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Abstract. In this paper we present the initial exploratory design of SOLAR, an
immersive virtual environment (VE) that assists novice users to learn the stress
reducing practice of mindfulness meditation. The VE is generated by the user’s
brain activity and respiratory rate. In addition, we provide an overview of previous
work, outlining the elements we find effective and the gaps for each presented
design. This is followed by a description of the design principles. Finally, we
present the participatory design, design evaluation and iteration, followed by
possible applications for the final design and future steps.
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1 Introduction

It can be difficult to avoid the stresses of daily life. Meditation practice is known to
reduce stress. Desbordes’ research showed that practicing meditation can change the
mental function even in non-meditative states [1]. Other studies have shown that medi‐
tation reduces stress levels and has a positive effect on stress-related disorders [2] such
as anxiety and depression [3].

Mindfulness is a practice of meditation that is “a non-judgmental, non-conceptual, and
accepting form of awareness of one’s mental, emotional, and bodily sensory experience”
[4]. The core practice focuses on breathing and letting go of strong thoughts of the past
and future, especially those that trigger stress. The practice is about living in the present
moment [4]. Recently, there is a trend in the mobile application market that offers a
number of computer-supported mindfulness (CSM) [5] applications and devices that help
support meditators in their practice. CSM is widely accepted in the research community
and includes a range of different approaches to create mindfulness experiences. Exam‐
ples include guided meditation videos posted on YouTube and Mindfulness-Based Stress
Reduction (MBSR) therapy for war veterans implemented in Second Life [6]. However,
it may be difficult to learn how to meditate independently without the guidance of a
highly trained expert.
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In this paper, we present SOLAR, an immersive computer-supported virtual system
for learning mindfulness meditation. We focus on investigating how we can design a
support tool that will teach novice participants how to meditate. Presented virtual envi‐
ronment allows users to “stop, observe the thought, let the thought go and return to the
practice” (SOLAR) [7]. The main part of the system is an audio-visual VE that reacts
to the mediator’s breathing and EEG data in real-time. SOLAR is an expansion of the
Sonic Cradle [8] immersive audio environment, and as such it was built in Unity3D and
Max6 while adding Emotiv EEG sensors to Thought Technology’s ProComp2 and
Respiratory Sensors. In SOLAR, the data is mapped to visual elements in VE and audio
in Max6 in order to provide feedback to the user in real time. Though difficult, meditating
with one’s eyes open is the preferred practice. Therefore, our tool will assist novice
mediators with keeping their eyes open while practicing meditation.

2 Design Principles

Our design objective for SOLAR was to accommodate the different needs of users, by
following the design principles:

Thought Distancing. Thought distancing is one of the techniques widely used in mind‐
fulness meditation to help practitioners experience negative thoughts as mental events
rather than a self-critique or reflection of truth [9]. The goal is to reach a state of aware‐
ness in which internal mental events are not judged, analyzed or responded to [10]. When
practitioners have a thought that is not related to the present moment, they are instructed
to accept the thought and then let the thought go. However, many authors noted that for
novice meditators thought distancing can be extremely difficult to achieve [11, 12] and
may discourage further practice. As suggested by Chittaro and Vianello [5], a visual
representation of thoughts incorporated into the system makes the thought distancing
practice easier for novice practitioners. We believe that building a meditative environ‐
ment with both visual and auditory feedback will support the practice of meditation for
users with a range of needs.

Abstract Visual Elements. Chittaro and Vianello state that visual representations are
recommended in meditation practice [5], however, definitive images may be distracting
in certain situations. Abstract images and shapes are less distracting than concrete
images (flowers, for instance) and will help participants relax [13]. The use of subtle
visual elements as a reminder to focus on “positive coping strategies” is the preferred
form of visible feedback [14]. In SOLAR we included a visual representation of one’s
breathing in the form of abstract elements such as particles, fog, and various lighting.
The purpose was to create a pleasant visual feedback experience and to introduce an
ambient quality to our computer-supported mindfulness system.

Rewarding System. Rewarding practice, we believe, can motivate users to meditate
more often and for longer periods of time because of the enjoyment they feel. Some
applications balance “reward” and “punishment” feedback by providing pleasant feed‐
back when the meditation score is high, and unpleasant feedback when thoughts start
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wandering. Our design relies on pleasant sound and visuals only. We predict that the
user’s anticipation of an enjoyable soundscape that accompanies a proper meditation
session will provide motivational feedback, signaling to the user that they are meditating
properly, and will reinforce thought distancing techniques for longer periods of time.

Immersive and Attention Restorative Environments (ARE). Immersive environ‐
ments can positively affect user’s attention, which was explained by Kaplan [15] in his
Attention Restoration Theory (ART) that focuses on the correlation between the type of
stimuli and the 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 relies on this principle.

3 Design Evolution

Designing a virtual environment for meditation came with many challenges. Our aim
was to design an environment that will enhance the mediation experience. Following
that rationale, we decided to keep a simple design and include elements that will directly
provide feedback to its users. SOLAR was developed in phases. Following completion
of the first prototype, we conducted a design activity to get feedback on the working
elements. The feedback helped us reconsider some of the design decisions and redesign
the model. In the following section, we explain the design decisions in more detail.

3.1 Exploratory Design of the Prototypes and Design Activity

Prototype One. For the first prototype, we did not use the EEG, respiration sensors, or
the sounds from Sonic Cradle. We used the design activity to explore the idea of thought
distancing. To implement thought distancing, we executed a simple visual element: a
circle. We asked the user to push the “q” key when they were exhaling and press the “p”
key when they were inhaling. When the user interacted with the keyboard, the circle
expanded when the user inhaled and contracted when the user exhaled. SOLAR asked
the user to focus their attention on the circle, and if any wandering thoughts occurred,
we asked our participants to accept their thoughts then push their thoughts through the
circle. For the audio we used Jon Kabat-Zinn’s beginner meditation track.

Design Activity. We conducted the design activity with thirteen participants at Simon
Fraser University’s Surrey Campus open house. The participatory design activity was
not an experiment and therefore did not include a control group. Instead, we used the
activity to make changes to our prototype SOLAR. In the future, we plan to run a full
experiment. Regardless, we did ask the participants to rate their calmness before and
after the experience and to write down any comments they might have. The participants’
answers were converted to a 0–100 score using linear transformation. The results showed
that overall 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 showed
that SOLAR had a statistically significant impact on the participants’ reported relaxation
levels. Relaxation before exposure to the meditation session (M = 53.23, SE = 7.105)
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improved substantially after experiencing the meditation session (M = 82.62,
SE = 3.670), t(12) = 3.956, p = 0.002, r = 0.752). We felt that the thought distancing
helped the participants feel more relaxed and we decided to keep the thought distancing
design principle for the second prototype.

Comments from the participants were critical in the design of the second prototype.
We will discuss these as we implement the design changes in the second version of
SOLAR.

Prototype Two. The participants felt the instructional audio track through the whole
meditative experience was distracting, therefore, we changed SOLAR to consist of two
scenes. First, an introduction scene that included audio instructions on how the user’s
breathing and meditation score interacted with the visuals. In the second and main scene,
the audio consisted of the Sonic Cradle soundscape and the visuals were mapped to
breathing and EEG sensors. In addition, we added a burst of particles on the user’s
exhale.

Internal processes relevant to mindfulness meditation include a still posture, a focus
on breathing and thought distancing. We aimed to create an embodied connectedness
between the user and the user’s virtual representation by positioning the user’s silhouette
in the center of the scene.

The participants in the activity felt it difficult to control their breathing with the
keyboard. Therefore, the audio and visual elements of SOLAR were manipulated using
two biofeedback input devices (Emotiv Epoc and Thought Technology’s respiration
sensors).

The participants felt that the animation of the circle was too simple and wanted more
complex visuals. Therefore, we used the user’s meditation scores during the session to
provide a gentle feedback to the user when their mind started to wander. This meditation
score was mapped to additional elements in our virtual environment: the “meditation”
circle (positioned behind the silhouette) and the silhouette’s opacity. If the user is
focused and the meditation score is increasing, then the “meditation circle” appears blue
and the silhouette becomes more transparent (Fig. 1 on the left). However, if the user
loses focus and the meditation score decreases, then the colour of the circle will change
to purple and the silhouette will become less transparent.

Fig. 1. Figure left: Silhouette’s opacity decreased due to high meditation score. Figure right: The
participant is meditating while using SOLAR.

Hacking Alternatives in 21st Century 37



The respiration sensors were placed on the user’s thorax and diaphragm. The data
received from the sensors was used for generating both audio and visual elements of
SOLAR. In mindfulness meditation, it is suggested by the experts to practice deep
diaphragm breathing [11]. In SOLAR, the user is rewarded with a complex soundscape
when they are taking deep breaths from their diaphragm. If the user begins to breath
from their chest (above their thorax) or starts taking shallow breaths, the soundscape
becomes simplified. In the visuals, the respiration sensors are mapped to the “breathing
circle” (in front of the silhouette). The breath circle becomes larger and smaller as the
user inhales and exhales.

The participants commented that there should be soft lighting in the physical space
and a comfortable chair. The room should be as dark as possible with no auditory or
visual distractions so the user can fully focus on the screen (Fig. 1 on the right). Some
of the participants did not feel comfortable with their eyes open. It was suggested that
novice meditators meditate with their eyes open [11]. We realize that this aspect of
SOLAR might not be appropriate for all participants.

4 Discussion and Conclusion

In this paper, we present the prototype SOLAR, an immersive virtual system created to
serve as a training tool to teach mindfulness meditation. Our goal was to create a system
with a unique design that will support novice meditators. The design of this system is
grounded on four design principles (Thought Distancing, Abstract Visual Elements,
Rewarding System, and Immersion and ARE) that emerged from current practices and
experts’ perspectives. The presented design is the result of a participatory design activity
that we conducted with 13 participants.

Based on the feedback received from the participants, we iterated the prototype to
address participant needs. In our iterations, we faced new challenges in the final design.
We added an introduction scene that included audio instructions on how to use SOLAR,
and in the main meditation scene we replaced the mindfulness meditation track with the
Sonic Cradle soundscape. We focused on abstract visual elements, aiming to create a
visually pleasing environment, and added complexity to user interactions. To address
the issue of personal preference, we would like to add customizable visual and auditory
elements in the next prototype.

In the future, we would like to consult with expert meditators and medical profes‐
sionals working within the mental health and neurodevelopmental fields, and conduct
user-centered design studies to create an effective system that would benefit their clients.
After incorporating feedback from iterative user testing and refinement, we would like
to conduct a more extensive usability study. More rigorous testing of the system’s
effectiveness is needed, specifically in supporting novices to learn mindfulness practice,
testing for mental disorders (especially anxiety and depression), neurodevelopmental
diseases (autism), and a comparison study between novices and experts. Concurrently
with future studies, we will be working on system improvements to address recommen‐
dations and evaluate the effectiveness of visual elements. The design guidelines will
continue to evolve.
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