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ABSTRACT
In this paper we describe and outline the design of SOLAR,
an immersive virtual environment (VE) generated by user’s
brain activity and respiratory rate. The purpose of this de-
sign was to support novice meditators in establishing their
meditation practice, as well as to provide a unique experi-
ence to more experienced meditators. In this study, we give
an overview of previous work, outlining the elements that we
find effective and gaps for each of presented designs. This is
followed by the description of the design principles employed
in our design (Thought Distancing, Abstract Visual Elements,
Rewarding System, Immersion and Attention Restorative En-
vironments - ARE, and Embodiment) through participatory
design activity. In the end, we present the design evaluation
and iteration and discuss possible applications of the final de-
sign and future steps.
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INTRODUCTION
It can be difficult to avoid the stresses of daily life. Stress,
defined by the Canadian Mental Health Association is “an
overwhelming feeling and a belief that the demands of the sit-
uation are greater than [the] resources [we have] to deal with
the situation”. Examples include fast-approaching deadlines,
traffic jams or personal relationships. In certain situations,
stress can be lifesaving. However, negative impact of stress
over long period of time is tightly related to a high blood pres-
sure and coronary diseases, cancer, auto-immune conditions
[16] followed by decrease in one’s performance in creative
problem solving [20].
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In order to reduce stress levels, many individuals discovered
the positive effects of meditation not only short term while
practicing but even the long term benefits. It was shown that
meditation training can change the mental function even in
non-meditative states while the individuals are going through
different emotional states [18]. Other studies showed that
meditation can reduce stress levels and have positive effects
on stress-related disorders [10] and anxiety and depression
[19]. Meditation helps patients with coronary and artery dis-
ease in regulation of blood pressure which is related to stress
[36] [30]. In addition, there are some indications that medita-
tion helps in developing creative thinking [14].

As meditation gained lot of attention in past 20 years in West-
ern countries, especially mindfulness meditation practice es-
tablished by Kabat-Zinn [23] in 1979, users with different
needs are showing their interest in the practice. This trend
resulted in number of the computer-supported mindfulness 1

apps and devices that help users in meditation training (for
novice meditators), or just practicing (for more experienced
meditators). However, any of us can be affected by a stressful
situation, but can we all meditate? Do we need a training, or
can we learn it through practice? Can I meditate as a complete
beginner and still get benefits from meditation experience?

Meditation practice is no longer matter of a culture, religion
or/and tradition only, it is the tool for health improvement and
as such its implementation has been explored across various
fields. From guided meditation videos posted on YouTube
to Mindfulness-Based Stress Reduction (MBSR) therapy for
war veterans implemented in Second Life [28], the benefits of
a computer-supported mindfulness meditation in stress reduc-
tion are widely recognized, even for novice meditators [15].
In past few years, we are witnesses of the emerging field that
explores technology use in meditation practice, and as new
as it is, this field has many unanswered questions. How can
we support meditation community with technology [17] is an
open-end question that can be explored and looked at from
different angles. We are focusing on more specific question
which is: how do we design to support novice meditators in
establishing their practice as much as to allow more expe-
rienced meditators to enjoy a unique experience, within the
same system?

In this paper, we present SOLAR, an immersive computer-
supported virtual system for midfulness meditation, as our

1the term borrowed from [15]



attempt to answer above raised questions by allowing users to
stop, observe the thought, let the thought go and return to the
practice (SOLAR) [13]. The system includes an audio-visual
virtual environment that reacts to the meditators breathing
and EEG data in real-time. SOLAR is a continuation of the
Sonic Cradle (an immersive audio experience for meditation)
and the audio comes from the crowdsourced sounds from
the project [34]. SOLAR is built in Unity3D [9] and Max6
[1] with Emotiv [2] EEG sensors and Thought Technology’s
ProComp2 and Respiratory Sensors [8]. Respiratory sensors
were employed to obtain breathing rate while Emotiv gives a
score for meditation. The data is mapped to visual elements
in virtual environment and audio in Max6 in order to provide
a feedback to the user in real time. The meditators breathing
controls the music while the visuals are controlled by both the
breathing and EEG data. Our assumption was that using both
audio and visual repetition will create a great training tool for
novice meditators (who meditate with their eyes closed) and
a unique experience for more experienced meditators ( who
would like to challenge their meditation practice while keep-
ing their gaze on the visuals).

RELATED WORK
In order to provide a framework for our study we have sum-
marized the principles of mindfulness-based stress reduction
(MBSR) meditation technique that we implemented in our
system design, and different approaches to creating biofeed-
back based works for meditation. In addition, we have out-
lined the examples of (art)works to support the discussion on
different approaches, with the focus on immersive virtual en-
vironments.

Mindfulness-based stress reduction (MBSR)
Mindfulness meditation as a practice has gained a lot of at-
tention in last 20 years, due to Jon Kabat-Zinn’s program
Mindfulness-based stress reduction (MBSR) [21]. Mindful-
ness practice includes two components: orientation to ex-
perience that stands for one’s openness to new experiences,
and self-regulation of attention, a meditation technique in
which one is aware of emerging thoughts but stays focused
on breathing. The implementation of these components can
be found in number of application available on the market.
For smartphones, such as Android and iPhone devices, we
found over 250 various applications (such as Headspace [27]
and Rhythm [5] for guided meditation, that ask users to focus
on breathing.

Commercial applications such as Interaxon’s Calm designed
for MUSE (brain-computer device)[3] focus, in most cases,
only on auditory feedback, while the role of the visuals is to
support a score overview after the session is completed. To
our knowledge, even though some tendencies reveal a posi-
tive impact of these applications in general, there is no evalu-
ation of the effectiveness of visual elements of these applica-
tions on a meditation score during the session.

Virtual and Immersive meditative environments

Immersive audio installations are often employed to give im-
mediate feedback to a meditator and support meditation prac-
tice over time. Sonic Cradle “is a chamber of complete dark-
ness where users shape a peaceful soundscape using only
their respiration”[34]. The authors grounded their project
on the findings of previous studies that have shown posi-
tive health effects of the systems that combined respiration
and sound/music in relaxation practices [29] [37]. The vari-
ations of breathing patterns measured by respiratory biofeed-
back sensors attached to user’s chest triggered different pre-
recorded sounds and shaped a unique soundscape. Respira-
tion rate, depth, and thoracic/abdominal ratio directly con-
trolled, respectively, reverberation effects, equalization fil-
ters, and volume of the soundscape. Even though this in-
stallation tends to initiate and support meditation in users, ac-
cording to the authors, most of the negative comments were
related to the specific sounds, due to personal differences re-
lated to music genres.

Emerging virtual worlds seem to be a promising field for im-
plementing and maintaining different therapies aimed at im-
provement of one’s psychological well-being due to their af-
fordability, the level of fidelity and realism, and the immer-
sion that these environments can provide. One of those exam-
ples is a virtual environment (VE) created by Banos et al.[11]
for positive mood induction procedures for elderly people.
The goal of this environment was to increase joy and relax-
ation in participants, while instructing them how to pay atten-
tion to elements and explore VE, no matter what kind of feel-
ings might occur. The principle of mindfulness meditation
is present as the participants were instructed to acknowledge
and accept any feeling or thought that might arise along the
way of exploration.

A slightly different approach can be found in The Coming
Home project by Morie et al.[28]. This virtual healing cen-
ter for veterans in recent conflicts was built in Second Life
[7], on-line 3D platform, and consisted of various built fa-
cilities such as ”The Chicome Lodge”. In this facility, vet-
erans could get more information about disorders and asso-
ciated symptoms, or complementary and alternative medical
(CAM) therapies offered in the virtual environment. One of
the CAM therapies offered was MBSR, which was adapted
to a virtual world. Two doctors were using avatars to run
the sessions in Second Life with veterans also represented by
avatars. The participants were encouraged to practice mind-
fulness meditation in Second Life and at home. Log data had
double purpose: it was used to track the progress of each in-
dividual, and it could recognize certain words associated with
a potentially harmful psychological states, in case of which a
real world therapist would be alarmed. The results revealed
significant increases of feelings of joy and relaxation in par-
ticipants, with decreases in reported anxiety and sadness.

In contrast to The Coming Home and VE for elderly people
described above, are bio-interactive VEs, sensitive to changes
in the user’s biofeedback. The Meditation Chamber is immer-
sive VE generated by user’s biometrics such as galvanic skin
response (GSR), respiration, and blood volume pulse. Virtual
environment that depicted the sun just before the sunset was



displayed on a head-mounted display (HMD) to the users,
who were guided by narrator’s voice to relax and meditate.
The bio-feedback directly influenced the changes in the en-
vironment (for instance, the speed of sun’s descent was con-
trolled by changes in GSR). In this case, negative comments
that came from the users were related to the heaviness of the
HMD and environmental noise, as this installation did not in-
clude audio elements.

SOLAR is addressing these challenges by including audio
elements and creating an immersive virtual environment for
desktops or projection on projection screens. As this field of
computer supported mindfulness systems is new, most of the
works are experiential [12] and experimental in nature. To our
knowledge, there is no system that uses technology to teach
novice meditators about meditation and gives a unique ex-
perience to experienced meditators through employing EEG
data and respiratory rate. Our system enhances mindfulness
meditation by giving the users auditory and visual focuses so
that their thoughts do not travel and they are focused on the
present moment.

DESIGN PRINCIPLES
The design of our system is based on five principles: Thought
Distancing, Abstract Visual Elements, Rewarding System, Im-
mersion and Attention Restorative Environments - ARE, and
Embodiment. The goal of this system is to provide novice
users, as well as experienced users, with audio - visual feed-
back in VE as a support and guidance in their meditation prac-
tices. By providing an audio and visual feedback, we aim to
accommodate different needs of users within a unique design.

Thought Distancing
Thought distancing is one of the techniques for self-
regulation of attention widely used in MBSR. The aim of
this technique is to help practitioners experience negative
thoughts as mental events rather than self-critique or reflec-
tion of truth [32]. The goal is to reach a state of awareness
in which internal events that occur will not be judged, ana-
lyzed or responded to in a way we would usually do [35].
Usually, practitioners are suggested to imagine their negative
thoughts fly away while focusing on detachment from internal
events. However, many authors noted that for novice medita-
tors thought distancing can be extremely hard to achieve [22]
[31] which may discourage them from further practicing. As
suggested by Chittaro and Vianello [15], visual representa-
tion of thoughts incorporated in the system makes the thought
distancing practice easier for practitioners. We believe that
building a meditative environment with visuals and auditory
feedback will provide support for both groups of users with a
range of experience, in their meditation practice.

Abstract Visual Elements
Even though visual feedback is recommended in meditation
practice [15] it could be distracting in certain situations. We
believe that abstract images and shapes are less distracting
than concrete images (flower, sky, etc.). Therefore, we are de-
signing the system for a wide audience, and we want to avoid
possible negative connotations that different images might
have across different cultures. Some authors [26] argue that

feedback in a form of a charts and graphs can have less of pos-
itive impact on a user’s psychological well-being. Cochrane
and Schiphorst suggest using subtle elements as a reminders
for a user to focus on ”positive coping strategies” [26].

SOLAR uses abstract visual representation to help the user
focus on breathing. We believe that visual interpretation of
meditation processes in a form of abstract elements such as
particles, fog, and various lighting can create pleasant visual
feedback while at the same time adding ambient quality to
our computer-supported mindfulness system. We grounded
our belief on the study done by [25] which showed that visual
elements, abstract and of ambient value, help participants re-
lax.

Rewarding System
We believe that rewarding practice can motivate users to med-
itate more often and for longer periods of time because of the
enjoyment they feel with the system. Some applications bal-
ance reward and ”punishment” feedback by providing pleas-
ant feedback while meditation score is high, and unpleasant
feedback as a reminder when thoughts start wandering. One
example is Calm app[3] in which pleasant sounds of birds’
chirping and calm ocean waves are interrupted by the harsh
wind once user’s get distracted. Our design relies on pleas-
ant sound and visuals only. We predict that user’s curiosity
about what soundscape after longer session will sound like
will motivate users to focus on improving thought distancing
technique and meditate in longer sessions.

Immersion and Attention Restorative Environments - ARE
Immersive environments can positively affect user’s atten-
tion, which was explained by Kaplan [24] in his Attention
Restoration Theory (ART). AR theory focuses on the cor-
relation between type of stimuli and restorative potential of
different environments. The environments with stimuli that
modestly capture attention are preferred (subtle nature sounds
are preferred over traffic noise, for instance), and the design
of our system will rely on this principle. In other words, we
will focus on incorporating pleasant sounds of Sonic Cradle,
rather than using music scores. Even though we do not aim
to create nature setting in VE, we will incorporate stimuli
with similar calming properties in order to allow for creating
a soundscape of user’s meditation process.

Embodiment
One of the mindfulness meditation principles is to make a
meditator aware of their body. Derthick [17] states that we
must not create tool users and tools but an embodied experi-
ence. We have concluded that creating an meditation system
that uses biosignals to explore the audio and visual environ-
ment will be more helpful meditators staying in the meditative
state than if the system did not interact with the meditator.

DESIGN EVOLUTION
The designing virtual environment for meditation comes with
many challenges. Our aim was to design environment that
will enhance the mediation experience rather than hinder it.



Following that rationale, we decided to keep a minimal de-
sign, including a few elements that will directly provide feed-
back to its users. We developed SOLAR through working
in phases. Following the completion of the first prototype,
we conducted a design activity to get quick feedback on
the working elements. The feedback helped us redesign the
model and reconsider some of the design decisions. In the fol-
lowing section, we will explain the design decisions in more
detail.

Designing Prototype 1
One of the first design decisions on SOLAR was how to rep-
resent the user in virtual environment, and whether the rep-
resentation of a user was necessary. After long discussions
and extensive literature reviews, we agreed that even an ab-
stract representation of a user could potentially help the user
to connect with the internal processes. Internal processes rel-
evant to mindfulness meditation include a still meditative pos-
ture, breathing and thought distancing. We aimed to create an
embodied connectedness between a user and a user’s virtual
representation. Our aim was to increase immersion levels and
enlarge the effect of the environment on the user (design prin-
ciple: Immersion and ARE). For that reason, we built our vir-
tual environment around the user’s representation (in a form
of a gender neutral human silhouette) and we positioned the
silhouette in the center of the scene.

Another internal process for mindfulness meditation im-
plemented into the system includes thought distancing and
breathing. As discussed in design principles, we decided
to implement simple visual element to represent the users
breathing in the real time. To represent the breathing, we
decided to use a circle that is mapped to biosignals from the
respiration sensors. The circle expands when the user inhales
and contracts when the user exhales. Mindfulness meditation
needs a focus for self-regulation of attention and thought dis-
tancing, therefore SOLAR asks the users to focus on breath-
ing. By adding visual support for breathing, users use the
visual aspect (the “breathing” circle) as a gentle reminder for
focus, rather than just focusing on a mental representation of
breathing.

Figure 1. Examining and choosing elements.

Stressful thoughts often come into the mind while practicing
mindfulness. We concluded that the breath circle might not
be enough of a reminder to keep ones mind on the present
rather than stressing about the past and worrying about the
future. We recognized a need to provide gentle reminders if
the mind begins to wonder and included BCI (brain-computer

interface) device. The BCI (connected to the user with EEG
sensors) enabled us to obtain user’s meditation scores during
the session, which we mapped to an additional element in our
virtual environment: “meditation” circle. We examined vi-
sual qualities of different visual elements in our environment
1 in order to find the one that will serve more of a gentle
reminder rather than visual distraction for a user. For this rea-
son, we chose circular element positioned behind the silhou-
ette. If the user is having difficulties with wondering thoughts
and staying focused, the meditation score will be lower. The
lower score is represented by the change of a colour of “med-
itation” circle. While meditation score is high, the “medita-
tion” circle is coloured yellow. Once the mind starts wander-
ing, the same element turns into red. The subtle colour change
should serve as a gentle reminder to the user that their mind
is ”wandering” (they are not focused on breathing). Once
the user establishes a steady meditation score, the element’s
colour turns back to yellow (Figure 2).

For the instructions on meditation, we decided to play one
of John Kabat-Zinn’s beginner instructional audios. At this
prototyping stage, we did not consider adding the Sonic Cra-
dle soundscape, as we wanted to evaluate how using audio
instructions affects meditation practice in users in this partic-
ular contex.

Figure 2. Prototype 1 elements: ”breathing” circle, ”meditation” cir-
cle, and the silhouette. ”breathing” circle mapped to ”e” and ”i” key
input. On inhale - ”i” pressed - ”breathing” circle expands (image up),
on exhale contracts to starting position (image down).

Design Activity One and Evaluation of Prototype 1
In order to evaluate the early design from participants’ per-
spective, we performed a participatory design activity. For
the first prototype, we tested the impact of visuals on medita-
tive experience and if they were useful for thoughts distanc-
ing. The breath sensors and EEG were not used in this proto-
type. We mapped a ”breathing” ring to ”e” and ”i” keys on the
keyboard. When a participant was inhaling, we suggested to
keep ”i” key pressed and pressing the e key as they exhaled. If
any thoughts came into the users mind, we told them to push
all thoughts through the circle as they exhale. We conducted
mini-study during Simon Fraser Surrey Open House Day on



March 4th, 2015. The designated room was equipped with
a 27-inch Apple Thunderbolt display and speakers. Thirteen
participants tried our system individually and evaluated the
system after the session. The procedure consisted of the in-
structions before the session given by the researcher at the site
and audio instructions during the session. The researcher in-
structed participants, who were seated in front of the screen,
to: ”use the E and I key to when you are breathing in and out.
Try and focus on deep, slow, diaphragm breathing. You are
welcome to stay in the space for 15 seconds or 10 minutes;
it is your choice. Focus on your thoughts, if any stressful
thoughts come into your mind, accept them, and push them
away through the circle on the screen. Im going to play an ex-
pert track that will assist you in your mindfulness practice.”
The audio track during played during the session was a John
Kabat-Zinns beginners mindfulness meditation track. We as-
sumed that majority of our participants would be beginners
in meditation, and we decided that having audio instructions
during the session might be beneficial to support and initiate
their practice.

We asked participants to rate on a likert scale how relaxed
they felt just before the session. The same question was asked
when the session was over. In addition, after the session we
asked participants to answer a short questionnaire (also eval-
uated on a likert scale that allowed participants to rate any
answer on a scale from 0 to 100). The eight questions were,
respectively: I was able to follow the meditation instructions;
I felt the meditation instructions were meaningful; I felt the
breathing controls impacted the visuals; I thought about unre-
lated everyday things; The software helped me to be actively
aware of my body; How often you meditate?; How would you
describe your meditation experience in general (0 - beginner,
100 - expert); How comfortable were you during the experi-
ment?

The participants’ answers were converted to 0 – 100 score
using linear transformation. The results showed that over-
all participants felt more relaxed after the session compared
to before the session. We used a dependent t-test to analyze
the relaxation means. The results show that SOLAR had a
statistically significant impact on the participants reported re-
laxation levels. Relaxation before exposure to the system (M
= 53.23, SE = 7.105) improved substantially after experienc-
ing the meditation session (M = 82.62, SE = 3.670), t(12) =
3.956, p ¡ .01, r = 0.752.) (Figure 3).

Responses to other questions from the questionnaire revealed
that: majority of the participants were beginners in meditation
practice (mean of previous meditation experience reported
was 43 /100 (0 - no previous experience / 100- expert)); and
that majority do not meditate too often ( mean for the question
on how often they meditate was 30.38 / 100 (0 - never/ 100-
few times a week)). Other interesting findings were that SO-
LAR helped participants to be aware of their body (or in other
words, embodiment, which is one of the key aspect of mind-
fulness meditation). The most surprising results were about
the instructions. Participants reported that while they were
able to follow instructions (mean was 83.46 / 100), many of
them did not find the instructions to be meaningful (mean was

63.92 / 100). This was supported by additional comments
in which participants expressed opposing views. Two of the
participants in the study said that audio instructions were not
necessary, while others reported that without audio instruc-
tions they would not be able to meditate.

Overall, what we learned from the performed design activity
was that participants would prefer instructions at the begin-
ning of the session. Preferably instruction would be followed
up with relaxing music/sounds till the end of the session.
Other comments concluded that we overlooked the lightning
in the room (participants requested more ambient lighting).
One of the participants indicated that they were uncomfort-
able keeping their eyes open but also hypothesized that this
might be due fluorescent lightning in the room. Participants
felt uncomfortable using the keyboard to manipulate ”breath-
ing” circle. The keyboard was removed in second prototype,
by replacing manual controls with respiration sensors. Some
of the participants expressed the desire for more complex vi-
suals. How these results informed the design of the next pro-
totype will be discussed in more details below.

Figure 3. reported levels of participants’ relaxation. ( prior session on
the left, post session on the right.).

Prototype 2: Splitting into Intro to Meditation, and Medi-
tation Scene
Following the user feedback obtained through the performed
design activity, we decided to reconsider some of the pre-
vious design decisions and revise the design of our model
based on the suggestions that we got from participants. One
of the biggest changes that was made in the second prototype
of SOLAR was the audio and the instructions. In order to
please novice meditators, as well as ones more experienced,
we looked into ways how to combine guided meditation in-
structions (beneficial for novice meditators), explanation of
visual elements that provide feedback on meditation, and the
soundscape (preferred by more experienced meditators that
did not need audio guidance for their practice). Finally, SO-
LAR transformed into two scenes: Intro to Meditation scene,
and Meditation (main) scene.

This way, we provided novice meditators with the instruc-
tions on how to meditate in the introduction scene, followed
by the meditation scene that consisted of visual elements and
a soundscape only. The introduction scene could be skipped
by choosing that option. We believed that this would prevent



the redundancy of information in case of more experienced
meditators who are familiar with the instructions but, at the
same time, let novice meditators get familiar with the instruc-
tions on their own pace.

Scene 1: Intro to meditation
In the first scene, Intro to meditation, audio-guided medi-
tation instruction (used in Prototype 1) was replaced with
a brief audio-guide through the set-up and virtual elements.
The breathing sensors now controlled the “breathing” circle
and the EEG meditation levels changed the colours of the
background visual element- “meditation” circle. These brief
instructions on meditation were modified from handouts in
the Mindfulness Skills Workbook for Clinicians and Clients
by Debra Burdick [13], and combined instructions on how to
use the sensors and instructions for mindfulness meditation.

The audio instructions in the first scene were as following:

” Welcome to your meditation world (Figure 4.1). Now, we
invite you to start your journey through mindfulness medita-
tion. Please sit comfortably on the chair and try and keep
your eyes open for this experience. This is you (Figure 4.2)
and this is your journey. Focus on your breath. Your breath
is the circle that you see on the screen (Figure 4.3). Lets start
by breathing through your lower belly. Breath in for 8 and
out for 6 on my count. Start breathing now (numbers 1 - 8
appear on the screen) and then out for 6 (numbers 6 - 1 are
displayed on the screen, following the voice). As you inhale,
this circle gets bigger. As you exhale, it becomes smaller. In
practicing mindfulness, the mind will surely wander. As you
start to look closely at the workings of your own mind, youre
likely to see firsthand how often youre lost in thoughts of the
future or memories of the past[13]. Once this wandering be-
gins, this element (appears on screen) will change colour. If
it is blue (Figure 4.4), that means you are fully engaged in
meditating. If it becomes purple (Figure 4.5), it means that
your mind has started to wander. If this happens, focus your
attention on your target and take a minute to: Stop; Observe
your thoughts; Let your thoughts go through the breath cir-
cle; And;Return your attention to breathing, (SOLAR) (Fig-
ure 4.6). The most enjoyable way to reach mindfulness is to
openly acknowledge any thought or feeling that might arise
during this practice. Just use SOLAR to remind you of the ba-
sic process of mindfulness. Again, SOLAR stands for: Stop.
Observe your thoughts. Let your thoughts go through the
breath circle.And.Return your attention to breathing. Now,
let’s begin. If you would like to hear the instructions again,
please press the right mouse button or press the left mouse
button to enter the experience. Once ready, please press the
space key.”

These instructions are the attempt to combine on one side
technical instructions on how to use sensors and how data ob-
tained through affect audio-visual elements, and on the other
side, instructions for mindfulness meditation by Kabat-Zinn
and Burdick. More experienced meditators, or meditators that
have already gained some experience with our system have an
option to skip the first scene - introduction and proceed to the
main scene - Scene 2: Meditation.

Figure 4. Intro scene

Scene 2: Meditation
Visuals: We changed a few of the visual elements, but we
kept the exact structure from the previous model in order to



answer some of the demands that participants had for more
complex visuals. In this process, we had to be extremely
careful as our intention was to avoid complex visuals that
might disturb concentration in users. In addition, we wanted
to stay in a domain of abstract visuals as that was one of the
design principles we aimed to maintain. In the first place,
we changed the 3D silhouette to a 2D silhouette which was
easier to design and looked more like a human than our orig-
inal silhouette. When the camera moved up and down the old
3D silhouette, it appeared more alien-like than human-like,
which made it harder for the participants to relate to the im-
age. To add to complexity, as the participants meditative state
enhances (obtained through the EEG meditation score), the
silhouette changes opacity.

Figure 5. Meditation scene: ”breathing”circle on inhale/exhale (upper
/lower photo) with white particles

In addition, we changed visual properties of “meditation cir-
cle” (Figure 4.2) positioned behind the silhouette. This el-
ement was employed to give immediate feedback on medi-
tation level and to remind the meditator when her/his mind
starts wandering. We decided to change the red colour of this
element to the colour that will be less distracting. Follow-
ing colour theory we decided to use ”cool” colours spectrum
(blue - purple) as those are labeled as colours of water, nature,
and relaxation. During the session, while meditation score
is uninterrupted and has steady flow, the circular element is
blue. Once the meditation level is interrupted by external or
internal events, this element becomes purple. By this subtle
change, we aimed to raise awareness about events in a user
and give a gentle reminder to the user to focus on breathing,
by choosing the least obtrusive approach.

Audio: With permission from the authors, we incorporated
in our system the soundscape created by the crowdsourced
immersive audio environment Sonic Cradle [33].

Mapping: The visual elements mapped to the input biosignal
data (obtained from the respiratory sensors and EEG) were:
the silhouette, “breathing” circle, and “meditation” circle The

“meditation” circle (positioned behind the silhouette) and sil-
houette were mapped to meditation score obtained from Emo-
tiv Affective Suite. We calibrated the system for each user in
order to track changes even if those were small on an absolute
scale. To calibrate the system, we tracked running minima
and maxima for each of the parameters. The parameters al-
lowed us to scale the model properly for each new user. The
colour of “meditation circle is blue as long as the meditation
score has a steady flow. Once this flow is interrupted and
showing negative peaks, the circle becomes purple.

The silhouette element’s opacity was mapped to increases in
meditation scores over time. The idea behind this element
was to use the silhouette as something that meditators can
relate to at the beginning of each session and to blend it in
a scene as a meditator reaches a deeper meditative state. As
soon as the meditators reach steady flow of meditation scores
for more than 5 minutes, the opacity value starts to decrease
gradually from 1 to 0 (where value 1 acts as total opaque and
0 as complete transparent).

The “breathing” circle was mapped to respiration sensors. As
meditator inhales, the circle gets bigger and as the user ex-
hales, it decreases in size. On the exhale, the burst of white
particles is displayed (Figure 5).

The sounds were triggered throughout the session on partici-
pant’s breaths. Sounds were triggered randomly from the ar-
ray of 50 different sounds. This allowed us to have different
soundscapes that could not be predicted and brought in a nov-
elty with each newly started meditation session. All triggered
sounds remained to be playing throughout the whole session.

System and the Components of Prototype 2
Our system consists of 4 components: Input devices, Middle-
ware, Software (Game engine and Sound), and Audio-visual
output (figure 6).

Input Devices: For obtaining biofeedback from users, we
employed EEG sensors and respiratory sensors. For EEG
data acquisition, we used Emotive Epoc [2], non-invasive
brain-computer interface device that has 14 EEG channels.
Instead of using raw EEG readings (levels of alpha, beta,etc.),
we directly used derived affective meditation scores provided
by Emotivs Affective Suite. Respiratory sensors were from
Thought Technology [6], and two sensors were placed on a
chest and abdominal area of users (one sensor per area of
placement). The signal from both sensors is sent to Pro-
Comp2, that was the connection between the middleware and
the sensors.

Middleware: In order to collect and distribute collected data
in the most efficient way, we chose The M+M: Movement
+ Meaning CANARIE Networked Enabled Platform (NEP)
[4], multi-sensor middleware platform that enabled us to dis-
tribute data in real time.

Software: Game Engine For designing and prototyping SO-
LAR we chose Unity 3D game engine [9] based on previous
experience in working on similar projects. Data from Input
Devices are sent through Middleware to Unity, and mapped to
visual elements in VE. Sound Software Sonic Cradle sound-



scape was created in Max6, and therefore we decided to keep
it as it is in our system. The patch in Max6 was connected
to M+M middleware, and controlled by the input from the
sensors, that was distributed through the middleware.

Output:The final output from Unity 3D and Max 6 is an
audio-visual virtual environment, displayed on a screen to the
meditators.

Figure 6. System Components

Setting-up
SOLAR requires to be used in controlled settings (such as
labs, medical centers, etc.) as its users require assistance in
setting up and positioning sensors (Figure 7). Once the sen-
sors are in place, the user sits comfortably and starts the ses-
sion (Figure 8). The room should be as dark as possible, with,
in the best case, no visual distractions so the user can fully fo-
cus on the screen (Figure 9).

Figure 7. The assistant places the sensors in right places.

Figure 8. The user sits comfortably in front of the screen.

DISCUSSION
In this paper, we present SOLAR, a virtual platform cre-
ated to serve as a support for mindfulness meditation prac-
tice. Our goal was to design the system that will support

Figure 9. The user’s gaze focuses of the screen.

both, novice and experienced meditators, within a unique de-
sign. The design of this system is grounded on five design
principles (Thought Distancing, Abstract Visual Elements,
Rewarding System, Immersion and ARE, and Embodiment)
that emerged from current practices and experts’ perspectives.
The final design is a result of participatory design activity that
we conducted with 13 participants.

Based on the feedback we got from the participants, we it-
erated the prototype to meet participants’ needs. In our itera-
tions, we faced new challenges that needed to be solved in the
final design. One of the biggest challenges that we faced was
related to the level of an experience of meditators and differ-
ences in their needs for the instructions. For instance, less
experienced meditators needed instructions on how to medi-
tate in a form of training, with additional instruction on how
the presented system works. In contrast, more experienced
meditators did not need instructions on meditation and ex-
pressed their wishes for meditation session to start as soon
as the brief intro on how the system works, ends. To over-
come this, from starting unique scene for meditation in Pro-
totype 1, we decided to split original scene into two scenes,
one with the instructions that can be skipped, and main- med-
itation scene that did not include any of the instructions. This
way, we predict, will empower a user to set-up her/his pace in
terms of instructions, repeated instructions or just, meditation
session.

Other challenges that we faced during the design process
were related mainly to personal differences in terms of vi-
sual elements’ quality and aesthetics. We focused on abstract
visual elements, aiming to create a visually pleasing environ-
ment and added complexity to user interactions. We are aware
that we haven’t answered completely this problem yet, as the
elements’ characteristics are predetermined (such as colour,
shape, etc.). This could be improved by giving the users a
choice of customizing the environment based on their per-
sonal preferences, and that will be our task in the next step of
design improvements.

The same challenge could be applied to sounds. As we have
not tested and evaluated user experience with our sound li-
brary, we assume that personal differences are something to
think about in the future. Our prediction is that chosen sounds
will be rated as pleasant, as we refer to a user evaluation of
sounds in the study [33] from where we crowdsourced sound
library for our system. However, in the future, an evaluation



of a sound impact on meditation practice should be conducted
in order to inform possible changes in the sound design.

In terms of technical challenges, adding the sensors to our
system did not come without difficulties. In the early pro-
totype, we used custom made respiratory sensors that were
woven of conductive thread. After the number of trial ses-
sions, we concluded that these sensors were not reliable and
would break easily during the session. To prevent technical
problems, we decided to replace custom made sensors with
Thought Technologies respiratory sensors. On the other side,
in this case, we had problems with finding appropriate drivers
for PC, and we went through excessive e-mail exchange with
Thought Technology who, in the end, sent us the drivers that
enabled us to connect respiratory sensors and PC.

Despite the mentioned challenges, we believe that our final
design can serve several purposes. As described above, it can
serve novice meditators as much as meditators with more ex-
perience. Based on the feedback provided in participatory
design activity, our system helps its users to relax and focus
on the present moment. Once we have a concrete system (the
final prototype tested by experts), we would like to bring it to
the attention of medical professionals who work in the men-
tal health and neurodevelopmental field. We assume that this
system can be implemented in various anxiety disorder treat-
ments. We grounded this assumption in the feedback pro-
vided by one of our participants (a teacher who works with
kids with autism) that recognized a therapeutic quality of our
system to be implemented in behaviour regulation treatment
of kids with autism. This implication will be considered in
future work, as we find it to be of greater importance for one
of the most vulnerable groups in our society.

In a close relationship to the future implications are limita-
tions that need to be discussed. One of the biggest limitations
of our system is mobility. Sensors in our system are very sen-
sitive and can produce lots of noise in data if a user moves.
We did not find this limitation critical as meditators tend to
meditate in still, seated pose. However, there are cases where
this might be a bigger issue than as presented. For instance,
we would have to make sure that sensors are durable and reli-
able if we decide to allow a wider audience to use this system
at their homes. Therefore, at this stage, we limit the use of
our system to controlled settings in which trained personnel
sets up the system and helps users with placing the sensors.
Another limitation is related to the placement of sensors on
users’ bodies and level of comfort. Even though EEG head-
band is lightweight while respiratory sensors do not have to
be tightly fastened around the one’s body, some meditators
can find this uncomfortable due to a higher sensitivity. In
addition, from our previous experience with testing EEG sen-
sors on participants, some people believe that EEG sensors
can read their mind and, therefore, their stress level increases.
In order to prevent that, the users need to be clearly informed
about what sensors can and can not do prior the session, as a
part of a consent form.

Future work includes conducting: a usability study with the
current prototype; a study with multiple meditators to assist
with spiritual isolation within collocated and in different lo-

cations; a study to see if the system is useful for mental dis-
orders (especially with anxiety and depression) and neurode-
velopmental diseases (autism); and a study with novice and
expert meditators. Concurrently with future studies, we will
be working on system improvements to meet suggestions, and
the design guidelines will continuously evolve.

CONCLUSION
In this paper, we described SOLAR, the virtual system de-
signed to support meditation in novice and experienced med-
itators. By briefly reviewing the previous work and similar
projects, we have outlined the gaps we tried to solve in our de-
sign and we have explained the design principles that served
as the guidance in our designing process. Our attempt was to
explain the process of designing our system, including partic-
ipatory design activity and all the findings we discovered that
informed future designs. In the end, we have presented the
final solution of our system, and expanded on few directions
for the future work.
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