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"If at first the idea is not absurd, then there is no hope for it".

Albert Einstein





Abstract

Biofeedback interaction offers interesting opportunities for video games since
it allows player physiological information to be used in novel interaction
techniques. Despite several contributions in the area, biofeedback interaction
faces a set of challenges relating to its design and implementation. First, it
has mainly been used as a method to replace more traditional interaction
devices, such as gamepads, mice or keyboards. Also, few of the previous
interaction techniques have made an essential use of physiological data:
exploring possibilities that could only be developed by involving physiological
inputs.

This dissertation explores how different physiological methods, such as
electroencephalography, eye tracking, electrocardiography, electrodermal
activity, or electromyography, could be used in the design and development
of natural user interaction techniques that might be applied to entertainment
video games, highlighting technical details for the appropriate use of phys-
iological signals. The research also discusses interaction design principles
from a human-computer interaction perspective, evaluates several novel
biofeedback interaction techniques with a set of user studies, and proposes
ethical considerations for the appropriate exposure to virtual reality and
physiological sensor technology.

Results show that the use of biofeedback inputs in novel interaction
techniques, vary in complexity and functionality depending on the type of
measurements used. They also showed that biofeedback interaction can
positively affect player experience since it allows games and virtual reality
applications to synchronize with player physiology, making of playing games a
personalized experience. Results highlighted that biofeedback interaction can
significantly affect player performance, being influenced by the interaction
complexity and the reliability of the sensor technology used.

Keywords: Biofeedback, Natural User Interaction, Video Games, Physiology,
Entertainment.
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Preface

This dissertation is divided into two parts and compiles five different contri-
butions in the area of biofeedback interaction in video games. Part I presents
the summary chapters, offering an introduction to the area and the scientific
approach for this research. It also synthesizes the gathered results, provides
answers for the research questions, delivers conclusions and proposes future
directions in the area. Part II presents the included contributions, showing
the theoretical and experimental practices used to evaluate the gathered
results to address the proposed research questions.

The author has proposed the studies, implemented the respective pro-
totypes, designed and conducted the experiments, analyzed results, deliv-
ered conclusions, and written an ethical vetting application and respective
manuscripts for contributions I, III and IV, where he appears as the first
author. Contribution II is a SIGGRAPH Asia Course, a lecture that provides
a practical introduction to a specific research area. The course is divided into
three different parts, and each contributor was responsible for the full devel-
opment (slides, examples, prototypes, courses activities, and presentation)
of one of them. The author was responsible for part II of the course, which
focused on possibilities and challenges with gaze-based interaction in video
games. For contribution V, the author focused on researching and analyzing
the legal frameworks concerning user protection when using virtual reality,
as well as some of the physiological effects discussed in the article. This part
was considered to contain half of the contribution exposed in the article. All
the other activities surrounding the analyzes of data and the writing of the
publication were done in equally shared collaboration between the authors.
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1
Introduction

The design and development of novel interaction techniques have been
fundamental for several entertainment interactive applications, such as video
games. Innovative ways of controlling games, or manipulating and visualizing
information, can be attractive for consumers and may help a game to stand
out from other titles similar to it. One particular type of interaction that has
been previously explored in video games is biofeedback interaction: techniques
triggered or controlled by monitoring different physiological activities [Nacke
et al., 2011]. Biofeedback interaction allows exploring how physiological
inputs can be used as part of game interaction techniques, aiming to provide
innovative ways to play video games and, therefore, affecting the overall
player experience positively.

Several games have used physiological interaction in the past. In the
game "Hey you, Pikachu!" (developed by Ambrella, 1998) for the Nintendo 64
game console, players attached a microphone to the back of the controller to
issue voice commands to a virtual character. The horror game "Nevermind"
(developed by Flying Mollusk, 2015) monitors heart rate activity to dynami-
cally modify different aspects of the game such as music, environments, and
image filters. In the title "The Legend of Zelda: Skyward Sword" (developed
by Nintendo EDA, 2011), Nintendo made use of infra-red (IR) cameras,
accelerometers and gyroscopes to recreate hand and wrist movements and
manipulate a sword in the game. Additionally, in the game "Son of Nor"
(developed by Still Alive Studios, 2015), players were able to manipulate
the topology of the environment and cast magic spells with the use of eye
trackers and electroencephalography sensors.

The interest in biofeedback interaction for games has not diminished in
recent years. With the recent development of more affordable, yet reliable,
sensor technology that allows monitoring different physiological activities,

5



1. Introduction

and that are compatible with modern game development tools, many games
nowadays offer biofeedback interaction as an added feature. Examples of this
are "Tom Clancy’s The Division 2" (developed by Massive Entertainment,
2019) or "Shadow of the Tomb Raider" (developed by Eidos-Montreal, 2018),
games that offer optional control and aiming techniques when paired with
an eye tracker1.

The following chapter offers a general introduction to the area of biofeed-
back research, applied to video game interaction. A short theoretical back-
ground is presented in Section 1.1, while Section 1.2 describes the research
problem covered in this licentiate dissertation. Lastly, Section 1.3 highlights
the overall structure of the document.

1.1 A Brief Background on Biofeedback Interaction

The term biofeedback has been associated with the measurement and moni-
toring of different physiological information when an individual performs
a particular task or is exposed to a specific stimulus [Koutepova et al.,
2010]. In the areas of human-computer interaction (HCI) and video games,
biofeedback can also refer to a set of methods for exploring and evaluating
how physiological data can be used in activating or modifying different
interaction techniques.

Some of the more common biofeedback methods, featured in several
studies, include electroencephalography (EEG), eye tracking (ET), electro-
cardiography (ECG), electrodermal activity (EDA), or electromyography
(EMG) [Nacke et al., 2011, Champion and Dekker, 2011]. EEG estimates
neural activation or cognitive activity in terms of the changes of electric po-
tential variations in the area surrounding the scalp [Lotte, 2011, Mesarosova
and Hernandez, 2015]. ET traces and monitors the user gaze behaviour on
the screen by either measuring the use and activation of the ocular muscles
or by calculating the corneal reflection of infrared light aimed at viewers’
eyes [Sundstedt, 2012, Duchowski, 2017]. ECG measures heart rates through
electrical impulses in the skin due to heart depolarization, or by measuring
the blood flow in terms of light scattering through the skin. ECG also
monitors the heart rate within a specific interval of time [Champion and
Dekker, 2011]. EDA monitors changes in the electrical conductivity on the

1https://www.youtube.com/watch?time_continue=83&v=_2444OVpLbM, Visited July, 2020.
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1.1. A Brief Background on Biofeedback Interaction

Figure 1.1: Tobii EyeX eye tracker (A) and Emotiv Epoc+ EEG sensor (B).

skin as a response of eccrine glans activity [Boucsein, 2012]. Lastly, EMG
measures muscular activity through electric depolarization in the skin, as
muscles extent and contract [Weiss et al., 2004].

Biofeedback methods involve the use of different types of sensor technol-
ogy that varies in setup and comfort, depending on the type of physiological
measurement. For instance, a corneal reflection eye tracker (see Figure 1.1
(A)) is more comfortable for users, and easier to set up and calibrate, than
an EEG headset (see Figure 1.1 (B)) because it does not need to be worn
by them. Additionally, biofeedback methods differ in processing complexity
as well. Physiological signals feature different levels of noise, requiring the
implementation and use of filters and transforms, prior to their use [Yan-
nakakis et al., 2010, Wu et al., 2016]. Several biofeedback signals are also
sampled at different rates among devices since some physiological changes
manifest faster than others (i.e. increases in the electrical conductivity in the
skin are detected faster than increases in the average heart rate). Because of
these reasons, the use of some biofeedback signals in real-time applications
may be challenging and should be implemented with caution [Kivikangas
et al., 2011, Scherer et al., 2013, Wu et al., 2016].

Most of the previous contributions in biofeedback research have been
carried out in the areas of medicine, for diagnosis and rehabilitation; and
psychology, for emotional assessment [Halim et al., 2010, Nacke et al.,
2011, Hilborn et al., 2013]. Nonetheless, physiological signals can highlight
how players perceive and understand a game level or task [Sundstedt et al.,
2016], and can be used to estimate the emotional reactions they experi-
ence when exposed to a game [Hilborn et al., 2013]. This highlights how

7
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Figure 1.2: Biofeedback interaction techniques, divided by their respective biofeed-
back method.

biofeedback methods can be an effective tool to evaluate, quantitatively,
how design choices may affect the overall experience of players [Halim et al.,
2010]. Additionally, biofeedback data can be integrated into the design and
development of novel interaction techniques, that expands the possibilities
of players to have physiological control over different aspects of a game, and
enables developers to create more immersive experiences by dynamically
adapting games to player reactions and behaviour.

Biofeedback interaction has been featured over different game genres,
and its capabilities vary in terms of the type of data used in the interaction
techniques [Nacke et al., 2011]. An overview of the different interaction
techniques developed with biofeedback technology is shown in Figure 1.2.

Games featuring EEG interaction focused on developing mental com-
mands, techniques that were activated through an specific cognitive signal
pattern [Lecuyer et al., 2008], or mental state adaptation, techniques that
modified different aspects of a game in terms of the cognitive load variation
from players [Mühl et al., 2010]. ECG interaction focused on monitoring
increases and decreases of heart rate values to dynamically change differ-
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1.2. Research Problem

ent aspects of a game, like textures, lighting, or asset generation [Lobel
et al., 2016]. Several interaction techniques can be implemented when using
ET [Velloso and Carter, 2016, Sundstedt et al., 2016]. Pointing techniques
used the gaze position of players to instantly interact with specific areas
or elements on the screen or determined target locations inside the game
world [Vickers et al., 2010]. Selecting techniques, also referred to as dwelling,
required to stare at an element, for a predefined amount of time, to be able to
interact with it [Shojaeizadeh et al., 2015]. Smooth pursuit techniques used
specific trajectories that must be followed by the players’ gaze to activate a
game command [Khamis et al., 2018]. Techniques based on gaze awareness
gave game elements the ability to dynamically modify their behaviour or
properties if players looked at them or pay attention to specific elements
from them [Vidal et al., 2015]. The last technique from eye tracking, align-
ing, allowed to lined up the facing and orientation of game elements to the
viewer’s position [Velloso et al., 2015]. For EDA, most interaction techniques
focused on arousal response, a method that dynamically changed properties
of game elements based on sudden and drastic changes in the electrical
conductivity of the skin [Kreibig, 2010]. Lastly, multiple techniques were
developed with EMG signals. Gestures grammar techniques used specific
movements or postures to activate game commands [Zhang et al., 2008],
direct movement mapping monitored EMG data to constantly match the
behavior of game elements to players movements [van Dijk et al., 2016],
muscle triggering techniques activated game commands upon simply using an
specific muscle [Galarza et al., 2018], and expression recognition monitored
the activity of facial muscles and gave game elements the capability to react
to specific expressions from players [Kuikkaniemi et al., 2010].

A more detailed exploration and evaluation of biofeedback interaction,
including its categorization, previous uses, and possibilities and challenges
when applied to video games, is offered in Chapter 5.

1.2 Research Problem

Previous contributions have shown that biofeedback interaction was initially
explored using already existing games. It was mainly implemented as control-
ling interaction methods, focusing on replacing other input devices (such as
mice, keyboards, or gamepads) with different physiological sensors [Isokoski
et al., 2009, Kivikangas et al., 2011]. These studies highlighted interesting
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challenges, as well. Specifically, that biofeedback data vary in frequency,
response times, processing requirements depending on the type of measure-
ment used, and data magnitude between participants even under controlled
environments. Also, that sensor technologies offered different levels of set
up complexity and invasiveness, their compatibility with game development
tools were low, and they were physiologically dependant (they may not work
properly due to different body properties from people).

The evolution of sensor technology over the following years allowed re-
searchers to address some of the previous limitations. Nowadays, biofeedback
interaction has been tested in multiple game genres, using games specif-
ically built for experimental purposes; and several techniques have been
implemented to improve sensor calibration and analyze physiological data.
Additionally, modern sensors are more user friendly than previous models,
being more comfortable to wear, simplifying the setup process, and being
compatible with popular game development tools such as the Unity or the
Unreal game engines.

Despite these improvements, biofeedback interaction initially saw little
changes in the way it was designed and applied in interactive applications.
Several contributions focused on developing methods for controlling purposes,
instead of creating novel interaction techniques that make essential use of
physiological data: designing innovative techniques that are modeled upon
natural physiological reactions from players, and that allows for a kind of
interaction that would not be able to be achieved without physiological
inputs [Isokoski et al., 2009].

But over the following years, multiple studies explored an alternative
approach to apply biofeedback data to video games, and address this issue:
natural user interaction (NUI) uses real-life actions within a certain level
of fidelity, as well as spontaneous reactions from the body, as an input
for dynamic adaption techniques in games [McMahan et al., 2010]. Previ-
ous contributions in this area have explored how to modify non-playable
charaters (NPC) behavior in terms of cognitive activity or gaze position
[Mesarosova and Hernandez, 2015, Vidal et al., 2015], changes graphical
and environmental attributes depending on the emotional state of players
[Parnandi and Gutierrez-Osuna, 2015, Nogueira et al., 2016], or even modify
the game difficulty [Reitz et al., 2012].
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The interest in NUI applied to video games that now extends to virtual
reality (VR) applications, motivates for further research that may allow to
visualize and categorize how biofeedback methods have been used in the
design and development of interaction techniques for different game genres,
identify which advantages and limitations are associated with their use,
measure how they affect the overall player experience and performance, and -
most importantly - propose and evaluate innovative alternatives that enable
natural user behaviour to be modeled into novel interaction techniques.

1.3 Dissertation Overview

The following licentiate dissertation is divided into two parts: Part I presents
the summary chapters and Part II presents the included contributions.

The summary chapters introduce the scientific approach proposed for
this research over Chapter 2, covering the research questions, the general
methodological strategy, and the ethical considerations involved in its devel-
opment. An overview of the results is offered over Chapter 3, summarizing
the contributions compiled in Part II and providing answers for each pro-
posed research questions. Finally, Chapter 4 deliver conclusions and proposes
future directions.

The included contributions are compiled between Chapters 5 and 9,
following the order presented in the preface, as well as Chapter 3. Chapter 5
presents a narrative literature review in the area of biofeedback interaction
applied to video games. Chapter 6 summarizes an ACM SIGGRAPH Asia
course that explores the possibilities and challenges of ET in video games
and VR applications. Chapter 7 explores the use of gaze and an input for
a NUI that simplifies game mechanics in a space-shooting game at a high
difficulty level. Chapter 8 evaluates how the use of NUI applied to VR
environments, affects player experience and performance. Lastly, Chapter 9
discusses ethical considerations for the appropriate use and exposure to VR
technology. This is of relevance, not only because VR could be considered a
suitable platform to explore novel possibilities with biofeedback interaction,
but also because the ethical considerations could be extended to cover the
use biofeedback sensor technology as well.
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Scientific Approach

The research presented in this dissertation is within the field of computer
science, specifically, in the area of HCI. This area focuses on designing and
evaluating innovative methods that may improve the way humans commu-
nicate and interact with technology and computational systems. It aims
to deliver solutions that feel natural to users, simplifying some of the tasks
required to perform the desired action, and enhancing the overall user expe-
rience [Benyon, 2013]. HCI prioritizes people: it focuses on understanding
the user needs, their characteristics, and methods for communicating with
technology; while the technical aspects from computational systems play a
secondary role within the design and development processes [Rogers et al.,
2011]. This means that technology and computational systems are imple-
mented in terms of a desired experience of the users, instead of forcing users
to adapt to the requirements established by the technological platforms.

The area of HCI applied to video games complies with this premise.
Previous contributions have generally focused on either creating alternative
methods to control the games or simplifying inputs and game mechanics,
making games more accessible and enjoyable for general audiences [Kivikan-
gas et al., 2011, Ludağli and Acartürk, 2018].

The following Chapter presents the research questions proposed for this
dissertation in Section 2.1, the methodological strategy in Section 2.2, and
discusses relevant ethical considerations for the research in Section 2.3.

2.1 Research Questions

Section 1.2 introduced a general problem in the area of biofeedback inter-
action applied games: to design and develop novel interaction techniques
that make essential use of physiological data and enable a NUI, based on
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the possibilities and challenges identified from previous publications. To
address this problem, a set of four research questions were proposed for the
development of this research:

1. What possibilities and challenges can be identified from previous
contributions in the area of biofeedback interaction techniques applied
in video games?

2. What design methodologies can be used in the development of novel
interaction techniques for video games?

3. What novel NUI techniques can be designed and developed with
biofeedback inputs and how do they affect player performance and
experience in video games?

4. What ethical considerations should be acknowledged for the appropri-
ate use and exposure to VR technology and biofeedback sensors?

Question 1 aimed to establish a theoretical ground for the area of biofeed-
back interaction applied to video games. It proposed an exploration of
the field, so trends, categories, and future opportunities can be identified.
Question 2 then proposed a methodological exploration to establish a formal
process for designing and implementing biofeedback interaction techniques,
so future ideas could be developed accordingly. Question 3 sought to explore
some of the opportunities identified in the area of biofeedback interaction,
by developing and evaluating game prototypes that featured novel NUI
techniques. Lastly, Question 4 explored some of the ethical considerations
that may be relevant for an appropriate exposure to VR technology and
biofeedback sensors, since on rare occasions these technologies may induce
adverse physiological reactions.

2.2 Methodological Strategy

The following methodological strategy, which is composed of three main
phases, was designed to address the research questions and plan the required
studies to carry out the research. The three main phases were labeled as
Exploration, Identification and Experimentation.
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The Exploration phase focused on providing a detailed review of the area
of biofeedback interaction, by retrieving and exploring previous contributions
that involved video games as part of their studies. The Identification phase
used the information gathered during the exploration phase to determine four
key aspects: 1) the interaction trends that were observed in previous works
and the classification parameters that could be used to organize them, 2)
suitable methodologies for the design of novel interaction techniques, 3) the
ethical principles that should be considered when exploring and experiment-
ing with biofeedback interaction, and 4) the interaction possibilities that can
be explored in future research. Lastly, the Experimentation phase aimed for
the design, implementation, and evaluation of novel interaction techniques,
that were inspired by the possibilities discovered in the identification phase.

2.2.1 Studies and Methodologies

A set of studies was designed following the previous methodological strategy.
First, an information retrieval on biofeedback interaction was proposed to
address the exploration and identification phases. This retrieval combined
a narrative literature review with an iterative search, a methodology that
applies different search strings that increase in complexity and level of detail
with each iteration, over selected databases (see Section 5.3 for further
details).

To complement the identification phase, additional design frameworks
used in interaction design were explored (e.g PACT [Benyon, 2013]), to aid
in the further development of novel biofeedback techniques (see Section 6.4.1
for further details). The ethical implications involved in the exposure of
biofeedback interaction to players were also reviewed through an iterative
search and a participant observation methodology: a direct observation that
provided empirical evidence of how players interact with different biofeedback
technologies, and how stakeholders expose it to potential customers (see
Section 9.3 for further details).

For the experimentation phase, a set of novel NUI techniques using
biofeedback inputs were proposed, implemented, and evaluated a couple
of user studies: a methodology that gathers quantitative and qualitative
data from users while playing games that featured the proposed biofeedback
interaction techniques. The quantitative data analysis evaluated game
performance metrics (such as scores, accuracy ratings or completion times),
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as well as physiological information from sensor technology (like eye tracking
data), through different analyzes of variance (ANOVA) depending on the
number of factors, experimental design, and tests that better fit the data
distribution. The qualitative data analysis used standardized tools, such
as the game experience questionnaire [IJsselsteijn et al., 2013], to evaluate
aspects like immersion, enjoyment, preference, negative and positive affects,
that players experienced when interacting with the proposed biofeedback
interaction techniques (see Sections 7.3 and 8.3 for further details).

2.3 Ethical Considerations

Even if VR is generally considered a safe technology to use, there has been a
small amount of documented cases where it has induced adverse physiological
reactions, like loss of balance or nausea [Kolasinski, 1995, Lewis-Evans,
2015]. Additionally, some of the physiological data used in this study may
be considered sensitive since they potentially could highlight participants’
health or could be used to identify them1. Therefore, this research has
explored different ethical considerations, not only to ensure an appropriate
exposure to physiological sensors and VR technology (see Chapter 9 for
further details), but also to comply with the parameters established by the
law and the scientific community.

According to the guidelines exposed in the Ethical Review Act (2003:460)2,
proposed by the Swedish Parliament, studies that record biometric data
that can be used to identify a natural person, as well as other procedures
that could affect a research participant either physically or mentally, require
an ethical vetting prior to its execution. To comply with these guidelines,
contribution IV (Chapter 8) was vetted by the Ethical Advisory Board of
Southeast Sweden and further submitted, reviewed, and approved by the
Ethical Review Board in Lund university.

Despite also implementing a user study, contribution III did not require
an external ethical vetting since a corneal reflection eye tracker (the sensor
used in that study) should not induce any side effects on users. Additionally,

1https://ec.europa.eu/info/law/law-topic/data-protection/reform/

rules-business-and-organisations/legal-grounds-processing-data/sensitive-data/

what-personal-data-considered-sensitive_en, Visited July, 2020
2https://www.riksdagen.se/sv/dokument-lagar/dokument/svensk-forfattningssamling/

lag-2003460-om-etikprovning-av-forskning-som_sfs-2003-460, Visited July, 2020.
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physiological data from participants were processed in real-time and it was
not recorded.

Data obtained from participants were gathered, processed and archived
complying to the guidelines established by the Regulation (EU) 2016/6793,
commonly known as the General Data Protection Regulation (GDPR)4.
Participants were informed, verbally and through a written consent form,
about the purposes and scope of the study, the experimental procedures, the
type of data gathered, the data processing, and the data storage methods.
Consent forms were signed by participants before taking part in the studies,
stored in a separate box, and locked inside a safe cabinet. The physiological
data used in this research were gathered automatically, were confidential, and
were stored in a dedicated machine accessed only by authorized university
staff.

Lastly, participation in the user studies included in this dissertation was
strictly voluntary. All participants were informed about their right to leave
the experiments at any time, without the need to provide any explanation.

3https://ec.europa.eu/commission/priorities/justice-and-fundamental-rights/data-protection/

2018-reform-eu-data-protection-rules/eu-data-protection-rules_en, Visited July, 2020.
4https://www.datainspektionen.se/other-lang/in-english/the-general-data-protection-regulation-gdpr/

the-gdpr-fundamental-principles/#Storage, Visited July, 2020.
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3
Results

Five contributions, compiled over Part II of this document, are presented as
the main results for this dissertation. These research activities were designed
and executed to address the proposed research questions, by following the
methodological strategy exposed in Section 2.2.

Contribution I is a survey article that reviews the area of biofeedback
interaction applied to video games. Contribution II summarizes one part
of a SIGGRAPH Asia course that introduces the PACT design framework
and explores different possibilities with ET interaction in video games.
Contribution III presents a user study that evaluates a NUI technique
through ET, using gaze as an implicit method to simplify game mechanics
at a high difficulty level. Contribution IV also examines a NUI technique,
presenting a user study that assesses how different object manipulation
techniques in VR games affect player performance and experience. Lastly,
Contribution V examines different practices from industry and academia, to
propose a set of ethical considerations for the appropriate use and exposure
of VR to the general public.

The following chapter presents the different game prototypes developed
through this research in Section 3.1, discusses the previously mentioned
contributions, as well as how they relate to the different research questions,
in Section 3.2; and provides an answer to each of them in Section 3.3.

3.1 Prototypes

Several game prototypes have been implemented through the development
of this research. These prototypes were small games that helped the author
familiarize with different biofeedback sensors, testing their compatibility with
game development tools, and observing their data properties and behavior.
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Three of these prototypes were later expanded and used in two of the
contributions included in this dissertation (see Figure 3.1). Prototype 1, used
in Contribution III, was a 2D space shooting game that featured ET. This
prototype used gaze as an input for a set of implicit (i.e. indirect) interaction
techniques that aimed to simplify game mechanics for novice players. Since
the prototype itself was in charge of activating the interaction techniques,
players were tasked with simply playing the game. This prototype is shown
in Figure 7.1 and further details are provided in Section 7.3.2. The other
two prototypes, used in Contribution IV, were a couple of VR games that
evaluated NUI techniques featuring the Leap Motion sensor and the HTC
Vive controller. Prototype 2 was a pentomino puzzle game that evaluated
the accuracy of grabbing, rotating, and dropping items when using both
sensors. Participants were tasked with solving a puzzle by rearranging a
set of pieces according to a reference image. Similarly, Prototype 3 was a
ball-throwing game that evaluated the accuracy of grabbing and throwing
objects. This prototype tasked the players with hitting a set of targets by
throwing balls at them. Additional information regarding Prototypes 2 and
3 can be found in Section 8.3.2, as well as in Figures 8.1 and 8.2.

The prototypes included in the dissertation have been tested in con-
trolled experimental environments with participants that satisfied specific
inclusion criteria. Even if these experimental environments allowed for better
control of external factors, and increased the level accuracy and reliability
of the measurements, they present a disadvantage from the HCI perspective:
controlled experimental environments are not an accurate representation of
the widespread gaming environment of broader commercial audiences [Lotte,
2011].

Fortunately, some opportunities have been given to the author to later
exhibit the prototypes in non-academic public environments with a general
audience. Prototype 1 was exhibited at the Comiccon1 Stockholm 2017, and
Prototypes 2 and 3 were shown in Näringslivsdagen2 2019 in Karlskrona,
Sweden. This kind of events allowed the author to further witness the
functionality and usability of the proposed NUI techniques in a slightly
more realistic scenario, as well as the reaction of players when experiencing
the proposed interaction techniques. It is important to clarify that these

1https://www.comicconstockholm.se/en/about-us/ Visited July, 2020.
2https://www.naringslivsdagen.com/ Visited July, 2020.
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Figure 3.1: Overview of the prototypes developed through the research. Each node
represents a game prototype and mentions the sensors the featured, what they
evaluated, and in which non-academic events they were exposed in. The research
questions (RQ) that each prototype contributed to are shown either above or below
the nodes.

observations in non-academic public environments have not been planned as
a part of the research. Participating in this kind of event was spontaneously
offered to the author, and was carried out as a representative of the Blekinge
Institute of Technology.

3.2 Contributions

Table 3.1 offers an overview of how each of the included publications address
the proposed research questions.
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Table 3.1: Relationship between the research questions and the respective contribu-
tion that addressed them.

Contribution I II III IV V

RQ 1 X

RQ 2 X X

RQ 3 X X

RQ 4 X X

Question 1 is addressed by Contribution I (see Chapter 5), which presents
a theoretical introduction to the area of biofeedback interaction applied to
games and VR. It exposes six different biofeedback methods: EEG, ET, ECG,
GSR, EMG, and multi-modal interaction respectively. The chapter also
highlights the most relevant properties and the common sensor technologies
featured in each of these methods. However, the main contribution from
this article is a classification of biofeedback interaction, presented through a
set of tables that summarize how each method has been previously used in
the design of interaction techniques for video games, as well as an analysis
of the possibilities and challenges associated with their use.

Question 2 is addressed by Contribution I, and Contribution II (see Chap-
ter 6). Contribution I presents technical details about the biofeedback signals
from each of the covered methods, as well as some of the techniques used to
process and categorize data for their further use in interaction techniques.
Contribution II offers a brief theoretical foundation for designing interac-
tion techniques. It explains a design framework called PACT (an acronym
that stands for People, Activities, Context, and Technology) [Benyon, 2013]
and highlights the process of design synthesis through abductive thinking
methods [Kolko, 2010].

Question 3 is addressed by Contribution III (see Chapter 7) and Contri-
bution IV (see Chapter 8), by proposing and evaluating novel interaction
techniques based on biofeedback measurements and NUIs. Contribution
III focuses on the use of ET as a method to simplify game mechanics. It
analyzed the gaze behavior from experienced players to identify gaze pat-
terns during gameplay, that were later used to design gaze-based interaction
techniques that make games more accessible to novice players. Additionally,
Contribution IV examined how two different methods for manipulating
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objects in VR, one using a VR controller and another gesture-based, can
affect the overall player performance and experience.

Lastly, Question 4 is addressed by Contribution I and Contribution V
(see Chapter 9). Even if ethics is not the main focus of Contribution I, the
article briefly discusses some considerations about the appropriate use of
biofeedback sensors and shortly mentions the risk of motivating unnatural
user behavior when designing biofeedback interaction techniques carelessly.
Contribution V focuses on the ethical consideration for the appropriate
use and exposure of VR. It reviews common practices from academia and
industry from the computer ethics perspective, together with some of the
legal frameworks that focus on user protection. Despite a strong focus on
VR applications, the principles proposed in this chapter can extend to both,
an appropriate exposure to biofeedback sensor technology, and a careful
design of biofeedback interaction techniques.

3.3 Answering the Research Questions

The following answers are proposed to address the research questions, in
terms of the evidence and results obtained in the different studies compiled
in this dissertation.

3.3.1 Question 1

What possibilities and challenges can be identified from previous contributions
in the area of biofeedback interaction techniques applied in video games?

The previous interaction techniques evaluated in this study are presented
in Contribution I through a set of summarizing tables, one per biofeedback
method (see Tables 5.1, 5.2, 5.3, 5.4, 5.5), as well as a dedicated section for
the multimodal interaction techniques (see Section 5.4.6).

The techniques included in this review were classified in terms of four
proposed criteria:

• Purpose referred to the role each interaction technique had within the
game mechanics, whether it was for providing any kind of control to
the player, or offering input for dynamic adaption techniques.
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• User intention addressed the will players had when performing an
interaction technique, covering voluntary (somatic) and involuntary
(autonomic) reactions.

• Level of awareness analyzed the previous knowledge players had about
the interaction technique and how it was activated, being aware or
unaware if it was taking place.

• Motion estimated the amount of bodily movement involved in the
use of interaction techniques: static interactions required little to
no movement (e.g. facial gestures), while dynamic required a more
substantial movement (e.g. an arm or leg extension).

Thanks to the unique signal properties and the sensor technology used,
each biofeedback method offer different future opportunities for the design
of novel interaction techniques, which are discussed in detailed in their
respective sections in Contribution I (see Sections 5.4.1, 5.4.2, 5.4.3, 5.4.4,
5.4.5 and 5.4.6 respectively).

Overall, biofeedback interaction seems to generate positive responses in
players thanks to the reported level of increased enjoyment and immersion,
together with the novelty effect it provides. However, this may come as
a trade-off to game performance and a potential increase in the game
complexity. Several studies encourage biofeedback interaction to be used
along-side existing interactive technologies, instead of using it as a mean to
replace them [Lecuyer et al., 2008, Kivikangas et al., 2011, Lotte, 2011]. In
the specific case of VR applications, interaction techniques that effectively
map natural sensorimotor activities are encouraged since they contribute to
a more believable and engaging experience. Lastly, by involving physiological
activities and affective states from players in the design of interaction
techniques, biofeedback methods have the potential of turning traditional
games into personalized unique experiences (see Section 5.5 for further
details).

3.3.2 Question 2

What design methodologies can be used in the development of novel interaction
techniques for video games?
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Several methodologies can be used in the design and development of
novel interaction techniques. Some examples of these include the Norman’s
framework, the Goal-driven design, the four dimensions framework, or the
DECIDE framework. The Norman’s framework explains the relationship
between the interaction conceptual model and the user’s consequent un-
derstanding of it, through three components: the designer’s model, the
system image, and the user’s model [Norman, 1988]. The Goal-driven design
methodology introduced the idea of prioritizing the needs and expectations
of users as the main goal of interaction design, instead of focusing in the
properties and capabilities of the technologies that enable the interaction
with the user [Cooper, 2004]. The four dimensions framework proposes
that interaction techniques should be designed in terms of the four main
components of interaction language: words, visual representation, physical
objects/space, and time [Moggridge, 2007]. Lastly, DECIDE is an iterative
framework for evaluating interaction techniques, that provides a set of key
issues that should be tested, and that are linked with one another [Rogers
et al., 2011].

Contribution II introduces the PACT framework, together with design
synthesis based on abductive thinking. The PACT framework focuses on the
identification and classification of core items that could be used in the design
of interactive techniques, from the People, Activities, Context, and Tech-
nology categories (therefore its name). The goal of PACT is to decompose
an interaction paradigm to its core elements, so any relationship between
them could be used as a foundation for novel interaction techniques [Benyon,
2013] (see section 6.4.1 for further details).

Since PACT aims to explore interesting relationships between core el-
ements instead of looking for correct ones, abductive thinking is also in-
troduced as a design synthesis methodology. Abductive thinking focuses
on supporting hypotheses that better fits a given problem or data, despite
their premises of being correct. Abductive thinking is suggested for its
capabilities of leading to results that may not have been initially considered
when following other types of logic, like induction or deduction [Kolko, 2010].

Even if all previous methodologies are suitable options for the design and
development of novel interaction techniques, PACT and abductive thinking
were selected as the main design methodologies for this research. PACT
incorporates the key ideas from the other explored methodologies, while
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abductive thinking offers a slightly more flexible approach to relate the core
items, giving the possibility of unnoticed opportunities to be identified.

In addition to these, Contribution I also offers technical details about
both, the signal properties from the different sensor technology, and some
of the computational techniques used to process those signals, for each
biofeedback methods covered in the review.

Finally, it is important to emphasize that, despite the methodology, the
design of interaction techniques should always prioritize the interest and
expectations of people, and leave the technical requirements and limitations
from technology on a secondary role [Norman, 1988, Benyon, 2013].

3.3.3 Question 3

What novel NUI techniques can be designed and developed with biofeedback
inputs and how do they affect player performance and experience?

A set user studies explored two of the future possibilities with biofeedback
data and NUI, exposed over Contribution III and Contribution IV: the use
of biofeedback as an implicit interaction method, and the use of sensorimotor
control in VR applications.

The main goal with these interaction techniques was to make physiological
data an essential component of the player experience by creating methods
that can only be achieved with the use of biofeedback information, while
coexisting with other traditional interaction inputs, such as gamepads, mice
or keyboards.

Contribution III evaluated the use of ET as an implicit interaction
method, to simplify game mechanics at a high difficulty level (see Chapter
7). The goal of this study was to analyze the gaze behavior from experienced
players in space shooting games, to observe how they perceived and prioritize
information during gameplay. Then, use these observations as key parameters
for the design and development of implicit interaction techniques, that
dynamically controlled the shield activation, ship speed, damage, and fire
rate; depending on what players looked at the screen. These techniques
were then tested with a set of novice players, showing that they positively
affected player experience and were effective at reducing the difficulty of the
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game, without significantly affecting player performance due to an unfair
advantage from the interaction technique (see Section 7.4 for further details).

Contribution IV explored how sensorimotor activities, specifically object
manipulation via virtual touch, may affect player experience and player
performance in VR scenarios (see Chapter 8). Two VR game prototypes, a
pentomino puzzle and a ball-throwing respectively, were tested by players
using either an HTC Vive controller or the Leap Motion sensor, a device
that allows VR object manipulation through the user’s hands. This study
highlighted that the overall performance and experience was significantly
better when using the HTC Vive controller since it was more stable and
reliable than the Leap Motion. Nevertheless, both devices showed positive
effects on players, being the sensor Leap Motion the one that users reported
to have enjoyed the most (see Section 8.4 for further details).

3.3.4 Question 4

What ethical considerations should be acknowledged for the appropriate use
and exposure to VR technology and biofeedback sensors?

Even if VR and biofeedback sensors are overall considered safe for users,
there have been documented cases in which these technologies have induced
adverse effects [Lewis-Evans, 2015, Eppler and Mengis, 2004, Behr et al.,
2005] (see Section 9.2.3). Contribution V reviews practices from academic
and industrial setups, and analyzes them in terms of the guidelines offered
by different corporate social responsibility (CSR) frameworks, legal policies,
and computer ethics principles (see Chapter 9).

The documents used to evaluate these practices were not exclusive to the
case of VR. Instead, they were a set of general guidelines that helped in the
creation of safe environments for people when they adopted the roles of either
consumers or test subjects. Thanks to this, the discussion and considerations
offered in Contribution V can also extend to cover physiological sensors as
well.

As an overview, the general considerations for an appropriate exposure
to these technologies may consider (see Section 9.4 for further details):
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3. Results

1. Staff exposing VR and biofeedback sensor technology to general audi-
ences must be well aware of the potential risks associated with their
use and have a protocol in place in case adverse effects occur.

2. Participants should be informed about possible adverse effects, regard-
less of the stimuli or their own previous experience with the technology.

3. A written and visible disclaimer of possible adverse effects should be
standardized and used among practitioners.

4. All safety regulations from hardware manufacturers must be carefully
checked by staff, and end-user legal agreements (EULA) should be
available if requested.

5. Exposure to these technologies should take place in environments with
enough space and where the correct functioning of sensors may not be
compromised.

6. A clear communication channel between the practitioners and partici-
pants should be available, especially in noisy environments.
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4
Conclusion and Future Directions

This research has explored the possibilities and challenges that different
biofeedback data can offer to the design and development of NUI techniques
for video games. It presented five contributions as the main results, exposing
how biofeedback interaction has been previously used in entertainment
video games, identifying trends and possibilities from previous contributions,
evaluating some of those possibilities through a set of user studies featuring
novel interaction techniques, and proposing a set of ethical considerations
for an appropriate exposure to biofeedback sensors and VR technology.

Despite limitations from sensors and specific properties from physiolog-
ical signals, biofeedback interaction tends to generate positive effects in
player enjoyment, immersion, and experience [Pai et al., 2016, Kevin et al.,
2018, Probst et al., 2018, Ludağli and Acartürk, 2018]. However, player
performance may be significantly affected depending on the game genre, and
how interaction techniques are implemented and presented to players [Nacke
et al., 2011, Navarro, 2014].

Because of this, biofeedback interaction should be designed carefully.
Prioritizing player interests and expectations over technical requirements
from sensor technology is one key element of the interaction design pro-
cess [Benyon, 2013]. Novel interaction techniques should maintain a certain
level of consistency with natural physiological actions and player behav-
ior [Parnandi and Gutierrez-Osuna, 2015, Sra et al., 2018], using the most
reliable biofeedback method for a given task, preventing fatigue with their pro-
longed use, and discouraging unnatural behaviours in players [Kuikkaniemi
et al., 2010, Yannakakis et al., 2010]. Otherwise, they could negatively
affect the player experience, be misunderstood by users, or be perceived as
non-functioning [Khamis et al., 2018].
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Biofeedback interaction has the potential to deliver unique and personal-
ized experiences in games and VR applications by synchronizing with player
physiology. Therefore, physiological data should be used as an essential
input for novel interactive techniques, offering experiences - such as gaze
aware games, mental commands, or physiological control - that could not
be achieved using other kinds of inputs, while coexisting alongside other
interaction devices [Lecuyer et al., 2008, Yannakakis et al., 2010, Lotte,
2011].

This research has highlighted interesting possibilities that should be
explored in future studies. Physiological data can be used to analyze and es-
timate changes in psychological states from players, allowing the exploration
of two types of novel interaction techniques:

1. Implicit interaction: techniques that are not activated directly by
players, but that are controlled by the game [Velloso and Carter, 2016].

2. Dynamic adaptation: techniques that modify different game properties
based on player performance or physiological responses [Lotte, 2011].

These techniques could explore different kinds of game enhancements,
like in visualization (changes in the GUI or providing more information
to players [Higuchi et al., 2014]) or game mechanics (player skills within
the game), that are consistent with the game context and player emotional
states.

Results from this dissertation covered a space shooter and a puzzle game.
Future research should also expand to other game genres since each of them
brings a different set of possibilities and challenges for biofeedback interaction
to be tested in. Fast-paced games, like fighting or first-person shooters, are
considered interesting scenarios to evaluate dynamic adaptation techniques,
or physiological methods that feature immediate responses. On the contrary,
environments that allow a longer response time, such as turn-based or puzzle
games, could explore techniques that are more computationally demanding,
like mental commands or multi-modal interaction.
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Included Contributions
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The format of the following contributions have been modified to fit the style
of the dissertation.
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Abstract

The area of biofeedback interaction has grown over recent years,
thanks to the release of affordable and reliable sensor technology, and
the accessibility offered by modern game development tools. This article
reviews how different biofeedback interaction methods have been used
for entertainment purposes in video games and virtual reality, between
the years 2008 and 2020. It divides previous contributions in terms of a
proposed interaction classification criteria and six different biofeedback
methods: electroencephalography, electrocardiography, eye tracking,
electrodermal activity, electromyography, and multi-modal interaction
respectively. The review describes the properties, sensor technology,
and the type of data gathered for every included biofeedback method,
and summarizes their respective interaction techniques into tables.
Also, it proposes a set of opportunities and challenges for both, each
included method and the area as a whole, based on the results from
previous publications.

5.1 Introduction

The term biofeedback has previously been associated with the set of techniques
used for the measurement and analysis of different physiological information,
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when an individual is exposed to particular stimuli or asked to perform a
determined task [Koutepova et al., 2010]. An essential part of biofeedback
is the loop that must exist between its actors: biofeedback systems retrieve
physiological information from different sensor technology, they process this
data, and provide feedback to the user based on the obtained results [Allanson
and Fairclough, 2004]. This feedback can vary depending on the type of
application where biofeedback is used. Medical software would estimate
and display clinical metrics to diagnose patients; psychological studies may
detect emotional changes in people [Hilborn et al., 2013]; or, in the case
of video games, issue and perform an action with a character or trigger
dynamical changes within the game [Kivikangas et al., 2011].

Biofeedback measurements involve the use of several types of sensors,
that are commonly attached to the body, to monitor different physiological
activities such as cognitive loads, gaze behavior, muscle tension, etc. These
measurements can feature different approaches depending on the type of
technology used. Some sensors can focus on measuring electrical signals from
the body such as in electroencephalography [Rashid et al., 2020] (see Section
5.4.1), others on optical analyzes such as in photoplethysmography [Allen,
2007] (see Section 5.4.2), or even on computer vision techniques such as
those used in corneal reflection eye tracking [Duchowski, 2017] (see Section
5.4.3).

Biofeedback can be classified following two major criteria: (1) the level
of control a person has over the physiological activity and (2) the type of
physiological data captured. In terms of the level of control, biofeedback
can be explicit or implicit. Explicit biofeedback refers to the body signals
that a person can control at will (direct control). On the contrary, implicit
biofeedback refers to the body signals that cannot be voluntarily controlled
and vary in terms of other physiological activity (indirect control) [Nacke
et al., 2011]. In terms of the type of physiological data, biofeedback involves
methods like electroencephalography (EEG), electrocardiography (ECG), eye
tracking (ET), electrodermal activity (EDA), or electromyography (EMG)
among others.

Previous studies have highlighted that the majority of contributions in
applied biofeedback research have been in the areas of medical diagnosis
and rehabilitation, and psychological assessments, respectively. However,
biofeedback has previously been used in video games and virtual reality (VR)
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applications as well, mainly as a method to evaluate the game design [Halim
et al., 2010], as an assessment metric for emotion regulation [Hilborn et al.,
2013] and as an input for novel interaction techniques [Nacke et al., 2011,
Velloso et al., 2015].

Despite previous contributions, the exploration and use of biofeedback
in video games and VR was considered to be on an early stage still, around
the year 2011 [Kivikangas et al., 2011]. The further release of affordable,
yet reliable, sensor technology and the accessibility offered by modern game
development tools may have benefited the expansion of biofeedback research
over the following years. Some studies have focused on analyzing biofeedback
interaction from the perspective of a particular biofeedback method [Lecuyer
et al., 2008, Velloso and Carter, 2016]. However, not many publications
have reviewed the area as a whole, providing a general introduction to the
field, categorizing biofeedback interaction techniques, and identifying the
possibilities and challenges that the area has developed over the recent years.
Therefore, this review presents the following research question: How have
different biofeedback methods been used in the design of novel interaction
techniques for entertainment purposes in video games and VR applications?.

This article offers a general overview of how biofeedback methods have
been used as inputs for novel interaction techniques, in entertainment video
games and VR applications, and proposes a set of possibilities and challenges
in the area identified from previous publications between the years 2008
and 2020. Section 5.3 covers the methodological approach used in the
study, explaining the information retrieval process, the selection criteria
for the different data sources, and the interaction classification developed
for the analysis. Section 5.4 categorizes contributions in terms of different
physiological methods, and summarizes the interaction techniques and game
genres that have been explored in each of them. Each method also mentions
the sensor technology commonly used to obtain the biofeedback data, their
signal properties, and the possibilities and challenges associated with their
use. Lastly, Sections 5.5 and 5.6 highlight key principles identified from
previous contributions in the use of biofeedback methods, as well as the
future directions proposed for the area.
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5.2 Related Work

Even if multiple contributions have explored the use of biofeedback in video
games and VR applications, not many publications were found over the last
decade, offering a compendium of studies from this area as a whole. Only one
review was found from the year 2011. Kivikangas et al. presented an article
covering the fundamentals of psychophysiological interaction in games. Their
work focused on reviewing different methods to assess emotional variables
(like arousal, valence, or attention) in terms of physiological data, how those
methods were validated in the context of game interaction, and the overall
possibilities and challenges associated with the design and development of
biofeedback techniques in games [Kivikangas et al., 2011].

However, several reviews that focused on a particular biofeedback method-
ology were found. For instance, EEG was initially reviewed by Lecuyer et al.
The study exposes four different game applications, focusing on how they
captured, processed, and used brain signals as an input for interaction tech-
niques. They also discuss the compatibility between EEG interaction and
VR applications [Lecuyer et al., 2008]. Sundstedt offers a brief introduction
to eye tracking, its advantages, limitations, and summarizes several studies
exploring the use of gaze as an input for game and character control [Sund-
stedt, 2012]. Lastly, Velloso and Carter presents a detailed review of eye
tracking interaction in games, offering a categorization for the different the
game mechanics and input types, featured over multiple studies [Velloso and
Carter, 2016].

This situation highlights a lack of descriptive analysis in the area of
biofeedback interaction in games and VR applications, over recent years.
By discussing biofeedback interaction as a sum of its different physiological
methods, their interaction possibilities and challenges, and the game genres
they have explored, the following study aims to address this gap.

5.3 Methodology

The following section presents the methodological approach proposed for the
development of this narrative review. It covers the search strategy used for
the information retrieval, the inclusion criteria for the retrieved publications,
and classification criteria used to organize and present the results from the
search.
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5.3.1 Information Retrieval Strategy

An iterative search was proposed as the information retrieval strategy for this
review. The iterative search focused on creating an initial search string that
aimed to offer an overview of the volume of works in the area of biofeedback
interaction applied to video games. Then, the initial string was modified
over several iterations, adding new keywords and logical operators, in order
to contextualize, constrain, or extended the number of publications retrieved
with it.

To illustrate this strategy, the initial search string used broad keywords,
such as "biofeedback", "interaction", "games" or "VR":

( TITLE-ABS-KEY ( biofeedback OR bio-feedback ) AND TITLE-ABS-
KEY ( interaction ) AND TITLE-ABS-KEY ( game OR games OR gaming
) OR TITLE-ABS-KEY ( virtual AND reality OR vr ))

The publications retrieved with the initial search string were then re-
viewed and evaluated, following on the inclusion criteria proposed for this
survey (see section 5.3.2). From the selected publications, new key terms
were identified and added to the initial search string to further retrieve
relevant sources. For example, in the case of eye tracking, further refined
strings included additional terms such "eye tracking", "gaze", "fixation" or
"control", in addition to truncation and steaming operators:

( TITLE-ABS-KEY ( eye AND tracking ) OR ( TITLE-ABS-KEY (
biofeedback OR bio-feedback ) AND TITLE-ABS-KEY ( $interaction ) OR
TITLE-ABS-KEY ( $entertainment ) AND TITLE-ABS-KEY ( game OR
games OR gaming ) OR TITLE-ABS-KEY ( virtual AND reality OR VR
) AND TITLE-ABS-KEY ( gaz* OR fixati* OR dwell ) OR (control* OR
adapt* OR select* OR aim* ))

By refining the keywords based on the terminology used in previous
publications in the area, the retrieval strategy aimed to provide appropriate
contextualization and constraints for the search, and obtain sources that
aligned with the methodologies and approaches from publications that had
already complied with the established inclusion criteria.

The selected database for information retrieval was Scopus. It allowed
the creation of complex search strings that were simultaneously applied
among relevant publishers for the topic of biofeedback interaction, including
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the ACM Digital Library, IEEE Xplore, and ScienceDirect. The search
strings were applied to the title, abstract and, keywords metadata from the
previous publications. Also, since biofeedback is a multidisciplinary area,
the search strings featured commands to exclude publications from medicine,
biology, and chemistry as well.

The search strategy proposed for this review did not focus on retrieving
a comprehensive data set of every publication related to biofeedback and
games, since the sheer amount of contributions among different biofeedback
methods will be considerably large, and it will be better suited for surveys
that focus on one biofeedback method only, like the works presented by
[Sundstedt et al., 2016] or [Velloso and Carter, 2016]. The aim of the search
strategy, however, is to retrieve a representative set of publications that
allow us to abstract and present an overview of the area of biofeedback
interaction as a whole, highlighting how biofeedback interaction has been
used over the recent years and identifying the possibilities and challenges
currently present in this area.

5.3.2 Inclusion Criteria

Four main criteria were established to evaluate and select the publications
compiled in this review:

1. The contributions must have been published between the years of 2008
and 2020. Over the last 12 years, there has been an improvement in
some of the technology used in biofeedback, making it more accessible
and easier to set up [Sundstedt et al., 2016, Velloso and Carter, 2016].
Therefore, reviewing this time period may highlight how these tech-
nological improvements affected the design and development of novel
interaction techniques based on physiological data.

2. Biofeedback must have been implemented for interaction purposes.
Physiological data must have been used as a meaningful input for de-
signing, implementing, and performing interaction techniques. Studies
that recorded physiological information for other kinds of applications,
such as offline analyses or clinical diagnoses, were not included in the
review.

3. The contributions must have applied biofeedback in video games (this
includes VR games as well). Publications exploring interaction tech-
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niques used in any other context, such as board games or robot-human
interaction, were excluded from the review.

4. The proposed biofeedback interaction must have had entertainment
purposes. The main goal of the interaction techniques included in this
review must be to entertain players, offering them innovative ways to
play video games, and enhancing the overall experience. Interaction
techniques that used games as a front cover for medical treatments
(e.g. physiotherapy) or gamify physical exercise, were not included in
the review.

5.3.3 Synthesizing Information and Categorizing Results

This review synthesizes and evaluates two main aspects from the selected
publications: the proposed interaction techniques featured in the studies,
and the possibilities and challenges that can be identified in the area of
biofeedback interaction.

Biofeedback interaction techniques are summarized through a set of
tables, highlight the game genres that were used in the selected studies,
as well as providing a small description of how the interaction techniques
worked. The purpose of these tables is to offer the reader a quick overview
of how interaction techniques have been implemented throughout different
biofeedback methods. In addition to this, the tables feature additional
classification criteria that emerged from the common properties used to
describe the nature of the interaction techniques covered in the selected
publications. Three classification criteria were proposed:

• Physiological control referred to whether or not participants were able
to control at will the biofeedback signal. There were two categories for
physiological control: voluntary were those signals that participants
can control at will (e.g. EMG), and involuntary were those that
participants have no natural control upon (e.g. EDA).

• Input motion referred to the amount of bodily movement involved
in using of interaction techniques. Static interactions required little
to no movement (e.g. facial gestures or mental commands), while
dynamic interaction required more substantial body movement (e.g.
head rotations or leg extensions).
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• Interaction purpose described the main function of the interaction tech-
nique within the context of video game mechanics. A control purpose
was given to the interaction techniques that allowed controlling game
characters or activating skills through biofeedback inputs, while an
adaptation purpose was given to those techniques that trigger changes
in different game properties (e.g. game speed, textures, or difficulty)
based on the variation of the biofeedback inputs.

Lastly, a set of possibilities and challenges are provided for both, each
biofeedback method covered in the review, and for the area as a whole.
These ideas are a reflection of the lessons learned during the evaluation and
exploration of the area, as well as our own identification of the opportunities
that could be further explored in future studies.

5.4 Biofeedback Methods for Games and Virtual
Reality Interactions

A total of 326 publications were retrieved for the study, covering six different
biofeedback methods: EEG, ECG, EDA, eye tracking, EMG, and multi-
modal, respectively. From those, 53 satisfy the inclusion criteria and were
selected to develop the synthesis presented throughout this section. Figure
5.1 shows how the chosen contributions were distributed among the different
biofeedback methods. Some of these contributions were retrieved by different
search strings used in the review, since they presented several interaction
techniques on a single publication or because they made use of several
biofeedback methods simultaneously. The interaction techniques from those
publications are mentioned individually on the tables from each method but
are discussed in the multi-modal interaction section.

5.4.1 Electroencephalography (EEG)

EEG refers to the measurement and monitoring of electric potential variations
surrounding the scalp area, produced by brain structures, as an indicator
of neural activation or cognitive activity [Lotte, 2011, Mesarosova and
Hernandez, 2015]. EEG data is measured by placing a set of electrodes
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Figure 5.1: Total amount of selected articles, divided by each biofeedback method
included in the review.

-commonly referred to as neural actuators- in direct contact with the scalp
and around the frontal, parietal, temporal, or occipital areas of the skull.

The electric potential signals can be classified in terms of their frequency:
Alpha band (7 Hz–14 Hz) is related to relaxed awareness, meditation, and
contemplation states; Beta band (14 Hz–30 Hz) is associated with active
thinking, active attention, focus on the outside world or on solving concrete
problems; Gamma band (30 Hz–80 Hz) is considered related to cognitive
processes involving different populations of neurons and to the processing of
multi-sensory signals; and Theta band (4-7 Hz) which is related to the brain
activity of infants and sleeping adults [Folgieri and Zichella, 2012].

Several types of EEG headsets are available in the market. They can
be classified between wet and dry actuators, depending on if they require
an additional gel or saline liquid to improve the readings over the electrical
signals or not. Dry actuators, such as Neurosky Mindwave1 or the Muse
headband2, require little calibration and uses few electrodes. On the contrary,
wet actuators require more extensive calibration and offer a greater amount of
electrodes. Some of these come in the shape of headbands, such as the Emotiv
Epoc3 (see Figure 5.2), or EEG strapping caps like the Neuroelectric Enobio4

series or BrainVision actiCHamp5. There have been several comparisons
1https://store.neurosky.com/pages/mindwave, Visited August, 2020.
2https://choosemuse.com/muse-2/, Visited August, 2020.
3https://www.emotiv.com/epoc/, Visited August, 2020.
4https://www.neuroelectrics.com/solutions/enobio, Visited August, 2020.
5https://www.brainproducts.com/productdetails.php?id=74, Visited Aug., 2020.

43

https://store.neurosky.com/pages/mindwave
https://choosemuse.com/muse-2/
https://www.emotiv.com/epoc/
https://www.neuroelectrics.com/solutions/enobio
https://www.brainproducts.com/productdetails.php?id=74


5. Biofeedback Methods in Entertainment Games and Virtual
Reality: A Review of Physiological Interaction Techniques

Figure 5.2: Emotiv Epoc+ EEG sensor. Figure A shows the cotton caps (left) that
cover each of the electrodes in the EEG headband (right). Figure B shows the EEG
headband placed over the head.

between these two types in terms of comfort, user preference, and efficiency
at executing interaction and adaptation techniques. These studies showed
that users prefer dry actuators in terms of comfort and satisfaction, but wet
actuators were superior at executing mental commands and offered a better
signal reading [Folgieri and Zichella, 2012, Liarokapis et al., 2014, Mesarosova
and Hernandez, 2015].

For further details in the area of EEG, the survey presented by [Rashid
et al., 2020] offers a detailed review of the area. It covers the fundamentals
of EEG, the basic properties of its measurements, the current possibilities,
and challenges, and highlights several examples of applications featuring this
methodology.

EEG Interaction Techniques

An overview of how the techniques found for the EEG method were classified
is shown over Table 5.1. Two major interaction techniques are proposed
to categorize interaction techniques from previous contributions: mental
commands and mental state adaptation.

Mental commands refer to the interaction techniques that were activated
through specific cognitive activities from players. One of the most popu-
lar applications of this type of interaction was the use of EEG signals to
control character movements. [Lecuyer et al., 2008] developed a game in
which participants controlled the balancing of a character, between left and
right, while moving through a tightrope. This publication also presented
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Table 5.1: Overview of the retrieved interaction techniques for the EEG method.
Game genres and interactions techniques were divided in terms of the proposed
classification criteria.

EEG Interaction
Purpose: Control / Intention: Voluntary / Motion: Static

Game Genre Interaction Technique

Puzzle, Tennis, Racing Control character movements (forward, backward,
sideways and rotating)

MMORPG
Control character movements with mental commands.
Trigger sleeping and laughing emotes with facial ges-
tures

Music Play between 2 specific musical notes

Action-Adventure, Puzzle Use telekinesis and cast magic spells

Purpose: Adaptation / Intention: Involuntary / Motion: Static

Game Genre Interaction Technique

Survival Dynamically modify hazard spawning rate

Horror Modify character and NPCs behavior in terms of
player stress and shock levels

Photography, Life simulator Modify character behavior in terms of the mental
state/level of attention of players

two other games, allowing to move an avatar through a virtual room while
evading some obstacles, and controlling the take-off and landing of an airship
respectively.

Likewise, [Scherer et al., 2008] presented a puzzle game in which, by
placing neural actuators around three different areas of the head, partici-
pants were able to directly control character movement (left, right, back
and forward respectively) through a maze, collecting coins along the way
while avoiding hazards. [Reuderink et al., 2009] used EEG signals to control
player movement in the game Pacman, sporadically changing the direction
to induce frustration in players. [Lopetegui et al., 2011] showed a tennis
game, similar to Pong from 1975, that used EEG signals to control the up
and down racket movements on the screen.
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Later, [Scherer et al., 2013] presents a study using a massive multiplayer
online role-playing (MMORPG) game. EEG signals were categorized for
activating several actions in the game World of Warcraft, allowing players to
control character movement, interact with non-playable characters (NPCs),
and making the avatar sleep or laugh. Interactions were classified into two
types, according to the time needed to be activated: instant interactions
and dwell interactions. Moving the character forward, backward, or rotating
sideways were instant interactions. Talking, accepting, and finishing quests
with NPCs were considered dwell interactions and required players to hold
a mental command for a small amount of time. In the case of sleeping and
laughing, the study made use of the gesture detection algorithms provided
by the Emotiv Epoc. Avatars fell asleep when participants closed their eyes
and laughed when they smiled.

Racing games were analyzed over three different publications. [Zhao et al.,
2009] proposed a game in which mental commands were used to control the
steering of a car. [Gomes et al., 2015] expanded over this idea, monitoring
players’ EEG signals to anticipate their intentions of turning right or left.
Similarly, [Wu et al., 2016] introduced a game that analyzed two mental
states from players: movement and relaxation. When players were on the
movement state, the car moved forward, and they controlled the steering.
When players entered on the relaxation state, the car braked.

Triggering specific actions through mental commands was also evaluated
in several games. The use of sound and images were explored by [Folgieri and
Zichella, 2012]. Using a music game, participants were able to willingly play
two different musical notes (C and A) by using mental commands. They were
trained to reproduce specific brain signals when exposed to reinforcement
stimuli, using the musical notes and images related to each respective sound,
to strengthen mnemonic memorization. This approach has also been explored
in commercial games. "Son of Nor"6, developed by Stillalive studios, is an
action-adventure 3D game that uses metal commands to change the shape
of terrains, use telekinesis, or cast magic spells [Sundstedt et al., 2016].
Similarly, [Jantz et al., 2017] presents a puzzle a game in which participants
explored a virtual environment, using mental commands to cast magical
spells and interact with game elements using telekinesis.

6https://www.youtube.com/watch?v=f4DXiT6AOQA&t=, Visited August, 2020.
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Lastly, mental state adaptation techniques dynamically modified different
game elements, in terms of the cognitive load variation from players. [Mühl
et al., 2010] introduced the game "Bacteria Hunt" where players eliminated
a set of bacteria, distributed around the screen, by controlling an amoeba.
Character movement was controlled using a keyboard, while neural actua-
tors estimated the cognitive load from participants. The game dynamically
modified the difficulty in terms of the cognitive load, changing the distance
between the player and the bacteria and affecting the way the amoeba moved
through the screen. Also, a horror game that monitored EEG signals from
players was developed by [Ilgner et al., 2013], classifying stress and shock
states in terms of alpha and beta patterns respectively. Depending on the
type of values registered by the neural actuator, the game modified the behav-
ior of both, the player avatar and the NPCs of the game. Lastly, [Mesarosova
and Hernandez, 2015] presents a study using an augmented reality (AR)
game called "Robot and Robotnik". It was a life simulator game whose goal
was to preserve peace among a community made of humans and robots.
EEG was used to determine two mental states from players, meditation
and attention respectively, and adapted the behavior of NPCs accordingly.
Meditation made characters behave peacefully, while high attention levels
made characters tense and pursue each other.

Possibilities and Challenges with EEG Interaction

The following seven possibilities and challenges are proposed after analyzing
the area of EEG interaction:

1. The eight challenges of EEG interaction. Even if previous contribu-
tions have successfully used EEG signals in the development of interaction
techniques for games, several complex challenges have been discussed in
those studies that still need to be addressed. [Lotte, 2011] summarizes eight
major limitations observed in the area of EEG interaction: 1) players usually
need to remain still to ensure accurate readings; 2) calibration is lengthy
(approx. 20 minutes but it may need more time); 3) wet sensors require
additional liquids or gels; 4) EEG illiteracy, meaning the incapability of EEG
sensors to read brain signals from certain participants due to physiological
features [Lecuyer et al., 2008]; 5) the number of mental states that can be
recognized by EEG is low; 6) accuracy and efficiency of EEG interaction
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techniques are low compared to other interaction inputs; 7) EEG signals are
noisy by default due to muscular and other unrelated brain activity; and 8)
neural actuators are commonly invasive for players.

2. Mental commands can be functional, but they are limited. Mental
commands can control up to three different actions, that are closely related
to the proposed task [Lecuyer et al., 2008]. Previous contributions highlight
this principle by controlling character movements or playing specific musical
notes [Lopetegui et al., 2011, Folgieri and Zichella, 2012, Scherer et al.,
2013, Wu et al., 2016]. Triggering mental commands were initially calibrated
through steady visual-evoked potentials (signal patterns produced when
seeing a specific image) [Lecuyer et al., 2008]. But nowadays, modern
approaches can implement calibration systems that can recognize mental
patterns produced by participants when they hear or think about the given
task [Scherer et al., 2013]. Additionally, visual feedback to participants
seems to affect the results of interaction techniques positively [Lecuyer et al.,
2008].

3. Training improves the efficiency of EEG interaction. The mathemat-
ical models and classifying systems used to distinguish between different
mental commands had a high level of complexity, requiring long training
periods from dedicated control groups. Nonetheless, the interaction tech-
niques performed moderately well, allowing the simultaneous use of the
mental commands, and showing a correlation between the brain signals when
performing an action and the will to perform it [Folgieri and Zichella, 2012].
Additionally, these mathematical models allowed to customized the pace of
the learning and calibration systems to the particular needs of each partici-
pant. In this way, the issue of EEG illiteracy could be addressed [Scherer
et al., 2008].

4. EEG signals constantly vary between measurements, even if done in
the same individual. The study from [Folgieri and Zichella, 2012] highlighted
interesting properties from EEG signals. It showed that brainwaves vary
between participants, even between different measurement rounds over the
same subject. Additionally, the use of images as reinforcement stimuli had
little effect in participant training, recommending the use of hand gestures
instead. Results from this study also suggest that using body gestures may
help to simplify calibration and training. Cognitive processes alone may be
hard to visualize for participants. Therefore it is recommended to combine
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cognitive instructions with reinforcement stimuli and gestures that may
strengthen mnemonic memorization.

5. EEG is not appropriate for real-time interaction techniques. EEG
signals usually require to be filtered to make interaction techniques func-
tional and responsive. The Butterworth filter, linear discriminant analysis,
restricted Boltzmann machines, and fast Fourier transform (FFT) were
some of the techniques seen among the selected publications for this pur-
pose [Lopetegui et al., 2011, Scherer et al., 2013, Wu et al., 2016]. Because
of this, the time required to receive and compute the signal can introduce
some input lag in the games and EEG should be avoided in games where
interaction techniques are expected to be executed instantly.

Another factor detrimental to real-time interaction is the latency of some
EEG sensors. [Mesarosova and Hernandez, 2015] reported some game perfor-
mance issues due to the transfer rate from the EEG sensor used in the study.
To improve on the problems of input latency, previous contributions explored
the area of interaction anticipation, continuously monitoring signals from
EEG headbands and trying to predict a future action in terms of the values
from the measurements [Gomes et al., 2015]; or by implementing machine
learning techniques for a more accurate prediction and detection [Ilgner
et al., 2013]. Despite these attempts, there is a lack of models that aid
in the accurate prediction of brain activity, simplification of the recording
equipment, and optimization of calibration and adaptation methods [Scherer
et al., 2013].

6. EEG interaction is not ready to leave the lab. Even if there has
been a general interest in the area of EEG interaction, including some
commercial titles like "Son of Nor", its suitability for commercial video
games is still low. Most of the EEG interaction techniques are developed and
tested under controlled environments and with dedicated controlled groups.
These scenarios are not an accurate representation of the widespread gaming
environment of broader commercial audiences [Lotte, 2011]. Additionally,
the sensor setup and calibration still require a high amount of time, which
can compromise its adaptation for a mass consumer market [Ilgner et al.,
2013].

7. EEG interaction: complementing instead of replacing. Despite these
several limitations, EEG has shown potential for video game interaction.
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Previous studies propose that EEG should avoid focusing on the replacement
of traditional interaction inputs (e.g. mice, keyboards, or gamepads). Instead,
it should focus on developing techniques that can work in parallel with them,
stimulating visuospatial cognitive functions, and adapting different game
mechanics in terms of the cognitive state of users [Lecuyer et al., 2008, Lotte,
2011].

5.4.2 Electrocardiography (ECG)

ECG measures the heartbeat frequency over a specific interval of time. A
normal healthy adult should have a resting heart rate that ranges between
60-100 beats per minute7. According to this, a heartbeat rate that surpasses
the previous base range is frequently used to trigger different interaction tech-
niques associated with a psychological response, such as fear or excitement,
if physical activity is not taking place.

ECG uses two different methods to make this calculation. The first
one focuses on measuring the electrical impulses on the skin, due to heart
depolarization with each beat, by placing a set of electrodes around the heart
area. This approach is commonly used in sport and medical evaluations and
offers detailed measurements from cardiac activity. However, it is considered
to be invasive for participants. There are two types of sensors used in this
approach. One uses a set of adhesive electrodes that are glued directly to the
skin of participants, like the Shimmer ECG unit8. The other one integrates
the electrodes into an elastic strap band that is placed around the solar
plexus of participants. This approach requires the skin areas that will be
in contact with electrodes to be moistened beforehand. Examples of this
approach are the Garmin HRM-Dual9 or the Polar H1010.

The other method to calculate heart rate is called photoplethysmography,
an optical measurement technique that detects changes in the blood volume
of a microvascular bed of tissue [Allen, 2007]. By projecting light into the
skin, an optical sensor is able to estimate a heartbeat from the light scattering

7https://www.mayoclinic.org/healthy-lifestyle/fitness/expert-answers/
heart-rate/faq-20057979, Visited August, 2020.

8http://www.shimmersensing.com/products/shimmer3-ecg-sensor, Visited Au-
gust, 2020.

9https://buy.garmin.com/sv-SE/SE/p/649059, Visited August, 2020.
10https://www.polar.com/sv/produkter/accessoarer/h10_pulssensor, Visited Au-

gust, 2020.
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Figure 5.3: PulseSensor ECG sensor. Figure A shows the PulseSensor connected to
an Arduino Uno board. Figure B shows the sensor attached to the lobule of the ear.

produced by changes in the blood flow of the analyzed tissue [Champion and
Dekker, 2011]. This method usually attaches light sensors in the fingertips
or the lobule of the ear and is considered less invasive than the previous
ones. Examples of these sensors are the PulseSensor11 (see Figure 5.3) or
the Shimmer GSR+12 unit.

ECG Interaction

The majority of contributions found for ECG were developed together with
EDA analysis. Therefore, most of the publications relating to heart rate
interaction are discussed in Section 5.4.6.

An overview of the reviewed interaction techniques for the ECG method-
ology can be seen in Table 5.2. Two major interaction techniques are
proposed, based on previous contributions: dynamic heart-rate adaptation
and breathing manipulation.

Dynamic heart-rate adaptation is the interaction technique that trig-
gered changes in different game properties (such as character speed or game
difficulty) when the values of the ECG measurements surpass a predefined
threshold or a calibrated baseline. In the specific case of the horror game
"Nevermind", variations in participants’ heart rate was associated with nega-
tive arousal, which caused the game to become more disturbing. Heart rate
spikes varied in intensity, duration, and recovery time between participants.
By being directly affected by players ECG values, "Nevermind" aimed to

11https://pulsesensor.com/, Visited August, 2020.
12http://www.shimmersensing.com/shimmer3-gsr-sensor/, Visited August, 2020.
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Table 5.2: Overview of the retrieved interaction techniques for the ECG methodology.
Game genres and interactions techniques were divided in terms of the proposed
classification criteria.

ECG Interaction
Purpose: Adaptation / Intention: Involuntary / Motion: Static

Game Genre Interaction Technique

Horror Modify the behavior of non-playable characters, mu-
sic and the appearance of the environment

Sidescrolling, Shooting Modified movement speed, environment weather and
non-playable character behavior

First Person Shooters Enhance basic character skills (e.g. move faster,
widen the field of view, look through walls, etc.)

Space Shooting Increase / decrease game difficulty

Purpose: Control / Intention: Voluntary / Motion: Static

VR Puzzle
Move objects, activate switches, lights, and weapons,
change hazard size, modify physical layout of the en-
vironment.

offer a customized experience for each player [Lobel et al., 2016]. Another
example of ECG interaction is the game Tetris 64, on its bio-tetris mode.
Nintendo released a sensor called the Nintendo 64 Biosensor in Japan. It was,
basically, a photoplethysmography sensor that was attached to the backside
of the Nintendo 64 controller and measured cardiac activity by clipping it
to either lobule of the players’ ears. The game will get the readings from
the sensor and dynamically change the falling speed of the pieces in terms
of the player’s hear rate [Sra et al., 2018].

Breathing manipulation refers to the interaction techniques that ar-
tificially forced a variation in the ECG measurements, through a set of
respiratory techniques. In the area of VR, [Houzangbe et al., 2020] explored
the voluntary control of heart rate through a series of breathing techniques,
and how this can be used as part of the game mechanics. The study featured
a puzzle VR game, inspired by the game Portal developed by Valve. The
game consisted of a series of rooms, connected between one another, in
which participants heart rate activated specific game mechanics, unique for
each room. These included controlling intensity and positioning of lights,
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movements of objects, activation of weapons and switches, size of hazards in
the room, or manipulating the physical area of the room.

Possibilities and Challenges with ECG Interaction

Three possibilities and challenges are proposed, as a result of the analysis
done with ECG interaction:

1. ECG interaction is not suitable for real-time interaction. Inputs from
ECG feature a delay due to the gradual increase and decrease in the beat
rate that the heart naturally has. Therefore, ECG is not recommended to
be applied for interaction techniques that expect immediate changes from
data.

2. ECG interaction is a slow but efficient method for dynamic game
adaptation techniques. Previous publications highlighted the relevance of
ECG as a dynamic adaptation of game elements. One interesting way to
continue exploring ECG interaction is by creating more elaborated dynamic
changes over different game elements. For instance, a system that tries to
recreate the dynamic music variations seen in specific boss encounters in the
game "Metal Gear Rising: Revengence"13 by Konami, or directly mapping
visual attributes of game elements, such as avatar colors [Higuchi et al.,
2014], can be suitable options to consider.

3. Heart rate can be voluntarily manipulated with breathing techniques,
but requires training. The study presented by [Houzangbe et al., 2020]
showcased the viability of the voluntary control of ECG data, through a set
of breathing techniques. After several training sessions, participants were
able to increase their heart rate when breathing deeper, instead of breathing
faster. Even if the study reports positive effects in player experience and
engagement, it is important to consider that this kind of interaction technique
required previous special training, and could lead to potential risks or other
ethical implication since participants are asked to perform an unnatural
behavior.

5.4.3 Eye Tracking (ET)

Eye tracking refers to the monitoring of a user’s gaze behavior on the
computer screen over time [Sundstedt, 2012]. Commonly, eye trackers feature

13https://www.youtube.com/watch?v=v6Mp2c3pPow, Visited August, 2020.
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Figure 5.4: Tobii EyeX eye tracker. Figure A shows the detached eye tracker.
Figure B shows the eye tracker placed in the bottom frame of the screen, and the
current gaze position (white circle) in the top-right corner of the screen.

two different types of technologies: electro-oculography and video-based
corneal reflection. Electro-oculography eye trackers use a set of adhesive
electrodes that are placed in the muscles surrounding the eye, such as the
Orbicularis Oculi, the Corrugator Supercilii, the Procerus, and the Frontalis.
Then, it relates the electric potential difference on the skin produced by
muscle activity, which ranges between 15-200 µV, to a specific gaze position
on the screen. On the other hand, video-based corneal reflection eye trackers
project infrared light towards the eyes of the viewer. A set of infrared
cameras track the reflected light from the corneas and estimate the gaze
positions in terms of the movements of the reflections and their relative
position from the pupil center [Duchowski, 2017].

Few commercial options offer electro-oculography eye trackers since they
are customized adaptations of EMG sensors. Therefore, an EMG system
could be used to develop an electro-oculography eye tracker. Examples
of these could be the Biopac Student Lab Pack14 or the Shimmer EMG15

system. On the contrary, video-based corneal reflection eye trackers are the
current state of the art, and several commercial brands can be found. Some
of these are Tobii16 (see Figure 5.4), or Gazepoint17.

14https://www.biopac.com/product/biopac-student-lab-basic-systems/, Visited
August, 2020.

15http://www.shimmersensing.com/products/shimmer3-emg-sensor, Visited Au-
gust, 2020.

16https://www.tobii.com/, Visited August, 2020.
17https://www.gazept.com/, Visited August, 2020.
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ET Interaction

An overview of the different interaction techniques found for the eye tracking
methodology is presented in Table 5.3. From previous contributions, five
different types of eye tracking interaction techniques are proposed: pointing,
selecting, smooth pursuits, gaze awareness, and aligning.

Pointing used the gaze position of players to interact with specific areas
or elements on the screen (e.g. buttons from the user interface), or to
determine target locations within the game world. This technique was used
when immediate input from participants was needed to trigger the interaction.
An example from this is presented by [Vickers et al., 2010]. Participants’
gaze was used in a music game (similar to Guitar Hero by RedOctane and
Harmonix) to point towards five different colored elements located at the
bottom of the screen, every time a music note was about to fall on top
them. Pointing has also been used in VR games. [Pai et al., 2016] used gaze
information to dynamically change the focus depth within three predefined
layers in a virtual environment. Participants moved a sphere to a target
location, modifying the depth movements of the sphere to the focal point
they placed their gaze on. Another example presented a modified version
of the game "World of Warcraft" by Blizzard entertainment. [Vickers et al.,
2013] used gaze data from players to interact with a set of gaze-sensitive
areas placed around the screen. Players were then able to manipulate the
movement of characters, depending on which area of the screen they looked
at. Similarly, [Lankes and Stiglbauer, 2016] explored the use of eye tracking
in an augmented reality (AR) puzzle game, similar to Pac-Man. Character
movement was conditioned with a set of gaze-sensitive arrow boxes placed
through the puzzle board. Players needed to gaze at the different arrow
boxes to modify the direction in which the character continued.

For the selecting interaction technique, players needed to stare for a
predefined amount of time (usually between 0.5 and 1 seconds [Sundstedt,
2012]) at specific areas or elements on the screen, to be able to interact
with them. This method is also frequently known as dwelling [Velloso and
Carter, 2016]. An example of this interaction is presented by [Shojaeizadeh
et al., 2015]. Players used gaze to select between 4 different buttons in a
customized version of the game Simon, a memory game in which a sequence
of button presses are presented to players and, upon a successful repetition,
increases in complexity adding an additional press every round. Another
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Table 5.3: Overview of the retrieved interaction techniques for the eye tracking
method. Game genres and interactions techniques were divided in terms of the
proposed classification criteria.

Eye Tracking Interaction
Purpose: Control / Intention: Voluntary /Motion: Static

Game Genre Interaction Technique

MMORPG Trigger camera movements when gazing at specific
areas of the screen

Music Activate specific colored zones when a note was about
to land on it

VR Exploration
Change the focus depth within 3 predefined layers,
and moving 3D objects between those layers in a vir-
tual reality environment

First Person Shooter Control weapon aiming

Memory Stare to activate buttons

Maze Control character movement by gazing at arrows on
the screen

Platformer, Sidescroller Control the direction in which characters can jump.
Also, freeze enemies when observed

Exploration Control the direction a flashlight points

Strategy
Spread hazards around the screen of players looked
at them. Also, stop hazards attacking players when
observed

VR Space Shooter Shoot asteroids by following their trajectory on the
screen for a second

VR Collecting game Collect items by dwelling at them

Purpose: Adaptation / Intention: Involuntary / Motion: Static

Game Genre Interaction Technique

Exploration Dynamically change the behavior or instancing of
game elements in terms of gaze position

Space Shooter
Change properties of game elements (movement
speed, shooting range, resistance, etc.) when being
observed

Puzzle Modify non-playable characters dialogues and behav-
ior in terms of what players looked
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example can be seen in [Piotrowski and Nowosielski, 2020]. This study used
a VR game that recreated a farm environment in which participants were
tasked with collecting grain from the ground before a group of hens had a
chance to eat them. Participants had to stare at the grain in order to pick
it up.

Smooth pursuits refers to specific trajectories that must be followed
by the viewer’s gaze, to activate an interaction technique. An example
of smooth pursuits is shown in a space shooting VR game. Participants
followed the trajectory of different asteroids on the screen with their gaze.
These asteroids moved in circular motions that varied in angular speed and
in the radios of the circle they followed. After staring at a particular asteroid,
highlighted in red, participants were able to shoot it down [Khamis et al.,
2018].

Gaze awareness is an additional property that allowed game elements
to react to the user’s gaze. This technique has been commonly used to dy-
namically change the properties and behaviors of game elements when being
observed. An initial study on this area is proposed by [Vidal et al., 2015].
They developed a puzzle game, "The Royal Corgi", that aimed to enhance
interaction with virtual characters. NPC behavior and dialogues changed
depending on what players looked at, becoming annoyed when players did
not pay attention when they spoke, or changing the topic of conversations
if players stared at different elements in the environment. [Navarro and
Sundstedt, 2017] offer a study in which gaze was used as an implicit interac-
tion method, dynamically changing properties of different game elements,
to make complex environments more accessible to newer players. A set of
experienced players were eye tracked while playing the game "Ikaruga" by
Treasure Ltd., in order to understand how the game environment and the
mechanics were perceived and performed, respectively, by them. From these
observations, a set of gaze-based interaction techniques were developed in
a space shooting game, allowing it to modify hazard properties, such as
movements speed, resistance, or damage taken; and simplifying the way
some player actions were performed.

A different study presented the game "Rapture of the Deep", where gaze
information from participants was used to adapt different aspects from a
submarine exploration adventure dynamically. Some of the game elements
reacted or changed their behavior if players were looking at them. Like-
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wise, some other elements spawned in different areas of the environment,
depending on if participants looked towards their direction [Probst et al.,
2018].

Aligning is the technique that allows to directly line up the facing and
orientation of different game elements, like weapons or lights, to the viewer’s
gaze position. The examples gathered for this interaction technique will be
further discussed in Section 5.4.6.

Possibilities and Challenges with ET Interaction

Three possibilities and challenges are proposed from the results obtained in
publications that explored eye tracking interaction:

1. Eye tracking interaction is popular, efficient, easy to set up, and has
been featured in commercial gaming. Eye tracking is, arguably, one of the
most popular biofeedback methods in the area of video game interaction.
It has been explored in different scenarios, and several reviews summarize
and categorize the different techniques that can be implemented with this
technology [Zain and Jaafar, 2011, Sundstedt et al., 2016, Velloso and Carter,
2016]. In addition to this, several commercial games feature eye tracking
interaction and that highlight the broad commercial acceptance that the
technology has had over the recent years.18

Some arguments that may explain why eye tracking has become a popular
input for games relate to the corneal reflection technology, especially its
ease of setup and calibration, the non-invasive nature of the sensor, and its
effectiveness. Corneal reflection eye trackers have a simple setup process.
They are usually placed at the bottom frame of the screen and hold in
place with magnetic holders glued to the screen frame. Also, eye tracking
calibration takes little time, compared to many complex systems such as
an EEG sensor, and consists of staring at 5, 9 or 16 points displayed along
the screen area [Sundstedt, 2012]. Since no electrodes were needed to be
worn on the user’s face, corneal reflection eye trackers only require the user
the remain in front of the screen at a specific distance. Lastly, eye trackers
are sensors that work consistently without major complications and require
little-to-no previous experience from users to be used appropriately, since
they simply need to look at the screen.

18https://gaming.tobii.com/games/ Visited August, 2020.

58

https://gaming.tobii.com/games/


5.4. Biofeedback Methods for Games and Virtual Reality Interactions

2. The three challenges of eye tracking interaction. Despite the previous
benefits, corneal reflection eye tracking interaction also presents three major
challenges. The Midas touch is a phenomenon in which, while looking at
the screen scanning for information, viewers unintentionally select objects or
trigger interaction techniques [Sundstedt, 2012]. This issue is the reason why
selecting objects via gaze requires dwelling or a second activation input, such
as a key/button press, a touch in the screen, or a voice command [Ludağli
and Acartürk, 2018]. Calibration degradation is another issue related to
the use of eye tracking. Even if the calibration results are usually reliable,
they tend to deteriorate over time and require a re-calibration to ensure
the best possible performance from the eye tracker [Lankes and Stiglbauer,
2016]. Intelligent adaptation methods have been suggested to compensate for
calibration degradation and the natural jitter from the gaze signals [Vickers
et al., 2013]. Lastly, since the eye tracker depends on the infrared cameras
perceiving the light reflected from the eyes, users must remain inside the
field of view of the cameras and maintain at a certain distance from the
screen. These parameters may change between manufacturers, but it is
usually within the range of 50-95 cm19.

3. Eye tracking interaction is versatile and offers a wide variety of
interaction possibilities. In terms of interaction techniques themselves, many
interesting results were seen over the reviewed articles. The study from [Pai
et al., 2016] showed that the use of eye tracking increased the level of immer-
sion experienced by players. In addition to the positioning control, it also
highlighted the potential of eye tracking for dynamic adaptation techniques,
such as dynamic focal depth changes in threaded images. Having game
elements and environments to be gaze-aware enables different possibilities in
this area as well. NPC behavior that reacts and performs more believable eye
contact with players, or varying hazard spawning positions are some of the
aspects that have been explored in previous contributions and have shown
to improve player experience and immersion [Kevin et al., 2018, Probst
et al., 2018]. In the area of smooth pursuits, [Khamis et al., 2018] high-
lighted that larger trajectories performed better in VR environments, and
neither target size nor depth seem to affect the overall results in the study.
Nonetheless, they described that long trajectories and pursuit times were
considered frustrating by users. Finally, when designing techniques that

19https://help.tobii.com/hc/en-us/articles/210250305-Position-in-front-of-the-Tobii-Eye-Tracker,
Visited August, 2020.
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require precise dwelling interaction, it is recommended to minimize the use
of other graphical effects that may disrupt participant attention [Vickers
et al., 2010].

5.4.4 Electrodermal Activity (EDA)

EDA also referred to as galvanic skin response (GSR), is a methodology that
measures variations in the electrical conductivity of the skin, due to Eccrine
sweat gland activity. It consists of applying an imperceptible amount of
electric voltage through the skin, and monitor how the flow of the voltage
varies over time. These measurements usually occur at a rate of 1-10 Hz,
and results are presented in terms of either the skin resistance (measured in
Ohms -Ω) or the skin conductivity (measured in Siemens - S). EDA values
are directly proportional to Eccrine gland activity: with higher activity
from the sweat glands, higher perspiration, and, consequently, higher skin
conductivity [Boucsein, 2012].

There are two different types of components measured in EDA signals:
tonic and phasic. The tonic component refers to the slow and subtle changes
seen in the EDA signal over time, due to different psychological/physiological
activities or states such as metabolism, hydration levels, or moods. These
components establish a baseline for the EDA signal called Skin Conductance
Level (SCL) which usually is within the range of 2-20µS. The phasic compo-
nent refers to the quick and abrupt changes seen on the EDA signal, often
due to exposure to particular environmental stimuli like sounds or images.
These changes are seen as peaks over the SCL baseline signal, which are
called Skin Conductance Responds (SCR) [Boucsein, 2012].

The sensors used for this methodology, such as the Shimmer GSR+ (see
Figure 5.5) or the Biopac EDA/GSR 100C20, use a set of electrodes to build
a small circuit for the voltage to move through the skin. Since EDA bases
his measurement on Eccrine glands activity, the electrodes are commonly
placed in the body parts with a higher count of them: the palms, the soles,
and occasionally on the head. Previous contributions showed that one of
the common areas to attach the electrodes are in the fingers, specifically on
the distal (directly on top of the fingerprints) or the middle phalanges; or in
the thenar and hypothenar palm areas.

20https://www.biopac.com/product/eda-electrodermal-activity-amplifier/,
Visited August, 2020.
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Figure 5.5: Shimmer GSR+ EDA sensor. Figure A shows the EDA sensor, the
galvanic metal disk (black strips), and a couple of electrodes. Figure B shows the
EDA sensor attached to the distal phalanges.

EDA Interaction

An overview of the retrieved interaction techniques for the EDA methodology
can be seen in Table 5.4. Skin conductivity is an autonomic physiological
reaction that has a directly proportional relation to emotional arousal: it
increases when a significant emotional response takes place. Because of this,
EDA has been previously used in games, mostly, as an indicator of changes in
arousal levels in players during gameplay [Kreibig, 2010]. Arosual response is
the proposed EDA interaction technique that dynamically modifies different
properties from game elements, in terms of the changes in the SCL or when
an SCR occurs. The majority of the retrieved contributions in this section
study EDA in combination with ECG, having only two publications exploring
the use of EDA alone. Therefore, most of the examples from this method will
be covered in Section 5.4.6. However, a summarization of all the different
interaction techniques found for this method is shown in Table 5.4.

An example of arousal response is the VR horror game presented by [Karam-
nejad et al., 2013]. The game dynamically modified different spatial and
environmental elements in terms of the changes in the player arousal lev-
els. Another additional control was mapped to different movements of the
head-mounted display (HMD) as well.

Similarly, [Parnandi and Gutierrez-Osuna, 2015] presented a car racing
game in which the car speed, road visibility, and steering jitter were affected
when arousal levels from players decreased. Since the study’s aim was to
raise and maintain the arousal levels, the game started to dynamically mod-
ify the previous properties to provide a more difficult scenario for the players.
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Table 5.4: Overview of the retrieved interaction techniques for the EDA method.
Game genres and interactions techniques were divided in terms of the proposed
classification criteria.

EDA Interaction
Purpose: Adaptation / Intention: Involuntary / Motion: Static

Game Genre Interaction Technique

Horror
Modify AI behavior, events, visual effects, sounds,
lighting, player attributes and different game space
elements in terms of player arousal

Puzzle
Modify camera properties (distance from player,
height, and framerate) in terms of the emotional re-
sponse from players

Space Shooting Increase / decrease game difficulty

First Person Shooter

Modify the music, visibility of avatars and flow of
time in terms of player arousal. Also, enabled camera
shake, faster movement, faster shooting, and stronger
weapon recoil

Survival Vary hazard spawning rate and sound effects in terms
of player arousal levels

Racing Vary visibility, speed and steering jittering to increase
/ decrease player arousal

Sidescroller, Shooter Increase enemies sizes and enabled the use of special
weapons

Possibilities and Challenges with EDA Interaction

Based on the results from studies exploring EDA interaction, two possibilities
and challenges are proposed:

1. EDA interaction needs slow pacing for accurate results. EDA is a
method used for analyzing and monitoring arousal levels in players during
gameplay, being arguably reliable and efficient at it. However, due to the
delay of EDA signals (since the voltage needs to go through the skin and
then be measured by the sensor), it is recommended to give participants a
time in between stimuli to avoid inaccuracies when establishing cause-effect
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reactions [Boucsein, 2012].

2. EDA interaction can cover several emotional reactions. The previous
interaction techniques were designed to create a more enjoyable, immersive,
and challenging experience for players. However, EDA can also be used to
exercise relaxation techniques on them, when the context of the game may
allow for it [Karamnejad et al., 2013], e.g. a sniping game whose aiming
improves the more relaxed players are.

[Parnandi and Gutierrez-Osuna, 2015] offered an experiment based on
the concept of negative feedback. The results from this study showed
that, overall, EDA readings were directly proportional to difficulty increase.
Additionally, from all the variables explored in the racing game (speed,
visibility, and steering), speed showed the highest sympathetic reaction
among players. This was attributed to its similarity to real-life scenarios.
A future direction for EDA studies can also be explored if a distinction
between soft/strong responses in the arousal level can be achieved in terms
of the level of immersion experienced by players, or the level of realism of
the interaction technique.

5.4.5 Electromyography (EMG)

EMG is a method that measures and monitor muscular activity. The
contraction, extension, and other tension changes in skeletal muscles, leading
to the release of Calcium ions within the muscular tissue. This process
initiates an electrical depolarization around the muscle area that is detected
by the EMG sensor in the epidermis level of the skin and is related as muscle
activity [Weiss et al., 2004]

Some of the sensors used for EMG, like the Shimmer EMG21 unit (see
Figure 5.6), BioPac EMG 100C22 or the Olimex EKG/EMG Shield23, feature
a set of electrodes that are attached over the muscle area of interest. These
electrodes are responsible for measuring the muscle electrical discharge
signal, calculated in µV, whose amplitude features a directly proportional

21http://www.shimmersensing.com/products/shimmer3-emg-sensor, Visited Au-
gust, 2020.

22https://www.biopac.com/product/electromyogram-amplifier/, Visited August,
2020.

23https://www.olimex.com/Products/Duino/Shields/SHIELD-EKG-EMG/
open-source-hardware, Visited August, 2020.
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Figure 5.6: Shimmer EXG. Figure A shows the EMG sensor with a couple of
adhesive electrodes. Figure B shows the EMG sensor attached to the forearm.

relationship to the level of contraction and the number of muscles involved
in the movement [Weiss et al., 2004, Preston and Shapiro, 2013].

EMG Interaction

Four different types of interaction techniques are proposed to categorize the
different contributions observed in the related work EMG method: gestures
grammar, direct movement mapping, muscle triggering and expression recog-
nition respectively.
Table 5.5 summarizes each of the gathered interaction techniques explored
in this area.

The first interaction technique, gestures grammar, refers to those com-
mands that were activated by performing a set of specific movements or
postures with different body parts. Previous contributions, however, focused
mainly on the use of hand gestures. An example from gestures grammar is
shown by [Zhang et al., 2008]. In their study, a set of electrodes were placed
around a band and strapped in the forearm of participants. By following a set
of established gestures, identified using Hidden Markov Models, participants
manipulated the movements of a Rubik’s cube by using a combination of
circular motions with their pinkie finger and their thumb. Similarly, [Caro
et al., 2015] used the EMG signals from the forearm of participants in the
game Snake, a puzzle game whose goal was to move a snake through the
screen, capturing points that appeared randomly, while avoiding crashing
into walls or the body of the snake. The EMG sensor was built using an
Arduino board, an Olimex EMG/EKG Shield, and a Raspberry Pi. Par-
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Table 5.5: Overview of the retrieved interaction techniques for the electromyography
method. Game genres and interactions techniques were divided in terms of the
proposed classification criteria.

EMG Interaction
Purpose: Control / Intention: Voluntary / Motion: Dynamic

Game Genre Interaction Technique

Puzzle Control the movement of a Rubik’s cube and a
snake with hand gestures

Racing Control the steering, accelerating and braking of
a car with hand gestures

Fighting
Use hand gestures to pull a sword towards the
hand of the player and control the movement of
the sword when grasped

Sidescroller, Shooter
Map the aiming of a weapon to the forearm move-
ment. Also activating a super jump when extend-
ing the legs

Space Shooting
Control the movement and rotation of a ship with
the forearm, and the shooting and shield activa-
tion with hand gestures

Football Kick and catch a football by using the hamstring
and calf

Platformer Jump between platforms by using the hamstring
and calf

Interceptive Catching Control the sideways movement of a box the rota-
tion of the wrist, in order to catch falling objects

Purpose: Adapt / Intention: Involuntary / Motion: Static

First Person Shooter
Modify different game elements (character at-
tributes, difficulty, music, shader effects, etc.) in
terms of the facial expressions of players.
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ticipants used extension (raising the hand), flexion (lowering the hand),
pronation (rotating the hand towards the body) and supination (rotating the
hand away from the body) movements to control the movement of the snake
in a 3D environment. Another contribution to this interaction technique
comes from [Koniaris et al., 2016]. After placing a set of electrodes in their
forearms, participants were able to control different interaction techniques
from a medieval sword-fighting game through a predefined grammar of hand
gestures. Players were able to pull a sword towards their hands by having an
open palm, and a fist gesture allowed them to control the sword by mapping
their swinging movements into the game.

An example of gestures grammar in a VR game is shown by [Rawat et al.,
2016]. The Myo EMG sensor was placed around the forearm of participants.
They played the game "Need For Speed: Most Wanted", developed by
Criterion Software, while wearing an Oculus Rift. A set of hand postures
were established to control the steering, the acceleration and the braking
in the game. Results from this study showed that participants found the
use of EMG more exciting and entertaining, even if the memorization of the
hand gestures compromised player performance.

Direct movement mapping is the interaction technique that uses a con-
stant input of data from the EMG sensor, to continuously match the behavior
of game elements to participants’ movements. A couple of interceptive catch-
ing games were used as examples for this interaction category. In the study
from [van Dijk et al., 2016], a set of electrodes were attached to the fore-
arms of players. By moving their arms sideways, they were able to control
the movement of a grabber while trying to catch free-falling objects, that
spawned in random locations, with it. The grabber movement speed varied
in terms of the amplitude of the EMG signal. Similarly, in [Wang et al.,
2018], an EMG sensor, was placed in the forearm of participants. By rotating
their wrist, they were able to move a box, floating in the water, sideways.
Their goal was to catch free-falling objects with the box, preventing them
from sinking in the water.

A later study by [Melcer et al., 2018] highlighted the use of gestures
grammar in combination with direct movement mapping. By placing EMG
sensors in the forearms of participants, two different games were tested. In
a shooting game, arm movements were mapped to a crosshair that moved
in 2D over the screen. The goal of the game was to place the crosshair on
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top of several targets that appeared sporadically. A top-down space shooter,
similar to Asteroids, was presented as the second game. Here, EMG data
from both forearms were used. One of the forearm signals was in charge of
controlling the rotation of the ship, by directly mapping the rotation of the
players’ arm to its movements. The other signal was in charge of shooting
bullets or activating shields. They were triggered when players performed
specific hand gestures.

Muscle triggering refers to the interaction techniques that were activated
after a specific muscle was used. No particular posture or movement was
needed for this category, just bare muscle activity. An example from this
interaction type is presented by [Galarza et al., 2018]. In their study, a
football and a platformer game were analyzed in VR. The EMG sensor
monitored the hamstrings and calves activity from participants. In the
soccer game, players were able to control the kicking and to receive a football
by raising their legs while sitting. For the platformer game, they were able to
control traverse a jungle, moving and jumping through vines and platforms
while getting bananas, by using the same interaction with their legs.

Lastly, expression recognition monitored the activity from facial muscles
to estimate the different gestures participants performed during gameplay.
This approach was used to analyze decision-making processes, and as an
indicator of emotional valence: it helped to evaluate if players were mani-
festing positive or negative emotions [Kuikkaniemi et al., 2010]. Since the
contributions for this interaction category involved the use of several sensors,
they will be discussed in Section 5.4.6.

Possibilities and Challenges with EMG Interaction

Three possibilities and challenges are proposed for the are of EMG interac-
tion:

1. EMG interaction can be implemented using multiple parts of the body.
Previous contributions highlighted the versatility EMG signals could offer to
the design and development of novel interaction techniques for games. EMG
interaction allows for the combination and simultaneous use of the different
interaction techniques presented in this section, and several different muscle
groups being the forearms, the legs, and the face among the more popular
in previous studies.
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2. EMG signals are noisy and require careful processing to ensure an
efficient interaction. EMG signals are challenging to process and classify due
to the levels of noise they feature. EMG readings can be affected by different
factors, including the level of muscle contraction, environmental variables
(e.g. electromagnetic radiation), other unrelated muscular activity in the
vicinity of the areas of interest (e.g. ECG artifacts around the Solar Plexus
area) or even sudden muscle spams [Chowdhury et al., 2013]. To address
this issue, several contributions in this area focused on evaluating different
techniques to detect, process, and classify EMG signals. Some of them
included the Wavelet Analysis, Higher Order Statistics and Independent
Component Analysis to process the signal [Reaz et al., 2006, Chowdhury
et al., 2013]; and Hidden Markov Models [Zhang et al., 2008, Xu Zhang et al.,
2011], Linear Discriminant Analysis, Vector Machines [Chowdhury et al.,
2013] or Artificial Neural Networks [Ahsan et al., 2009, Caro et al., 2015]
for signal classification. Also, due to the problem of signal noise, previous
publications report that muscle contraction works better than extension
when identifying postures and gestures in game applications [Pai et al.,
2018].

3. The potential of EMG interaction for games has not been fully explored
yet. Even if all the previous examples were developed with a purpose for
entertainment, most of the publications they were featured in focused on
evaluating processing and classification techniques for EMG signals. This
situation motivates to continue the exploration of EMG as meaningful input
for the design and development of novel interaction techniques in games. The
majority of studies focused on measuring muscle activity from forearms and
hands. Therefore, one suitable area for future work can focus on exploring
other body parts. For instance, the abdomen and lumbar areas, together
with the neck muscles, can offer an insight into the leaning orientation of
the upper body and the head, respectively. This data can be further used to
modify character speed and orientation in games, or create camera effects
such a desktop VR display24 [Lee, 2008].

5.4.6 Multi-modal Interaction

Multi-modal interaction refers to the set of techniques that combine several
physiological methods and use them simultaneously during gameplay. Most of

24https://www.youtube.com/watch?v=Jd3-eiid-Uw, Visited August, 2020.
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the contributions retrieved with the keyword "Biofeedback" discussed multi-
modal interaction, which suggests that the scientific community prefers
this term when addressing interaction techniques that combine several
physiological measurements. The studies gathered and analyzed for this
section highlighted three different types of interaction techniques for games:
mechanic enhancement, affective adaptation, and physiological control.

Mechanic enhancement covers those interaction techniques that used
different physiological information to improve already existing game mechan-
ics. A study by [Kuikkaniemi et al., 2010] presents a first-person shooter
game that combines measurements from EDA, EMG, and respiration. EDA
affected camera behavior, shaking when SCRs were detected. It also enabled
faster movement, faster shooting, and stronger weapon recoil. Breathing
affected aiming and movement speed: inhaling made aiming steadier but
reduced movement speed, while exhaling worsen the aiming but allowed a
faster movement. Lastly, EMG was used to monitor facial corrugation to
assess negative emotional reaction from players. Similarly, [Nacke et al.,
2011] offer a study that combines eye tracking, EMG, ECG, EDA, respira-
tion, and thermography. The study focused on using biofeedback data to
enhance different game mechanics in a sidescroller-shooting game. Varia-
tions in respiration rates and SCR measurements on the EDA signals made
enemies bigger, while changes in a temperature sensor enabled players to
use a flamethrower. Increases in the ECG values allowed players to move
faster, while the game dynamically changed weather conditions. By using
EMG’s muscle triggering technique, players were able to jump higher every
time their legs were raised while seated. Lastly, eye tracking allowed players
to freeze enemies in place if they stared at them.

The affective adaptation multi-modal interaction, refers to those tech-
niques that estimated variations in the emotional states from players and
used that information to make dynamic changes in the game mechanics
or other game elements. These emotional states were commonly evaluated
in terms of the levels of arousal (how intense was an emotion) and the
emotional valence (if the emotion was positive or negative) measured from
players [Nogueira et al., 2013]. The simultaneous use of EDA, ECG, and
EEG was one the most popular combinations among the studies covered in
this review, to effectively measure these arousal and valence variations.

A zombie survival game was proposed by [Koutepova et al., 2010]. The
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study used a combined set of metrics to estimate an engagement level from
players including ECG to monitor heart rate variation; EDA to measure
perspiration, arousal levels, and excitement; and EEG determines short-term
and long-term engagement using a proprietary function from the sensor.
With this information the game dynamically made changes in terms of the
engagement metric: if it was low, more zombies would appear to threaten the
player. On the contrary, a heartbeat sound was be presented to participants
when the engagement was high. EDA, ECG, and EMG were also used in a
horror game from the study offered by [Nogueira et al., 2016]. The study
focused on using biofeedback signals as an input for a simplified emotion
recognition system that measured immersion, tension, positive and negative
affect from players. It combined SCL, heart rate, and facial expressions into a
metric to estimate players’ arousal and valence levels. With this information
the game made dynamic changes in terms of the emotional state of players,
modifying AI behavior, asset/event generation, character attributes, visual
effects, sounds, lighting, and asset placements, using procedural content
generation techniques.

Another study that featured this type of interaction comes from [Cham-
pion and Dekker, 2011]. They presented a first-person shooting game in
which variations on player arousal modified the time flow speed (a.k.a. bullet
time effect), music, and visibility of avatars. If arousal levels were low, play-
ers could see through walls, became invisible to enemies and the screen had a
white tone. If arousal levels were high, players were able to move faster, the
camera started shaking, its field of view became wider, and the screen had a
red tone. Similarly, [Reitz et al., 2012] analyzed how player arousal could be
used in combination with player performance, to design adaptive interaction
techniques for a mobile space shooting game. Heart rate, SCR and kill/death
ratios from players were used to dynamically change between five different
levels of difficulty that varied the speed of the ship, shield duration time, and
the slow-motion ability cooldown. Lastly, [Yannakakis et al., 2010] presents
and study that focused on game camera adaptation. By monitoring the
variations in the heart rate and arousal levels of participants, an artificial
neural network offered a discrete categorization of the emotional state of
players in a puzzle game, similar to Pac-Man. Based on these emotional
categories, the game modified the distance between the camera and player,
the camera height, and the frame coherence, switching the camera focus and
aim.
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The final interaction type, physiological control, exposes those interac-
tion techniques that were activated or manipulated, exclusively, through
physiological data. Within this context, a combination of EEG and eye
tracking was explored by [Bos et al., 2011]. Participants used their ocular
movements to control the rotation and orientation of the camera, as well as
avatar movement, in an exploration-photography game. EEG data was used
to estimate the level of attention players were putting into different animals
on the screen. When attention levels were high, the game automatically
started to take pictures of the animal players were currently staring at. Also,
animals reacted to participant gaze, avoiding players the more they looked
at them.

[Velloso et al., 2015] evaluated a set of interaction techniques, featured
in three different games, using an eye tracker, a Kinect camera, and a
touch screen. One of the games was a first-person shooter in which players
destroyed hazards shooting fireballs. The second game was a space shooter
that tasked players with destroying several hazards while having a limited
vision on the screen. The final one was a strategy game that focused on
controlling the expansion of a virus. Eye tracking data was used as a pointing
mechanism. It was in charge of controlling the aiming for shooting fireballs
in the first-person shooter, directing a flashlight in the space shooting game,
and spreading the virus over the screen area if players looked at it. The
Kinect camera was used to monitor hand movements, which were in charge of
controlling the character movements and triggering the shooting for the first
two games. Lastly, the touches over the screen were used to destroy parts of
the virus in the strategy game. A more recent example has been presented
by [Pai et al., 2018]. They combined eye tracking and EMG with the purpose
to design novel interaction techniques for a shooting game. In this study, the
aiming system was directly mapped to the player gaze position, and shooting
was triggered using a hand gesture. Similarly, [Ludağli and Acartürk, 2018]
offers a study combining eye tracking and voice. In a 2D platformer game,
players were able to jump between platforms by using voice commands,
while the gaze position on the screen gave the target location for the game
character to jump towards.

Possibilities and Challenges with Multi-Modal Interaction

Four possibilities and challenges are proposed, based on the studies that
explored multi-modal interaction:
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1. Multi-modal interaction can interconnect multiple biofeedback method-
ologies, but it must be designed with care. The previous contributions have
shown how the simultaneous use of different biofeedback methods can lead
to more robust interactive systems, as well as a better understanding of
the emotional spectrum from players. Each of the five methods covered
in this review were used in combination with one another throughout the
different studies, highlighting the versatility biofeedback techniques offer to
the field of interaction, and the compatibility that exists among different
physiological measurements.

Nevertheless, multi-modal interaction should be design carefully. One
important aspect when designing multi-modal interaction techniques is using
a specific method where it offers reliable results, instead of mapping a large
number of actions to single sensor input. For instance, some of the previous
contributions used gaze to point at certain game elements, while selection
and other action activation were performed by voice, mental commands or
hand gestures. Another example is affective adaptation techniques. Changes
in emotional states had been reported to affect cardiovascular activities
and skin conductance [Yannakakis et al., 2010]. Therefore, ECG and EDA
consider a reliable metric to design interaction techniques based on emotional
variation in players, making them a popular combination for this type of
studies.

2. Multi-modal interaction increases the complexity and completion time
of signal processing tasks. Multi-modal interaction can offer a considerable
amount of data to process. Even if simple variations in the physiological
signals can be effectively used for interaction purposes, studies that attempted
to categorize multiple physiological inputs showed that biofeedback usually
does not fit linear computational models. Therefore non-linear models,
like artificial neural networks, can offer a more detailed and comprehensive
understanding of how these methods may correlate with one another in
specific scenarios or tasks [Yannakakis et al., 2010].

3. Combining multiple biofeedback methodologies can help to address
their own limitations. Multi-modal interaction can be an alternative to
address some of the challenges identified in the different methods from this
review. For instance, mental commands or hand gestures have been used
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as a method to control the Midas touch effect, using gaze to point at a
particular object but only selecting or triggering the interaction techniques
using EEG or EMG respectively [Nuzhdin et al., 2017].

4. Synchronization and compatibility issues hinder the further exploration
of multi-modal interaction. Even with several games featuring multi-modal
interaction techniques, there is a lack of unifying platforms to easily connect
and synchronize physiological sensor data into game development applica-
tions. Products like MySignals25 or iMotions26 offer hardware and software
solutions for this problem, but they have a strong focus on medical and
research applications respectively. The compatibility with game development
tools is usually provided by the sensor manufacturers themselves, making
some technology, like eye tracking or EEG, easier to set up and use than
others. This situation could be a detrimental factor for multi-modal interac-
tion to be adopted by the gaming industry since it can increase development
complexity and costs when other software or hardware is needed to enable
interconnection between sensors and game applications.

5.5 Discussion

This article has gathered and analyzed different interaction techniques,
featured in several studies, from the selected methods. Nevertheless, biofeed-
back interaction is not limited to just those covered in this study. Other
physiological information, such as respiration, temperature, body gestures,
or voice commands, can also be used in the design and development of novel
interaction techniques. Breathing, for instance, has been used as a method
to modify game properties or directly control game mechanics. In FPS
games, aiming can feature either a jittering in relation to the breathing rate
or a steady aim and higher stealth when holding the breath. Also, basic
movements, such as going up, down, or sideways, can be directly mapped to
inhaling an exhaling [Tennent et al., 2011, Jain et al., 2016]. Blowing has
also been used as an interaction mechanic in VR games, allowing players to
activate special abilities like breathing fire or freezing enemies, as well as
generating wind currents that affected the surrounding game elements [Sra
et al., 2018].

25http://www.my-signals.com/, Visited August, 2020.
26https://imotions.com/, Visited August, 2020.
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One of the more interesting advantages that were seen with biofeedback
interaction in games is the positive response it seems to generate in players.
The increased level of enjoyment and immersion, together with the novelty
effect that biofeedback interaction provides is preferred and frequently well-
received among them, even if it comes as a trade-off to game performance
and increases the game design complexity. Most of the results found in this
review showed that the use of biofeedback does not usually lead to better
performance, due to the unfamiliarity with the interaction techniques, and
the level of reliability sensor technology offers compared to other interactive
technology, like keyboards or gamepads [Sundstedt et al., 2016, Ludağli and
Acartürk, 2018].

Biofeedback methods have been previously used to enhance already
existing interaction techniques or to replace other interaction devices. Never-
theless, several studies encourage biofeedback interaction to be used alongside
existing interactive technology, and to use physiological information as a fun-
damental part of a novel type of interactivity, enabling interaction techniques
that would not be achieved otherwise [Lecuyer et al., 2008, Kivikangas et al.,
2011, Lotte, 2011].

Several studies report an overall better experience when using biofeedback
interaction. Techniques that focused on control were well understood by
players, while adaptation techniques appeared unresponsive due to the
natural delay autonomic physiology features [Kuikkaniemi et al., 2010].
Because of this, it is recommended that physiological techniques provide
specific feedback when activated, and that adaptation techniques affect game
elements other than those relating to player control. Similarly, autonomic
physiology interaction should be design and implemented in games with care.
Players may attempt to perform unnatural behaviors to obtain an advantage
in the game, which could lead to potential safety and ethical implications.
Also, if the changes produced by the stimuli are too subtle, players may not
even be able to identify if the interaction method is working correctly or
not27.

In the particular cases of biofeedback applied to VR applications, physi-
ological interaction plays an important role in player immersion: interaction

27https://youtu.be/iIMwB0nC6FY?t=3m43s Visited August, 2020.
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techniques that effectively and consistently map natural sensorimotor activi-
ties, usually contribute to a more believable and engaging experience [Sra
et al., 2018].

Biofeedback interaction has the potential of turning traditional games
into personalized experiences that adapts to physiological activities and
affective states from players. However, it is important to consider that
the physiology of individuals is different, and that sensor values can vary
-drastically in some cases- between participants. Therefore, to ensure a good
performance from the sensors and interaction techniques, it is suggested the
implementation and use calibration systems for each of sensor used in the
game, at least once per session.

5.6 Conclusion and Future Work

This article presented a narrative review of the area of biofeedback interaction
in entertainment video games and VR. It exposed and analyzed several game
applications, covering six biofeedback methods: EEG, ECG, ET, EDA, EMG,
and Multi-modal interaction respectively. A basic introduction was given
for each of these methods, as well as a discussion about the possibilities and
challenges associated with their use. Additionally, a set of tables summarized
the different interaction techniques evaluated for each methodology, in terms
of the proposed classification criteria, and the game genre they were featured
in.

These previous analyses have shown that, even with several technical and
technological limitations with each of the methods, biofeedback interaction
generates positive effects on player enjoyment, immersion, and experience,
and enables interesting possibilities for the design and development of novel
interaction techniques. Nevertheless, biofeedback interaction should be
designed with care, maintaining a certain level of consistency with natural
physiological actions, using the most reliable methodology for a given task,
and preventing fatigue with its use.

Several recommendations for future directions have been given for each
of the reviewed methods. Nonetheless, an overall interesting way to keep
exploring the possibilities of biofeedback interaction is to use physiological
data to filter or visualize game information contextually. Depending on the
physiological inputs or the emotional state of players, different parts of the
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user interface can be hidden or redesign into a diegetic form, avoiding players
to feel overwhelmed in mechanically complex games. Additionally, players
can be rewarded with additional information (overlays, enhanced skills, etc.)
when using physiological interaction appropriately in the context of the
game, or by achieving a specific emotional state [Champion and Dekker,
2011].

VR is a developing area that welcomes further exploration, and that offers
many new possibilities for the design and implementation of novel interaction
techniques. Because of this, exploring how biofeedback interaction could
be used within VR environments is another relevant trend that should be
explored in the near future.
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Abstract

Eye tracking has recently had a breakthrough in the video game
industry due to accessible low-cost technical solutions. Eye tracking
technology has offered the opportunity to explore and develop novel
interaction techniques based on gaze behavior. In addition, eye tracking
has also been used in combination with several different interaction
devices, such as the Oculus Rift or the Emotiv Epoc. The following
course gives SIGGRAPH Asia attendees an opportunity to get an
introduction to gaze-based interaction in video games and virtual
reality applications. The course presents eye tracking theory along
with a brief history of gaze interaction in games and virtual reality
applications as well as a more extensive update on recent research and
developments in the field. Design possibilities and challenges are also
discussed along with lessons learned from developing novel interaction
techniques in academic and commercial video games. We believe
that video games and virtual reality applications just have started to
incorporate these techniques and further research and developments
are needed in order to evaluate novel ways to enhance gameplay.
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Figure 6.1: The game Son of Nor featuring novel interaction techniques (image
copyright by StillAlive studios).

6.1 Introduction

Recent innovations in the video game industry include alternative input
modalities for games to provide an enhanced and more immersive user
experience. Eye tracking (ET) is a process that allows us to determine
where an observer is focusing at a given time [Duchowski, 2003]. The gaze
direction indicates where a player for example focuses their attention. ET
technology has become an increasingly important part of game analytics
[Seif El-Nasr et al., 2013]. The gaze direction indicates where a player for
example focuses their attention in specific areas or objects on the screen. The
gaze information can also be used in realtime to control game applications
using the eyes [Isokoski et al., 2009, Olsen et al., 2011, Majaranta et al.,
2012, Sundstedt, 2012, Bulling et al., 2012, Turner et al., 2014, COGAIN,
2016]. To this point mostly academic research has focused on evaluating
gaze as a viable input modality and explored how it can be used to enhance
the gamer experience [Istance et al., 2010, Navarro and Sundstedt, 2017].
Due to an increase in affordable, reliable, and non-intrusive eye trackers the
technology has recently had a breakthrough in the video game industry and
expanded to a broader audience than the research community. In particular,
gaze control in combination with other technologies such as brain-computer
interface (BCI) and human motion tracking has recently been explored
[StillAlive, 2016]. However, gaze-based interaction is not without its issues
and it offers both possibilities and difficult challenges.
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6.2 Course Syllabus

The course starts with an introduction and welcome which is followed by
the three main parts of the course: (1) a review of eye tracking analysis and
interaction in video games and virtual reality applications, (2) possibilities
and challenges with gaze-based interaction, and (3) lessons learned from
developing a commercial video game application using eye tracking and
alternative sensors.

The first part will start by introducing the theoretical grounding of eye
tracking technology, including attention, eye movements, and different eye
tracking technologies. Then a brief overview of the history of eye tracking in
video games and virtual reality applications will be given. This is followed
by a state of the art review on research and developments in eye tracking
and video games and virtual reality applications.

The second part starts with a general overview of the design and develop-
ment of gaze-based interaction techniques. This is followed by a discussion
on the possibilities and challenges when incorporating these in the particular
case of video game applications. This section will conclude by presenting
some future ideas for advancements in gaze-based interaction techniques.

The third and final part will present an industry game application where
eye tracking technology has been incorporated in the commercial game Son
of Nor developed by StillAlive studios. The game application of Son of Nor
can be seen in Figure 6.1 [StillAlive, 2016]. This final part of the course will
also focus on how eye tracking has been combined with other interaction
techniques, such as BCI and human motion tracking. Finally, this section
will discuss what works and what does not when integrating eye tracking
along with these novel interaction techniques. Some of the technologies
[Emotiv, 2016, Oculus, 2016, Tobii, 2016] used in Son of Nor can be seen in
Figure 6.2.

After the three main parts, the attendees will be shown live gaze interac-
tion demos from both an academic research game [Navarro, 2014] as well as
the game Son of Nor. This section will be followed by an extensive questions
and answers session which gives plenty of room for audience discussion and
participation.
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Figure 6.2: Emotiv Epoc, Oculus Rift, and Tobii EyeX technology.

This proposed new course extends significantly upon earlier work
[Sundstedt, 2010] by bringing together three presenters working on eye
tracking and video games to highlight new research and developments in
both academia and industry. In comparison to previous work, the only small
overlap will be in the fundamental eye tracking technology and history of
the field descriptions. Although even here new parts will be introduced to
cover eye tracking technology in combination with other interaction devices
as well as an extended synthesis with relevant examples.

6.3 Intended Audience

The course is relevant for everyone interested in developing games and virtual
reality applications that use eye tracking and other sensors as interaction
devices. The content is suitable for beginners or experienced delegates who
want to learn more about the state of the art and future possibilities in eye
tracking combined with other novel interaction techniques in video games
and virtual reality applications. Familiarity with concepts in eye tracking is
useful, but not necessary.
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6.4 Possibilities and challenges with eye tracking
interaction

The following summarization focuses exclusively on Part 2 since it is the
one exposing the author’s contribution. This part aimed to answer three
main research questions: 1) How are interaction techniques designed? Is
there a formal process to it?, 2) what has been done in the area and what
have we learnt from previous contributions?, and 3) what can be done to
further contribute to this area?. Part 2 starts with a general overview of
the design process and development of gaze-based interaction techniques.
This is followed by a discussion on the possibilities and challenges when
incorporating these in the particular case of video game applications. This
section concludes by presenting some ideas for future advancements in
gaze-based interaction techniques.

6.4.1 An Overview of the Interaction Design Process

In the field of computer science and engineering, the capabilities and limita-
tions of the system that we work upon take a primary role when designing
solutions. This refers to programming languages, hardware/software limita-
tions, the type of input/output, etc. But in the field of human-computer
interaction (HCI) people are prioritized: systems are not created in terms
of technological parameters, to then make people learn and adapt to them.
Instead, solutions focus on people’s problems, capabilities, and expectations,
to then make technology satisfy those particular needs [Benyon, 2013].

Usually a design process may follow three general steps:

• Gathering relevant information surrounding the problem (this extends
to cover the system or medium we will work upon as well).

• Identify which information is key, and analyze how these aspects could
relate to cohesive design ideas.

• Create a solution based on the design ideas.

From this process two things can be said: 1) the gathered information
will play an essential role since the remaining steps will be based on it, and
2) the selected information will shape the final design outcome. Therefore,
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knowing how to relate key information is an essential part of the design
process. In order to support the process of gathering and selecting relevant
information, two different methods are going to be introduced respectively.

The PACT Framework

PACT, an acronym for People, Activities, Context and Technology; is a
framework that focuses in decomposing an interaction paradigm to identify
and classify of core items; exploring any potential relationship between
them that can be used as a foundation for the design of novel interaction
techniques [Benyon, 2013]. The People category refers to users themselves,
their ethnographic information, along with their physical (anthropometry,
ergonomics) and psychological differences (mental models, socio-cultural
patterns). Activities focus on the actions that can be performed by the users
while interacting with the system, including temporal aspects (when does
the action take place and for how long), cooperation (if the activity can be
performed by several people or just by individuals), complexity, safety and
the nature of the content. Context reviews the physical environment of the
interactive system, along with the social and organizational context. Finally,
Technology involves the information regarding the apparatus used in the
interactive system, including inputs, outputs, type of communication, and
type content supported by them.

In order to establish a clearer image in how it could be applied in a
video game context, some of the key elements from the video game design
activity have been mapped into the PACT categories (see Table 6.4.1). When
designing interaction techniques for games, People are commonly related
to players, Activities to game mechanics, Context to the game genre and
Technology to the mouse, keyboard, gamepad, eye tracker, or any other
device that serves as input/output for the interaction.

Design Synthesis

Once the core items have been identified through PACT, key information
needs to be related to a design idea. In the field of HCI, it is suggested
to look for good relations, referring to elements that once combined offer
an interesting and innovative result, instead of those that feel logical or
correct [Benyon, 2013]. In order to do so, it is advised to move away from
the traditional duality of logic when analyzing and relating core items.
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Table 6.1: PACT framework from a game perspective.
PACT Framework

Category Game context

P People Player

A Activitites Game mechanics

C Context Game genre

T Technology Mouse, keyboard, gamepad, eye tracker, etc.

The duality of logic refers to two of the most common types of thinking:
Deduction and Induction. Deduction is a reasoning process that guarantees
the validity of a conclusion if its premises are considered to be "true". This is
the typical case for mathematics. Induction, on the other hand, estimates the
validity of a conclusion based on previous experiences. Science is considered
to be a good example of inductive thinking [Kolko, 2010]. The reason why
deduction and induction are discouraged for relating core items and ideas
during the design process is due to the limited options to innovate with them
since the conclusions from these ways of thinking are limited by the validity
of the premises that originated them.

To address this issue, Abduction is proposed as the reasoning logic for this
task. Abduction can be considered as the argument of the best explanation.
Abduction supports the hypothesis that makes more sense according to a
given problem or data from prior experiences. Therefore, even if conclusions
from "true" premises can be proved wrong, Abduction offers a more flexible
approach when reasoning among core items, leading to results that might
not be even considered when other types of logic are applied [Kolko, 2010].

After this initial review, the following lessons learnt were used to answer
my first question:

• In HCI, people always come first and technology is second.

• The design process can be summarized in: a) Identifying core items
from the design problem, b) create design ideas based on relations
among core items, c) Create solutions based on design ideas.

• From personal experience, the PACT framework is a simple yet effective
way to identify and classify core items from a design problem.
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• When establishing relations between core items, the goal is to find
good and interesting relations, not those that seem logical or correct.

• Abductive thinking is the suggested reasoning logic to relate core items
into design ideas.

6.4.2 Gaze-based Interaction Techniques for Video Games

To offer a broad and comprehensive image of how gaze interaction has been
applied to video games and address the research question 2, the following
categorization - developed by Velloso and Carter - classifies gaze interac-
tion into five different types: Navigation, Aiming and Shooting, Selection
and Commands, Visual Enhancement and Implicit Interaction [Velloso and
Carter, 2016].

Navigation

Navigation refers to the use of gaze to move the player through the virtual
environment. There are different ways of how movement and displacement
have been related to gaze in video games. Mapping the position of the
player’s character to the gaze point on the screen [Dorr et al., 2007, Vickers
et al., 2010], using gaze to determine the destination for the character1

[Ekman et al., 2008] or staring at virtual buttons on the screen [Stellmach
and Dachselt, 2012] are some of the common practices to control navigation
through gaze.

However, mapping the player position or its final destination to the
gaze point can be conflictive, especially when the game demands a constant
evaluation of the surrounding from the players. For instance, in a shooting
game, players can be in a disadvantaged situation if their character makes an
unexpected movement while searching for enemies on the screen. Addition-
ally, games with high mechanical complexity, such as fighting games, offer
a challenging environment for gaze-based navigation since the commands
need to be triggered during specific times and in a specific order, having
little room for mistakes [Isokoski et al., 2009].

Gaze based navigation has been considered to work in a better way when
an additional modality (pressing a button or blinking) triggers the action

1https://www.youtube.com/watch?v=xebRLgfYuB4, Visited July, 2020.
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[Smith and Graham, 2006]. Also, it performs well at controlling character’s
orientation in first-person perspective games, due to the similarity with real
life [Stellmach and Dachselt, 2012].

Aiming and Shooting

Aiming and Shooting focus on directing player attacks and performing the
trigger of commands through gaze. This type of interaction has been a suit-
able mechanic to apply in games. It is common to find the crosshair mapped
to the gaze position on the screen, in this type of technique [Velloso et al.,
2015]. Other methods include centering the viewport to the gaze position
or rotating it when the gaze reaches the edges of the screen [Castellina and
Corno, 2008]. Different interaction mechanics, including blinking [Hülsman
et al., 2011], dwell times (staring at a point or object for a specific period of
time) or a smooth pursuit (describing a specific trajectory with the gaze)
have been used for triggering shots [Velloso et al., 2015].

Due to the similarity to real life scenarios, aiming through gaze is
an interaction technique that feels rather natural for players. However,
it is recommended to keep in mind that technological limitations, such as
accuracy, fast eye movements, signal noise, or target sizes, might compromise
the desired functionality for this interaction technique [Isokoski et al., 2009].

Selection and Commands

Selection and Commands use gaze to interact with particular items in
the game environment and to issue specific game instructions. Gaze is an
effective and natural way to select items and areas in games since it is already
integrated into the process: players look for and stare to the desired item
or option, to then move the pointer to it. Some of the common techniques
include picking and dropping objects through dwell time or by using an
additional modality (for instance, pressing a button or a blink) [Špakov,
2005, Bednarik et al., 2009]. Also, contextual menus can be activated when
gazing at different items or areas in the game [Castellina and Corno, 2008],
allowing gaze to trigger secondary actions while the main control input
remains on the mouse, the keyboard, or a gamepad [Velloso and Carter,
2016]. Additionally, gaze could be used to have a persistent view over objects
of interest, selecting them through dwell time and constantly centering the
viewport to their current position.
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Another way to issue commands with gaze is through gestures. Smooth
pursuits, specific trajectories that activate and action when performed, can
be used during gameplay. This can be particularly beneficial for game
immersion if the gaze gesture is somehow consistent with the context of the
game [Velloso et al., 2015]. However, since gaze behavior could change while
playing, gaze gestures should be carefully designed in order to avoid being
activated by accident.

As mentioned previously, accuracy and target size could be an issue for
gaze-based selection and command. Additionally, a large number of units
and overlapping of different game elements are also considered troublesome
for this type of interaction [Isokoski et al., 2009].

Visual Enhancement

Visual Enhancement relies on gaze to improve the way information is pre-
sented to the player. In order to ease the interaction with graphical user
interface (GUI) or to improve player experience by directly modifying the
graphics in the game, gaze can be used to map visual enhancements in
games. Some of the common ways to offer a graphical enhancement are
by applying a magnifier glass effect when players gaze at a highly detailed
GUI or control directional lighting in dark environments [Velloso and Carter,
2016]. Additionally, other rendering options can be mapped to the gaze
position, including dynamic changes in the depth of field depending on what
is being observed by the player, compensating camera motion [Hillaire et al.,
2008] or optimizing the level of detail of some of the game assets when they
are not being observed [Murphy and Duchowski, 2001].

Implicit Interaction

Implicit interaction focuses on the use of gaze information as a mechanism for
estimating dynamical changes in the game. Usually, this kind of interaction
occurs without players being in control of activating it [Velloso and Carter,
2016].

Implicit interaction has been applied to video games through responsive
environments, meaning that gazing at some particular objects or characters,
will trigger consecutive responses [Vidal et al., 2015]. Another mechanism for
implicit interaction relies on storing and analyzing player’s gaze information,
to predict and estimates patterns through artificial intelligence algorithms.
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This allows the game to approach players in ways that they have not
previously expected [Wetzel et al., 2014, Munoz et al., 2011].

6.5 Future Ideas with Gaze Based Interaction

Based on previous contributions, three different trends in the use of eye
tracking for gaze interaction in games were identified:

1. Eye tracking has been used as an input for control, aiming to substitute
other input devices like mice, keyboards, and gamepads.

2. Eye tracking has been used as an evaluation tool, analyzing player
attention, perception, and performance.

3. Eye tracking has been used as a complementary method, offering
support to other input methods such as mice or gamepads, or to
command secondary tasks.

But recently, there has been a number of contributions that had moved
away from these previous trends while having something in common: using
gaze as a mechanism to trigger dynamic changes inside games. Therefore, a
fourth trend is proposed to cover this novel research area: 4. The use of eye
tracking as an adaptation tool.

Finally, to address the research question 3, the following ideas are pro-
posed to keep exploring the possibilities gaze-based interaction have in the
field of video games:

1. Gaze based interaction has been applied in the context of already
existing games, focusing on how eye tracking can be included in the most
efficient possible way. However, there is a lack of games that uses gaze as an
essential input for game mechanics. We have seen very few cases in which eye
tracking plays a fundamental role to play and progress in the game [Isokoski
et al., 2009].

2. Implicit interaction offers an opportunity to keep exploring novel inter-
active techniques. Predicting players’ intentions, recreating more believable
social and cultural interactions, and even estimating players’ psychological
states are interesting options that could be explored from a gaze-based
interaction perspective.
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3. Eye tracking can be used as a part of a more complex multimodal
interaction. Gaze is one interesting input for video game interaction. If it is
used in combination with other sensors, such as neural impulse actuators,
heart rate sensors, thermometers, or even virtual reality headsets, the
possibility to design and develop novel interaction techniques may expand
considerably.

4. By having a stronger focus on player’s core information, interaction
techniques can be designed with the purpose of offering a mechanical simpli-
fication to complex games. By understanding the purpose and challenges of
a game, gaze interaction could be applied as an effective method to reduce
game complexity mapping interactions that feels natural to players, thanks
to the similarity with real life processes.
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Abstract

This paper explores the possibilities of using player gaze as an
implicit interaction method, to simplify game mechanics in a space
shooting video game. First, a set of five experienced players were
eye-tracked while playing the game "Ikaruga" where gaze information
was recorded. The observed gaze patterns from these players were used
to design two novel implicit interaction techniques. The techniques
aimed to reduce the complexity of common game mechanics from this
genre. Two video game prototypes were then developed. Both made
use of traditional mechanics, but only one featured the gaze-based
implicit interaction techniques (Figure 7.1). Nine participants then
played both prototypes in a user study. A questionnaire was used to
evaluate their experience with the implicit interaction techniques. Also,
the final scores of each player were recorded to analyze if there was
any significant change in performance between the prototypes, due to
an unfair advantage provided by the interaction techniques. Results
show that participants had an overall positive experience and agreeing
that the gaze interaction provided a game mechanic simplification.
Additionally, there was no significant difference in the score results
when comparing both of the interaction techniques.
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Figure 7.1: Game prototype used in the study. Figure shows the enemy boss (top),
the player ship (bottom) and the laser turrets (sides).

7.1 Introduction

Eye tracking is a technique that allows tracking the viewer’s gaze position
on a computer screen over time [Duchowski, 2003]. 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 [Sundstedt et al., 2016]. Recent studies have suggested continuing
exploring 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 [Velloso
and Carter, 2016].

One aspect that seems suitable for experimenting with implicit interaction
is simplifying game mechanics, making the set of rules, logic or interaction
techniques that allow to control and progress through the game easier for the
players [Kounoukla et al., 2016]. Nevertheless, 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 [Nacke
et al., 2011] or may offer players an unfair advantage compared to traditional
interaction methods [Navarro, 2014].
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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 possibilities 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. These implicit interaction
techniques should adapt to the players’ natural gaze behavior, without
giving a significant advantage when compared to other traditional interaction
techniques.

7.2 Related Work

Several comprehensive studies have explored the use of eye tracking as
a method for video game interaction [Sundstedt et al., 2016]. Previous
contributions have analyzed the taxonomy of the eye movements and visual
attention in video games [Almeida et al., 2011], and how gaze interaction can
potentially be applied to different video game genres [Isokoski et al., 2009].
More recently, a categorization of the different types of gaze interaction
techniques for video games has been proposed [Velloso and Carter, 2016].
Initially, gaze has been used as an input for controlling movement. Previous
studies have explored the use of gaze to trigger virtual buttons on the
screen [Castellina and Corno, 2008, Stellmach and Dachselt, 2012], or to
stare at a specific area to select it as the final destination inside the game
world [Ekman et al., 2008]. Gaze has also been used as a pointing mechanism
in games, allowing to select and move game elements [Lutteroth et al.,
2015], issue different commands [Istance et al., 2010] and aim the viewport
through a set of predefined gestures and sensible areas distributed around
the screen [Castellina and Corno, 2008]. The final category is gaze as
an input for implicit interaction. This includes the exploration of gaze-
aware environments [Navarro, 2014], or the simulation of social interaction in
games [Vidal et al., 2015]. Implicit interaction is one of the areas that is being
studied by the community and, despite recent contributions, requires further
exploration in the potential it might have for video game interaction [Velloso
and Carter, 2016].
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7.3 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.

7.3.1 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 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 different 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 (AOIs), shown in
Figure 7.2, 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 7.4.1. 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
particular AOI.

1https://en.wikipedia.org/wiki/Ikaruga Visited July, 2020.
2http://www.treasure-inc.co.jp/ Visited July, 2020.
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Figure 7.2: 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.

7.3.2 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 7.1). 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
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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 developed based on the results found in Part
I (see Section 7.4.1). 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 constantly 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, participated 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 7.3.1, participants
played both versions of the game after completing their respective tutorial
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" [IJsselsteijn et al., 2013] 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
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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.

7.4 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.

7.4.1 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 position. But when adopting an offensive stance, participants
focused their attention on the boss or the hazard they aimed to destroy.
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Figure 7.3: Box plot from the results of each of the statements in the questionnaire.

7.4.2 User Study Results

Results obtained from the questionnaire are summarized in Figure 7.3. The
final score results are shown in Table 1. The Shapiro-Wilk test on residuals
showed no significant variation from the normality model (Equation 7.1).
Then, the Levene’s test on means showed no violation of homoscedasticity
(Equation 7.2). Lastly, the paired samples t-test was conducted, showing no
significant difference between the results obtained while using the TI and
the GII (Equation 7.3).

Shapiro−Wilk(1, 7) = 0.93, p > 0.05 (7.1)

Levene(1, 8) = 11.98, p > 0.05 (7.2)

t− test(1, 7) = 0.096, p > 0.05 (7.3)
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Table 7.1: Final scores obtained by participants while using the traditional interac-
tion (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

7.5 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
evaluated 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 game mechanic simplification due to
the implicit interaction techniques. 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.
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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 fixation time needed to trigger the Dynamic Mode Shift might have
caused an undesired or delayed response in the game.

The player scores were used to analyze how player performance changed
when using the GII technique. The statistical significance test showed that
there is no significant 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.

7.6 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 techniques, regarding player
scores. This suggests that there was not a significant advantage 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

An important aspect of virtual reality (VR) interfaces are novel
Natural User Interactions (NUIs). The increased use of VR games
requires the evaluation of novel interaction techniques that allow ef-
ficient manipulations of 3D elements using the hands of the player.
Examples of VR devices that support these interactions include 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 participants.
The experiment evaluated the HTC Vive controller and the Leap Mo-
tion 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 experi-
ment. 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

99

https://doi.org/10.5220/0007362401030110
https://doi.org/10.5220/0007362401030110


8. Evaluating Player Performance and Experience in VR Game
Interactions Using the HTC Vive Controller and Leap Motion Sensor

evaluate the player experience regarding enjoyment, ease of use, sense
of control and user preference. The overall results show that there
was a significant decrease in player performance when using the Leap
Motion sensor for 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 technologies. The paper also offers ideas to keep
exploring the capabilities of NUI techniques in the future.

8.1 Introduction

virtual reality (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 effectively with
the virtual environments [Kato et al., 2000, Lee et al., 2017, Bachmann
et al., 2018]. 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 Natural User Interactions (NUIs), techniques that
recreate real-life action within a certain level of fidelity [McMahan et al.,
2010], 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 manipulation 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 situation 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
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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 Motion 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. [Caggianese et al., 2019]) by
offering a more complex game environment in which tracking precision and
accurate control over the interaction 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. Additionally,
it can provide an initial understanding of how these technologies can affect
the overall perceived user experience when used in VR environments and
other visual and interactive applications.

8.2 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 infra-
red (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 inside 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 [Weichert et al., 2013, Hornsey and Hibbard, 2015]. Previous

1https://www.vrheads.com/exposing-magic-behind-htc-vive-controller, visited July, 2020.
2https://learn.sparkfun.com/tutorials/leap-motion-teardown, visited July, 2020.

101

https://www.vrheads.com/exposing-magic-behind-htc-vive-controller
https://learn.sparkfun.com/tutorials/leap-motion-teardown


8. Evaluating Player Performance and Experience in VR Game
Interactions Using the HTC Vive Controller and Leap Motion Sensor

contributions 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 [Peter Wozniak, 2016]. Nonetheless, only a small set of recent
studies offer a direct comparison between the HTC Vive controller 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 tech-
niques for manipulating objects in a VR environment. The techniques
focused on translating and rotating virtual objects through direct (touching
the object) and constrained (using a visual pivot attached to the object)
manipulation. The results were qualitatively analyzed and showed that par-
ticipants preferred to use direct manipulation for translating objects, while
constrained manipulation was the preferred method for rotation [Caggianese
et al., 2016].

A performance analysis was conducted on a collaborative virtual envi-
ronment. 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 mon-
itored 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 [Gusai et al., 2017].

A similar study evaluated the variations in user experience when in-
teractively 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 Mo-
tion sensor a challenging platform to manipulate 3D graphs [Erra et al., 2018].
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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 [Caggianese
et al., 2019].

8.3 Methodology

A user study was selected as the main methodology for the research. Vol-
unteering participants were exposed to two different VR games featuring
either the HTC Vive controller or the Leap Motion sensor. During game-
play, different data was captured as quantitative metrics for evaluating
the player performance. A survey, consisting of a modified version of the
Game Experience Questionnaire [IJsselsteijn et al., 2013], was presented to
the participants in order to analyze the perceived player experience upon
completing each game level.

8.3.1 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 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.

8.3.2 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

103



8. Evaluating Player Performance and Experience in VR Game
Interactions Using the HTC Vive Controller and Leap Motion Sensor

experimenter then verbally introduced the two interaction devices used for
the test and guided the participant to the gameplay area (see Section 8.3.3).
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 8.1 and Figure 8.2), 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 Engine Module for Unity v. 1.2.0, both
published by Leap Motion 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 tech-
niques 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 following 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 minimized.

The Pentomino puzzle was the first game level participants were exposed
to, being tasked with assembling a diamond-shaped figure by picking, drop-
ping and rotating 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

3https://en.wikipedia.org/wiki/Pentomino, Visited July, 2020.
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Figure 8.1: The Pentomino puzzle level, using the HTC Vive controller. Inset in
the lower-right corner shows the reference images used for the Pentomino levels.

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 Figure 8.1) 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 the 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 thumb and any other
finger from the participants’ hand needed to be in contact with its surface.
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Figure 8.2: 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.

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 behavior 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 participants, and a modified version of the Game Experience
Questionnaire [IJsselsteijn et al., 2013] was presented. The survey evaluated
their perceived experience when interacting with the virtual world, by
performing each of the evaluated tasks with the respective interaction 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 Motion 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.
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8.3.3 Experimental Setup and Equipment

The study was conducted within a dedicated controlled environment, pro-
vided by the Department of Creative Technologies (DIKR) at the Blekinge
Institute of Technology. Following the criteria for an appropriate exposure
of VR content proposed by [Lopez et al., 2017], a dedicated squared game-
play 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 experimentation. 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 headset using
the Universal VR Dev Mount that was glued to the front of it (see inset in
Figure 8.2).

8.4 Results

A total of 20 participants volunteered for the study. Gathered data were clas-
sified into performance (Section 8.4.1) and experience results (Section 8.4.2).
Statistical significance 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 [IJsselsteijn et al., 2013].

8.4.1 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 significance 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
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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 evaluation.

Pentomino Puzzle Level

The summary of the results obtained in the Pentomino puzzle level can be
seen in Figure 8.3. Overall, participants had better performance when using
the HTC Vive controller, requiring fewer pieces grabs and time to complete
the level. For the pieces 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 using 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

Ball-Throwing Level

A summary of the results gathered from the Ball-throwing level is illustrated
in Figure 8.4. Participants had overall better performance when using the
HTC Vive controller, needing fewer throws and less time to complete the
game, when compared with the scores obtained with the Leap Motion 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 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,
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Pentomino Puzzle Level Results
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Figure 8.3: 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.

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

8.4.2 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 interaction device had its
module respectively. Each module from Part 1 and Part 2 presented 11
different statements to participants. They evaluated five components from
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Ball-Throwing Level Results
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Figure 8.4: 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.

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 8 evaluated positive affects and Statements 9 and
11 evaluated negative affects. Similarly, each module from Part 3 offered four
different statements. Statement 1 evaluated 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 participants 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 [IJsselsteijn et al., 2013], each component was analyzed by
directly comparing the average answer score between the interaction devices.
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Table 8.1: 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

Pentomino Puzzle Level

The average survey results for the Pentomino puzzle level are shown in
Table 8.1. Overall, the HTC Vive controller was perceived to offer a better
experience in the Pentomino puzzle level when picking, dropping and rotating
pieces, compared with the Leap Motion sensor. In the level of challenge
experienced when using the interaction devices, the Leap Motion sensor
was perceived to be the more challenging. The tension 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.

Ball-Throwing Level

The average survey results for the Ball-throwing level survey are shown in
Table 8.2. 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 perceived to generate more tension
and challenge with its use. Despite this, the negative affects perceived by
players were not considerably different between the devices.

111



8. Evaluating Player Performance and Experience in VR Game
Interactions Using the HTC Vive Controller and Leap Motion Sensor

Table 8.2: 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 8.3: Average scores for the experience comparison components between the
HTC Vive controller and the Leap Motion sensor.

Experience Between Devices

The average scores for the experience comparison between the interaction
devices can be seen in Table 8.3. 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 evaluated interaction techniques, and being
the preferred interaction device for the proposed 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.

8.5 Discussion

Results showed that participants had an overall better performance and ex-
perience when using the HTC Vive 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 explanation 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. However, 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 effective 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
performance among the devices. In addition to the issues previously ex-
posed, 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 the HTC Vive 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 natural
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 limita-
tion 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 exag-
gerated. 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
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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 challenge 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 the HTC
Vive controller was perceived to be easier to use than the Leap Motion
sensor, 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 majority of the survey questions, the difference between
the Leap Motion sensor and the HTC Vive controller, regarding the Negative
affects and user enjoyment components, 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 applications. 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.

8.6 Conclusion and Future Work

The study presented in this paper has offered an analysis of the variation
in performance 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 experience was evaluated
through a survey based on a modified version of the Game Experience
Questionnaire [IJsselsteijn et al., 2013]. Results showed that the HTC
Vive controller offered overall better performance when compared to the
Leap Motion sensor. More straightforward interaction activation and better
tracking capabilities allowed participants to achieve higher scores when using
the HTC Vive interaction device. Similarly, the HTC Vive controller was
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also considered to offer a better overall experience to participants 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 environments 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 time interval
could offer a better insight of how and when the complexity and accuracy
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

The following article offers a set of recommendations that are
considered relevant for designing and executing experiences with virtual
reality (VR) technology. It presents a brief review of the history and
evolution of VR, along with the physiological issues related to its
use. Additionally, common practices in VR, used by both academia
and industry are discussed and contrasted. These practices were
further analyzed from an ethical perspective, guided by legal and
corporate social responsibility (CSR) frameworks, to understand 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 practices
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
provided to participants or consumers respectively. To contribute to
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this issue, this study highlights some ethical aspects and also offers
practical considerations that aim, not only to have more 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.

9.1 Introduction

virtual reality (VR) is a technology used to present a realistic and immersive
simulation 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 [Witmer and Singer, 1998].

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) [Cruz-Neira et al.,
1993, Sutherland, 1968]. This work will be focused on the consumer market,
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 re-
sembles how humans see and perceive the real world, but that the level of
immersion is such that the viewer achieves a sense of embodiment [Kilteni
et al., 2012] in which she owns and controls another avatar.

9.1.1 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 [Sutherland, 1965, Lippman,
1978, VPL, 1987].
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In 1993, Sega announced the Sega VR at around 200 USD, supporting
stereo vision, 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 [Sega, 1993].

The technological advancements of the decade in terms of computing and
graphics capabilities, refresh rate and tracking technology were not sufficient
to fit in a portable format the immersive experience that VR was meant to
provide [Brooks, 1999]. In 1999, Brooks discussed and argued that VR was
“happening”, “This personal assessment of the state of the VR art concludes
that whereas VR almost worked in 1994, it now really works...” [Brooks,
1999, 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’...” [Brooks, 1999, p. 27].
It is important to note, that the requirements deemed acceptable in 1999
regarding latency, tracking and resolution would not be acceptable today.

Davies [Davies, 1997] explains that “twentieth-century technical devel-
opments have put humankind ... [into] a totally new ethical situation” and
that “we have to be stewards of the whole creation whether we like it or
not” [Davies, 1997, 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 develop-
ments”, 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” [Davies, 1997, 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 content. 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
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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 individuals 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 as well as AMD have started branding some of
their products as VR Ready [NVIDIA, 2016, AMD, 2016]. 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 requirements
needed to deliver an optimal VR experience.

The growth projections for VR [Smith, 2017] in terms of headsets ship-
ments and revenue, and the availability of affordable or free high quality
game engines (eg. Unity3D [Unity3D, 2017]) for prototyping VR applications
indicate that VR will 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.

9.1.2 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 members of the society and arguably
violate codes of ethical conduct[Association et al., 2002].

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.
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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 comprehensive discussion on these see [Madary
and Metzinger, 2016].

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 exposure to VR?

9.1.3 Paper Overview

In Section 9.2, previous works about ethical aspects in VR and physiological
problems linked to the technology are discussed. Section 9.3 describes the
research methods employed to collect and classify information for this paper.
In Section 9.4, the most relevant results are presented, and in Section 9.5
these are critically analyzed, and proposals to improve some aspects of
existing practices and regulations are presented. Section 9.6 summarizes the
main results of the paper and highlights some areas of future research.

9.2 Related Work

In this section some definitions of Computer Ethics relevant for this paper
are discussed, 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.

9.2.1 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 [Bynum,
2000], Bynum revises the history of Computer Ethics as a field, including its
most influential definitions. The majority of these definitions are grounded in
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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 justifies 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. [Wiener et al., 1948] during the Second World War in the
40s. Wiener coined the term Cybernetics and then in the 1950s with his
work The human use of human beings [Wiener, 1954] he established some
principles that are still valid today. Bynum [Bynum, 2000] 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) discussions of the fundamental questions of computer
ethics, and (5) examples of key computer ethics topics.

Johnson [Johnson, 2001] and Maner [Maner, 1980] proposed similar
definitions of Computer Ethics, mostly suggesting that computers did not
bring new ethical problems, but transformed 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 [Moor, 1985] 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 formulation 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, including
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 "... proposing conceptual frameworks for understanding
ethical problems involving computer technology ..." [Moor, 1985, p. 266].
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9.2.2 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 industry; for the discussion in this work it was found relevant to
briefly review the ISO 26000:2010 on Social Responsibility. This ISO [ISO,
2010] provides a guidance (not certifiable) on social responsibility issues
worldwide, aimed at organisations of any size, location and activity. These
guidelines are the result of the cooperation between governments, NGOs,
industry, consumer groups and labour (unions) organisations.

Relevant findings from this ISO will be mentioned in Section 9.4.

9.2.3 Physiological Issues Related to VR

Behr [Behr et al., 2005] defines four key aspects from VR that are subject
to ethical scrutiny and are described here for reference and further analysis
in Section 9.5.

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 manifests as the loss of balance, and is mostly (in
a healthy person) due to the visual system [Lewis-Evans, 2015]. Simulator
Sickness was introduced [Frank et al., 1983] to refer more specifically to
issues encountered in early simulators for aviation, military and automotive
industries. 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 [Lewis-Evans, 2015] 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,
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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
[Kolasinski, 1995].

In research studies, it is common to see the simulator sickness question-
naire (SSQ) [Kennedy et al., 1993] being provided to participants, before
and after the experimentation, helping 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 Environments. For
an extensive analysis on empirical evidence in research regarding induced
Simulator Sickness see [Nichols and Patel, 2002].

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) [Brooks et al., 2010].

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 becomes confused and dysfunctional" [Jacoby et al., 1974]. 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 provided. Possible side
effects of information overload include stress, frustration, and disillusionment
among others [Eppler and Mengis, 2004].

As mentioned in Section 9.2.3, if there is a possibility of affecting physi-
cally or psychologically a research participant, an IRB would require from a
researcher to have a protocol in place if the participant experiences discom-
fort during or after the study [Brooks, 1999]. 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 [Moor, 1985], it is important to highlight that this is not an exclusive
issue of VR.
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Intensification of Experience

This aspect highlights the fact that VR can provide the means to intensify
an experience 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 [Behr et al., 2005, Baumeister, 1999].

Reentry into the Real World

The physical and psychological issues that participants can suffer after the
VR experience have been labeled as reentry problems [Behr et al., 2005]. As
the nature of an immersive VR experience can transcend after the activity,
participants may experience changes in cognition, emotion and behaviour
[Biocca, 1997]. Some of the approaches to deal with this issue are addressed
in the Section 9.5.

9.3 Methodology

The methodology proposed for this analysis included an information retrieval
activity 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 analyse
and compare the practices and responsibilities in research and industry
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spaces. The results are presented in section 9.4 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.

9.3.1 Participant Observation

In addition to the collected multimedia content, a participatory observation
was performed 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:

• How long does the session last?

• Have people testing your game experienced symptoms related to simu-
lator sickness?

• Do you use the Chaperone warning feature?

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

The HTC Vive Chaperone [HTC, 2017b] 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” [HTC, 2017a]. These findings are further discussed in Section 9.4.
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9.4 Results

This section presents a synthesis of the information obtained, clustered in
two categories: user protection and exposure to VR.

9.4.1 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.

Protection as a Consumer

To analyse the different legal approaches to consumer protection, existing
legal frameworks 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 [Commission, 2006], from the EU the directive 2001/83/EU
[Commission, 2001] and from the People’s Republic of China the Law
on Protection of the Rights and Interests of Consumers [Congress, 2013].
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 regard-
ing both, the products themselves and the risks associated with their
use.

3. The right of making a direct reclamation to manufacturers and to
receive compensation.

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

Protection as a Research Subject

Different sources were reviewed in order to find a document that addresses the
protection of research participants explicitly. However, no results were found
that followed that structure. Instead, most of the participant protection
guidelines are covered 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
[ACM, 1992], the APA Code of Ethics and Professional Conduct [Association
et al., 2002], the Software Engineering Code of Ethics [Gotterbarn et al.,
1997] and the ISO Guidance on Social Responsibility [ISO, 2010] 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 and Responsibility: 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 partici-
pants, evaluation data and delivery of conclusion.

4. Dignity: The respect for participants rights, confidentiality, privacy
and autonomy.

9.4.2 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,
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but from an ethical and legal perspective it is difficult to argue how they
should behave within their homes as long as they do not break the law.

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 relationship are the following: the VR manufacturer
(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
written form and updated versions online [Oculus, 2017, HTC, 2017a]. 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 technology, (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 important
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 occurs 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
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vendor. These include participants loosing balance and falling against the
floor and walls [youtube, 2017a, youtube, 2017b]. It has also been observed
deliberate attempts to induce fear (and succeeding) in the participants for
no apparent reason [youtube, 2017c].

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.

2. Have people testing your game experienced symptoms related to simu-
lator 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 objects 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 from manufacturers
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.

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 studies) [Brooks et al., 2010]. These applications help the
researcher to formulate the methods and research 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
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region in the country where researchers can submit applications, and they
offer clear instructions to define the study and apply for ethical vetting
[Board, 2017].

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.

9.5 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 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 imple-
mented 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 [Friedman, 2007] argues in his seminal work The Social
Responsibility of Business 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." [Friedman, 2007, p. 6]. There has been significant
progress in promoting CSR [ISO, 2010], as it can also be seen as added
intangible value to a brand or corporation [CHONG and Tan, 2010]. 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 [Jenkins, 2009].
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Having these ideas in mind, the discussion is divided into three major
parts: participants, setups for VR, and content.

9.5.1 Participants

From the participants perspective, it is clear that final consumers in their
private spaces are mostly responsible for reading and ensuring they under-
stand the manufacturer’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 [Markiplier, 2017] 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 responsibility lies. No one is forcing people to approach an exhibit
and test VR (strictly 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 guidelines. 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 [HTC, 2017a]. 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 [National Health Service,
2017].

In contrast, how the academia approaches participants for research is
very different. 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
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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 re-
search to the industry practitioners to educate and inform about the risks
related to the use of VR. The objective would be that the provided safety
and health regulations are adopted accordingly by all stakeholders involved.

9.5.2 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 laboratory 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, industrial practices are perceived to be less controlled and
less consistent with the reviewed consumer rights and ethical values.

Some of the industrial setups visited during the Participatory Observation
did not provide sufficient space and an obstacle-free environment to expose
VR to participants, 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 regulations. 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
summarized disclaimer of potential adverse effects of VR and also to encour-
age participants to ask about these. Furthermore, all VR simulations should

133



9. Ethical Considerations for the Use of Virtual Reality: An
Evaluation of Practices in Academia and Industry

provide a simple mechanism 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 infor-
mation 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 hardware (display) which presents a normalized
set of disclaimers and simple guidelines that all parties agree to use and
improve upon to communicate effectively this information.

9.5.3 Content

The type of VR content between industry and academia differs, as they have
diverging goals. Research has as a main aim to explore and understand
causes and consequences, studying variables in isolation under controlled
environments and in many occasions taking a utilitarian approach to ethics.
For instance, it is acceptable for academia and researchers to design and
perform a user study to compare two alternatives of locomotion and measure
which one produces less simulation sickness [Jaeger and Mourant, 2001].

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 deliberately pushes some ethical boundaries for the sake of the
greater good (acquiring knowledge).
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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.

9.6 Conclusions and Future Work

VR is a technology that is growing and brings great opportunities and chal-
lenges 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 9.5, 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.

• 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.
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• 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
communicate 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 inter-
esting 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 [Moor, 1985] by Moor, should be reconsidered in
order to be more inclusive to ethical considerations and social responsibilities
guidelines in industry practices.
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in novel interaction techniques, vary in complexity 
and functionality depending on the type of meas-
urements used. They also showed that biofeedback 
interaction can positively affect player experience 
since it allows games and virtual reality applications 
to synchronize with player physiology, making of 
playing games a personalized experience. Results 
highlighted that biofeedback interaction can signif-
icantly affect player performance, being influenced 
by the interaction complexity and the reliability of 
the sensor technology used.
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