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Abstract. This paper describes a mobile learning app aimed to be used for relax-
ation training, primarily for adolescents suffering from tension-type headaches.
Combining expertise from neuromedicine, psychology, and technology-en-
hanced learning, we have developed a concept and a working prototype for low-
cost biofeedback training applications. The system uses virtual reality technology
for delivering visual experience on both low-cost and advanced virtual reality
glasses. A wirelessly connected wristband is used to measure user’s pulse and
adjust the training scenario and the virtual environment based on the heart rate
data. The app simulates an immersive environment of a tropical beach with sev-
eral interactive visual and audio elements. The main goal of the simulation is to
make the weather as calm as possible by reducing own heart rate. The progression
through the scenario is guided by a therapist’s voice with some degree of self-
exploration. Repeating the exercise would make the user able to go through the
scenario without using the app, learn how to relax, and ultimately combat ten-
sion-type headache. The prototype is currently being evaluated in a feasibility
study with a small group of participants that answer a questionnaire and interview
questions after trying the app. The first evaluation results are presented in the
paper. The results are discussed with a focus on wearability — suitable for wearing
— of virtual reality glasses and of the wristband.

1 Introduction

Virtual Reality (VR) has been applied to learning and training providing flexible alter-
natives with immersive simulations of places and activities. This technology can benefit
educational process due to low cost, high safety and a sense of presence [1, 2]. Wearable
Technologies (WT), such as head-mounted displays and on-body biological sensors,
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can be used as part of VR systems to create additional modes of interaction and feed-
back.

In this paper, we explore the combination of VR and biological wearable sensors for
creating educational experiences. We developed a conceptual framework for designing
low-cost training applications that use this combination of technologies. The frame-
work is demonstrated on an example of a prototype app for relaxation training. Relax-
ation is used in psychological treatment when medication is not an option [3]. Being
able to relax quickly is an important skill that is not easy to acquire. Training how to
relax is the learning objective of the prototype presented in this paper, while the ulti-
mate purpose is to help adolescence combat tension-type headache, as a part of the
bigger project ‘Cognitive behaviour therapy treatment of chronic tension-type headache
in adolescents in virtual reality’, coordinated by the Norwegian University of Science
and Technology (NTNU) and St. Olavs hospital, Trondheim, Norway.

Tension-type headache is the second most prevalent of all health disorders among
adolescents. Especially chronic headache causes a high burden on the young sufferers.
There is no available prophylactic medication in this age group, but biofeedback, a be-
havioural treatment without known side effects, seems to be effective. Biofeedback is
a “process that enables an individual to learn how to change physiological activity for
the purposes of improving health and performance” [4]. Presently, this is a highly-spe-
cialized therapy unavailable to most people in need. Despite of the rapid development
and acceptance of smartphones, VR, WT, and mobile health, there is a lack of literature
exploring the delivery of behavioral interventions using these technologies for head-
ache [5].

Our research focuses on an innovative technology in healthcare, aiming at develop-
ing and evaluating in real settings a new method for technology-enhanced psychologi-
cal treatment. The overall hypothesis is that biofeedback in VR is effective and tolerable
for the prophylaxis of chronic tension-type headache in adolescents, and that it can be
self-administered by patients at home. The hypothesis has not yet been verified. The
prototype we have developed is being evaluated in stages. In this paper, we describe
the system design and present the concept behind it. We also present and discuss the
first evaluation results related to the wearability aspect.

2 Background

Learning to Control Body Reactions: Psychological Treatment with Biofeedback

Psychological treatments are designed to alter processes underlying or contributing to
pain, distress, and/or disability [3]. Such treatments can be an alternative where there
are no effective prophylactic medications, for example, in treatment of chronic tension-
type headache among adolescents [6]. Psychological treatments were originally devel-
oped for delivery in the clinic in a format in which the patient and therapist work face-
to-face [7, 8]. This requires trained personnel with special resources in multidiscipli-
nary settings which are unavailable to the absolute majority of persons in need. Hence,
there is a need for self-administered and easily accessible technology.
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Mobile Health applications (mHealth apps) handle various medical or health issues
using mobile devices [9]. This is a new innovative field, and its greatest potential is in
chronic diseases that are highly prevalent, because the mHealth apps improve access to
health care and can deliver therapy experience that would be impossible to create oth-
erwise. In addition, there are now several wireless, wearable body sensors which can
measure, bodily functions with reasonable accuracy and precision [9, 10].

Biofeedback method has been used in healthcare since late fifties and gained popu-
larity in the recent years with the availability of bio sensors and mobile technology [11].
It improves psychological treatments, allowing patients to learn how to voluntarily
modify their bodily reactions through the feedback from their own physiological pro-
cesses. The most frequently used modalities are electromyographic activity, heart rate,
and peripheral skin temperature [12]. It is generally considered that this reduces the
excitability within central nervous system networks and renders individuals more resil-
ient to effects of environmental stressors [13, 14].

European treatment guidelines conclude that biofeedback has a documented effect
for tension-type headache patients as a group [15]. Biofeedback is generally claimed to
be efficacious [12], with a larger effect in children and adolescents than in adults [16].

Perception and Sensing: Virtual Reality and Wearable Technologies

VR simulates spaces, objects, humans, and activities that can reproduce a precise image
of the reality and simulate required settings [17]. VR technologies provide fresh per-
spectives to healthcare and great potential supported by several examples of docu-
mented positive effect [18-20] but still with room for improvement [21].

Although, VR systems offer different interaction modes, the recent popularity and
attention has been generated by VR glasses, after Oculus Rift released their first device
in 2013. VR glasses is a type of WT devices that is worn on the head and has a display
in front of the user’s eyes [22, 23]. Most of these devices contain a tracking system,
which allows much greater immersion, as the user can control the direction of the view
in a virtual environment in exactly the same way as in the physical world — by turning
the head. Modern desktop-free human-computer interfaces increase the value and trans-
ferability of virtual experience.

Other types of WT devices include wireless body sensors that can measure, for ex-
ample, heart rate with reasonable accuracy and precision [9, 10]. The WT sees, hears
and perceives the user’s physical state. Wearable sensors bear potential to capture the
key aspects of human performance during a learning activity. This can allow analysis
and reflection upon the activity, individually or collaboratively [24, 25]. Capturing hu-
man’s psycho-physiological states using bio-signals and physiological phenomena is at
the core of perceptual technologies [26].

Both VR and wearable sensors contribute to increasing immersion of the user.
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3 Training with Virtual Reality and Biofeedback: Concept
Design

We are designing an overarching conceptual framework to facilitate future develop-
ment of VR applications for therapeutic purposes, especially in pain coping and relief.
We have identified the following major VR mechanisms for pain coping and relief:

o Distraction: drawing attention from the patient’s mental pain processing with im-
mersive and interactive VR experiences, for example, SnowWorld for burn victims
[27].

¢ Relaxation: immersing users in relaxing simulated virtual situations and places, suit-
able for meditation and mindfulness, for example, Guided Meditation VR
(https://guidedmeditationvr.com/).

o [|llusion: manipulating sensory brain input (visual, haptic etc.) in order to manipulate
experience of pain, for example, providing false visual feedback of head movement
to people with neck pain alters onset of movement-evoked pain [28].

o Imagery skills for pain control: controlling pain by manipulating a visual repre-
sentation of pain experience (in 3D/VR), often with bio- or neurofeedback, for ex-
ample: manipulating stereoscopic geometric shapes (with mouse), each of them cor-
responding to a certain type and intensity of pain.

¢ Physiotherapy: enhancing traditional training in a variety of physiotherapeutic sit-
uations with VR, for example, VR training for patients with neck injuries [29].

We have also developed a VR characterization framework with features and elements
along the dimensions of User/Patient, Virtual Therapy Place, Therapy artifacts and In-
terface. The design concepts and scenarios for specific therapeutic goals and situations
in the context of Cognitive Behavioral Therapy and biofeedback goals, such as relaxa-
tion, sleep strategies, and coping, [30] are developed by matching the VR pain mecha-
nisms with corresponding VR features and elements.

Biofeedback and wearable interaction [31] are the central concepts of the framework
(Fig. 1). The user (on the left) wears 3D glasses and a headset to perceive the VR ex-
perience and a wearable sensor that measures pulse. The user exercises relaxation and
tries to control his/her heart rate. The wearable sensor (bottom) measures the pulse of
the user and sends it via Bluetooth to the wirelessly connected PC or mobile device at
the constant requests coming from the VR app. The VR app (right) receives the pulse
data in real time, updates the features of the VR environment based on these data, and
renders the VR environment accordingly. The head-mounted display (top) receives the
images and sounds and delivers the VR experience back to the user.
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Fig. 1. Conceptual design and biofeedback

The framework is designed to support mobility of the users. It should be possible to
create applications that can be used in treatment programs in and outside of a clinic.
This is reflected in the hardware setup. The applications should run on the advanced
VR glasses, stationary PCs, and read data from highly accurate sensors. At the same
time, the applications should also run on smartphones, cardboards, and consumer wrist-
band sensors. In addition, the domain of scenarios we focus on (relaxation, coping,
imagery skills) assumes that the user is comfortable while experiencing the simulation.
Therefore, the wearability aspect is addressed in the design and evaluation.

In our technological setup, both the heart-rate sensor and the VR glasses are weara-
ble devices. Wearability plays an important role in the users’ comfort and quality of
experience, but often is not been taken into consideration in studies [32]. The discom-
fort may be caused, as defined in [32], by low wearability (e.g., device gets in the user’s
way of activity) and strange appearance (e.g., devices attached to the body with a band,
tape, cap, or wig). Several additional factors that affect wearability include functional-
ity, application task, system management, maintenance, economic sustainability, in-
teroperability, style, fashion, and branding. These factors can be applied to the design,
selection, and placement of devices.

4 Prototype Design

Scenario

In the current version of the prototype, the user only has access to a single test-module
of the virtual environment that implements a tropical beach scene and a relaxation train-
ing scenario. The virtual environment contains two types of elements: static and inter-
active. The static elements are decorations that are added to create the right atmosphere
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defined by the scenario. The interactive elements change depending on the user behav-
ior, heart rate and gaze direction. For example, sea waves gradually become higher
when the heart rate of the user increases and vice versa (Fig. 2). A set of 26 sound
instructions is included in the simulator to guide the user. The instructions are not given
linearly one after another, but triggered depending on the user’s progression in the sce-
nario.

Fig. 2. Environment changes: lowest heart rate (left) and highest heart rate (right)

The goal of the exercise is to make the sea as ‘calm’ as possible, where the threshold
value for a ‘calm’ sea is adjusted/calculated individually from the starting / baseline
heart-rate value. The session ends when one of the following conditions is met:

The threshold value for the ‘calm sea’ has been met (baseline value - 20%)
The absolute heart rate is lower than 30

The threshold value for the ‘stormy sea’ has been met (baseline value + 75%)
The absolute heart rate value is higher than 120

The maximum time of the session has elapsed (10 minutes)

The user chooses to end the session

Architecture

The current version of the prototype has a simple modular hardware / software archi-
tecture (Fig. 3). Main VR scene is a central software element that is present is three
different user applications: advance VR app (version for Oculus Rift and version Gear
VR), desktop app, and a mobile app (with two modes: for a regular screen and for
Google Cardboard or similar). Depending on the platform, the main VR scene uses Java
or C++ modules to read the pulse data from the wearable sensor and update the 3D
environment and the scenario.
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5 Evaluation

Settings

We started the technical feasibility study by demonstrating the prototype to a group of
84 last-year high school students (with a few older people in the group) in September
2016. All of them volunteered to test the simulator. A special version of the Mobile app
gave each participant one minute to relax immersed in the virtual environment and dis-
played the results. We tested the overall impression of the target group participants,
comfort of using a wearable sensor and 3D glasses, and the observed general trends in
their heart rates. We did not collect any personal data (e.g., hame, age, photo), but asked
briefly about the general impressions. The app also recorded four heart values for each
participant: at the start of the session, at the end, maximum, and minimum.

Next, a more detailed evaluation has been conducted with 13 volunteer subjects in
13 individual test sessions conducted in November 2016. The following procedure was
used with each participant:

1. The evaluator briefly introduces the subject to the study and hardware devices, but
not to the logic in the simulator.

2. The subject tries to use one of the prototype apps (VR app or VR mode first, when
available).
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3. The subject tells the evaluator what he or she understood and felt while using the
simulator.

4. The evaluator explains to the subject the logic and the rationale behind the simulator
features.

5. The subject tries out the prototype app(s) again (the same or different app and/or
mode). All the subjects tried at least one prototype app, while some tried two or three
apps or modes.

6. The subject fills in the questionnaire.

7. The evaluator interviews the subject using open questions, filling in short notes.

As the evaluation sessions were conducted in different locations (local events and
meetups), different apps of the prototype were used. Some subjects tried the advanced
VR app and the mobile app in the VR mode, some other tried the desktop app and the
mobile app in the screen mode, and in other combinations.

The questionnaire contained four background questions, three general Likert scale
questions, seven design-and-functionality Likert scale questions, and nine relaxation-
and-biofeedback Likert scale questions. The semi-structured interview contained six
open questions. Questionnaire data was analyzed without using statistical methods be-
cause of the aim to reveal general impressions and the small number of subjects. The
interviews were not recorded for full transcription, but instead captured in notes. The
notes were then grouped by questions and qualitatively analyzed. In this paper, we pre-
sent the results that are related to the comfort of use, biofeedback and wearability.

The main project ‘Cognitive behaviour therapy treatment of chronic tension-type
headache in adolescents in virtual reality’ has been submitted for approval to the Re-
gional Committees for Medical and Health Research Ethics. According to the Ethics
Committee, the feasibility study part of the project does not fall under medical and
health research and hence does not need specific approval. Since no personal infor-
mation has been collected (such as names of the participants), it was not required to
seek approval from the Norwegian Centre of Research Data, either.

Results

The results of the test conducted with 84 participants in September 2016 demonstrated
that the target group subjects are generally very interested in both VR simulators and
WT devices. All the participants agreed to wear the sensor on their wrists and all un-
derstood how to use the cardboard 3D glasses. Not everybody gave an explicit feed-
back, but those who did overall enjoyed the experience. The great majority of the sub-
jects 83 out of 84 did not have any difficulties preparing to and going through the re-
laxation session. Only one participant could not complete it because of a difficulty
wearing the cardboard.

The logs collected by the app allowed us to better understand how quickly the heart
rate of the participants of this age group can change. The diagram below features the
pulse change as measured by the wearable device. On the horizontal axis, the values
for each participant are given sorted by how much they relaxed (Fig. 4). The values
vary from the pulse values decreasing for 37.3% (Fig. 4, left) to increasing for 57.4%
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(Fig. 4, right). The number of participants who managed to relax (heart rate in the end
of the session is lower than in the beginning) was 61 out of 84.

Pulse change (%)

Fig. 4. Pulse change from the start to the end of the session

The technical feasibility study provided more detailed feedback on specific compo-
nents of the simulator. The target group consisted of 13 subjects who were older than
the target end users of the simulator. Their age varied 22 to 46 (average 28,9). Even
though the feedback data was affected by the age, it allowed us to conduct detailed
interviews, try different versions and different devices and discuss different aspects of
the simulator.

The questionnaire contained a specific question if it was physically uncomfortable
to use the simulator application. All who rated the advanced VR version (with Oculus
Rift) responded that it was comfortable to use the simulator. The majority of those who
evaluated the cardboard version were also comfortable, but two participants responded
that it was uncomfortable and very uncomfortable. The interview data gives a much
deeper insight to the issue.

The interview did not contain specific questions about wearability or comfort of use,
but several questions where these aspects could be brought up as issues. Five out of 13
participants pointed out wearability and comfort as important aspects, and for three of
them these issues were the most important factors affecting the experience.

When describing their general impressions, three participants reported that it was
physically uncomfortable to wear 3D glasses. All these three participants tried the card-
board version. The issues discussed included the difficulty setting up and adjusting the
3D glasses and the cardboard being generally to wear for a period of time. Another
issue was related to the extreme focus on the VR simulation that cuts off the peripheral
vision, which could negatively affect relaxation. One participant discussed distraction
of the relaxation process caused by virtual elements. As many people slightly bend
down their head when trying to relax, they would gaze at the waves in the simulator,
not seeing the horizon and the sky, while the reflections on water might look too dis-
tracting. Moreover, some elements of the virtual environment, such as the therapeutic
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instructions, are asking the user to pay attention to certain elements of the virtual envi-
ronment, which requires to look up.

Interview note: “l saw reflections on the waves, they distracted me. It was difficult
to control the balloons, because | needed to change my position and look up.”

When discussing how the simulator can help users to relax better and then how to
make it more user-friendly, two participants suggested to take care of the comfortable
physical environment. The user should be instructed and should have access to a com-
fortable place to sit (e.g., an armchair), and the wearable devices should not prevent the
user to be in unnatural positions. For example, the 3D glasses should not be held in
hands, but adjusted with a strap, and it should be possible to adjust the lenses. One
negative consequence was identified in testing with two participants, when the weara-
ble sensor could not measure pulse for some time (while the participants were moving
actively trying to find a comfortable position). This led to scenario development not
corresponding the actual heart rate of the user. For better relaxation, one participant
mentioned that the simulator should give an option to close eyes to use imagination for
further visualization of the scenario.

6 Discussion and Conclusions

The results demonstrate that wearability and comfort are indeed very important for the
users. The issues of low wearability were considered more important for relaxation with
VR than strange appearance [32]. Utilizing the main functions of the wearable devices
without being obstructed was the most important factor in the presented evaluation. The
wristband measuring pulse was found easy to wear and comfortable, but possible mal-
functioning (failure to read pulse) was sometimes difficult to spot immediately. 3D
glasses caused several issues, especially the cardboard. At the same time, the function
of 3D glasses was critically important, and the advanced VR glasses (Oculus Rift) did
not cause as much discomfort.

The evaluation of the first prototype demonstrated that wearability and comfort are
not only important for some users but should be considered as central design features
for relaxation and psychological treatment simulations. As the VR environment affects
the user in the physical world (by visual cues or sound instructions), it changes posture
and the hear movement of the user, and therefore affects the heart rate. Therefore, it
should be considered when designing a scenario and the interactive elements.

The instructions and user guidelines should include the setup of the physical envi-
ronment (comfortable chair) and describe the correct posture. The importance of such
instructions increases in individual use outside of the clinic setting.

An important aspect that was not evaluated in this paper is the use of the simulation
by a person that is experiencing headache. As our main target group include young
people with relatively frequent headaches, special instructions should be given for such
situations.

The major contribution that we anticipate in this project is in using VR and WT to
direct patient’s attention and help to control his/her psychological state during therapy
in ways that support stimulated recall of experiential learning.
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