=18) = −0.112, p > 0.05

• Challenge: ρ(1,n=18) = 0.310, p > 0.05
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Experience
Variable

APA HTC Vive APA Leap Motion

Pento.
Game

Ball-Throw.
Game

Pento.
Game

Ball-Throw.
Game

Competence No Corr. No Corr. No Corr. No Corr.
Challenge No Corr. Weak Pos. No Corr. No Corr.
Tension No Corr. Weak Pos. No Corr. No Corr.
Positive Affect No Corr. No Corr. Weak Neg. No Corr.
Negative Affect No Corr. No Corr. No Corr. No Corr.

Table 4: Results of the correlation analysis between the game experience variables and the average peak
amplitudes (APA) from the convex optimization model, in the pentomino (Pento.) and ball-throwing game.
Results show either no correlation (No Corr.), weak positive (Weak Pos.), or weak negative (Weak Neg.) cor-
relations.

• Tension: ρ(1,n=18) = 0.049, p > 0.05

• Positive affect: ρ(1,n=18) = −0.098, p > 0.05

• Negative affect: ρ(1,n=18) = 0.141, p > 0.05

Average Peak Amplitude vs Game Experience - Convex Opti-
mization Model
An overview of the results from the correlation analysis between the game experience
variables and the average peak amplitude from the convex optimization model data,
is shown in Table 4.

For the HTC Vive controller, no correlation was found between the experience
variables and the average peak amplitude in the pentomino game:

• Competence: ρ(1,n=18) = −0.088, p > 0.05

• Challenge: ρ(1,n=18) = 0.299, p > 0.05

• Tension: ρ(1,n=18) = 0.169, p > 0.05

• Positive affect: ρ(1,n=18) = −0.279, p > 0.05

• Negative affect: ρ(1,n=18) = 0.271, p > 0.05

Challenge and tension had a weak positive correlation in the ball-throwing game.
All other game experience variables showed no correlation with the average peak
amplitudes:

• Competence: ρ(1,n=18) = −0.328, p > 0.05

• Challenge: ρ(1,n=18) = 0.545, p < 0.05
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• Tension: ρ(1,n=18) = 0.510, p < 0.05

• Positive affect: ρ(1,n=18) = −0.002, p > 0.05

• Negative affect: ρ(1,n=18) = 0.235, p > 0.05

For the Leap Motion controller, only positive affect showed a weak negative
correlation with the peak amplitude averages in the pentomino game. All other game
experience variables showed no correlation:

• Competence: ρ(1,n=18) = −0.257, p > 0.05

• Challenge: ρ(1,n=18) = 0.174, p < 0.05

• Tension: ρ(1,n=18) = 0.182, p > 0.05

• Positive affect: ρ(1,n=18) = −0.487, p < 0.05

• Negative affect: ρ(1,n=18) = 0.227, p > 0.05

No correlation between the game experience variables and the average peak am-
plitude were found in the ball-throwing game:

• Competence: ρ(1,n=18) = −0.024, p > 0.05

• Challenge: ρ(1,n=18) = 0.288, p > 0.05

• Tension: ρ(1,n=18) = −0.077, p > 0.05

• Positive affect: ρ(1,n=18) = −0.048, p > 0.05

• Negative affect: ρ(1,n=18) = 0.162, p > 0.05

5 Discussion
The gathered results showed that there were statistically significant differences in all
the evaluated game experience variables, with the exception of the negative affect in
the pentomino game. In contrast, all the phasic component analysis metrics, with the
exception of the peaks per minute from the deconvolution model in the pentomino
game, showed no statistically significant differences. Additionally, the correlation
analysis showed that, in the majority of cases, there was no linear correlation between
the experience variables and the phasic component metrics.
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These results may be inconsistent with our proposed hypothesis. Nevertheless,
these findings do not yet provide sufficient evidence to reject it with certainty. Pre-
vious contributions have shown a correlation between the game experience and the
tonic component from players’ EDA data [5]. This may suggest that the SCL, the
most relevant feature in the tonic component analysis, may establish a stronger re-
lationship with the game experience than the peaks per minute or the average peak
amplitude did.

Despite this, the phasic component analysis and the correlation analysis showed
rather interesting results. For the pentomino game, the convex optimization model
showed significant differences in the peak per minute between the input devices. In
fact, Figures 2 and 3 display noticeable differences in the ranges from the calculated
peaks per minute between the models. A similar situation can be also seen over Fig-
ures 4 and 5 for the average peak amplitude. This may be due to the smoothness
customization options featured in the cvxEDA algorithm, which may have better de-
scribed the SCR from the EDA signal. Furthermore, both phasic component metrics
seem to also be affected by the game genre, based on the results illustrated in the
previously mentioned figures.

Most of the correlation tests showed no linear correlation between the phasic com-
ponent metrics and the game experience variables. For the peaks per minute, there
was only one similarity between the results obtained with each model: the negative
affect in the ball-throwing game showed a weak positive correlation in both models.
This result is consistent with previous publications that featured similar methodolo-
gies, reporting that positive correlations have only been found between EDA data
and negative affects of player experience [5]. For the average peak amplitude, how-
ever, the correlation results were identical between the deconvolution and the convex
optimization models. This may indicate that, unlike the peaks per minute, the peak
amplitude is a metric that remains consistent within the correlation analysis, despite
the model used for its calculation. Nevertheless, a more substantial evaluation is
required to confirm this assumption.

6 Conclusion and Future Work
This study has presented a comprehensive analysis of the phasic component of EDA
data from players, evaluating its potential correlation with their respective game ex-
perience, and expanding upon the results documented in previous works. The phasic
components were calculated using both, a deconvolution and a convex optimization
model; and focused on the analysis of two different metrics: peaks per minute and
average peak amplitude. Results show that, despite having statistically significant dif-
ferences in their game experience, there were no statistically significant differences
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in the majority of the metrics used to analyze the phasic component. Furthermore,
a rather limited correlation between the phasic component and the game experience
was established, since the majority of results showed no linear correlation between
the evaluated variables.

Future work should focus on expanding the evaluation of EDA data, to include
the analysis of the SCL from the tonic component as well. Due to the limited cor-
relation seen from the phasic component alone, future work could also explore the
study of phasic component data in combination with other physiological inputs, such
as heart rate. Finally, thanks to the consistency in the correlation results from the
average peak amplitudes, a deeper analysis of the behavior of this variable among
different phasic component calculation models is encouraged.
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Abstract

Electrodermal activity is considered one of themore reliablemethod-
ologies to assess emotional arousal, and it has been adopted as an alterna-
tive method for the analysis of player experience in video game research.
In this study, we present a quantitative evaluation of stand-alone elec-
trodermal measurements, focusing on the analysis of the tonic compo-
nent and its potential relationship with player experience. The analysis
presents a frequency-domain feature quantification of the tonic compo-
nent, named gradual changes. With it, we evaluate how the variation of
the tonic component correlates with the player experience valence, in a
set virtual reality games. The analysis also offers an evaluation of the
prediction capabilities of the gradual changes, to classify player experi-
ence, using a supervised learning approach. Our results support the idea
that the tonic component correlates with player experience, statistically
demonstrating that a higher number of gradual changes feature a directly
proportional relationship with a negative valence in player experience.
Despite this, the gradual changes featured a rather limited prediction ca-
pability upon player experience, motivating future work in this area.
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1 Introduction
Understanding how player experience can be affected by different aspects of game-
play (e.g., story, narratives, graphics, interaction mechanics, etc.) is considered to be
of great importance when designing, developing, and analyzing commercial video
games and virtual reality (VR) applications, since they may directly affect the con-
sumer’s perception and reception of these products.

Player experience is considered to be inherently subjective, and it can even vary
between players under controlled experimental environments, due to their individual
perceptions and sociopsychological factors [1]. Furthermore, player experience is
often considered a multidimensional construct influenced by the combined effect of
different gameplay aspects, such as enjoyment, flow, presence, immersion, or dis-
sociation [2]. Due to the egocentric and the multidimensional nature in which it
manifests, the assessment and the quantification of player experience is still consid-
ered a challenge within the area of human-computer interaction (HCI).

Player experience is commonly evaluated through a set of qualitative methods.
Previous studies describe the use of self-reported methods, such as questionnaires or
interviews, and unintrusive player observation during gameplay [3, 4]. Despite their
corroborated effectiveness, there are two fundamental limitations when using qual-
itative methods for the assessment of player experience. First, qualitative methods
primarily focus on the analysis of data in the form of words [5], relying on players
to provide appropriate wording (i.e. description) of their experience, and to interpret
correctly the wording presented to them through self-reported methods [6]. Second,
the data provided by players is not usually gathered as the experience happens, but
when the gameplay session has concluded, making results dependent on the players’
capacity to accurately recall their perceived experience during specific events in the
gameplay session. Depending on how effective players may perform at these tasks,
results from qualitativemethods could lead to inconsistent ormisleading conclusions.

To address these limitations, the monitoring of different physiological activities
(e.g., electroencephalography, cardiac responses, eye tracking) has been used as an
alternative method to assess and quantify player experience [7, 8]. From those, elec-
trodermal activity (EDA) has been a popular methodology used in game research [9–
11], since it is considered an effective and unobtrusive method to assess player emo-
tional arousal, and it is closely linked to attention and vigilance [12]. Additionally,
EDA is a physiological autonomic response (i.e., an involuntary reaction from the
body), controlled by the sympathetic nervous system [10], that can be monitored in
real-time through non-invasive wearable sensors [8]. With this, EDA measurements
can compensate for some of the common limitations associated with subjective inter-
pretations and memory accuracy, that may be present in qualitative methods.
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The exploration of EDA as a method for the assessment and quantification of
player experience in VR applications is now considered an emerging research area,
having several publications exploring the effects of VR gameplay aspects in play-
ers [11, 13]. However, previous contributions have analyzed EDA in conjunction
with other physiological methods (e.g., heart rate, facial expression analysis), focus-
ing on multi-trial averaging analysis of EDAmeasurements [14, 15], and on the peak
frequency analysis of the phasic component of EDA signals [11, 16, 17]. There are
not many contributions that evaluate, quantitatively, the potential relationships be-
tween self-contained EDA measurements and player experience, and that use video
games as the preferred stimuli within the analysis [18]. Therefore and to further con-
tribute to the exploration of this emerging area, this paper proposes the question how
does the variation of the tonic component measurements from players relate to their
respective reported experience while playing VR games?, and presents an analysis of
the effectiveness of self-contained EDA measurements, specifically the quantitative
evaluation of their tonic component, as a method for evaluating of player experience
in VR games. We hypothesize that the greater variations on the tonic component
may display a directly proportional relationship with negative valence in the player
experience, particularly when those variations (either an increase or decrease) in the
skin conductance level value persist over gameplay.

2 Background
EDA is a methodology that measures the variation of the electrical conductivity of
the skin, primarily influenced by the sympathetic nervous system, and that manifests
through eccrine sweat gland activity [8, 19]. These variations are commonly inter-
preted as physiological responses to emotional arousal, information processing, and
cognition [12].

2.1 Electrodermal Measures
EDA can be measured through two different approaches. The endosomatic approach
measures the activity of sympathetic nerves in the skin through a method called mi-
croneurography, which involves inserting a microelectrode directly into the sympa-
thetic nerve, through the skin. The exosomatic approach measures the sympathetic
nerve activity on the surface of the skin by applying an imperceptible and constant
electrical current through a pair of electrodes, and measuring either the conductiv-
ity or the resistance of the skin [10, 12]. From these, the less invasive exosomatic
approach is the preferred and contemporary approach used to measure EDA [10, 19].
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2.2 The Tonic Component
The measurements from the exosomatic approach, which are uniphasic (i.e., they
have either a positive or negative deflection [12]), can be divided into two compo-
nents: the phasic and the tonic. The phasic component refers to the quick and abrupt
changes over the EDA signal, that represent the cognitive and emotional impact of
a particular stimulus. The tonic component represents the slow and subtle changes
over the EDA signal, which are associated with vigilance, sustained attention, and
heightened arousal over time [8, 12].

The tonic component defines the baseline of the EDA signal, which is called
the skin conductance level (SCL) [19], and commonly ranges between 2µS and
20µS [10]. The SCL remains relatively stable over time but can display gradual
changes, reflecting more sustained variations in emotional or physiological states,
and providing insights into people’s autonomic arousal responses [19, 20]. Despite
this general stability, the SCL features considerable individual differences in the base-
line magnitude, with some individuals maintaining consistently higher or lower tonic
levels of skin conductance compared to others [20].

There are several signal processing models that can be used to calculate the tonic
component from raw EDA measurements. Previous publications report on the use
of sigmoid-exponential models of increasing parameter length [21], continuous de-
composition analysis [22], nonnegative discrete deconvolution [23], dynamic casual
modeling [24], convex optimization [25], automated nonnegative sparse deconvo-
lution [26], physiology-based scalable inference [27], or time-variant sympathetic
index estimation [28]. Even if none of these methods can be considered universally
superior, previous evaluations have highlighted that convex optimization models ex-
cel in the analysis of high-arousal dimensions, while decomposition and time-variant
sympathetic index estimation models offer a more balanced approach for general-
purpose tasks [29].

2.3 Related Work
The analysis of EDA data in relation to player experience has been explored from
several perspectives in the last decades. Previous works in this area incorporated
EDA data as metric for assessing player experience, usually in combination with
other types of psychophysiological data and subjective measurements such as ques-
tionnaires and interviews. In [30], EDA and other psychophysiological data were
analyzed to decode emotional reactions of players, while the work by Drachen et
al. [14] showed significant correlation between heart rate and EDA measurement
with players’ subjective experience given rise for several publications on the topic.
More recently, the work by Orozco-Mora et al. [16] proposed a statistical analysis
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of both phasic and tonic components of EDA together with electromyography and
electrocardiography (ECG) data for the assessment of stress level of players while
playing in VR. The findings in [17] also show a significant positive relationship be-
tween the EDA phasic component and the cognitive load of players in VR. The large
user study by Klarkowski et al. [31] showed increased EDA activity associated with
higher game challenge levels. However, the authors highlighted and discussed some
differing results within the previous literature on this topic indicating that there are
still uncertainties and the need of further investigation.

Even if not directly focusing on player experience analysis, machine learning
(ML) approaches have been proposed to detect and classify players’ emotions based
on EDA and other psychophysiological data. In [32], an artificial neural network
(ANN) was trained on features extracted from EDA, facial expressions and blood
volume pulse, collected from players during a car racing gameplay session. The
training dataset was annotated offline by a group of raters who watched the recorded
gameplay and judged the emotional face expressions of the players. Peng et al.[33]
applied different ML methods on EDA and other psychophysiological signals to de-
tect when the players find themselves in a state of perceived challenge reaching an
accuracy of 80% to 85%. In [34], Yang et al. investigated a ML approach for emo-
tions recognition by processing a set of psychophysiological data (including EDA)
showing the relevancy of EDA signal, together with ECG for this specific task.

EDA has also been used in the assessment of the user experience in different
types of digital applications [35], as well as in the detection of affective responses
when experiencing other type of non-interactive media (e.g., while watching videos
of game sessions) [36]. An interesting aspect of the work by Tasooji et al. [36],
which connects to our work, is the fact that the analysis is solely based on EDA data,
while the other aforementioned works included EDA as one of the several different
psychophysiological data collected. The results of the user study presented in [36]
revealed the possibility to detect highlights of a video by analyzing the phasic com-
ponent of the EDA signal. Similarly, Rahman et al. [37] analyzed only EDA data
of participants watching short videos categorized in seven different emotions. They
extracted 16 different features from the EDA signal and trained a neural network to
detect different emotions showing a high detection accuracy.

Despite these relevant contributions, our joint analysis of the information re-
trieved for this study highlighted two gaps within this research area. First, video
games are not the preferred stimuli for EDA studies. The use of images, sounds,
and videos, which are considered more traditional types of stimuli within this field
of research [10, 12], was more common among the retrieved material; and only few
publications explored the effects of video games on players’ EDA measurements,
over the last decades. Second, there are only few studies that focus on the quanti-
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tative evaluation of self-contained EDA measurements, specially the analysis of the
tonic component, and that assess their potential relationship with player experience.
There was a noticeable preference for EDA analyses to focus on the evaluation of the
phasic component [11, 18], and to analyze EDA data in combination with other phys-
iological signals, predominantly heart rate [13, 14, 16, 38, 39]. These gaps present
an interesting and valuable opportunity to expand our current understanding of the
role that the tonic component may have in the assessment of player experience, when
VR games are used as the main stimuli in user studies.

3 Methodology
This study presents a quantitative analysis of a set of EDAmeasurements, particularly
the computation and evaluation of their tonic component, and assesses the potential
relationship that may exist between some of the statistical features from the computed
SCLs and the respective player experience variables associated with them. This re-
search builds upon the results from a previous experimentation that evaluated how
player performance and experience are affected by different interaction techniques
in VR games [40]. In this prior experiment, participants engaged in a within-subject
repeated measures user study, with two distinct VR games: a pentomino puzzle game
and a ball-throwing game. Two different input methods were implemented for inter-
acting with each of these games: a HTCVive controller and a LeapMotion controller.
Player performance was measured through in-gamemetrics like the number of pieces
picked up in the pentomino puzzle, and the count of throws made in the ball-throwing
game. Player experience was evaluated using a customized version of the Game Ex-
perience Questionnaire (GEQ)[41], administered after playing each game, and after
all games were played. The perceived competence, challenge, tension, and positive
and negative affects, were analyzed for each game and each interaction device. Sim-
ilarly, the perceived enjoyment, ease of use, sense of control, and preference, were
tested for the overall experience with each input device. All these results were di-
vided into groups, that were determined by the games, and the input method. During
this experimentation, participants wore a sensor on their forearm, that recorded their
EDA from the proximal phalanx of their index and middle fingers, while playing
each of these games.

For this study, the tonic component was calculated for all recorded EDA mea-
surements, and a feature quantification was proposed for it. Then, a set of descriptive
statistics were used to summarize the features from the calculated SCL and player ex-
perience results. A significance analysis test was later performed between the tonic
component, and between the player experience results, to assess the effect of the in-
teraction devices (i.e., the HTCVive controller and the LeapMotion controller) upon
them. A correlation analysis was then performed between the quantified features of
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the tonic component and the GEQ results, to examine any potential relationship be-
tween these variables. Lastly, to evaluate the prediction capabilities that the tonic
component may have upon the player experience, a classification analysis was per-
formed using the quantified features of the SCL and the results from the GEQ.

3.1 EDA Data Capture and Computation of the Tonic Compo-
nent

The raw EDA data were measured using a Shimmer GSR+ sensor (128Hz), placed
in the proximal interphalangeal areas of the index and middle fingers from the par-
ticipants’ non-dominant hands, and recorded using the iMotions biometric platform.
These raw signals were cleaned using a Butterworth filter [42], and the tonic compo-
nent was calculated using the cvxEDA convex optimization model [25]. From the
available processing models, the cvxEDA model was selected for its capabilities to
compensate for noise-related artifacts in the EDA measurements, and to customize
the outcome smoothness of the tonic component calculations [43]. In this way, the
SCL obtained with cvxEDA can be fitted to better describe the potential changes that
skin conductance responses may generate in the tonic component.

3.2 Feature Quantification
To quantify the variations of a calculated SCL, a frequency-domain feature called
gradual changes was proposed. Gradual changes measured the number of instances
in which the values of an SCL signal gradually increased or decreased, by surpassing
a predefined set of limits that were established for each participant.

To determine these limits, an increment was estimated using Equation VII.1,
which calculates a relative normalized measure of the SCL’s average deviation from
its minimum value, within the context of the overall range of observed samples. In
Equation VII.1, ∆SCL represents the calculated increment, SCLavg is the average
value of the SCL, and SCLmin and SCLmax are the minimum and maximum values
of the SCL, respectively.

∆SCL = (SCLavg − SCLmin)
(SCLmax − SCLmin)

(VII.1)

In this way, the calculated increment ∆SCL accounts for the inherent individual
variability of EDA measurements that are influenced by the participant’s own phys-
iological factors [10, 12], making the comparison between the calculated SCL for
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each participant, and across each interaction device group, more reliable [44].

With this increment, a set of upper and lower limits were established by adding
and subtracting, respectively, the value of ∆SCL to the first value in the SCL. Then,
the rest of the SCL was analyzed point-wise to determine when a specific value sur-
passed either the upper or the lower limit. Whenever a limit was surpassed, the value
of the limits were updated by adding and subtracting the value of ∆SCL to the cur-
rent value of the SCL. The analysis continued until all values in the SCL were re-
viewed. Through this process the positive changes (i.e., surpassing the upper limit),
negative changes (i.e., surpassing the lower limit), and the total number of changes
were calculated for every participant SCL recordings.

3.3 Exploratory Analysis
A set of descriptive statistics and data representation plots were calculated for each
player, each game, and each interaction device, as part of an exploratory analysis;
summarizing of the gathered results, and highlighting the similarities and differences
featured across them.

For the descriptive statistics, the mean (ξ), variance (σ2), standard deviation (σ)
and coefficient of variation (CV ) were calculated for the SCL results; and the mean,
standard deviation, median (η), mode (⊖), and variance were used for the experience
results.

For the tonic component results, the calculated SCL for each input method was
plotted together in a single figure, for every participant, in both games. In this way,
the differences in magnitude and behavior between the SCL results of a single par-
ticipant can be easily identified.

3.4 Statistical Significance Analysis
To assess the significance of the differences featured in the gathered results, a series
of statistical tests were performed upon the calculated SCL, the gradual changes, and
the answers from the player experience questionnaires.

For the SCL and the gradual changes, the ANOVA assumptions were tested for
the results of each participant, and each game. The normality was tested with the
Shapiro-Wilk test, and the homoscedasticity with the Levene’s test. If the results
obtained for both input devices satisfied the assumptions, an independent-samples t-
test was applied to the SCL measurements, due to unequal sample sizes. Otherwise,
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a Mann-Whitney U test was used. Similarly, a paired-samples t-test was used for
the gradual changes for all instances when the ANOVA assumptions were met, and
a Wilcoxon sign-ranked test when they were not.

In this analysis, an equal interval scale was not assumed for the ordinal data
obtained with the experience questionnaire, due to the subjective interpretation that
each participant may have given to its Likert-scale. This premise would directly vio-
late ANOVA’s normality assumption [44], preventing the use of any parametric tests.
Therefore, the Wilcoxon sing-ranked test was used to evaluate the player experience
results.

3.5 Correlation Analysis
To examine the potential relationship that may exist between the reported player ex-
perience and their respective gradual changes, a correlation analysis was proposed
based on the Spearman’s rank correlation coefficient (ρ).

The Spearman’s rank correlation coefficient was selected for this analysis due to
three main advantages [45]. First, it does not rely on the actual numerical values of
the experience results or the gradual changes, but on the rank that the data points
take within these variables, enabling the comparison between them. Second, the test
does not require that the experience results and the gradual changes are measured in a
specific data interval or ratio, aligning with the assumption of unequal interval scales
in the experience questionnaire. And third, the test is particularly efficient at detect-
ing monotonic relationships between variables, which is the kind of relationship we
implicitly propose in our hypothesis.

Additionally, the gradual changes were considered a composite score in this cor-
relation analysis, treating the frequency of positive changes, negative changes, and
total changes as continuous measures. In this way, the Spearman’s rank correlation
coefficient interprets these as ordinal values [45], making them suitable for the joint
analysis with the experience results.

3.6 Classification Analysis
A classification analysis was performed upon the gradual changes and Likert scale
results, using support vector machines (SVM), for assessing the prediction capabil-
ities that the SCL may have on the reported player experience. SVM are a set of
supervised-learning techniques used for data regression and classification, that are
based on the construction and analysis of a transformed version of a given feature
space [46].
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Due to the ordinal nature of Likert scale data, and the inherent variability of EDA
measurements, it is not realistic to expect a linear relationship between the ques-
tionnaire results and the gradual changes, requiring an approach that can effectively
model non-linear patterns. SVM comply with this requirement by implementing the
classification analysis with the radial basis function kernel, a system that implicitly
maps the Likert scale data and the gradual changes into an infinite-dimensional fea-
ture space, for a more appropriate manifestation and detection of non-linear relation-
ships between these variables [46, 47].

3.7 Implementation Tools
This quantitative analysis was developed and executed with Python, version 3.13.3
[48], together with the IPython kernel, version 8.31.0 [49], running in the Spyder
IDE, version 6.0.5. All the signal processing routines required for the computa-
tion of the tonic component were implemented using the Neurokit2 framework, ver-
sion 0.2.10 [50]. The plotting in the exploratory analysis was implemented with
Matplotlib, version 3.10.0 [51]. The statistical and correlation analyses were imple-
mented with Pandas, version 2.2.3 [52], and SciPy, version 1.14.1 [53]. Finally, the
classification analysis was developed with Scikit-learn, version 1.6.1 [54].

4 Results
A total of 20 participants volunteered for the experimentation. From those results,
only the data from 18 participants were included in this analysis, due to incomplete
recordings in two datasets, that were identified during the exploratory analysis. This
issue was attributed to a loose contact between the participants’ skin and the elec-
trodes from the Shimmer GSR+ sensor.

4.1 Computation of the Tonic Component
Four different datasets were generated from the calculation of the tonic component
(i.e., four tonic component sets per participant), product of the permutation between
games and interaction devices. These results were consequently used in the feature
quantification of the SCL, and in the exploratory analysis. An example of these
results can be seen in Figure 1, which shows the calculated SCLs for one participant,
in one game.
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Figure 1: An example of the calculated tonic component (cvxEDA model) from a single participant while
using the HTC Vive controller and the Leap Motion controller in a VR pentomino game.

Table 1: Average gradual changes for each game, and each input method. The table presents the averages
for the positive changes (P.C.), negative changes (N.C.) and total number of changes (T.C.), using the HTC
Vive controller (VIVE) and the Leap Motion controller (LPM), for each game. It also present the average for
the total number of changes for each input method, in both games.

Average Gradual Changes per Game

Gradual Changes Pentomino Ball-Throwing

VIVE LPM VIVE LPM

Average P.C. 1.05 2.16 1.5 2.55
Average N.C. 1.55 2.5 0.33 0.72
Average T.C. 2.6 4.66 1.83 3.27

Average Total Gradual Changes per Interaction Device

Gradual Changes VIVE LPM

Average T.C. 2.21 3.96

4.2 Feature Quantification
A total of 14 different data sets were generated by the calculation of the gradual
changes, storing the positive changes, negative changes, and total number of changes
from participants, while playing each game, and when using each input method. An
overview of the average values obtained in the calculations for the feature quantifi-
cation, can be seen in Table 1.

The feature quantification results showed that, on average, participants’ SCL fea-
tured a higher amount of gradual changes in both games, when using the LeapMotion
controller. For the pentomino game, the positive changes were, on average, 105.75%
higher, the negative changes were 69.29% higher, and the total number of changes
were 79.23% higher when using the Leap Motion controller. For the ball-throwing
game, the average positive changes were 70% higher, the negative changes were
118% higher, and the total number of changes were 78.68% higher with the Leap
Motion Controller. When adding the total number of changes for each input method
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Table 2: Descriptive statistics for the calculated tonic component in the pentomino and ball-throwing games.
The table summarizes the averagemean (ξ), variance (σ2), standard deviation (σ) and coefficient of variation
(CV ) of the results with the HTC Vive controller (Vive) and the Leap Motion (LPM) controller.

Game ξ - Vive ξ - LPM σ2 - Vive σ2 - LPM σ - Vive σ - LPM CV - Vive CV - LPM

Pentomino 10.5099 11.3441 0.2150 0.1448 0.3199 0.3110 3.02 2.75
Ball-Throwing 11.4378 12.6149 0.1426 0.1875 0.3242 0.3873 3.02 3.70

in each game, the average results for the Leap Motion sensor were 79.18% higher
than those obtained with the HTC Vive controller.

4.3 Tonic Component Analysis
The average results of the descriptive statistics for the calculated tonic components
can be seen in Table 2.

The pentomino game featured, on average, a higher mean value in the SCL re-
sults obtained with the Leap Motion controller, increasing 7.93% over the result
obtained with the HTC Vive controller. In contrast, the average results for the re-
maining descriptive statistics were lower in the SCL results from the Leap Motion
controller. Specifically, the variance was 32.65% lower, the standard deviation was
2.78% lower, and the coefficient of variation was 8.94% lower in the Leap Motion
SCL, when compared to the average results from the HTC Vive controller.

For the ball-throwing game, all descriptive statistics obtained a higher average
value in the SCL results with the Leap Motion controller. The mean was 10.29%
higher, the variance was 31.48% higher, the standard deviation was 19.46% higher,
and the coefficient of variability was 22.51% higher than the average results of the
SCL obtained with the HTC Vive controller.

4.4 Game Experience Analysis
The descriptive statistics calculated for the GEQ results are shown in Table 3 for the
pentomino and ball-throwing games, and in Table 4 for the overall experience with
the different input methods.

For the pentomino game, the descriptive statistics showed higher mean, median,
and mode values for the perceived competence and positive affects with the HTC
Vive controller, and higher values for the challenge, tension, and negative affects for
the Leap Motion controller. Additionally, results for the standard deviation and vari-
ance showed higher values for the Leap Motion controller as well.

A similar pattern was seen in the results from the ball-throwing game: the de-
scriptive statistics showed higher values for the mean, median, and mode for the
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Table 3: Descriptive statistics for the experience results in the pentomino and ball-throwing games. The table
summarizes the mean (ξ), standard deviation (σ), median (η), mode (⊖), and variance (σ2) of the results from
the HTC Vive controller and the Leap Motion controller.

Pentomino Game - HTC Vive Controller

Exp. Variable ξ σ η ⊖ σ2

Competence 3.9814 0.5045 4 4 0.2545
Challenge 1.6666 0.5144 1.5 1.5 0.2647
Tension 1.4722 0.4011 1.5 1.5 0.1609
Positive affects 4.25 0.3929 4 4 0.1544
Negative affects 1.1388 0.2304 1 1 0.0531

Pentomino Game - Leap Motion Controller

Exp. Variable ξ σ η ⊖ σ2

Competence 2.8703 0.9227 3 2 0.8514
Challenge 2.8888 0.9934 3.5 3.5 0.9869
Tension 2.2777 0.9582 2.5 3 0.9183
Positive affects 3.4444 0.8892 3.5 3.5 0.7908
Negative affects 1.3055 0.5184 1 1 0.2687

Ball Throwing Game - HTC Vive Controller

Exp. Variable ξ σ η ⊖ σ2

Competence 3.7037 0.8314 3.6666 3 0.6913
Challenge 1.9166 0.8089 1.5 1.5 0.6544
Tension 1.3611 0.6372 1 1 0.4060
Positive affects 4.0555 0.5659 4 3.5 0.3202
Negative affects 1.1944 0.3489 1 1 0.1217

Ball Throwing Game - Leap Motion Controller

Exp. Variable ξ σ η ⊖ σ2

Competence 2.8888 1.0478 3 1.3333 1.0980
Challenge 3.0555 0.8892 3.5 3.5 0.7908
Tension 1.9166 1.1278 1.5 1 1.2720
Positive affects 3.3611 1.0262 3.5 2 1.0531
Negative affects 1.6111 0.6978 1.5 1 0.4869
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Table 4: Descriptive statistics for the overall experience results when using the HTC Vive controller and the
Leap Motion controller. The table summarizes the mean (ξ), standard deviation (σ), median (η), mode (⊖),
and variance (σ2).

Overall Experience - HTC Vive Controller

Exp. Variable ξ σ η ⊖ σ2

Enjoyment 4.1666 0.7071 4 4 0.5
Ease of Use 4.5 0.6183 5 5 0.3823
Sense of Control 4.2777 0.6691 4 4 0.4477
Preference 3.9444 1.0556 4 4 1.1143

Overall Experience - Leap Motion Controller

Exp. Variable ξ σ η ⊖ σ2

Enjoyment 4.3888 0.6978 4.5 5 0.4869
Ease of Use 3.1111 1.0786 3 3 1.1633
Sense of Control 3.1111 0.8323 3 3 0.6928
Preference 2.7222 1.1785 3 3 1.3888

perceived competence and positive affects in the experience results with the HTC
Vive controller, and overall higher values for the challenge, tension, and negative af-
fects; together with the standard deviation and variance, in the results from the Leap
Motion controller.

For the overall experience results, the values for the mean, median, and mode for
the perceived enjoyment were higher with the Leap Motion controller, and higher for
all other experience variables (i.e., ease of use, sense of control, and preference) with
the HTC Vive controller. In contrast, the standard deviation and the variance for the
perceived enjoyment were higher with the HTC Vive controller, while in all other
experience variables were higher with the Leap Motion controller.

4.5 Statistical Significance Analysis
For the analysis of the calculated SCL, no samples satisfied the ANOVA assumptions
and all results were analyzed with the Mann-Whitney U test. The analysis showed
that all participants had statistically significant differences (i.e. p-value < 0.05) be-
tween their calculated SCL, for every input device, and for every game.

Similarly, the results from the gradual changes did not satisfied the ANOVA as-
sumptions and were analyzed with theWilcoxon sign-ranked test. For the pentomino
game, only the positive changes showed statistically significant differences between
input devices, for all participants. For the ball-throwing game, all gradual changes
(i.e., positive changes, negative changes, and the total number of changes) were sig-
nificantly different between input devices, for all participants.
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Table 5: Spearman's ρ for the correlation analysis results, between the participants' gradual changes and their
respective GEQ answers, in the pentomino and ball-throwing games. The table presents the results for each
experience variable in relation to the participants' positive changes (P.C.), negative changes (N.C.) and total
number of changes (T.C.). Results with an (*) are statistically significant (p < 0.05).

Pentomino Game Ball-Throwing game

Exp. Variable Vive Controller Leap Motion Controller Vive Controller Leap Motion Controller

P.C. N.C. T.C P.C. N.C. T.C P.C. N.C. T.C. P.C. N.C. T.C.

Competence 0.1493 0.0728 0.0760 -0.4560 -0.3295 -0.3780 -0.2493 0.0372 -0.2553 -0.2092 -0.4319 -0.4742*
Challenge 0.2843 0.1721 0.1993 0.2411 0.2023 0.1382 0.4051 0.2394 0.4841* 0.1942 0.4690* 0.0467
Tension 0.0150 0.2296 0.1783 0.2889 0.3362 0.2678 0.3652 0.3919 0.5058* -0.0082 0.3051 0.2927
Positive affects -0.2786 -0.4040 -0.4438 -0.5277* -0.6185* -0.5821* 0.0589 -0.0235 -0.0215 -0.0162 -0.5321* -0.3191
Negative affects 0.0 0.0126 0.0622 0.2292 0.2261 0.1689 0.2423 0.3190 0.3415 -0.0438 0.1612 0.0316

Table 6: Spearman's ρ for the correlation analysis results between the participants' total amount of gradual
changes, and the GEQ answers for the overall experience with the input devices.

Experience Variable Input Device

HTC Vive Leap Motion

Enjoyment -0.0871 -0.2595
Ease of use -0.0957 -0.308
Sense of control -0.1259 -0.3155
Preference 0.1865 -0.4288

For the analysis of the GEQ results, all experience variables showed statistically
significant differences between input devices, with the exception of the negative af-
fects, for the pentomino game. For the ball-throwing game, only the competence,
challenge, and positive affects showed statistically significant differences between
input devices. From the overall experience results, all experience variables showed
statistically significant differences between input devices, with the exception of the
perceived enjoyment.

4.6 Correlation Analysis
The results for the Spearman’s rank correlation coefficient are summarized in Table 5
for the pentomino and ball-throwing game, and in Table 6 for the overall experience
with each input device. The values that the Spearman’s ρ can take range between -1
and 1, representing the magnitude of the monotonic relationship between two vari-
ables. This is, 0 for no monotonic relationship, and 1 or -1 for a perfect positive or
negative monotonic relationship, respectively.

Results from the Spearman’s ρ are commonly classified into five different cate-
gories, following the conventional approach for interpreting correlation coefficient
results [55]. These categories are:
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• Negligible relationship for results between the (−0.19, 0.19) interval.

• Weak, positive or negative, monotonic relationship for results between the re-
spective ±(0.2, 0.39) intervals.

• Moderate, positive or negative, monotonic relationship for results between the
respective ±(0.4, 0.59) intervals.

• Strong, positive or negative, monotonic relationship for results between the
respective ±(0.6, 0.79) intervals.

• Very strong, positive or negative, monotonic relationship for results between
the respective ±(0.8, 1.0) intervals.

However, it has been proposed that these intervals are not appropriate for the
analysis of human behavior and medical variables, since the results from correlation
coefficients do not tend to surpass a 0.6 value, when analyzing these types of data [56–
60]. This specific feature is consistent with the results we have obtained in this study.
Therefore, we consider that, for the fair evaluation of the correlation results, the clas-
sification intervals based on the empirical guidelines proposed by Hemphill [56] are
a more appropriate approach to interpret these data. These are:

• Negligible relationship for results between the (−0.19, 0.19) interval.

• Weak, positive or negative, monotonic relationship for the results between the
respective ±(0.2, 0.29) intervals.

• Strong, positive or negative, monotonic relationship for the results between the
respective ±(0.3, 1.0) intervals.

For the HTCVive controller in the pentomino game, the positive gradual changes
featured a weak positive relationship with the perceived challenge, and a weak nega-
tive relationship with the positive affects. For the negative changes, there was a weak
positive relationship with the perceived tension, and a strong negative relationship
with the positive affects. For the total number of changes, there was a weak positive
relationship with the perceived challenge, and a strong negative correlation with the
positive affects. All other correlation results showed negligible relationships the be-
tween the gradual changes and the experience variables, in the pentomino game.

In the ball-throwing game with the HTC Vive controller, results for the positive
changes showed a weak positive relationship with the negative affects, a weak neg-
ative relationship with the perceived competence, and strong relationships with the
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perceived challenge and tension. For the negative changes, there was a weak pos-
itive relationship with the perceived challenge, a strong positive relationships with
the perceived tension and negative affects. For the total number of changes, there
was a weak negative relationship with the perceived competence, and strong positive
relationships with the perceived challenge, tension, and negative affects. All other
correlation results feature a negligible relationship between the gradual changes and
the experience variables, in the ball throwing game.

In the overall experience results with the HTC Vive controller, results from the
correlation analysis showed negligible relationship between all the experience vari-
ables and the total number of changes from both games.

For the Leap Motion controller in the pentomino game, there were weak positive
relationships between the positive changes and the perceived challenge, tension, and
negative affects; and strong negative relationships with the perceived competence
and positive affects. For the negative changes, there were weak positive relationships
with the perceived challenge and the negative affects, strong negative relationships
with the perceived competence and positive affects, and a strong positive relationship
with the perceived tension. For the total number of changes, there was a weak pos-
itive relationship with the perceived tension, and strong negative relationships with
the perceived competence and the positive affects. All other experience variables
featured a negligible relationships with the gradual changes, in the pentomino game.

For the ball-throwing game with the LeapMotion controller, the positive changes
showed a weak negative relationship with the perceived competence. For the nega-
tive changes, there were strong positive relationships with the perceived challenge
and tension, and strong negative relationships with the perceived competence and
positive affects. For the total number of changes, there was a weak positive rela-
tionship with the perceived tension, a strong positive relationship with the perceived
challenge, and strong negative relationships with the perceived competence and pos-
itive affects. All other relationships between the gradual changes and the experience
variables were negligible in the ball-throwing game, when using the Leap Motion
controller.

The results for overall experience with the LeapMotion controller showed aweak
negative relationship with the perceived enjoyment and strong negative relationships
with the perceived ease of use, sense of control, and preference, with the total number
of changes from both games.
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Table 7: Average classification accuracy for every pair of experience variables and gradual changes, for
each game. The table shows the results for the positive changes (P.C.), negative changes (N.C.), and total
number of changes (T.C.) with the experience results for each game; and for the total number of changes
with each interaction method and the overall experience for each game.

Classification Accuracy for Each Game

Exp. Variable Pentomino Game Ball-throwing Game

P.C. N.C. T.C. P.C. N.C. T.C.

Competence 45.0% 50% 41.6% 51.6% 48.3% 43.3%
Challenge 55.0% 55.0% 43.3% 71.6% 68.3% 66.6%
Tension 55.0% 61.6% 45.0% 40.0% 56.6% 51.6%
Positive affects 45.0% 50.0% 41.6% 45.0% 53.3% 51.6%
Negative affects 48.3% 41.6% 58.3% 55.0% 46.6% 55.0%

Classification Accuracy for the Overall Experience

Exp. Variable Pentomino Game Ball-throwing Game

Enjoyment 51.6% 58.3%
Ease of use 56.6% 46.6%
Sense of control 58.3% 63.3%
Preference 55.0% 55.0%

4.7 Classification Analysis
In the classification analysis, the results from the GEQ and the gradual changes
were combined into 38 different 2D-arrays, products from the permutation between
the evaluated experience variables and the positive, negative, and total number of
changes for each game, and for the overall experience with each input method in
each game.

Each of these 2D-arrays were composed of 36 data points, storing the results
from the HTC Vive and the Leap Motion controllers. Each array was consequently
subdivided into a training set, composed of 12 randomly selected data points from
each input method, and a testing set, composed by 6 remaining data points from each
input method. The training set was used in the fitting of a classifier for the SVM,
using the radial basic function kernel. When the classifier was ready, the testing set
was used to evaluate its accuracy when classifying if an instance of data belonged
to either the HTC Vive or Leap Motion controller interaction. This process was re-
peated five times for each of 38 2D-arrays, randomizing the selection of data points
for training and testing sets. The average results from the classification analysis can
be seen in Table 7.

The classification analysis results showed that themajority of results wherewithin
a 40-60% average accuracy range. The were only 5 results that deviated from this
trend: the pair tension-negative changes in the pentomino game, all challenge pairs
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in the ball-throwing game, and the pair sense of control-total number of changes in
the overall experience in the ball-throwing game. Also, in the majority of cases (i.e.,
in 33 out of the 38 pairs), the results obtained with the Leap Motion controller scored
a higher or equal accuracy average, than the results obtained with the HTC Vive
controller.

5 Discussion
5.1 The Physiological Meaning of the Gradual Changes
The gradual changes, our proposed feature for quantifying the calculated SCL signals,
showed interesting results between the games, and the input methods. In average,
the signals obtained from the interaction with the Leap Motion controller featured a
higher number of changes than those obtained with the HTC Vive controller. There
are two possible factors influencing these results: the kind of actions required by the
participants to use the input methods, and a potential relationship between experience
valence and the gradual changes.

The input methods required a different degree of handmovements to interact with
the devices correctly. For the HTC Vive controller, only the pressing and holding of
buttons with the tip of the fingers was required by the participant to interact with the
games. For the Leap Motion controller, a pinching gesture (i.e., pressing the tips of
the fingers against the tip of the thumb) and its respective releasemotion, were needed
to interact with the game elements. All other movements (i.e wrist, forearm, arm, and
shoulder movements) involved in the interaction with the games were very similar
between the input methods. There is a possibility that the higher degree of hand
movements involved in the use of the Leap Motion controller, may have affected the
EDA measurements. However, we consider the possibility of this happening low.
Even if a different set of movements were required between the interaction methods,
the movements performed in the pinching gesture were not substantial enough, based
on the participant performance observed during the experimentation, for us to con-
sider them a factor that significantly increased the stimulation of the Eccrine glands,
and offering more beneficial conditions for electrical conductance [8, 12].

Amore feasible explanation for this is that a negative player experiencemay have
had a significant impact on the player SCL, therefore leading to a higher amount of
gradual changes. Based on the results from Table 3 and Table 4, the experience vari-
ables that assessed negative valence (i.e., challenge, tension, and negative affects)
scored higher values for the LeapMotion controller in the GEQ results, in both games.
Excepting the negative affects in the pentomino game, all these differences were sta-
tistically significant and allow us to consider the experience with the Leap Motion
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controller as significantly more negative than the experience with the HTC Vive con-
troller. Therefore, there is a strong possibility that, as a physiological response to this
negative experience, the calculated tonic component and, consequently, the gradual
changes for the Leap Motion controller, could have been significantly affected. Our
evidences seem to support this possibility. All participants featured statistically sig-
nificant differences between their calculated tonic components, for both input meth-
ods in both games. Similarly, the gradual changes also featured statistically signif-
icant differences between the input methods. In the pentomino game, the positive
changes (i.e., those that increased the SCL, due to increased arousal) were signifi-
cantly different. In the ball-throwing game, all gradual changes were significantly
different. Lastly, what we witness while carrying out this experimentation is also
consistent with this idea. It was noticed, and on occasions even explicitly mentioned
by participants, that they experienced an increased level of tension and frustration
when using the Leap Motion controller, due to the inconsistent performance from
the interaction mechanic associated with the use of this device [40].

When analyzed altogether, these evidences portrait an scenario in which the sig-
nificant differences in the calculated SCLs, and consequently a higher amount of
gradual changes, could be interpreted as the physiological response to a negative
player experience; case exemplified by the results from the Leap Motion controller,
as summarized in Table 1.

5.2 On Gradual Changes and Experience Valence
The results from the correlation analysis seem to support the aforementioned scenario.
For this analysis, we focused on those results that highlighted a strong relationship
between the gradual changes and the GEQ variables.

For the HTC Vive controller, the negative changes and total number of changes
showed an inversely proportional relation (i.e., a strong negative correlation) with the
positive affects in the pentomino game, suggesting that there was a higher amount
of gradual changes when the experience was less positive. The results from the ball-
throwing game align with this idea. In this game, the gradual changes displayed a di-
rectly proportional relationship (i.e., a strong positive correlation) with the perceived
challenge, tension, and negative affects; meaning that there was a higher amount
gradual changes when the experience was more negative. In the particular case of
the total number of changes, the correlations with the perceived challenge and ten-
sion were statistically significant. Overall, the results from the HTC vive controller
suggest that higher amount of gradual changes tend to have a directly proportional
relationship with a negative player experience.
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A rather similar scenario can be inferred for the Leap motion controller. In the
pentomino game, the gradual changes featured an inversely proportional relationship
with the perceived competence and positive affects, being the relationships with the
later statistically significant. In addition to these, the negative changes showed a
directly proportional relationship with the perceived tension. These results suggest
that, in the pentomino game, there were higher amount of gradual changes when
the experience was less positive. For the ball-throwing game, the negative changes
and the total number of changes showed and inversely proportional relationship with
the perceived competence and the positive affects. From those, statistically signif-
icant correlations were featured between the negative changes and positive affects,
and between the total number of changes and competence. The negative changes also
features a directly proportional relationship with the perceived tension and challenge,
being the later statistically significant. These results suggest that in the ball-throwing
game, the higher amount of gradual changes trend to have a directly proportional re-
lationship with a negative player experience as well.

Lastly, the correlation results from the overall experience illustrated an inversely
proportional relationship between the total number of changes and the ease of use,
sense of control, and preference with the Leap Motion controller, highlighting a link
with a negative player experience.

A clear trend can be observed from the conjoined analysis of these results: a sig-
nificant variation in the SCL, manifested through a higher amount gradual changes,
features a directly proportional relationship with a negative player experience within
the experimental scenario that we have established for this study. Therefore, the grad-
ual changes could be considered an insightful metric to estimate experience valence
in self-contained EDA measurements.

5.3 Prediction Capabilities of the Gradual Changes
Overall, the classification analysis showed low average accuracy rates between the
gradual changes and the GEQ results, displaying what we consider a general base-
line performance (i.e., around the 50% accuracy rate). High accuracy rates were
expected, due to the significant differences observed in the calculated SCL between
the HTC Vive controller and the Leap Motion controller, and the established link be-
tween higher number of gradual changes and negative player experience. However,
these results contradict our initial predictions.

Despite this, the classification analysis did show a rather interesting trend. An
86.8% of results in the ball-throwing game featured a higher average accuracy rate
than in the pentomino game. Additionally, the average accuracy rates for the per-
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ceived challenge in the ball-throwing game featured the best prediction performance
among all other experience variables evaluated in the GEQ, and surpassing the ob-
served general baseline performance.

During the experimentation, it was witnessed that participants were, overall, less
competent andmore frustrated when interacting with the ball-throwing game, particu-
larly with the LeapMotion sensor. Despite, these factors were not clearly manifested
in the GEQ results between both games which, as shown in Table 3, were rather sim-
ilar. They manifested, however, in the gradual changes instead. Table 1 shows that
the ball-throwing game featured higher average positive changes, and lower average
negative changes, while the pentomino game showed more similar numbers between
positive and negative changes. These results illustrate a scenario in which the SCL
featured a more substantial increase in the ball-throwing game (i.e., a more substan-
tial increase in the arousal level of players) that, unlike in the pentomino game, did
not trend to proportionally decrease during gameplay. We consider this sustained
SCL increase in the ball-throwing game to be the physiological manifestation of the
observed lack of competence and frustration from participants, and the reason behind
the strong correlation between the gradual changes and perceived challenge.

Based on all these observations, the gradual changes showed a limited predic-
tion capability upon player experience, obtaining a better performance on player re-
sponses that displayed a sustained increase over the SCL, instead of more equally
distributed responses between positive and negative changes.

5.4 Validity Threats
There are two factors that could have affected the validity of our results, based on
our current understanding of the methodological limitations of this study: the differ-
ences in task completion times, and the number of data points collected for the study.

During the experimentation, the task completion times varied between partici-
pants, and between input methods for the same game [40]; which could have allowed
for more, or less, gradual changes to manifest from the participant recordings. Un-
like other kinds of media where exposure time can be easily controlled (e.g., audio
tracks, images, or videos), exposure time with video games in experimental scenarios
can vary between participants, due to the active role assumed by players in the inter-
action paradigm (i.e., they need to constantly interact with the video game systems
for the stimulus to start, progress, and finish). Therefore, we consider that the task
completion time becomes dependant on the level of skill and familiarity players have
with the video game systems, and on the approach they use to interact with them. We
aimed to control these factors with 1) the inclusion criteria established for people vol-
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unteering for the experimentation (i.e., previous experience with the technologies and
game genres used in the study), 2) a set of tutorial levels experienced by participants
prior to the measurement rounds, and 3) the explicit instruction of completing the
tasks as fast as possible [40]. Nevertheless, it is also important to acknowledge that
differences in participants’ task completion times is an inherit feature of researching
entertainment video games and that, despite having multiple commercial examples in
which task completion time can be controlled (e.g., on-rail games such as Pokemon
Snap by HAL Laboratory, Inc.), enforcing a strict completion time for this kind of
stimuli could offer an unrealistic scenario of how the majority of commercial games
are played, and therefore compromising the applicability of our findings.

In regards to the number of data points, we acknowledge that the limited amount
of data points that we were able to secure for this study, could have limited the sta-
tistical robustness of our results, particularly in the classification analysis. Based
on our empirical observations during the experimentation and on the measurements
we have analyzed in this study, we do not realistically anticipate that a larger pool
of participants may have created a significant variation from the statistical trends
we present in the analyses of the tonic component, and the correlation between the
gradual changes and the player experience variables. Nevertheless, since supervised
learning methods benefit greatly from large amount of training data, a higher number
of participants may have allowed us to reach better accuracy rates with SVM, in the
classification analysis.

6 Conclusion and Future Work
This study presented a quantitative analysis of the tonic component, that explored the
potential relationships that self-contained EDA measurements may have with player
experience variables. Our results provided sufficient statistical evidence to accept the
proposed hypothesis, and allowed us to infer that the tonic component does correlate
with player experience. Within our experimental scenario, we found that statistically
significant differences in player experience physiologically manifest as higher vari-
ations over the tonic component, and that a higher number of the gradual changes
in the SCL feature a directly proportional relationship with a negative valence in the
player experience.

These results also highlighted interesting opportunities for future research. Specif-
ically, in the further analysis on unbalanced distributions of the gradual changes, and
in the evaluation of viability of our proposed approach for EDA analysis in real time.
First, the classification analysis showed that measurements featuring a majority of
negative changes over the SCL, obtained higher accuracy rates. Therefore, we con-
sider that this phenomena deserves a further exploration, analyzing the implication

197



that cases with a majority of positive and negative changes may have in player expe-
rience, and the benefits they may provide when used in supervised learning methods.
Last, the implementation of a real-time gradual change detection system may enable
the exploration of dynamically adaptive interaction techniques, allowing games to
adapt consistently with sudden changes in player experience, and with players’ emo-
tional responses to the game progression.
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Psychophysiological interaction offers the opportunity of delivering 
unique and innovative experiences that synergize with human 
physiological and psychological nature. Even though several 
publications have explored the use of psychophysiological interaction 
in video games in the past, there is still a set of challenges associated 
with its suitability for commercial entertainment games, and with the 
assessment of its relationship with the perceived player experience.

This dissertation explores psychophysiological interaction and its 
implementation within entertainment video games. It presents a 
review of multiple physiological methods, such as eye tracking, 
electrodermal activity, or electroencephalography, and discusses the 
possibilities and challenges that these methodologies offer for the 
design and implementation of natural user interaction techniques. 
The dissertation presents a set of user studies that evaluated the 
efficiency of psychophysiological interaction in desktop and virtual 
reality video games, and statistically assessed how the variations of 
player physiological data may relate to their respective changes in 
the perceived player experience. The dissertation also offers a set of 
ethical and methodological guidelines for the appropriate design of 
novel interaction techniques, and for the safe exposure of physiological 
sensors and virtual reality technologies to the general public.

The results obtained from this research show that the implementation 
of psychophysiological interaction in entertainment video games tends 
to positively affect player experience. However, this benefit comes as 
a tradeoff to player performance and their perceived sense of control. 
Additionally, the variations in electrodermal activity data, specifically 
in the skin conductance level, showed a tendency to correlate with 
negative player experience variables. Finally, psychophysiological 
interaction should be consistent with the natural behavior and 
reactions from players, and should be complementary to more 
traditional game interaction technologies.
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