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1. Introduction 
Meditation has existed for thousands of years and now we have chance to enhance 
this ancient practice with modern technology. To reap the benefits of the 
bioadaptive virtual reality, meditative tasks need to be transferred to virtual 
environment in accordance of the particular practices and the aspects of virtual 
reality. Transference means the overall conveyance and translation of the various 
elements of the meditation to an immersive virtual environment designed for the 
purpose, which provides guidance and awareness of the physiological state to 
intuitively support the practice through visual cues. 
 
Visual cues are a means of perceiving information from our environment. This 
stimulus is processed in our visual system which can be interpreted differently 
depending on various aspects such as cultural contexts or physical ability to 
perceive colors. Visual cues aim to intuitively convey complex information in a 
condensed manner best suited to the intended purposes. They can be symbols, 
colors, or patterns, all aiming to offer a particular representation of the conveyed 
information [1]. Real-world examples of intuitive visual cues are roadside signs, 
where rules of the system are sought to be transferred without explicit verbal 
explanation. 
 
Environmental design is the process of defining parameters and elements of a 
spatial construct within the pre-defined aims and functions, mostly relating to 
physical spaces, such as architecture, interior and landscape design [2]. In digital 
contexts, environment design is most commonly seen as a practice relating to game 
design, particularly level design. While at a high level this practice is similar to the 
functions and purposes of real-world environmental design, the requirements and 
aims of game design differ significantly in their context, sometimes more 
resembling scenography. For example; a level in first-person shooter game must 
sustain the immersion in the game world, cultivate the atmosphere and flow, 
deepen and pace the narrative while working seamlessly with the gameplay 
mechanics, rules and constraints of the underlying system [3]. There are cases where 
game design environments border patterns of physical design, such as supporting 
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social interaction in Massively Multiplayer Online Role-Playing Games (MMORPG) 
[4], where design takes after patterns applied within architecture and urban design. 
However, digital environment design also happens outside of entertainment, for 
example with pedagogical apps relating to cultural heritage [5] and therapeutic 
environments with goals defined by the aims of personal transformation [6]. 
 
Virtual reality (VR) mimics the visual presentation of the real world. Being 3D, 
patterns and practices for visual cues seen in 2D, such as in web-design, are not 
applicable directly. While Head Up Displays (HUD) and various other interfaces have 
been experimented with and refined for the VR, it is recommended for intuitive 
visual cues to be implemented through 3D elements in the environment and 
through approaches resembling environmental storytelling [7]. 
 
The thesis is based on two research projects: RelaWorld and DYNECOM. They were 
made in the University of Helsinki, Aalto University and HIIT in 2014-2019. 
RelaWorld examined two meditation practices of focused attention, point focus and 
body scan in a single-user environment where guidance for the meditations and the 
physiological state of the user were conveyed through visual cues and adaptations. 
DYNECOM featured a compassion meditation practice, which was researched in a 
dyadic shared virtual environment, where the cues were to convey both the state of 
oneself and the other and to afford their comparison. In RelaWorld the biofeedback 
was based solely on electroencephalography (EEG), measuring brainwaves 
associated with relaxation and concentration. In DYNECOM, EEG was used to 
measure a type of cognitive activity called motivation approach as a bio-signal to 
visualize the level of empathy. Respiration sensors provided the input for the 
breathing rate cues. 
 
These research projects have been covered in the following published work: 
 

• RelaWorld: Neuroadaptive and Immersive Virtual Reality Meditation 
System [8]  

• Bio-adaptive Social VR to Evoke Affective Interdependence [9]  
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• DYNECOM: Augmenting Empathy in VR with Dyadic Synchrony 
Neurofeedback [10] 

 

Scope and limits 

As the topics addressed in this Master’s thesis are both wide in scope and already 
covered in published articles, several concepts are left out on purpose or referred 
only on a surface level where seen necessary to keep the thesis concise. Research 
project paradigms, their in-depth analysis, results and neuropsychological 
backgrounds can be accessed in detail from the published journal articles. As the 
work focuses on bio-adaptation, other VR interfaces such as haptics or controllers 
are not covered. Similarly, as the practices subject to this work are stationary, means 
of navigation in VR are left out. Lastly, as the research projects sought to minimize 
the use of avatars, topics regarding the sense of self and embodiment in virtual 
environments are kept short.   
  

Research Questions  

1. How to design an environment that can that translate a meditation task into 
virtual reality? 

2. How to incorporate physiology with cues and feedback into a meditation 
environment? 

 
During recent years, virtual reality as a technology progressed through its current 
hype cycle to be considered a mature technology [11].  One segment where VR has 
sustained growth is Health and Wellbeing, where benefits of the exceptional 
immersion are recognized [6]. Concurrently, meditation practices, particularly 
mindfulness, have risen in popularity, as its manifold benefits for mental wellbeing 
are supported by research.  [12]–[14]. This interest in meditation has led to multiple 
commercial and research prototypes combining mediation with different 
technological interfaces, including virtual reality [15]. 
 
However, as meditation is physiological and inherently cognitive, it reflects various 
physiological bio-signals [16], and is most precisely measured from brainwaves 
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known to correlate with cognitive processes using EEG. As consumer EEG sensors 
have yet to reach wide adoption, most approaches to interactively support 
meditation based on real-time performance are novel and mostly based on 
secondary physiological signals. Right now, applications combining meditation, 
virtual reality, and bio-signal based adaptations are rare.  
 
As these technologies keep improving, it is feasible to combine the current VR-
headsets and dry-EEG sensors to a mobile package which could afford effortless 
and efficient support for habitual meditation, thus bringing its health benefits to 
expanded audiences. This conjures relevance to define practices for this purpose:  
How to design biofeedback-based adaptive Virtual Reality environments to best 
support various meditation practices?  
 

Methodology 
To answer the question, this thesis explores the relevant contexts and literature, 
questions and solutions found during the project work on translation of three 
meditative practices, point attention, body scan, and compassion meditation, to adaptive 
virtual environments, utilizing real-time data of biofeedback-based EEG and 
respiration, concluding on written part constructing a breakdown of elements and 
tables of different variables to consider.   
 

Thesis structure 

The thesis begins by going through the essentials of meditation and its health 
benefits. This is followed by a chapter examining various forms of biofeedback, 
particularly EEG and how biofeedback has been utilized to cultivate meditation and 
health-care.  
 
In chapter 2, I examine the state of virtual reality, its history and progression on the 
Gartner’s hype curve, the concepts of immersion and presence, alongside the 
patterns and practices for visual interfaces within virtual environments. This is 
followed by a look at some of the constraints of VR and the phenomena of 
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simulation sickness. The chapter ends with a glance at how VR has been used to 
support mental well-being and meditation. 
 
The core of the thesis consists of the two research project cases studies. Chapter 4 
covers RelaWorld and chapter five DYNECOM. Both follow the structure of first 
explaining their purposes, explanations of the meditations included, description of 
the environment and bio-adaptations, retrospectives of the development processes, 
followed by the main segment focusing on the questions and solutions risen during 
the design iterations.  At the end the results are reflected with the aims of the thesis. 
 
Chapter 6, Discussion, first seeks to answer the research questions of the thesis. It 
contains insights and lessons from the background and research projects that are 
compiled to form an answer for the thesis questions.  This is followed by a glance 
towards the future of the related technologies. 
 
Core lessons of the thesis are pulled together in Chapter 7 to demonstrate how this 
work will ease the process of bringing the enhanced benefits of meditation to new, 
wide audiences. 
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2. Meditation 
Meditation is a tradition of mental practices originating from Asia, where different 
schools and types of meditation existed for centuries, often in association with 
religion.  Currently the most popular meditation practices, especially mindfulness, 
draw from Buddhism [17].  
 
During the last decades, as meditation has risen in popularity, it has become a 
widely researched topic by the scientific community. Meditation can be defined as 
a “set of complex emotional and attentional regulatory strategies developed for 
various ends, including the cultivation of well-being and emotional balance” [17]. 
Different practices vary in their aims and approaches. They can be divided into 
categories of focused attention and open monitoring, although a third category, self-
transcendence has also been suggested [17], [18].  

 

Benefits of Meditation 

While the exact effects and processes of meditation on brain functionality are 
various, complex and are in need of more study [16], it is clear that meditation is 
associated with significant health benefits [12], [19], [20]. These benefits have been 
considered to manifest only after a long period of almost daily practice, where 
meditation has been observed to grow grey matter in the brain [21], to form 
tolerance to stress, and even create a positive shift on personality traits of 
neuroticism and conscientiousness [12]. Some effects have been observed to happen 
short term: a 20 minute practice during five consecutive days  has produced 
noticeable effects in mood [22], and even as few as three sessions can improve 
cardiovascular reactions to stress [13], [23]. Effects of different meditations are 
reflected in both self-reports of the practitioners, and also observations in neural 
level in compositions of brain wave frequencies [24]. 
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Biosignals and biofeedback 

In 1976, I.V. Gartha defined biofeedback as referring to “any techniques using 
instrumentation to give a person moment to moment information about the specific 
physiologic process which is under the control of the autonomic nervous system, 
but not clearly or accurately perceived.” [25].  Bio-signals, when converted for 
example to visual or auditory cues can increase the awareness of these processes 
and thus can be used to voluntarily observe, control and modify physiology based 
on the feedback [26].  In therapies, stimuli determined from bio-signals reflected 
through lights, sounds and visualizations have been shown to be  effective in 
treating various disorders such as ADHD  [27] and epilepsy [28].  Biofeedback has 
also been shown to improve the accessibility of mental-health practices [15]. 
 
Commonly monitored variables for biofeedback include heart rate variability 
(HRV), typically measured with infrared sensors from a finger or earlobe 
(photoplethysmography), and breathing rate measured via respiration sensors.  
Muscle electromyography (EMG) measures electrical activity on skeletal muscle 
contraction while surface electromyography (sEMG) monitors muscle contractions 
from the skin and is used for example to detect tensions relating to headaches. Both 
Electrodermal, or sweat glands measurement (EDA) and blood flow-based skin 
temperature readings are taken from the fingers or the palm of the hand. 
Electrtroencephalography (EEG) measures brain activity with sensors placed around 
the head [26], [29].  New developments show that wearables, such as smartwatches 
and mobile phones, can be used to detect bio-signals such as respiration and heart 
rate [30]. 
 

Neural Oscillation – Brainwaves 

Neural activity in our brains generate minuscule electrical discharges. Although the 
output of a single neuron is impossible to observe, the combined interaction of 
hundreds of thousands of neurons generate dominant mental states which can be 
observed from outside the skull. The various neural connections form distinct 
patterns of activity, producing waves varying in amplitudes and frequency 
depending on which connections are dominant. For example, relaxation is linked 
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with the alpha band (8-12Hz). Muscle activity, such as blinking, generates its own 
particular wave patterns, which can be filtered out automatically in the EEG 
processing  [8], [31]. 
 

EEG  

EEG is an important method for studying meditation as different mental states are 
reflected in neurophysiology [32].  EEG sensors can be separated into two types: wet 
and dry. Wet sensors involve the use of conductive paste when attaching electric 
sensors on the skull. Commonly a large cap with numbered holes is used to place 
wires on pre-defined spots. This is required as we know that different mental states 
stimulate different parts of the brain, thus sensor placement varies as different 
mental states activate different brain areas. The amount and placement of sensor 
wires depends on the intended brain wave measurements.  
 
Dry EEG sensors (Dry active electrodes array) are an easier solution, usually contained 
within a lightweight headband which is placed to surround the frontal lobe. Even 
as carefully designed in their limited sensor placements and utilizing machine 
learning and other approaches to combine and refine their sensor feeds, dry 
headbands pale in precision and scope of possible measurements compared to their 
wet counterparts. However, being straightforward to use, being produced within a 
price point suitable for consumer markets and with the sustained interest towards 
brain-computer-interfaces (BCI), availability and quality of dry EEG sensors have 
been evolving steadily. The Muse Headband first released in 2014 is a dry EEG 
sensor which has been validated as precise enough to detect common meditative 
states and suitable for scientific research, at least in limited contexts [33]–[35]. 
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3. Virtual Reality 
Reality - Virtuality (RV) Continuum [36]., as seen in Figure 1, defines the two poles 
between real and virtual environments and how different technologies map onto it. 
The left side of the continuum consists solely of real-world objects and what can be 
directly observed, while the opposite end of full virtual environment is completely 
synthetical, either mimicking, or breaking the rules and properties of the real world. 
Everything in between is considered mixed reality.  

 
Figure 1: Reality – Virtuality (RV) – Continuum by P.Milgram et al. [36]. 

 
The term virtual reality was first coined in 1989 to cover any virtual project which 
“typically refers to three-dimensional realities implemented with stereo viewing 
goggles and reality gloves” [37]. Since then, different definitions have been 
proposed for Virtual Reality. Early definitions were limited to describing VR as set 
technological, hardware solutions that provide electronically simulated 
environment. This was expanded by adding the experience of presence as key to 
define virtual reality in terms of human experience, coining the term telepresence 
when one feels present in a mediated environment [38].  In 2003, virtual reality was 
defined as a combination of four key ingredients: a virtual world, immersion, 
sensory feedback, and interactivity [39]: 
 

“Virtual reality is a medium composed of interactive computer simulations 
that sense the participant’s position and actions and replace or augment the 
feedback to one or more senses, giving the feeling of being mentally 
immersed or present in the simulation (a virtual world). “ 
 

As the focus of this study leans towards being experimental, this definition is 
followed. 
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Gartner’s hype cycle of emerging technologies 

As virtual reality has been known in research literature since the 1960’s, and 
debatably the first examples go way back to 1800s. VR has been expected to make a 
breakthrough from the field of research to a commercial product since the 1980’s. 
Gartner Group, an American IT research and advisor company, tracks development 
of the emerging technologies by mapping their progression on a Hype Cycle curve 
[40] (Figure 2). The curve consists of five phases: First an innovation triggers a 
growing interest to an emerging technology. This leads to a peak of inflated 
expectations where emergence of the first-generation products and their limitations 
become visible, leading to inevitable disappointment. This phase, the trough of 
disillusionment, is described by mismatched expectations leading to bad press, 
decreasing public and investor interest and vendor consolidations and failures. 
However, some vendors manage to refine their solutions and attract and sustain a 
crowd of early adopters, slowly growing towards enterprise adaptation. This phase 
is called the Slope of Enlightenment, where applicability, risks and benefits of the 
technology become well understood. Last phase, Plateau of productivity describes 
the beginning of the mainstream adaptation of the technology, as its real-world 
benefits are demonstrated and accepted [41].   
 

 
Figure 2. Hype Cycle for Emerging Technologies by Gartner, 2015 [40] 
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Progress on the Hype Cycle isn’t necessarily straight-forward as VRs first hype peak 
in 1992-95 showed. Then, VR never matured through the chasm of disappointment 
as the technological solutions couldn’t bridge the expectations in sufficient degree 
and interest on VR faded out. The second hype peak of VR was set in motion in 2012 
by the announcement of the Oculus Rift Kickstarter campaign. Development 
versions of the headset were released in successive years, leading to its launch in 
2016 alongside a multitude of competitors and approaches varying in visual quality, 
processing requirements, sensors, comfort etc. As predicted by the Hype Cycle, the 
initial excitement led to a peak of inflated expectations with entrepreneurial 
investments exploring the possibilities of the technology. During the following 
disillusionment and maturation, a handful of industries and niches have been 
defined where VR shows sustained real-world value and steady commercial 
viability, mostly in the prosumer market. Since 2018, Gartner Group sees VR as an 
almost mature technology and has removed it from their list of emerging 
technologies [11]. 
 
Among press and tech analysts, predictions for the future of VR range from yet 
another year until the imminent breakthrough, to seeing the current wave of the 
tech practically dead. In the middle, conservative estimates expect VR to continue 
to slowly evolve through its current phase of public disappointment for few more 
years before the wide adaption quietly picks up with the improving generations of 
hardware, solidifying best practices and use cases, leading to the mainstream 
adaptation of VR in 2021–25 [42], [43]. 
 

Immersion & Presence 

Among cultural theory, immersive virtual reality has also been defined as the 
ontological, hypothetical ideal environment where the virtual is perceived as 
reality. This definition explores how concepts of virtual environments and 
immersion can be seen in relation to history and theories of philosophy and visual 
art [44].  
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The degree of immersion depends on the technical qualities of the VR solution to 
fool the senses to perceive the surrounding environment as being real. Slater and 
Sanchez, rate solutions for VR being less and more immersive [5]. On the lesser side 
are approaches such as CAVE [45] where the virtual environment is presented 
through panoramic displays and observed at a distance with both eyes. According 
to them, almost all currently recognizable VR solutions are more immersive, as 
using head mounted displays (HMD) to render individual images for each eye 
creates the natural 3D perception of the environment, essential to sense of 
immersion [5]. How well this perception works, depends on the HMDs attributes 
such as the resolution and density of the screens, their refresh rate,  range of the 
field of vision,  accuracy of motion tracking and how fast the system responds [46]. 
 
In their book of Patterns in Game Design, Staffan Björk and Jussi Holopainen  
divided  immersion into four different types: sensory-motoric immersion, cognitive 
immersion, emotional immersion and spatial immersion [47]. Tactile immersion 
relates to performing spatial tasks, cognitive immersion to mental challenges, 
emotional immersion to narratives. Last, spatial immersion, is the essential feature 
of virtual reality as it creates the sense of “being there” - presence.  This perception 
- a sensation - of presence is always subjective [5].  
 
Presence is formed through the place illusion, meaning the sense of being in the 
virtual place, and the plausibility illusion, meaning that the VR is perceived in 
accordance of natural senses and their motorics [48]. Realistic presentation of an 
environment is known to ease presence. However, the experience of a place is more 
than its physical characteristics. Real places contain affects, meaning, associations 
and connotations; a place affords activities, of which some are social. Different 
characteristics of a place evoke different associations. For example, in research by P. 
Turner it was found that a virtual setting of a botanical garden was prone to provoke 
a desire to explore. A scene with an elegant staircase had a higher likelihood to 
associate with memories and a soundscape of a background chatter brought up 
wishes for social interaction. How these associations are formed is highly personal 
to the one who experiences it. Involving these perspectives in the design of a virtual 
environment vastly improves the sense of presence [49].  
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The plausibility illusion requires that the environment reacts in an expectable and 
realistic manner, for example, having the non-playable-character avatars 
spontaneously and naturally react to the presence and actions of the user. However, 
for virtual environment to afford immersion, it doesn’t need to appear realistic. 
Even abstract or fantasy environments can sustain immersion, as long as users 
perceive themselves being part of the universe with consistent rules. When both 
place illusion and plausibility illusion are in order, participants are likely to behave 
realistically in VR [6]. 
 

Visual Cues and Interfacing Virtual Reality  

Visual cue is a term from cognitive psychology which has been adopted by the user 
experience discourses. It refers to sensory cues received by the eye in the form of 
light, and processed by the visual system during visual perception. Different types 
of visual cues range from depth, motion, color to contrast [1]. Interface design with 
user sensory cue analysis affords exploring nuanced variation, testing and 
refinement. 
 
Various interfaces for VR have been widely researched. With the development of 
the latest wave of technology, a set of best practices have been defined for range of 
means to interact with virtual environments. As defined in the scope of the thesis, 
for the purposes of bioadaptive meditation environments, the most relevant forms 
of interaction are the various means and cues to convey information to be observed. 
Given the stationary observation typical to most meditations, it is important to 
notice ergonomic viewing angles and division between peripheral vision and point 
of fixation. A comprehensive human centered approach for VR interfaces can be 
found from The VR Book by Jason Jerald [50].  
 
One approach to categorize interface elements in VR is to divide them to diegetic 
and non-diegetic. Diegetic means that the elements conveying information are 
bound to the coordinate system of the virtual world. This is also called spatial user 
interface, and is essential to practices of environmental storytelling. Non-diegetic 
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interfaces are bound to the coordinates of the display devices, and are common with 
2D displays. A typical example of this are HUDs of FPS-games, where the state of 
the player is presented through elements sustaining their position on the screen 
regardless of the movement of the player. Non-diegetic interfaces within VR should 
be considered with care. While there are examples where camera-bound HUDs 
have been utilized with success, they can be experienced as obtrusive and 
immersion breaking depending of the contexts of the simulation. To avoid common 
pitfalls, their distance and angles from the ocular perception should seek a balance 
with elements of the virtual environment. Being too close can cause eyestrain from 
the perceived need to constantly refocus at different lengths. Unless necessary, it is 
better to avoid non-diegetic interfaces with VR. [51][7] 
 

Simulator Sickness and Cybersickness 

Simulator sickness was first documented in 1957 in trials of a helicopter simulator 
by the US Army [52].  Some users of the simulation suffered from symptoms of 
nausea, headaches, and disorientation. Kolasinski identified 39 variables associated 
with simulator sickness and divided them to three categories[52]. (Table 1.) 
 
Ever since then the topic has been researched widely, defining means of measuring, 
theories of its causes and ways prevent it. However, simulator sickness relates 
mostly to vehicle and flight simulators. Related, but distinct, is Cybersickness (CS) 
which has been defined as constellation of symptoms of discomfort and malaise 
produced by VR exposure. Symptoms of cybersickness relate mostly to 
disorientation while simulator sickness is characterized by the oculomotor 
symptoms [53]. Theories, causes and approaches to prevent cybersickness resemble 
those of simulator sickness, but the research relates to the current wave of VR and 
its use-cases. Additional factors have been identified: CS is lowered by presence, 
supported by intuitiveness of interaction and control of navigation. Also, men and 
gamers are less prone to CS [54]. 
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User Simulator  Task 
Age Binocular viewing Altitude above terrain 
Concentration level Calibration Degree of control 
Ethnicity Color Duration 
Experience with real world 
task 

Contrast Global Visual Flow 

Experience with the 
simulator (adaptation) 

Field of view (FOV) Head movements 

Flicker fusion frequency 
threshold  

Flicker Luminance level 

Gender  Inter-pupillary distance Method of movement 
Illness and personal 
character 

Motion platform Rate of liner or rotational 
acceleration 

Mental rotation ability Phosphor lag Self-movement speed 
Perceptual style Position tracking error Sitting vs. standing 
Postural stability Refresh rate Type of application 
 Resolution Unusual maneuvers 
 Scene content Vection 
 Time Lag (transport delay)  
 Update rate (frame rate)  
 Viewing region  

Table 1. Potential factors associated with Simulator Sickness in Virtual 
Environments, by Kolanski  [52]. 

 
During recent years as VR progresses along the hype curve, CS was often stated as 
concern for VR. Concern has addressed from multiples stakeholders in the industry:  
hardware vendors sought to integrate factors identified in the literature to their 
hardware, such as guided adjustments to avoid binocular disparity and setting 
standards for desired framerates and releasing various best practice guides aimed 
at developers, including information of CS, such as how variables of motion affect 
sensory mismatch [46]. However, simulation sickness, or cybersickness is still an 
unsolved problem. Even the new high-end HMD’S are shown to produce the 
motion sickness. Unsurprisingly so, as CS depends on wide range on variables, 
some of them being personal. Thus, we cannot be certain that a VR environment 
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designed will be a pleasant experience to everyone, but the probability and severity 
of CS can be reduced by addressing the cause variables by following best practices 
and with the right use of high-quality headsets.  
 

Usability concerns 

However, outside the mere technical, recent research shows that there are still 
significant concerns for VR to overcome regarding how we can fluently and 
comfortably interface with virtual reality in the long term. Gestural interfaces suffer 
both from being tiresome to perform and they require teaching when going beyond 
simple pinching, pointing and pushing  [55], [56]. Even as hand recognition has 
progressed, precise positioning of real-world objects with tracked hands displayed 
in virtual, remains a challenge. Also, using hand tracking to interface with virtual 
objects, such as buttons, suffers from a lack of precision [57], [58]. These are valid 
concerns. Immediate responsiveness and intuitive flowing interaction are needed 
for the virtual technology to feel natural – or even good enough to justify its use.    
 
Examples above portray the growing list of use cases where the applicability of VR 
is questioned, as years of research have yet to produce satisfactory answers. This 
might appear discouraging, but when viewed in the context of maturation along the 
Gartner Hype cycle where the Slope of Enlightenment is characterized by 
refinement of the use cases of the technology, the persistent disappointing results 
indicate directions to exclude from the narrowing scope of real-world use cases 
where VR is well-suited.  
 

VR & Mental Wellbeing 

One field where the benefits of VR constantly surpass its limitations, is health and 
wellbeing. The sustained research within the industry has sprung an ever-growing 
palette of VR-adaptations. Examples range from training brain surgeons, increasing 
the effectiveness of pain-relief through assisting disassociation between the body 
and the consciousness to various cases for mental health therapies such as treating 
anxiety, eating disorders or drug addiction [6], [59].  
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VR is useful for therapeutic purposes, as it is able to create sense of presence, which 
supports the process of change [60]. Even though users are aware of VR not being 
real, immersion to carefully constructed environment produces realistic behavior, 
allowing therapeutic strategies which would otherwise be difficult to face or 
implement. Another affordance of VR is its cost-effectiveness in providing repeated 
exposure to stimulus in varied contexts [6]. However, as the technology is new, it 
has yet to answer the lack of several essential therapeutic elements, such as complex 
social interaction, and thus, VR-therapies are considered best suited for simpler 
treatments [6]. 
 

VR & Meditation 

It appears that mindfulness-based meditations and VR go hand in hand. It is not 
surprising to see that along with the popularization of VR, there are now a number 
of applications and research prototypes using VR for meditation. Commercial 
meditation VR apps excel at providing a variance of high-fidelity environments, 
with guidance provided through audio tracks and with abstract visualizations to 
provide a target for breathing synchronization.  Motion has also been explored:  In 
Relaxation Island [61] users could navigate through an environment and sought to 
relax, with results indicating success with the aim. A similar approach, the 
utilization of hand-controllers to freely walk around the soothing environment can 
be seen in the Guided Meditation program by Cubicle Ninjas [62].  
 
Biofeedback supported VR meditation solutions are rare, but examples exist. 
Psychic VR  [33] is a proof-of-concept project visualizing superpower effects along 
with the performance of mindfulness meditation utilizing the Muse Headband for 
EEG measurement. Virtual Meditative Walk [63] combines VR and biofeedback to  
help treatment with chronic pain. It consists of an audio guided walking meditation 
through a virtual forest, where weather of the environment reacts to the relaxation 
and anxiety of the users; relaxation clearing the skies and anxiety causing a fog to 
rise. Here the bio-adaptation is based on skin-electro conductivity.  Skill Master VR, 
an HTC Vive -based app, uses a hand controller held by the chest to measure the 
pace of the breathing to control the pulsing of a glowing orb visualization [64]. 
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4. Case study: RelaWorld 
The aim of the RelaWorld project was to examine if and how, bio-adaptive virtual 
reality can support meditation and bring about its benefits in a context suitable for 
reducing work-related stress. This was approached by building a VR test 
environment where brainwaves were transferred to visual cues conveying the 
mental states of concentration and relaxation, and comparing the performance 
between two meditations, Body Scan and Focus Point attention.  
 
Other team members were researchers Mikko Salminen, Simo Järvelä, Ilkka 
Kosunen, Professors Giulio Jacucci and Professor Niklas Ravaja. My responsibility 
covered the visual design and implementation of the virtual reality environment. A 
number of the nature assets were based on assets provided with the Unity3D. Rest 
of them were modelled and textured with Blender3D and Adobe Photoshop. Ilkka 
Kosunen coded the networking and handled the data processing in OpenViBE.   
 
Published article 
RelaWorld: Neuroadaptive and Immersive Virtual Reality Meditation System [8].  
 
Acknowledgements 
RelaWorld is part of Mindsee research between Aalto University, University of 
Helsinki and HIIT (Helsinki Institute of Information Technology). The project was 
supported by Työsuojelurahasto, (research number 114169, Academy of Finland 
(Academy project number 268999) and by the European Commission FP7 
framework through the MindSee project (FP7 - ICT; Grant Agreement # 611570).   
 

System setup 

The RelaWorld system consisted of two computers: a PC running the VR 
environment in Unity 3D through Oculus DK2 headset and an EEG recording PC 
utilizing Brainproducts QuickAMP EEG amplifier. The EEG feed was processed 
through the OpenWiBE framework and streamed to a VR computer through local 
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network. Tests were done in an acoustically and electrically isolated laboratory.  
(Figure 3.) 
 

Experiment procedure 

The study involved 43 university students aged between 20 and 48 years. Before the 
tests, the 5-minute baseline EEG was recorded. It was followed by six meditation 
sessions, each lasting 10 minutes. After each exercise there was a three-minute 
working memory task to evoke stress and erase the effects of the previous 
meditation session. There were three meditation sessions for both focused attention 
and body scan. One of them was instructed through watching the same scene in a 
computer monitor, and two sessions with the VR headset, one with and one without 
the bio-adaptation.  
 

 
Figure 3: The RelaWorld setup 

 

Development process retrospect 

When the project started, VR was just emerging. The information of the upcoming 
hardware was limited and uncertain – expected release dates kept shifting, as were 
the expectations of the supported platforms and computer requirements. Our initial 
overtly optimistic estimate based on what was then known, was that the improved 
version of Oculus Rift would have been released by the experiment date, and that 
it would be fully supported on a Mac environment, which was chosen as our 
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development platform. However, this was not to be: the release date of the full 
headset was pushed beyond our schedule and the Mac support was canceled as it 
became clear that Apple’s vision for their high-end laptops would not match the 
heavy requirements of the VR. This led us to freeze the development-environment 
to Unity3D version 5.21d and sustaining the last drivers which supported Oculus 
Rift DK2 on mac. Relying on outdated software came with issues, as we couldn’t 
utilize features and bugfixes of the later versions, and the final installation of the 
system on a Windows desktop running the experiments involved searching for the 
outdated versions from other users in the developer forums. The refinement of the 
technology and fixing of bugs was often faster by the volunteer community, but 
they lacked in practices to archive and provide record of old releases. That was seen 
futile as the eventually arriving official patches addressed the same bugs, thus 
rendering obsolete the temporary fixed work by the community. However, newer 
patches came with unstable or non-existing backward compatibility with the no-
longer supported Macs, leading to complications in dependency management.   
 

RelaWorld environment description 

For meditation guidance, a graphical user interface (GUI) is used to convey the 
progressing attention in the meditation. In body scan, a HUD-view displaying an 
outline of a body is shown at the front. Different parts of the body become 
highlighted as the meditation progresses, guiding the place where the user is told 
to direct their attention. (Figure 4.) During the point focus meditation, five spheres 
are displayed floating in front of the user, one of them always been highlighted by 
brighter hue and surrounded by a glow. (Figure 5.)  
 
In the interface to convey the biofeedback-adaptive performance of the user, two 
effects are in place. Vertical movement of the platform represents concentration, and 
a sustained high level of concentration makes the users to float upwards, and 
downward move is initialized with distractions and measured low concentration. 
Relaxation is represented with an “energy bubble” surrounding the user and the 
platform. It becomes opaquer by sustained relaxation, eventually maximizing at 
30% transparency and initializing particle sparkles around the user.  
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Figure 4. Body Scan GUI with a tree next to the platform 

 

Meditations: Point focus & Body Scan  

Both of these meditations belong to the category of focused attention practices. The 
tasks being to focus and sustain the attention at a set precise point. Eventually, 
attention will drift and when noticed, gently guided back on point [65]. During the 
point focus practice, the task is to focus on a single point in front of you and not get 
distracted. In Body Scan practice, the task is to focus on different parts of the body, 
letting them relax, and then moving on to next. Difference between these two 
seemingly similar practices is the direction of the attention – point focus looks 
outwards, here, towards the virtual environment, while the attention of body scan 
is internal.   
 
Studies on meditation and brain activity have shown that an increase of power in 
the theta band is linked with concentration, and an increase on the alpha band (4-
12Hz) correlates with relaxation. Using EEG to directly observe brain activity, we 
chose these bands as input. An increase on the theta-band, meaning higher 
concentration, would move the user up. An increase on the alpha-band, relaxation, 
would add to the opacity of the surrounding bubble.  
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Design considerations 

Choosing meditations 
The criteria for choosing the meditation practice followed the research premise. For 
the purpose of the research, they had to be from the same category of meditation, 
thus keeping the number of variables small in comparison. To provide context for 
comparison, they had to differ in theory, and to have been researched before. From 
practical perspectives of implementing the tests, the practices had to be easy to 
instruct and perform by the novices and produce predictable effects during a short 
session. Also, consideration was given on the feasibility of implementing the 
practice with VR and in a lab environment.  
 

Design aims 
Principles underlying the design of the virtual environment at the beginning were 
set to be immersion, pleasantness—avoidance of simulator sickness—and the aim 
of keeping it as minimalistic as possible as we speculate that visual cues might 
distract the meditation and show up as interference in the EEG recordings. Decision 
towards minimalism was also supported by concerns for the development time and 
hardware requirements needed to run virtual reality scene smoothly. 
 

The setting 
At the beginning, several nature related scenes were considered and eventually, a  
seaside view was chosen in reference to the concept of immersion expressed by 
being surrounded by water [66], [67]. Also reasoning backing this decision was the 
fact that a seafront environment and a view to horizon are claimed to enhance 
mental wellbeing and relaxation [68]. 
 

Avatar or not? 
For immersion and embodiment, a virtual representation of the user was 
considered. In the end, this was not pursued as it presented an array of questions to 
solve that weren’t seen essential to the research questions at hand.  
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Figure 5: Focus Point GUI without a scale context object. 

 

Choosing adaptations 
The adaptations for concentration and relaxation were approached within the 
narrative themes associated with meditation. In fiction, particularly in games, super 
powers such as flight and the ability to conjure elements of magical energy are 
associated with mental prowess. These two suggestions were also unobtrusive and 
distinct from one another. For both, maximum values were set. Upward flight 
stopped at a height, which was difficult but possible to reach. Similarly, the increase 
of the opacity of the relaxation energy bubble stopped at a low value set after rounds 
of iterations. Were the bubble to get too opaque it would have blocked the view 
towards the scene, breaking the spacious atmosphere. We found that reaching the 
upper limit of flight was a rewarding experience, a game-like goal to pursue. To 
indicate similar maximum with the energy bubble, a sparkling particle effect was 
added around the user when reaching >97% of the maximum opacity of the bubble. 
This was also reported experienced as an enjoyable reward. Some participants 
interpreted the system as a game, feeling disappointment when the adaptations 
took a downward turn. Some stated frustration as they sought to improve their 
performance in reaction, which made the state even worse. This highlights the 
obscurity of the iteroceptive perception of mental states. 
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Balance of details & minimalism 
In game design, level design is tailored to guide the player towards the stated goals, 
highlight the possible paths, actions possible to be taken and support the narrative 
and to convey the intended affective sensations of the game. Following these 
guidelines and aim of minimalism, a hierarchy of detail was planned. Detailed 
textures and higher contrast were added to the objects of importance - the GUI 
guiding the meditation, and at the immediate surroundings of the user - a carpet 
and a detailed texture of the platform beneath. The environmental assets were left 
bland in contrast with angular low-poly state and minimal texturing. Sky had no 
cloud coverage and the daylight sun is placed outside the immediate view. The trees 
have just a base color and detailed foliage was replaced with planes and had ground 
had simple subtly striped texture. Attention wandering in environment was guided 
towards the horizon with the elements of the scene. The intention was to both return 
the attention back to meditation and the idea that looking far “through the screen” 
would enhance immersion by avoiding the attention of immediate HMD led screen.  
For this, the striped ground texture was oriented towards the beach, and later, a 
subtle pollen effect was added to nearby tree, blowing floating particles towards the 
horizon. 
 

Sense of scale 
The fidelity of the environment grew during the iterative development process. 
First observation with tests shown that vertical movement while looking towards 
the horizon, made impossible to estimate the scope of the vertical movement. To 
address this, several elements were introduced to scene to bring the sense of scale: 
a tree next to the user, an island further away at the sea with a similar tree, and a 
stone pathway towards that island enhancing the perception of perspective. 
 

Addressing blandness 
Early testing also showed that extreme minimalism with functional elements was 
experienced as too stale to be pleasant. To address this, wave animation was added 
to the sea texture, which was later taken further by adding a soundscape of gushing 
waves. The tree was enhanced with a small pollen effect driven by the wind 
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generator rustling the leaves. Together these subtle elements brought up the desired 
liveliness while not being seen as distracting. The wave audio track was edited by 
masking pink noise, aiming to neutrally cover possible disturbance emanating from 
the test environment. Sense of depth in the scene was further increased using the 
then experimental chromatic aberration plugin for the Oculus Rift.  
 

Simulator sickness 
Simulator sickness was recognized as a major concern for VR-experience from the 
very beginning. We decided to follow safe guidelines to avoid sensory mismatch by 
minimalizing motion and keeping it slow and steady. Also, a concern for possible 
vertigo was raised, thus the first draft of simple levitation was modified by adding 
a concrete platform underneath the practitioner to move along with the meditation 
performance. These precautions seemed successful as none of the participants 
reported any simulator sickness or vertigo. 

 

UI development 
Object placement was considered both with reference towards the pleasant viewing 
angles and distances for VR environment [50]. Further adjustments were made with 

the tests – focus object spheres, originally placed to lay on the stone floor, even as 
within the set angles, were experienced to be too low for comfortable neck position 
and conflicting with the meditative posture and the intended view towards the 
horizon. They were thus lifted to float in the direct view, as the magical and 
abstracted virtual environment easily fit the idea of floating objects without 
breaking the sense of immersion. The HUD screen used in the body scan meditation 
was bound to the camera view, which in the test showed a good response, and it 
seemed to make sense based on HUDs utilized in many computer games. Feedback 
afterwards however told that users would have preferred a world-bound, 
stationary HUD and a free opportunity to look around, without having the HUD 
follow the look and constrain the view, even as transparent as it was. This 
demonstrates the unsuitability of non-diegetic interfaces in VR, especially as the 
HUD is large and centered. 
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Androgyny – success or not? 
To fit all participants, the silhouette guiding the body scan meditation was drawn 
from a refence of an androgynous body combining wider shoulders with a hint of a 
waist. However, in following discussions, the slight notion of waist raised concern 
if the silhouette would be perceived feminine. For production schedule concerns, 
silhouette was left as it was, as can be seen in the Figure 4. The worries luckily 
proved vain, as we found that the shape wasn’t experienced unrelatable. 
 

Brightness and the screen-door effect 
Originally, the practice of focused point meditation had a single stationary target 
object. However, tests showed that focusing on a single point soon became tiresome 
and users would start to observe the led-screen of the HUD and this would break 
their immersion. Our solution was to make the location object change positions by 
adding additional spheres next to it, totaling five, and varying the hue and glow 
effect separating the target from the rest. The focus object changed position 

randomly every 30 s – the same interval as used in the body scan meditation to 
change the target body part. Also, the original intensity of the effect was toned down 
significantly, so that even a long look at it would not feel irritatingly bright. These 
changes improved the pleasantness of the experience significantly, though the 
screen-door effect (SDE) was reported by some of the test participants. Screen-door 
effect can be described as black grind over the image, caused by empty space 
between the pixels of the screen [69]. The immediacy of screen door effect was 
typical of the DK2 version of oculus rift having only a resolution of 1920 x 1080 with 
386 PPI.  
 

Adapting the algorithms  
The effects for the scenario were built with an estimated input summing sin-curve 
and noise. A lot of attention was paid to tuning both the vertical movement and the 
bubble opacity just right. The algorithm used input-averaging and buffering at the 
movement transitions to smoothen the direction changes. Simultaneously, it had to 
account the input variance and balance them to allow everyone to get the platform 
to move, while preventing getting stuck on either end of the effect scale.  
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Testing with an actual EEG feed came late in project development and showed that 
the real input was quite different from the estimated input. Having the real bio-
signals at hand changed the whole parameterization of the algorithm. The most 
significant variable was the tuning reactivity of the neurofeedback. A fast 
reflectance of the noisy signal felt jagged and disorienting, making it impossible to 
reflect and correlate the mental state to the perceived cues. Eventually we set 
running averages of three and five seconds, balancing the effect to slightly support 

positive cues, i.e. it was easier to float up than fall down – thus tolerating minor 
distractions in attention without punishing the user. This produced a system where 
all of the users could affect it, the response felt floaty, while responsive enough to 
guide the meditation in the intended direction.  During the first 30 seconds of 
meditation, feed input was boosted towards positive, to allow everyone to 
experience that they can affect the system.  
 
However, the performances of the participants were not balanced to each another, 
meaning that the individual variation caused some participants to float at ease at 
heights and perceiving the system as very responsive, while others barely made it 
off the ground and reported the system as being on the sluggish side. Overall, we 
felt that we succeed at finding a good balance to suit all participants, but this 
concern was carried over to DYNECOM and taken in account during its 
development. 
  

Development lesson  
Lesson: real data from EEG is difficult to estimate, record it, and later stream it for 
simulation purposes. This is partly a caused by the nature of the EEG input and of 
the software used to process it. This was a concern in the beginning of DYNECOM 
development, but eventually it wasn’t pursued, as recording and developing this 
kind of data streaming was not straightforward. Especially as in iterative cycles the 
raw EEG-data processing in OpenViBE was in constant shift, alongside the 
discussion of which operations were better suited to be done in Unity3D. 
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EEG Cheating  
During a test session break with EEG measurements active, I suddenly noticed the 
visualizations reacting to a very high level of concentration. This was unexpected, 
as no-one was supposed to be meditating at the moment. After inquiring, I learned 
the peak signal was caused by a decision to use the break to solve mathematical 
assignments. This made it clear, that the EEG system cannot separate one form of 
concentration from another, and were one to treat our system as game, it would be 
easy to cheat. 
 

Results 

Overall the results of the study were positive. We found out that that the head 
mounted displays provided better results on all fronts compared to the control 
session where the same instructions were seen from a computer screen. The VR 
sessions with the neurofeedback turned on were perceived better that the ones 
where the adaptations were run by the system. However, difference between the 
VR sessions weren’t statistically significant. Factors measured with questionnaires 
covered negative and positive feelings, levels of relaxation and concentration, 
experienced depth of the meditation and perceived level of presence (Figure 6.) 
 

 
Figure 6. Presence levels measured in RelaWorld 
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5. Case study: DYNECOM 

 
Figure 7. DYNECOM environment with all adaptations 

 
The second project DYNECOM (DYatic NEuro COMpassion) consisted of a single 
meditation, a compassion-practice, aimed to evoke empathy. Practice was 
performed simultaneously between two users in a shared virtual environment. The 
aim was to study the transmission of emotions, or affective contagion, via bio-
adaptive visual cues conveying affective information. [9] 
 
Development of the project started in 2016, tests were done in 2017. DYNECOM was 
built upon the codebase of the RelaWorld, making it more complex and refined in 
numerous ways. As with RelaWorld, the project was developed iteratively, with 
ideation, prototyping, testing and the either discarding or refining the ideas.  
 
The team for this project was led by professors Giulio Jacucci and Niklas Ravaja. 
Neuropsychological insights came from researchers Mikko Salminen and Simo 
Järvelä.  CS master student Janne Timonen worked with the development and 
design of the affective cues and handled most of the coding, particularly creating 
and adapting the cues to a multi-user network architecture. He wrote his master’s 
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thesis on the design and development of visual cues in this project [70]. Research 
assistant Kristiina Mannermaa oversaw the test sessions and CS student Gabi 
Lerner provided mathematical insights for the data processing. My work focused 
on the design and implementation of the virtual environment, this time being more 
able concentrate on visual fidelity, concept design and their iterations.  
 
Published articles 

• Bio-adaptive Social VR to Evoke Affective Interdependence [9]  

• DYNECOM: Augmenting Empathy in VR with Dyadic Synchrony 
Neurofeedback [10] 
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by The Academy of Finland (project EMOEMP: 305576 & 305577). The purpose of 
the research is to provide new information on the human capacity of empathic 
interactions in immersive social virtual environments (SVE).  

 

System setup 

DYNECOM setup consisted of four networked computers. Two of them ran the 
QuickAmp EEG and recorded their output. Two computers in the lab ran the Virtual 
Reality environments, using an Oculus Rift headset and touch controller. 
Architecturally, the real-time EEG measurements from the users were streamed to 
recording computers using BrainVision Recorder software. From there the data was 
sent to the VR-computers where OpenViBE processed the raw feeds with 
normalization, averaging and scaling. This data was then sent through TCP/IP back 
to localhost, where Unity3D used it in running the VR environment. The two VR 
computers were networked through the Unity Networking to a configuration where 
one of the computers ran a virtual server alongside its client session. Both client 
sessions, responsible for running the user environments, connected through the 
virtual server, which was used to share state of the client sessions reliably. 
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Preprocessing of the raw data was necessary as the refresh rate of EEG-sensors was 
2000 readings/s from multiple channels, outputting hundreds of megabytes of data 
in a test session. Tools available in the OpenViBE made the data feasible to process 
within the Unity3D, which received three variables scaled between 0-1 every 0.1 
seconds. One for respiration, and two for approach motivation, for which, final 
calculations were done in Unity3D. The reason for this was the version of the 
OpenViBE used in lab, which didn’t include the required functions. While they 
would’ve been available by purchasing an upgrade, we chose to write the algorithm 
by ourselves. 
  

Experiment procedure 

Participants to the experiment consisted of 42 people recruited in pairs. The 
experiment consisted of eight different conditions each lasting 6min 30s. Before each 
condition, 2 min baseline measurement was recorded in a plain VR room designed 
for the purpose (Figure 10.). Of the eight conditions 4 were solo and 4 dyadic, 
covering all the combinations of featured adaptations. In the solo conditions the 
opposing statue was not active, meaning it did not differ from the statues next to 
the participants. After the meditation, a questionnaire was filled in VR using the 
Oculus hand controller.  
 

Development process retrospect 

DYNECOM was built upon the code and assets of RelaWorld. The scope of the 
research however was way more ambitious. At the beginning it felt that we knew 
there was something proper and coherent in the direction we were pursuing, but 
what it was exactly and how it was to be approached seemed unclear to everyone.  
Our aims were ambitious, opening new grounds as nothing like this had been done 
before. This characterized both the research and the development experience, as 
when learning new techniques, unexpected twists are certain. For me, it was digital 
sculpting of the statue, which was then to be animated, requiring a new topology, 
but eventually not using the animations as the network code in the test lab did not 
work at all like it did in the office, leading to such instabilities that the breathing 



 

 41 

animation had to discarded. Lack of this cue can be seen in the results of the 
research, alongside the other oversights made during the development.  
 

Meditation: compassion / loving kindness 

The purpose of the project DYNECOM was to research affective contagion in bio 
adaptive social virtual environment. Empathy is a process where the perception of 
emotions from others leads the observer to obtain similar affective state. Among 
buddhist traditions, “loving kindness” is a common form of compassion 
meditation. It involves projecting positive thoughts to various targets as tasked. In 
our case, there was only a single target. We concluded that instruction of the 
participants before the experiment would suffice, thus, we would not provide any 
further guidance within the system for the task. 
 
In the literature search the results for brainwave patterns for empathy were thin. 
Best approximation for empathy is mental state called “approach motivation”, 
which is measured in alpha band frontside asymmetry. This was then used as the 
variable to create bioadaptation for empathy [9]. 
 

DYNECOM Environment description 

The virtual environment consisted of a circle of six statues sitting in meditative 
posture. The statues are surrounded by a forest environment, and a pink-noise track 
resembling wind rustling in the leaves is played from the headphones. Two of the 
statues are connected with a bridge, representing the users in the setting. These 
statues also are surrounded by a vertical ring-like aura. The bridge and the aura are 
the methods for conveying the bio-feedback visualization cues. (Figure 7.) 

 

Effect: Breathing 
The respiration rate of the participants was conveyed through motion, shown in two 
elements. Firstly, the aura surrounding the statue changed size in accordance to the 
pace of breath, and through glowing tile-like elements covering the bridge. During 
each exhalation, a progressing wave illuminating the tiles is sent from the user 
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towards the opposite statue. When breathing of the users was in synchronicity, these 
waves collided at the center of the bridge with a highlight effect.  (Figure 8). 
 

 
Figure 8. The range of breathing cues. 

 

Adaptation: Empathy  
Frontal asymmetry, as in empathy, was visualized by color in three different 
elements. The aura, the coloring of the breathing-wave tiles, and at the sidebars of 
the bridge. The color varied on a gradient going from green, yellow, orange, red to 
pink, green being the neutral position and pink representing extremely high frontal 
asymmetry (Figure 9.). Alongside the color progression, the opacity of the effect 
grew on a linear curve. The sidebars of the bridge, an additional glow was initialized 
when the user frontal asymmetries were synchronized. The colors were chosen in 
accordance with color theory, red being warm and close, like the warmth of the 
campfire in an evening dusk. Green being a cold color in comparison it was seen as 
more distant. While the reasoning for this was solid, known concept for 
categorization of colors, after tests it became apparent that there was a stronger 
intuitive concept which turned the intended interpretation upside down: Traffic 
lights. Even as the participants were explained the meaning of the colors, they still 
felt that red meant stop, even danger, and green, the weakest level of empathy, 
conveyed approach.  
 

Empathy Algorithm 
The algorithm developed to control the visualizations was designed to adapt to each 
individual user. At the beginning of the session the EEG baseline is defined for the 
starting range of the frontal asymmetry of the participant. Later, as the meditation 
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session evolves, the limits of this range are grown with the new values gained. The 
updated range always covers the whole spectrum of the FA gradient. The idea 
behind this adaptation was to afford synchronization of both participants, even if 
their measured base levels would vary significantly.   
 

 
Figure 9. Color and intensity range of the empathy cue. 

 

Design considerations  

Choosing and making the setting 
DYNECOM is built around the metaphor of “sitting together by the campfire.” 
Intended to evoke a reminiscence of a heartful social situation; a calm and relaxed 
environment. The theme guided the selection of the materials and colors. Sand was 
chosen for the floor beneath the statue platforms, for being soft, warm, natural and 
safe in accordance of the intended color and contrast hierarchies. Also, it was a 
thematically sound choice, as sand is known as a good way to put out a campfire. 
Contrast hierarchy was created with lights and material choices, from the near, 
bright and warm to the distant, cold and muted. Distance fog was set to horizon sky 
color to mask the furthermost branches. Forest around the circle was gently 
vitalized by adding a slowly evolving particle mist using cone-based emission. 
Wind was added to animate the branches and three firefly swarms were hidden 
among the trees slightly outside the immediate view. 
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Open and closed 
Forest is an environment prone to evoking urge and curiosity to explore, even by 
merely by letting the eye wander. Also discussed was the notion of how differently 
people relate to forests. Out team found it comfortable, safe, relaxing and familiar, 
while some from different cultural backgrounds found our environment presenting 
an unknown, unfamiliar, possibly scary and even dangerous place.  
 
To address these concerns, the statues were surrounded by a short wall, cutting 
away the horizon and leaving only the tree branches to be observed. This makes the 
scene feel more intimate and safe while guiding the wandering attention on the very 
immediate. Height of the wall was chosen to be short enough for one to easily climb 
over. Reason for this was to prevent possible anxieties of being stuck in a closed 
space, and hint that the user can leave the situation easily if so desiring.  
 

Statue Design 
To provide target for the compassion, having an avatar presenting the users was 
essential. However, avatars themselves were not at the core of the study. We are keen 
to interpret slightest hints of body language or facial expressions with emotions and 
motives. Also, to take account the concern of uncanny valley and production time, 
while we discussed variety of humanoid and abstract approaches, we decided to 
move onwards with static stone statues as avatars. They afford a target for 
identification without expectations of expressions or realism. Statues were sculpted 
aiming towards androgynous and ageless humanoid without strong identifying 
features. Their pose is familiar from imaginary associated with meditation and 
expression is left relaxed and neutral.  
 
After the experiments it was observed that statue faces were modelled in too fine 
detail regard the resolution of the headsets. As the statue face was the intuitive focus 
point for meditative observation viewed from a distance, the sub-pixel details 
conjured rendering artifacts such as shaking. This was a clear cause for 
CyberSickness, and during the test, many users chose to focus on alternative points 
in the scene.  
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More than two? 
Compassion meditations often involve more than one target for the empathy. This 
was present also in our discussions when scoping for appropriate test set up as we 
saw good potential in exploring three users set in a hierarchy of student-teacher 
relations for measuring affect replication.  This idea was left lingering as a potential 
approach for a continuation study, as we decided to stick with already complex 
enough dyadic interaction. The idea of wider social context shows in the scene 
represented by the four inactive, passive statues forming the full circle.  
 

Development of the visual cues 
Core challenges for the setting were to find effects that convey doing something 
together, while seeing the state of the other, and also being able to observe the state 
of oneself. Several concepts were considered, such as building a bridge, or a pillar 
together, but many were discarded as either it required a positioning without a clear 
view of the other, or the theme had a clear ending, thus bringing a competitive 
element, an idea of a "perfect game" vs. "failed game." We toyed around with the 
idea of an endless game, building a pillar which shifts downwards along the 
progression, but this was discarded as too complex and we set to designing the 
system around the bridge connecting the users. A wave-like effect between the users 
set to rhythm of the breathing went through several iterations, often seeking 
reference from spell effects of games, but all of them were found both obstructing, 
tiring in repetition and mainly, distracting by grabbing the attention. The found 
solution was to reduce the cue to be conveyed through simple large shapes covering 
the bridge, reminiscent of frequency bar equalizers. This position allowed the cues 
to be glanced at the lower end periphery vision while looking at the statue at front, 
while keeping their tone down to prevent becoming distracting. Thus the neutral 
orientation of the user’s gaze delivers everything required to support iteroceptive 
awareness. [8], [71]. All cues in DYNECOM are non-diegetic. 
 
Lesson of interference 
Towards the end of development, we observed that recorded EEG measurements 
showed unexpected, irregular and weird artifacts. After troubleshooting 
possibilities one by one, we discovered that something from the Oculus Headset 
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interfered with EEG-wires attached to cap on some occasions when head was 
turned. Our first assumption were the headset’s HDMI and power cables, but as our 
futile attempts to improve their positioning and isolation tilted towards even more 
hackerly helmet constructs, we luckily found that the issue was caused by the 
poorly isolated audio-wiring of the integrated headphones belonging to the 
headset. Then it was straightforward to fix – and to play it safe, we both disabled 
the audio input of HMD, removed the headphones and rushed to use the external 
closed cup isolating headphones as intended. 
 

Results 

DYNECOM research showed that using both bio-adaptations simultaneously 
produced best results, even more so in the dyadic setting produced. Also, the 
biofeedback indicating synchronicity increased the amount of EEG synchrony.  
 
 

 
 

Figure 10. DYNECOM baseline room 
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6. DISCUSSION 
To answer each of the set research questions separately is challenging, as they both 
affect each other closely. Experience of a visual cue is tied to the background it is 
shown against, and both affect the sense of presence and immersion, which is tied 
to the effectiveness of the meditative practice. As tangled as these seem, below an 
attempt is given first to answer the question of the environment, after which the 
topic of bioadaptations is covered and overall collection of design considerations 
can be seen in table 5. 
 

1. How to design an environment that can that translate a meditation 

task into virtual reality? 

 
First step in the process, is mapping out all the properties of the meditation task 
intended to be translated. Meditation practices can vary from each another in 
multiple ways. Below are collected observations of the meditation practices crossed 
during this work to consider, and as example, six common meditations are broken 
down to answer these questions can be seen in Table 2. 

 
1. What exactly is the task of the meditation practice? 
2. What are the purposes of the practice?  
3. Emotions – Are they sought to be evoked on purpose? 
4. Time – Does the practice work within the limits of comfortable 

continuous HMD use, often stated as 30 minutes? 
5. Biosignals – What can be predictably measured from the practice? 
6. Bioadaptation – What should be conveyed to best support the task?  
7. Static or moving? – Solutions for a walking meditation require a form of 

navigation. 
8. Guidance – Does it need visual or auditory instructions, and can they be 

abstracted in an intuitive manner? 
9. Focus of attention? – Is it internal or external? Static or phasing? Singular 

or multiple? 
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10. Social or solo? – Design for social VR meditation multiplies the required 
affordances and constraints, complicating the design significantly. 

11. Avatars? Is embodiment needed, and how to approach it while keeping 
in mind expressions, gestures and the uncanny valley effect? 
 

Meditation Focus point Body Scan  Mindfulness breathing 
Typical 

Description 
Focus on a set point in the 
environment. When Attention 
wanders, bring it back to this 
point.  

Scan through different parts 
of body as guided, paying 
attention to each of them, 
relaxing them and examining 
the sensations evoked” 

1. Count to 10 with every breathe 
out.  
2. Count to 10 with every breathe in.  
3. Observe your breathing freely 
4. Feel how and where you feel your 
breathing first 

Attention direction Outside  
 

Inside Inside 

Attention 
target number  

Single point Single body parts,  
whole body 

Single point 

Attention phases no 10-20 body parts  
Whole body 

four phases 

Pose Stationary 
Sitting 

Stationary 
Sitting 
Laying on ground 

Stationary 
Sitting 
Laying on ground 

Guidance Visual,  
Pre-meditation, Not necessary 

Visual  
Audio 

Audio 
 

Emotions May arise, acknowledge  
and let go 

May arise, acknowledge and 
let go 

May arise, acknowledge  
and let go 

Solo or group 
intentional 

Solo Solo Solo 

Usual practice times  10-30 min 10-30 min 15-60 min 

Core 
Biosignals 

Concentration 
Concentration 
 

Relaxation 
Concentration 

Concentration 
Respiration 

Visualize 
Guidance 

Assigned target(s) 
 

Guidance of the body parts 
 

Phase shifts, symbols 
 

Visualize Biofeedback Yes Yes Yes 
Avatar necessary no no No 

Suitability 
notes 

RelaWorld 
Clear and proven 

RelaWorld, 
Clear and proven  

Breathing visualizations when 
synchronized, not when “let it 
happen by itself, just observe it” 
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Table 2. Six common meditations, breakdown and considerations  

 

Meditation Walking Meditation Loving Kindness Awakening Kundalini 
Typical 

Description 
Walk around in the environment 
very mindfully and paying 
attention everything and what it 
evokes within yourself. 

Evoke phased compassion   
1.t Yourself  
2. Your friend 3. Your enemy 
4. All beings in this room, city, 
nation, planet, and universe… 

Visualize and feel colorful 
spheres of energy within you 
body (chakras) and visualize 
energy moving through them. 

Attention direction Outside, Inside and Outside  Inside 
Attention 

target number  
Any  
Free association  

Single people, 
set group innumerable 

Single targets, connected whole 

Attention phases Any 
Free association 

Four phases 
 

Phased 
 (8 chakras + connection) 

Pose Standing 
Walking 

Stationary 
Sitting 
Laying on ground 

Sitting 
Yogic poses 
Hand poses (mundra) 

Guidance Pre-meditation  
Not necessary 

Visual 
Audio 
 

Visual 
Audio 

Emotions May arise, acknowledge  
and let go 

Evoked  
on purpose 

Sensations evoked 
 on purpose 

Solo or group 
intentional 

Solo, group Group Solo 

Usual practice times  20 - 60 min 20 - 60 min 20 – 60 min 

Core 
Biosignals 

Concentration 
Motion 
Respiration 

Empathy 
Respiration 
 

Not-measurable 
Concentration 
Relaxation 

Visualize 
Guidance 

Vivid environment  Meditation targets 
Symbols / abstraction 
 
 

Poses & mudras 
breathing pattern 
“chakras” 
“energy” 

Visualize 
Biofeedback 

Environment reacting to 
intended signals 

Yes Some – breathing? 

Avatar necessary Yes if group Yes if group Yes, can be abstract 
Could 3rd person view work?   

Suitability 
notes 

Done with treadmills and 
“binocular” stationary headset. 
Room for AR?  
What to visualize? 

Grounds for visual guidance 
and digital group meditations. 
More participants ->  more 
challenging to design. 

Great for visual guidance, but 
chakras and kundalini energy 
are not measurable. 
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We learned during DYNECOM that the minimalistic approach taken in RelaWorld 
wasn’t necessary in the sense that it would reduce artifacts in the EEG readings. 
While unclear if the same applies to consumer grade EEG-headbands, this worry 
can be avoided by sticking to the design priorities that became apparent during the 
thesis projects.  
 
The most important factor for meditation is sustaining the defined mental state of 
the task. Nothing in the environment should distract away from the task. And the 
mind tends to wander, environment guides the mental state back as intended. In 
many meditations, the focus of observation stays still for long periods, even when 
the target changes at phased intervals. Stationary gaze within VR demands a lot 
from the environment of the focus point. As seen in both projects, causes of 
simulation sickness must be taken in account. HMD screen quality sets the limits 
and parameters of the design to determine how long a single region on the screen 
can be pleasantly observed. A target too bright irritates, and a target too small for 
the screen resolution can produce artifacts and trigger symptoms of simulation 
sickness. Even if these symptoms are avoided, a realization of looking at a HMD 
breaks the immersion.   
 
Applying practices of game design for guiding attention [72], the scene should be 
constructed following visual hierarchies of color, contrast, material and detail and 
with visual elements suggesting a direction for the focus. Prominent distinction by 
color, contrast and detail are to be used to separate the most important elements of 
the scene, while less important elements are easy to glance over when implemented 
in muted tones, lower detail and less light. However, careful balancing is required, 
as too prominent elements will grab the attention from the task.  
 
To define these hierarchies, a theme for the environment must be chosen. Here, a 
multitude of factors must be considered: What kind atmosphere supports the task? 
In case of evoking emotion, references can be found from color theory, and 
moreover, on how visual elements are intuitively perceived by the target audiences. 
For purposes of meditation, it is good that the environments can be described as 
relaxing, safe, and peaceful. A nature setting is a good choice, as both vegetation 
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and elements of water are beneficial to mental wellbeing. Visual fidelity of the 
environment improves presence. However, depending on the means of production, 
for example using 3D video recording, the assets generated can be difficult to adjust, 
especially considering that the rich detail of the background can distract from the 
more important elements.  

 
Table 3. Systemic game element breakdown of the projects. 

 
System elements can be categorized systematically from the perspectives of game 
analysis presented by Järvinen [3]. He breaks down games to systemic, compound, 
behavioral elements. Projects presented in the thesis can be seen through these 

Systemic elements RelaWorld DYNECOM 
Component of self Platform  own of oneself 
Component-of-other n/a Statue of the other 
Component of system n/a n/a 
Compoud elements RelaWorld DYNECOM 
Ruleset Algorithm governing biosignal 

translation to game world 
Algorithm governing biosignal 
translation to game world and 
scaling it to match the 
performance of the other player 

Goals of self Float up,  
reach high opacity on energy 
bubble 

Reaching high empathy 
Synchronicity with other 
on both breathing  
and on level of empathy 

Goal of other as team-mate n/a See goals of the self 
Game mechanics of self Concentrate,  

relax 
Evoke compassion 
control breathing 

Theme Mindfulness meditation by a sea 
front 

Compassion meditation in a 
forest 

Information of self game-state (height and opacity, 
speed and direction of change, 
iteroceptive observation) 

Game-state (colors, breathing cue, 
iteroceptive observation) 

Behavioral elements RelaWorld DYNECOM 
Player -self Self, one for oneself Co-operation for increased 

performance 
Player – other n/a Same as above 
Context of system Meditation, mindfulness, 

realaxation, holiday, nature, sea, 
Self-development 

Meditation, buddhism, holiday, 
nature-froest, memories of 
communal gatherings and trips. 
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lenses, as presented in table three. Benefit of this kind of deconstruction is to create 
clearer comparison between complex systems and clarity in priorization of the 
functions and elements. 
 
When selecting the setting, the place must be considered as more than mere visual. 
Different environments evoke different associations, emotions and urges. In 
DYNECOM, the scene choice of an evening forest carried the possibilities of evoking 
a wish for action, to explore, and chance for raising negative emotions. These 
unintended distractions were answered by adding a short wall to separate the 
attention from the depths of the forest, thus stopping the curious eyes from 
wandering in the details at distance and creating a barrier between a fearful 
participant and the unknown. It is good for the virtual environment to contain such 
contexts, as such place is experienced as more meaningful and real, increasing the 
sense of presence. 
 
Immersion follows presence, which requires a sense of a place which is experienced 
as plausible. Realism is not a requirement for either, as long as the environment 
answers to these components of presence with consistent and predictable rules. 
Even an abstract and minimal environment such as RelaWrold can be experienced 
as a lively place, once provided with visual cues communication context and 
meaning of the place, for example, the wind rustling the polygonal foliage of the 
tree made the experience believable. The opposite also applies: even the most 
realistic virtual forest would not be plausible if frozen still and quiet. Which brings 
up the importance of the soundscape. Immersive VR by definition improves by the 
multisensory stimulus. Auditory cues add to the elements of presence, while 
protecting the focus from distractions emanating from outside the mediated. 
Generated noises used as basis for the soundscape provide better isolation and 
spatial audio cues of the chosen place increase immersion.  
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2. How to incorporate physiology with cues and feedback in to 

meditation and environment? 

 
The focal point of attention and its periphery should be used to convey information 
supporting the task. This can be a either a form of visual guidance, or a place for the 
bio-adaptive cues.  
 
Purpose of the cues is to deliver information about the physiological state during 
meditation. The bio-signals and their interpretations cover a range physiological 
signals, which can be combined to measure emotions, autonomous reactions, etc. 
The choice the appropriate bio-signals to adapt is related to the elements defined 
when analyzing the meditative task. 
 
The balancing of the physiological feedback involves the previously expressed 
concerns for visual distinction and distraction. Aim is to be subtle and peripherally 
perceivable enough to not grab attention, while still conveying the intended 
message with intuitive clarity. Simple shapes, surfaces and motions suit well as 
unnecessary details risk being overwhelming. Embedding the cues to and within 
the elements of the scene should be considered. Their shape, color and message 
should support the theme of the environment. However, aiming for realism is not 
an easy direction, as real-world examples of phenomena offering the required 
properties can be scarce. Thus, bravely approaching the abstract and looking for 
references from the effects seen in games is a fruitful direction to go for inspiration 
during the first iterative rounds. Virtual environments can sustain the immersion 
with surreal as long the rules of the magic circle are kept [3]. 
 
As found in the work of this study, reactivity and pacing of the cues need to be 
balanced with care for them not feel too sluggish or shakingly fast. If the system is 
used by more than one person, the design must consider different approaches to 
balance the behavior of the adaptations to take in to account the natural variance 
between people.  
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Design &  production Pro / Consider Risks Note 
Setting  Nature scenes associate with meditative 

goals 
Scene grabs attention from 
the meditative task 

Plausibility requires liveliness, 
animation 

Place connotations Safety, peace, calmness, familiarity, fits 
the goals of the practice 

Fear, discomfort,  
Urge to explore  
Urge to socialize  

Depends on individual and culture. 
Check and take in account.  
For example: “limit urge to wander 
with a wall while removing noisy 
elements from background. 

Meditative task  No end states, endless  
intuitive  

Interpretable as game 
(distracts from meditation) 

Especially multi-user scenes should 
avoid competition. 

Cues & Adaptations Peripheral (stationary gaze) 
Minimalistic 
Intuitive 
Fitting to the setting 
Dark background -> subtler cues 
High FoV – periphery cues 
Balancing cue reactivity 

Flashy, juicy 
Central 
Grabbing attention from 
the task. 
Conflicting messages  
 
Not shaky or sluggish 

Symbol and color interpretations vary 
by individual and cultures.  
 
Attention to ergonomic viewing 
angles and distances [50] 
Iterate with real feedback. 

Focus point  
of attention 

Pleasant, not too bright, can stare it for 
sustained period. 

Sub-pixel details produce 
rendering artifacts and 
simulator sickness 

Shift it if required. Single point on 
HMD is more tiresome and five 
phased.  

Attention guidance Visual hierarchies: 
Color, contrast, details, lights, motion. 
(game design) 

Wrong elements grab 
attention from the task at 
hand 

Setting feels boring, stale. 

Meditation guidance Non-Diegetic [7] 
Bound to game world / 
Environmental storytelling 
 
Visual, symbolic, abstract 
Audio guidance 

Diegetic 
HUD / bound to view 
(breaks immersion) 
 
obstructs, grabs attention 

Diegetic cues are possible, but hard to 
do well. 
 
 
Is pre-session briefing enough? 
 

Simulator 
sickness 

Stationary pose and slow motion – low 
risk for CS 

Movement & navigation 
don’t have clear solutions 

Lots of literature for CS-causes [73] 

Multiuser Increases effectiveness of certain 
practices 

Complicates cue, task and 
scene design significantly – 
must perceive states of 
oneself and the other 

Network coding takes time.  
VR-booths next one other as solution. 

Avatar Increases presence 
Relatability 
Genuine self expression (Haraway) 
 

Not always needed 
Uncanny-valley 
Social cues, gestures, 
expressions are hard to do 
well both from production 
and sensor matching 

“stone statue affords embodiment 
without expectations of expressivity” 
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Table 4. Design and production considerations breakdown 

 
Last, when designing the form of the adaptation, consideration must be given to 
how game-like it is hoped to be? Would an end state, such as reaching the maximum 
height in RelaWorld suit the task? End states feel rewarding and can increase the 
motivation, even stir competition. However, seeing meditation as a game redacts 
from its effectiveness of the task and can evoke negative emotions such as 
disappointment and frustration. Another approach is to design adaptations without 
a clear beginning or end, as seen in DYNECOM. Repeating cues suit social 
environments well. With them, the emotional highs and lows are less prominent. 

 

Glance at the future 

Directions of VR  
As of 2019, shape of VR is maturing fast. Mobile VR, a consumer-oriented approach 
using mobile phones with cheap headsets, is fading out. Consumer VR and its 
content development has shifted towards stand-alone VR headsets. These headsets 
are integrated and purpose-built chipsets, screens, batteries and ever evolving set 
of sensors for improved tracking. Most importantly, they can provide higher 

Design &  production Pro / Consider Risks Note 
Sound Isolating headphones  

Noise masking 
Immersive sound design to theme 
Spatial sound  

Discomfort (Heavy, hot) 
Draws attention to itself – 
chirps, high pitches 
 

Integrated headset:  
Good for mobility 
Check signal isolation for interference 
 

High-fidelity 
360 video 
3D-scans  
AAA-3D 

Exceptional immersion  
Video fast to produce  
 

Expensive to produce. 
AAA 3D needs time & skill  
Video based environments 
hard to edit. 

Use of asset kits and generators. 

Low Fidelity 
Low-res 3D 

360 Photo + 3D 

Flexible to edit 
fast to produce 
Runs on all hardware 
 

Needs vivid animations 
and sound design for to be 
plausible. 

Can feel unsatisfactory if used to 
high-end. 

High-end HMD Exceptional immersion  
Avoid HMD related causes of 
cybersickness. 
Wide FoV allows room for periphery 
cue design 

Expensive,  
High processing 
requirements  
Cords 
Fragile, experimental 

Choose for the target audience and 
use case 
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resolutions desired for VR with reasonable price point and mobility. In content 
development and deployment, standards are being defined to bridge the 
development environment distribution platforms and HMD-hardware. [42] 
 
The high end, PC based VR development has shifted its weight towards the 
professionals, seeking to provide them with extremely high-resolution rendering, 
eye-tracking, specialized programs and controllers designed to improve real world 
industrial processes – with a price point rising up to thousands. VR has established 
itself for example in multitude fields of training such as surgery and piloting, it has 
been adapted to car design and architecture, used in accident investigations and in 
geomodelling in oil industry [74] Latest generation of HMD’s with high-resolution 
screens, utilized for example in the Varjo VR-1 headset, have been reported to 
succeed in removal of the screen-door effect [75].  
 
Overall, we can expect next generations of VR technology to provide higher 
resolution and display density, wider variety of better sensors, and most visibly, 
cameras required mixed reality. From perspective of VR meditation, even as the 
higher resolution allow more detailed content and improves immersion, it is better 
look towards the headsets with wider FoV, as the expanded area of peripheral 
vision improves the design possibilities for the visual cues. Different aspects for 
design and production considerations for the current market can be seen in table 5. 

 

Biosensors 
Sensors used in the projects were laboratory grade, however, consumer EEG- 
sensors have been progressing fast. It is safe to assume that the sustained interest in 
will produce improved precision, scope, analytics while shrinking in size. Already 
these technologies are colluding, as VR headsets with integrated brain-computer 
interface (BCI) have been announced [31], [76]. Extrapolating from the 
developments seen with wearables, interest towards affective computing and 
entrepreneurial probing to reach first to find and utilize the potentials of mixed 
reality, it is plausible to expect that we will see more bio-signals, such as heart-rate 
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and respiration, sought to be integrated to the upcoming headsets and their 
peripherals. 

 
Digital aids for meditation 
Forming and sustaining a regular meditation habit is often challenging. 
Applications for supporting meditation are numerous [15]. Key design guidelines 
for technological solutions for cultivating mindfulness recommend personalization, 
gamification and social features for motivation, biofeedback and narrative.  
Technological solutions have shown to improve awareness and focus on the 
interceptive attention and emotional control  [71].  

 

Social virtual spaces for meditation  
Digital solutions for social meditation have been tried before: The virtual world 
Second Life had a number of user-constructed meditation halls and temples, and 
group meditations through video chat has been researched [ 71].  There, to succeed, 
an experience of a “container” for the meditative group was observed. This 
container, sustained a “shared presence between participants”, which was often 
distracted by the sounds and lights from the connected environments of the 
individual participants. Immersive VR is an obvious solution for creating a shared 
environment free of distractions. However, there are question to answer for the best 
approaches for the embodied co-presence in meditative virtual spaces, and how, 
and if, they can recreate the experience of “energy” and sense of community 
observed in social meditations.  

Target 
audience 

 
Consumer - mobile 

 
Consumer - Home 

 
Prosumer - Business 

Use case Individual with personal 
mobile headset 

Individual and family 
stationary VR system 

Stationary business installations for 
customer use  

Nr of users One, personal 1-5 Many 

User experience Repeated  
one user  

Repeated,  
many users  

One session per user (dentist)  
Repeated, many users (office 
breakroom, VR therapies) 
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Table  5. Production and design considerations for current market 

Aim  Meditation habit. 
Relax / recharge anywhere, 
anytime. 

Build meditation habit and 
relax at home. Part of the 
entertainment system. 

Relaxation for customers 
Relieve work stress. 
Custom mental-well being 
solutions.  

Place of use 
 

Anywhere Living room  
Home office 

Place of business 

Market Consumer  
Casual  
Buy / subscription 

Consumer  
Early adopters, enthusiasts 
Buy / subscription 

Prosumers,  
Business  
Leasing  

Market size 
projection  

small, 
expected to grow 

medium,  
stable 

small 
slowly growing 

HMD Stand-alone VR  
(Mobile VR HMD) 

Console and  
PC based VR 

PC based VR 
 

HMD 
Quality 

Low - Medium 
 

Medium - High Medium to Very High 
  

Processing None / Integrated 
Mobile phone. 

Game console 
PC 

PC 

Sensor type 
 

EEG headband 
Mobile sensors 
HMD tracking 

EEG headband 
EEG integrated HMD’s 
Mobile sensors 
Room scale tracking 
 

EEG Headband 
EEG integrated HMD’s 
Custom solutions 
Room scale tracking 
Eye tracking 

Price Low  Medium to High Medium to very high 

Affords Personal, dedicated 
solutions “my meditation 
kit” 
 
No cords 
 

Room scale tracking 
Proven headsets 
Knowledgeable users 

Highest immersion 
Best interfaces 
Best sensors 
Extreme processing power 
Experimental designs 
Custom solutions 

Constraints Worst screens 
Weakest sensors  
No body tracking 
Light bleeding 
 
Design for ease of mobility  
Durability 
Battery life 

Fractured hardware base 
 
 

Durability 
Hygiene 
Support 
 
Fully utilizing high-end is 
expensive to develop for and to run 
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7. Conclusion 
Habitual meditation creates significant benefits to mental well-being. Ample variety 
of different meditative practices can be imported to VR headsets. The enhanced 
immersion deepens the effects of the meditation and when bio-adaption is added to 
the system, meditation can be boosted in its effects even more. EEG is the most 
intuitive means for measuring meditation. Consumer grade EEG sensors have 
reached a level where they can reliably be used for bio-feedback.  
 
However, successful translation to a virtual environment requires consideration of 
many interlinked vectors. The combination of environment, adaptations, task, and 
guidance can work together for and against the presence and immersion essential 
to VR. In worst case, symptoms of simulator sickness are triggered. By following 
the examples, lessons and patterns stated in the work, multitude of pitfalls in the 
translation of the practice can be avoided and instead beneficial synergies built one 
after the other.  
 
This study pushes the frontiers of VR meditation. Insights collected when applied 
with care will improve the efficiency and overall, ease the process of developing 
meditation apps. With the introduction of standalone VR headsets and seeing the 
field of ever-evolving sensors, it is encouraging to look at the future. Increased 
benefits of meditation, enhanced with the bioadaption and virtual reality in a 
mobile package, will provide everyone the opportunity to improve their well-being 
in a manner not seen before.  
 
The groundbreaking work on DYNECOM shows the viability and effectiveness of 
bio-adapted affective meditation in a social virtual environment, suggesting a 
direction where to take this next.  
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