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Background: Mainly due to an increase in stress-related health problems and driven
by recent technological advances in biosensors, microelectronics, computing platform,
and human-computer interaction, ubiquitous physiological information will potentially
transform the role of biofeedback in clinical treatment. Such technology is also likely to
provide a useful tool for stress management in everyday life. The aim of this systematic
review is to: (1) Classify biofeedback systems for stress management, with a special
focus on biosensing techniques, bio-data computing approaches, biofeedback protocol,
and feedback modality. (2) Review ways of evaluating approaches to biofeedback
applications in terms of their effectiveness in stress management.
Method:
A systematic literature search was conducted using keywords for
“Biofeedback” and “Stress” within the following databases: PubMed, IEEE Xplore, ACM,
and Scopus. Two independent reviewers were involved in selecting articles.
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Results: We identified 103 studies published between 1990 and 2016, 46 of which met
our inclusion criteria and were further analyzed. Based on the evidence reviewed, HRV,
multimodal biofeedback, RSP, HR, and GSR appear to be the most common techniques
for alleviating stress. Traditional screen-based visual displays remain the most common
devices used for biofeedback display. Biofeedback applications are usually assessed by
making both physiological and psychological measurements.
Conclusions: This review reveals several challenges related to biofeedback for
everyday stress management, such as facilitating user’s perception and interpretating the
biofeedback information, the demand of ubiquitous biosensing and display technologies,
and field evaluation in order to understand the use of biofeedback in everyday
environments. We expect that various emerging HCI technologies could be used to
address these challenges. New interaction designs as well as biofeedback paradigms
can be further explored in order to improve the accessibility, usability, comfort,
engagement with, and user experience of biofeedback in everyday use.
Keywords: biofeedback, stress management, relaxation, human-computer interaction, physiological computing

INTRODUCTION
Chronic Stress and Health
Stress is both a biological and a psychological response. It occurs when a situation is perceived
to be challenging or threatening (i.e., meeting a work deadline or facing a speeding car). And the
stress responses are mainly mediated by the human “stress system,” which involves the amygdala,
hypothalamus, autonomic nervous system (ANS), glands, and organs (Chrousos and Gold, 1992).

1

September 2018 | Volume 5 | Article 23

Yu et al.

Biofeedback for Everyday Stress Management

display. Biofeedback techniques can help users improve selfawareness of internal states and learn self-regulation skills to
manipulate specific physiological functions in a healthy direction.
In clinical applications, biofeedback techniques often serve as a
particular intervention or addition to cognitive and behavioral
therapy. For instance, biofeedback devices are widely used to
treat anxiety disorders (Reiner, 2008) or reduce psychological
stress during an early postpartum period (Kudo et al., 2014).
In such cases, biofeedback interventions are usually performed
with the assistance of a well-trained therapist who introduces the
biofeedback instrument, explains the procedure, interprets the
meaning of feedback, and instructs the patient to use the feedback
to achieve an optimal state.
Nowadays, in addition to clinical applications, the
embodiment and modality of biofeedback have been broadened
beyond traditional desktop settings. Advanced biosensors
enable the data collection to be unobtrusive and wearable.
The innovations in interaction design are improving the
acceptance, usability, and user experience of biofeedbackassisted learning/training. Physiological computing can be
completed on various computing platforms such as laptops,
mobile phones, and wearable devices. As a result, biofeedback
systems become increasingly portable, usable, and affordable,
and the physiological information is now readily available in our
everyday lives. With new interactive multimedia, biofeedback
is no longer restricted to on-screen graphic displays, but is
becoming increasingly diversified for different contexts, such as
through tangible interaction (Ishii, 2008), peripheral interaction
(Bakker et al., 2015), shape-changing display (Rasmussen et al.,
2012), ambient display (Ishii et al., 1998), and musical interfaces
(Gaye et al., 2003). Now, biofeedback techniques are more than
a treatment for medical disorders; they are becoming a learning
tool that average people can use to cope with everyday stress.

When our brain perceives a stimulus as a stressor, it sends a
distress signal to the hypothalamus, which then activates the
sympathetic branch of ANS, sending signals to the adrenal glands
(Porges, 1995). The hormone epinephrine is pumped into the
bloodstream and acts on the target organs, speeding up the
heartbeat and breathing, stiffening the muscles, and causing
sweating. The combination of these reactions is known as the
“fight-or-flight” response, which enables us to react quickly to
life-threatening situations and help us fight off threats or flee to
safety. Acute stress is transient, beneficial, and even vital in many
cases. When a stressful situation passes, the parasympathetic
branch of ANS is activated, acting as a “brake” to dampen the
stress responses and help to re-establish homeostasis.
Unfortunately, this “brake” might fail to operate when our
body overreacts to some chronic stressors, such as long-term
work pressure. When the brain continuously perceives the
situation as stressful, always-on “fight-or-flight” responses may
put the ANS off balance and cause the responsiveness of our
stress system to further deteriorate. The cumulative effects of
chronic stress often degrade performance in work (Scott et al.,
2006). Physiologically, long-term activation of adrenal glands
can release excess cortisol (a stress hormone) which disrupts
various bodily processes and disturbs homeostasis (Chrousos,
2009). Elevated cortisol level puts high-stress individuals at an
increased risk of numerous health problems, including anxiety,
depression (Burke et al., 2005), immune dysregulation (Padgett
and Glaser, 2003), heart disease, hypertension (Esler and Kaye,
2000), and diabetes (Lloyd et al., 2005).
Keeping stress in an “optimal zone” is good both for work
performance and overall health. Optimal responsiveness of the
stress system is also essential for regulating healthy emotions
in social interactions and a sense of well-being. This is why
various techniques have been developed for coping with stress
and these have been used to help people maintain homeostasis
and autonomic balance. For instance, listening to relaxing music
can reduce cortisol levels and help people recover from periods
of stress (Khalfa et al., 2003). Research by Alvarsson et al. (2010)
suggests that stress recovery will be faster and more complete
when people are exposed to colors and sound stimuli recorded
in natural environments. Tang et al. (2009) documented evidence
showing that short-term meditation practice may improve the
balance of ANS and that mindfulness practices deliver several
positive benefits, including decreased anxiety and increased focus
and improved mood (Smith, 2014). As suggested by Streeter et al.
(2012), yoga stimulates an underactive parasympathetic nervous
system and helps to correct an imbalance of ANS.

The Objective of This Review
Biofeedback applications have been widely reviewed in medical
journals in terms of evidence and protocols. It is understood
that biofeedback can effectively treat various stress-related and
stress-induced disorders. Related reviews have mainly focused
on evidence, medical applications, approaches, and practices of
biofeedback. Some summarize and report the principles and
practices of biofeedback in clinical applications (Blanchard et al.,
1974; Basmajian, 1981). Some provide in-depth overviews of
biofeedback techniques for medical treatments, such as headache
disorders (Nestoriuc et al., 2008), anxiety disorders (Moore,
2000), hypertension (Greenhalgh et al., 2010), chronic pain (Turk
et al., 1979), and stroke rehabilitation (Glanz et al., 1997). Yet
no reviews have evaluated and discussed the biofeedback systems
for everyday stress management, especially in relation to humaninformation interaction.
In this paper, we present a systematic review of the studies
that have used biofeedback techniques for everyday stress
management. The review summarizes the last 25 years of research
on biofeedback applications for non-medical stress management.
Based on this review, we hope to identify the research gaps
in everyday biofeedback design as well as design opportunities.
In particular, we aim to (1) classify the biofeedback systems,

Biofeedback for Stress Management
Biofeedback is a powerful tool for stress management and
relaxation training. It enables individuals to learn how to regulate
their physiological activities in order to restore or maintain
autonomic balance (Brown, 1977; Frank et al., 2010; Saha et al.,
2015). As shown in Figure 1, a typical biofeedback loop consists
of four components: a biosensing unit, a data transfer unit,
a data processing unit, and a feedback unit. The biosensors
monitor specific physiological activities, and immediately present
related information back to the user with an external audiovisual
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FIGURE 1 | Biofeedback is a closed-loop system that translates bio-signals into audiovisual displays.

We only considered studies that applied biofeedback for
stress management in general populations for non-therapeutic
purposes. Articles published from 1990 to 2016 were reviewed.
The following exclusion criteria were applied to narrow
down the set of relevant studies further. Firstly, regarding the
applications of biofeedback, this review focuses on biofeedback
techniques for average users in everyday use. For this reason,
articles about biofeedback applications for therapeutic purposes
or as a treatment for severe stress disorders were excluded.
For instance, we excluded reports about using biofeedback
for treating the stress that is caused by trauma (e.g., PTSD)
(Lande et al., 2010), physical or mental illnesses (Reiner, 2008).
Secondly, regarding the outcome evaluations, the studies were
only considered if they used at least one objective measure of
the effect of biofeedback on stress reduction. Studies that only
describe the development of the system were excluded. Thirdly,
articles were excluded if they were too general or too theoretical;
for instance, those that presented a general biofeedback diagram
or a design framework were excluded (e.g., Matuszek and
Rycraft, 2003). Also, review articles, non-English publications,
abstracts, tech reports, or other unpublished materials were
excluded.

with the emphasis on biosensing techniques, bio-data computing
approaches, biofeedback protocols, and feedback modalities,
and (2) inventory approaches taken to evaluate biofeedback
applications in terms of their effectiveness for stress management.

METHODOLOGY
Data Sources and Search Strategies
We searched for relevant studies in the following electronic
databases: PubMed, IEEE Xplore, ACM, and Scopus. To seek
out articles, we selected papers that address two aspects:
“Biofeedback” and “Stress Management.” The following
search strategy was applied in the PubMed database. MeSh
(Medical Subject Heading) terms (the bold terms below) and
their synonyms and spelling variations were used in several
combinations and modified for other databases.
#1 Biofeedback (biofeedback OR bio-feedback OR
“augmented feedback” OR “sensory feedback” OR “sensory
augmentation” OR “proprioceptive feedback” OR “auditory
feedback” OR “audio feed-back” OR audio-feedback OR “visual
feedback” OR “audiovisual feedback” OR “audiovisual feedback”
OR “somatosensory feedback” OR “tactile feedback” OR
“vibrotactile feedback” OR “vibratory feedback” OR “multimodal
feedback”)
#2 Stress (“stress reduction” OR “stress management” OR
“coping with stress” OR “stress relief ” OR “stress intervention”
OR distress OR anxiety OR meditation OR relaxation)
#3 (1 AND 2)

Selection Procedures
The search was performed on January 8th, 2017. The titles and
abstracts of the results obtained by the database search were
screened by two independent reviewers (BY & QW). After titleabstract screening and a check for duplicates, we created an initial
pool of articles. In the second filtering, these full-text articles were
then analyzed and evaluated independently by the reviewers.
In the case of discrepancies between the two reviewers, a third
reviewer decided whether the article should be included. During
this process, related studies cited in the articles were progressively
included in our final database.

Selection Criteria
Biofeedback was defined as measuring an individual’s
physiological activities and providing concurrent feedback
about these activities to an individual. Stress management refers
to any activity that helps to control, regulate, or reduce chronic
stress responses that are not caused by diseases or traumas.
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RESULTS

RSA (Respiratory Sinus Arrhythmia) biofeedback that presents
successive IBI (Inter-Beat-Interval) data is regarded as a separate
type of biofeedback. As the IBI data reflects heart rate variability
(HRV) and assists users in regulating their respiration, in our
review, RSA biofeedback is regarded as a particular type of HRV
biofeedback. So, for the convenience of discussion, it is included
in the HRV biofeedback group. Biofeedback systems that
measure and present multiple types of physiological information
are referred to as multimodal biofeedback systems.

Search Results
An overview of the results in the various stages of the selection
process is visualized in Figure 2. The initial literature search
yielded a total of 2,540 articles that were relevant to this review.
After title and abstract screening and winnowing out duplicates
and off-topic studies, 102 studies remained. The full papers of
the remaining 102 studies were assessed to select those primary
studies in biofeedback that directly related to everyday stress
management.
Based on the stated exclusion criteria, 45 of the 102
publications were eligible for review. An additional article was
retrieved from the reference and added to the database. Common
reasons for exclusion included a lack of evaluation, the absence
of a system description (e.g., Al Rihawi et al., 2014), or studies
related to treatment of stress caused by a disease or trauma.
In other cases, when the authors published several studies on
the same research initiative, we only included their most recent
research as long as it satisfied the inclusion criteria. Each study
in the final selection (n = 46) was reviewed and information
about the biofeedback techniques (e.g., measured bio-signals,
biosensors), feedback displays (e.g., form-giving and interactive
medium), stress management approaches, evaluation methods,
and experiment design was extracted and summarized (see
Table 1).

HRV Biofeedback (19 Studies)
Heart rate variability (HRV) biofeedback (19/46) is the
most common single-modal biofeedback technique for stress
management. Figure 4 summarizes a typical diagram of an HRV
biofeedback system. The input can be Electrocardiogram (ECG)
signals or Blood Volume Pulse (BVP) signals. The content of
feedback can be grouped as three types: IBI data, HRV indices,
and a combination of both.
ECG signals reflect the amplified heart’s electrical potential
and they are measured by electrodes attached to an individual’s
limbs and the surface of the chest. BVP signals reflect the blood
volume changes caused by the contraction of the heart. They
are typically obtained by using a photoplethysmogram (PPG)
sensor which illuminates the skin and detects changes in light
absorption. ECG signals are often considered to be more accurate
than BVP signals when calculating the inter-beat interval (IBI)
because, compared to the curved peak of the pulse wave, the
sharp upward spike of QRS wave could be detected more
accurately by software algorithms. Several studies (Johnston and
Mendelson, 2005) have verified that when the recordings are
taken during a resting state (sitting still and quietly), the IBI

Biofeedback Techniques
Based on the content of biofeedback—physiological
information—the biofeedback systems can be categorized
into five types, as summarized in Figure 3. In some studies,

FIGURE 2 | Prisma (Moher et al., 2009) flowchart of the results of the literature search.
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HR

HRV

Peira et al., 2014

McCraty et al.,
2009

Paul and Garg,
2012

HRV

HRV

HR

Goodie and
Larkin, 2006

Henriques et al.,
2011

HR

Yokoyama et al.,
2002

HRV

HR

Larkin et al., 1992

Lemaire et al.,
2011

Mode

BVP

BVP

BVP

BVP

ECG

ECG

ECG

ECG

Bio-data

Light color;
Audio cue

IBI data
RSP-R

Graphics

Cardiac-Coh, Coherence Bar
IBI data
Chart (CBC),
graphics

Cardiac-Coh

PC-based

PC-based

Portable
device

PC-based

Breathing exercise Detect the resonant
frequency when RSA
reaches the peak amplitude
with biofeedback
equipment. The subject was
then asked to breathe at his
resonant frequency and
relax.

Breathing exercise Users attempt to smooth
the RSA graph, increase the
percentage of time spent in
medium and high
coherence score.

Breathing exercise The color of LED light
indicates the coherence
level as a result of training.
The users practice resonant
breathing to increase
coherence level.

Multi-sessions 10
days;
1 Sess/day;
20 min/Sess

STAI,
CSES,
HRV indices,
RES-R,

STAI,
MASQ,

Coherence score,
HR, BP, salivary
cortisol level.

Multi-sessions
30 days;
3 Sess/day;
5 min /Sess

Multi-sessions
1 month;
5 Sess /wk;
20 min/Sess

Lipid Panel,
BP, HRV,
Adrenal Index,
JAS, BSI, POQA

Multi-sessions
3 months;
1 Sess/day;
15 min/Sess

HR, TAS, STAI,
EAQ, ECQ, ERQ

One session;
The subjects were
10 min/Sess
instructed to either
“Regulate” or “Monitor” their
heart rate during picture
presentation.

HRV Self-reports,
performance
HR, task
performance

One session;
3 min/Sess

HR, Performance
scores

Criteria

Subjects were instructed to One session; 2
reduce HR below the target h/Sess
goal using feedback
presented on the monitor.

Breathing exercise The subjects learn to
achieve heart rhythm
coherence by developing a
stable, sine-wave-like
pattern in the RSA
waveform, oscillating at a
0.1 Hz frequency.

Under negative
pictures stimulus

PC-based

Background color
changes on the
screen.

During video
game, arithmetic
tasks

Under a work task Being awareness of heart
rate level and learn to keep
it low.

Sound
system

Duration

The subject is instructed to 5 Sessions;
improve the performance of 6 min/Sess
video game and lower the
HR

Main instructions

Under stressful
game

Context

Applications

PC-based

Media

Background colors PC-based
of the screen

Pitch and note
intervals of MIDI
data

Background color
of the screen

Form-giving

Biofeedback Display

IBI data
Wave on screen
Cardiac-Coh, display

HR

HR

IBI data

HR level

Content

Biofeedback technique

References

Studies

TABLE 1 | Summary of the paper lists and features.

(Continued)

RCT (n = 10 /group),
BFB vs. Blank control

Pretest-post-test (n = 9);
BFB vs. Pre-baseline;

RCT (n = 20/group);
BFB vs. Blank control;

RCT (n = 44 /group), BFB
vs. Blank control;

Within-Subjects (n = 22)
BFB vs. Blank control;

Within-subjects (n = 14);
After BFB no delay vs. short
delay vs. long-delay,

Within-subjects (n = 22);
BFB vs. Blank control;

Between-Subjects (n = 12);
BFB vs. Blank control;
Repeated trials

Experiment design

Evaluation
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HRV

HRV

HRV

HRV

Sutarto et al.,
2012

Wells et al., 2012

Zhu et al., 2012

Prinsloo et al.,
2013

6

HRV

BVP

ECG

Gaggioli et al.,
2014

Lee et al., 2015

BVP

Whited et al., 2014 HRV

HRV

BVP

BVP

ECG

BVP

BVP

HRV

De Jonckheere
et al., 2014

Mode

References

Bio-data

Biofeedback technique

Studies

TABLE 1 | Continued

Bar chart,
Numbers,
Animations

Graphic display

PC-based

Mobile APP

Portable
device

Main instructions

Breathing,
exercise Positive
emotion

PC-based

Within-subjects (n = 19);
BFB+guide vs. BFB only;

RCT (n = 9 /group); BFB vs.
Blank control;

Within-subjects (n = 3);
audio- vs. visual-BFB vs.
Blank control

RCT (n = 15/group)
BFB vs. Blank control;

RCT (n = 18/group); BFB
vs. Blank control;

Experiment design

Breathing exercise Users attempt to smooth
the RSA graph, increase the
percentage of time spent in
medium and high
coherence score.

Multi-sessions;
4 sessions;
1 Sess /2 wk;
45 min/Sess

Multi-sessions;
10 sessions;
2 Sess/wk;
60 min/Sess

STAI

PSS, RRS,
STAI,

(Continued)

Between-Subjects (n =
5/group) BFB vs. Blank
control;

RCT (n = 20/ group);
BFB vs. Blank control;

Breathe deeply and Recall a Multi-sessions; 5 HRV indices, BSI, RCT (n = 14/group); BFB
positive feeling. The goal is weeks; 1 Sess/wk; PSS,
vs. Blank control;
to create a smooth and
30 min /Sess
ordered pattern in RSA
waveform and high
coherence level.

One session; 2 min Cardiac
/Sess
Coherence value

The subjects are instructed One session;
to relax and inhale until the 10 min/Sess
RSA wave reached its peak
and exhaled until the wave
started to rise again.

Breathing exercise Regulate the respiration to
increase the cardiac
coherence score.

After Stressful
Stroop task

RES-R, HR, HRV
indices,

LF/HF ratio

Breathing exercise Practice the abdominal
breathing to improve the
value of LF/HF ratio.

One session;
15 min/Sess

HRV index,
DASS,

Criteria

STAI,
HRV indices

Multi-sessions
5 weeks;
1 Sess/wk;
30 min/Sess

Duration

Evaluation

Breathing exercise The subjects were
One session;
instructed to increase the
30 min/Sess
amplitude of RSA by
breathing with the pacer,
achieving the best possible
feedback graph score while
breathing in a free, relaxed
way.

Breathing exercise The users aimed to
maximize the peak
amplitude of RSA through
respiration regulation

Context

Applications

visual elements in 3D VR Device Under a stress
VR-based scenario
a 3D virtual scene
induction VR game simulates the stressful
experience; the subjects
learn to cope with this
induced stress with
biofeedback.

Cardiac-Coh, Coherence Bar
IBI data
Chart (CBC),
graphics

HRV (not
specified)

PC-based

PC-based

Media

Audio tone, Visual PC-based
bar

Graphic display

graphics display

Form-giving

Graph display
HRV power
spectrum,
Cardiac-Coh,

HR,
Cardiac-Coh

IBI data

LF/HF ratio

IBI data

IBI data

Content

Biofeedback Display

Yu et al.
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RSP

RSP

Morarend et al.,
2011

Moraveji et al.,
2012

HRV

HRV

van der Zwan
et al., 2015

Munafò et al.,
2016

HRV

Ratanasiripong
et al., 2015

HRV

HRV

Lee and
Finkelstein, 2015

Al Osman et al.,
2016

BVP

HRV

Sarabia-Cobo,
2015

RSP

RSP

BVP

ECG

BVP

BVP

BVP

BVP

Lewis et al., 2015 HRV

Bio-data

Biofeedback technique

Studies

TABLE 1 | Continued

Wave form,
visual symbol,
sound pitch

Calm points,
RSP-R,

RSP signal

IBI data

LF/HF ratio

IBI data

Text and number
on desktop

Musical pattern,
e.g. duration of
tone

Wave on screen
display

Game score
Animation tree in
the game

RSA waveform,
visual symbol,
sound pitch

Cardiac-Coh, Light color;
Audio cue

IBI data

PC-based

Portable
device

Under cognitive
tasks

One session;
15 min/Sess

RSP-R,
Post-interview

RRS,
CDAS,
DISS,

SF-36,
STAI, RSP,
BP, GSR

RRS

Multi-sessions;
5 sessions

Multi-sessions;
5 weeks;
1 Sess/wk;
45 min /Sess

DASS,
SPW

PSS,
STAI,
CES-D

cognitive
performance
HRV

MBI, ZBI,
Calculated
Coherence score

Multi-sessions;
35 days,
1 Sess/day,
10-20 min/Sess

A peripheral awareness cue One session;
of respiratory behavior from 30 min/Sess
the system tray, motivates
users to maintain calm
respiration during work.

Breathing exercise The user synchronizes
inhalation and exhalation
voluntarily with the musical
feedback patterns.

Breathing exercise The subjects were informed
the goal is to increase the
amplitude of RSA. They
were instructed to regulate
the breathing to achieve

Under a work task Regulate breathing pattern
and imagine positive
scenes, invoke pleasant
thoughts to improve the
‘health’ of the animation
tree.

Mobile APP

PC-based

Breathing exercise “Inhale slowly and gently
until a new triangle appears
in the top right, then exhale
slowly.”

Portable
device

The subjects learn to control Multi-sessions;
the HRV through slower
4 weeks,
breathing and positive
3 Sess/day
emotions

“Inhale slowly and gently
One session;
until a new triangle appears 10 min/Sess
in the top right, then exhale
slowly.”

Breathing,
exercise
Positive emotion

Under
psychomotor
vigilance task

Portable
device

Portable
device

Breathing exercise Users attempt to smooth
the RSA graph, increase the
percentage of time spent in
medium and high
coherence score.

PC-based

HRV indices,
PCL-C,

Criteria

Evaluation

Multi-sessions;
12 days;
1Sess/day;
20 min/Sess

Under Multimedia The subject is instructed to One session;
relax, focus on the breathing 2 h/Sess
stressful
prompt, and attempt to
environment
keep the line in the green
band.

Duration

PC-based

Main instructions

Line graph
line color

Context

Media

Applications

Form-giving

Cardiac-Coh, Coherence Bar
IBI data
Chart (CBC),
graphics

IBI data
HRV (not
specified)

Content

Biofeedback Display

(Continued)

Within-subjects (n = 14);
BFB vs. Blank control;

RCT (n = 40/group);
BFB vs. Blank control;

RCT(n = 20/group);
BFB vs. Blank control;

Within-subjects (n = 12);
BFB vs. Blank control;

RCT (n = 25 /group);
BFB vs. meditation vs.
physical exercise;

RCT (n = 30/group);
BFB vs. Blank control;

Within-subjects (n = 14);
BFB vs. Blank control

Quasi-experiment (n =
−42/32);
BFB vs. pre-baseline;

RCT (n = 420 / group),
BFB vs. Blank control;

Experiment design

Yu et al.
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RSP

ECG,
RSP

RSP

RSP

Vidyarthi and
Riecke, 2013

Parnandi et al.,
2013

Harris et al., 2014 RSP

Wu et al., 2015

8

RSP

RSP

GSR

Bhandari et al.,
2015

van Rooij et al.,
2016

Feijs et al., 2013

RSP

RSP

Mode

References

GSR

RSP

RSP

RSP

Bio-data

Biofeedback technique

Studies

TABLE 1 | Continued

GSR level

RSP-R
RSP-A

RSP-R

RSP signal

RSP-R

RSP-R

RSP-R,
RSP-A

Content

Mobile APP

Mobile APP

Mobile APP

One session;
The user’s breathing rate
8 min/Sess
adapts the difficulty of the
video game. Slow breathing
patterns will reduce the
game difficulty as a positive
reward.

Relaxation
practice

During milk
expression task

Parameters in the VR device
game

PC-based
Controlling
parameters of the
flower animation

Under simulated
driving tasks

Under negative
emotion stimulus

One session;
15 min/Sess

STAI,
PANAS

Milk expression,
STAI, GSR;
Interview

“Try to breathe more slowly, One session;
fewer times, and more
deeply. The more the flower
flourishes, the more slowly
or, the more deeply you are
breathing.”

RSP-R
HRV indices,
GSR

RSP pattern,
HRV indices

RSP-R,
interviews

HRV indices,
GSR, Task
performance

Semi-structured
Interview

Criteria

Evaluation

No explicit tasks or goals for One session;
the players to attain.
Promote an immersive,
relaxing experience

If the subject’s breathing
One session;
exceeds the target rate, the 10 min/Sess
audio modification
application adds white noise
to the musical piece.

Calculate the resonant
frequency when RSA
reached maximum
oscillation amplitude.
Subject practice breathing
exercise at the resonant
frequency with the
respiratory feedback.

Breathing exercise When the user breathes at a One session;
target slow rate, the audio 4 min/Sess
contains no white noise.
Faster the breath is, more
noise is added.

After Stroop
color-word test

Breathing exercise The user constructs a sound One session;
environment (the feedback) 15 min/Sess
through respiratory
regulation. The created
sound promotes relaxation.

Duration

Interactive
space

Main instructions

Context

Applications
Media

Amplitude of white Sound
noise added to the system
music track

Waveform

Quality of the
music

Game difficulty

Reverb,
volume,
filters of sound

Form-giving

Biofeedback Display

(Continued)

Within-Subjects (n = 12);
BFB vs. Blank control;

Pretest-post-test (n = 86);
BFB vs. Baseline;

RCT (n = 7/group);
BFB vs. Blank control;

Within-subjects (n = 15);
BFB vs. Blank control;

Within-subjects (n = 6);
BFB1 vs. BFB2 vs. Blank
control

Between-subjects (n =
3/group);
BFB vs. DB vs. Blank
control;

Qualitative Experiment (n =
39);
Post-BFB interview;

Experiment design
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References
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GSR

Dillon et al., 2016

9

MultiModal

MultiModal

MultiModal

Adelbach et al.,
2012

Bouchard et al.,
2012

Sanchez et al.,
2012

Edvardsson et al., Multi2012
Modal

BVP
GSR

MultiModal

Cutshall et al.,
2011

BVP
EDA

TEMP,
GSR

BVP, GSR

ECG,
GSR,
RSP

BVP
EMG,
GSR,
TEMP

Strunk et al., 2009 MultiModal

GSR

GSR

Snyder et al., 2015 GSR

Bio-data

Biofeedback technique

Studies

TABLE 1 | Continued

GSR data
Heartbeat
IBI data

TEMP,
GSR

Arousal level
HR

Graphical curves
and numbers

Waveform
numbers

Game view,
Frequency, and
loudness of the
sound

PC-based

Mobile APP

PC-based

Interactive
space

Physical
movement
architecture
graphic, sound

RSP signal
Heartbeat,
GSR level

Preliminary
interview,
Observation on
behaviors

One session;
10 min/Sess

The users use focus,
concentration, respiration
regulation to achieve the
goal in the game.

Multi-sessions;
4 weeks;
4 Sess/wk;
30 min/Sess

The subjects were asked to One session;
5 min/Sess
relax as best they could.
They can learn to control the
direction of change for each
display of physiological data

Relaxation
practice

Imagery

Under 3D stress
induction
game

Multi-sessions;
3 days;
1 Sess/day;
30 min/Sess

The users practice different
meditation approaches with
biofeedback displays to
learn the skills of
self-regulation.

Multi-sessions;
9 weeks;
7 sessions;
30–60 min/Sess

Focusing on the finger
One session;
where the sensor was worn 10 min/Sess
and imagining that the finger
was warm.

The users are immersed in a
3D game to induce stress
and receive biofeedback on
current arousal level and HR
level.

SAS,
LESCA,
ACSI

STAI

Salivary cortisol,
HR,
Performance

GSR, RSP-R,
RSP-A, HRV,
interviews

RRS,
STAI

self-reports,
EMG, GSR,
TEMP, HR

BAI, UMACL,
RRS, TSST,
HR

Criteria

Evaluation
Duration

GSR data controls the game One session;
progress. The more relaxed 60 min/Sess
the player, the greater the
progress in the game.

MoodLight indicates the
user’s relaxed states with
cooler colors like blue and
heightened arousal levels
with warm colors such as
red and orange.

Main instructions

Breathing exercise The sound and LED indicate One session;
11 min/Sess
the heartbeats, the shape
changes of Exo building
indicate respiration, the
GSR controls the visibility of
graphic projection.

Meditation
practice

PC-based

Graphical curves
and numbers

Relaxation
practice

After distractor
task.

Context

GSR data
Heartbeat
IBI data

Mobile
APP

Interactive
lighting

Media

Relaxation
practice

Progress in the
game

Color of ambient
light

Form-giving

Applications

Graphic display on PC-based
screen

BVP, EMG,
GSR, TEMP

GSR level

GSR level

Content

Biofeedback Display

(Continued)

RCT (n = 15/ group);
BFB vs. Blank control;

Within-subjects (n = 5);
BFB vs. Relaxing video;

RCT (n = 20/ group);
BFB vs. Blank control;

Within-subjects (n = 12);
BFB vs. Preset guidance vs.
Blank control;

Pretest-post-test (n = 8);
BFB vs. Pre-baseline;

Within-Subjects(n = 63)
BFB vs. false BFB

RCT (n = 25 /group);
BFB vs. Blank control;

Within-subjects (n = 64);
BFB vs. Leading feedback;

Experiment design
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Mode

MultiModal

MultiModal

References

Wu et al., 2012

Kotozaki et al.,
2014
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MultiModal

Arroyo-Palacios
and Slater, 2016

GSR,
ECG, RSP

Graphic display
(BioTrace +)

The virtual
character in the
game

Arousal level

Virtual human
characters

RSP,
Waves on screen
Cardiac-Coh, display, number

RSP-signal
HRV,
GSR,
TEMP

Stress level

Mobile APP

PC-based

PC-based

PC-based

The subjects were
instructed to control multiple
physiological parameters at
the same time to change
the trend of data.

Multi-sessions;
8 weeks;
2 Sess/wk;
1 h /Sess

With emotion
regulation

Relax and slow down your One session; 12
physiological activity to calm min/Sess
the virtual humans

HR, GSR,
REP-R,
SAM, POMS,

HRV indices,
PSS, STAI,
AD-AC,

GSR,
HR, RESP,
Coherence,

Questionnaires

CES-D, PANAS,
BJSQ, salivary
cortisol, MRI

Multi-sessions;
30 days;
1 Sess/day;
5 min /Sess

The more the user is
One session;
relaxed, the more the
3 min/Sess
character is relaxed and the
larger the final score will be.

HRV indices
Respiration
pattern

Criteria

Evaluation

Multi-sessions;
7 session;
1 Sess/day;
20 min/Sess

Duration

Breathing exercise The subjects are instructed One session;
10 min/Sess
to breathe at six bpm and
match the pacer line with
their breath data, using
abdominal breathing

Under Stroop
tasks

Relaxation
practice

The biofeedback training
aims to maintain CBF and
HR level within the
designated range by
controlling visual cue
separately or simultaneously

Relaxation
practice

Height of visual
cue on screen,
Task difficulty

PC-based

CBF, HR,

Breathing exercise Find user’s resonant
respiratory frequency with
Biofeedback, and instruct
the user to do resonant
respiration training

Mobile APP

Graphics,
Visual icon

Main instructions

RSP-signal,
SDNN,
LF/HF

Context

Media

Form-giving

Applications

Content

Biofeedback Display

Within-subjects (n = 19);
Activation BFB vs.
Relaxation BFB;

Within-subjects (n = 32)
BFB vs. Physical Exercise
vs. Blank control;

RCT (n = 18/group),
BFB vs. Blank control;

Within-Subjects (n = 35);
GSR BFB vs. Multimodal
BFB vs. Blank control;

RCT (n = 15/group);
BFB vs. Blank control;

Quasi-experiment (n =
33/34),
BFB vs. Pre-baseline;

Experiment design

Abbreviations of physiological terms: BFB, Biofeedback; RSA, respiratory sinus arrhythmia; GSR, Galvanic Skin Response; TEMP, Temperature; RSP, Respiration; RSP-A, Respiration Amplitude; RSP-R, Respiration Rate; HR, Heart rate;
HRV, Heart Rate Variability; ECG, Electrocardiogram; EMG, electromyography; BP, Blood Pressure; NIRS, Near infrared spectroscopy; CBF, cerebral blood flow; Cardiac-Coh, Cardiac Coherence score.
Abbreviations of self-report instruments: STAI, State-Trait Anxiety Inventory; RRS, Relaxation Rating Scale; PSS, Perceived Stress Scale; POMS, Profile of Mood States questionnaire; SAM, Self-Assessment Manikin questionnaire;
CES-D, Center for Epidemiologic Studies Depression Scale; PANAS, Positive and Negative Affect Schedule; BJSQ, Brief Job Stress Questionnaire; DASS, Depression, Anxiety, and Stress Scale; SPW, Scales of Psychological Well-being;
BAI, Beck Anxiety Inventory; UMACL, UWIST Mood Adjective Checklist; TSST, Trier Social Stress Test; SAS, Sport Anxiety Scale; LESCA, Life Event Scale for Collegiate Athletes; MASQ, Mood and Anxiety Symptom Questionnaire;
PCL-C, PTSD Checklist Civilian Version; CSES, self-efficacy scale; MBI, Maslach Burnout Inventory; ZBI, Zarit Burden Inventory; CDAS, Corah Dental Anxiety Scale; DISS, Dental Injection Sensitivity Survey; JAS, Jenkins activity survey;
BSI, Brief Symptom Inventory; POQA, Personal and Organizational Quality Assessment; SF-36, 36-Item Short Form Health Survey; AD-AC, Activation Deactivation Adjective Checklist; TAS, Toronto Alexithymia Scale; EAQ, Emotion
Awareness Questionnaire; ECQ, Emotion Control Questionnaire; ERQ, Emotion Regulation Questionnaire.
Other abbreviations: PC, Personal Computer; RCT, Randomized Controlled Tri.

MultiModal

Meier and Welch,
2016

BVP,
RSP

GSR,
RSP,
BVP,
TEMP

Pusenjak et al.,
2015

MultiModal

GSR, BVP
EMG

Chittaro and Sioni, Multi2014
Modal

NIRS

ECG,
BVP,
RSP

Bio-data

Biofeedback technique

Studies
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FIGURE 3 | The distribution of biofeedback techniques for stress management.

FIGURE 4 | A typical diagram of an HRV biofeedback system whose inputs can be BVP or ECG signals and output can be IBI and HRV indices.

HRV refers to variations in heart beat intervals (Sztajzel,
2004). In an HRV biofeedback system, IBI data can be further
analyzed to give more HRV indices (see the dashed arrows
in Figure 4). Three main HRV indices are typically used for
biofeedback in the context of stress management, namely cardiac
coherence, the ratio of low-frequency to high-frequency power
(LF/HF ratio) and SDNN (standard deviation of IBI data).
Cardiac coherence score/value is the most common HRV feature
used for biofeedback (McCraty et al., 2009; Henriques et al.,
2011; Lemaire et al., 2011; De Jonckheere et al., 2014; Whited
et al., 2014; Ratanasiripong et al., 2015; Sarabia-Cobo, 2015).
Cardiac coherence describes the level of resonance between heart
rate variations and the respiration cycle. A key marker of high
cardiac coherence is the development of a smooth, sine-wave-like
pattern in IBI waveform, oscillating at a low frequency of about
0.1 Hz (10 s per cycle). This is why, in these studies, the cardiac
coherence score is usually calculated by analyzing the IBI pattern.
For instance, in De Jonckheere et al. (2014), cardiac coherence is
calculated by comparing the oscillation frequency of IBI data with
0.1 Hz. A long oscillation period (close to 10 s) helps achieve high
cardiac coherence.

calculated from ECG and BVP are highly correlated due to the
improved peak detection from the pulse wave. PPG sensors have
been recognized as a non-invasive and cost-effective method
for measuring IBI and these are widely used in personal HRV
biofeedback devices, such as emWave (Lemaire et al., 2011;
Ratanasiripong et al., 2015), Wild Divine (Cutshall et al., 2011;
Edvardsson et al., 2012), and StressEraser (Lee and Finkelstein,
2015).
Inter-Beat-Interval (IBI) is the time difference between two
beat pulses. Heart rate varies in synchrony with respiration;
the IBI is shortened during inspiration and prolonged during
expiration (Lehrer et al., 2000). This physiologic phenomenon is
referred to as Respiratory Sinus Arrhythmia (RSA). The IBI can
be modulated by regulating respiration (i.e., resonant breathing)
into a stable sine-wave-like pattern, through which the heart rate
will achieve maximum oscillation. The immediate feedback of IBI
is often used to assist users in learning resonant respiration for
relaxation. This type of HRV biofeedback is also referred to as
RSA biofeedback or IBI biofeedback (dotted arrow in Figure 4).
The IBI data is usually transformed directly into an audiovisual
display.
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management. GSR sensors measure the subtle changes in skin
conductivity which indicate the variations in an individual’s
arousal levels via the autonomic nervous system. GSR feedback
is usually about the trend in such changes. The changes in GSR
data can be calculated by comparing the new GSR data to the
average value of successive moving windows (Feijs et al., 2013;
Dillon et al., 2016). The Least Means Squares (LMS) on successive
windows of data can also be applied to determine the slope of the
GSR curve (Snyder et al., 2015).

In biofeedback training involving regulating breathing, the
heart rate varies in synchrony with respiration; i.e., the IBI
is shortened during inhaling and prolonged during exhaling
(Lehrer et al., 2000). When the user’s IBI wave is modulated into
a stable sine-wave-like pattern under “resonance breathing,” the
LF/HF ratio and SDNN are increased to close to the maximum
value. LF/HF ratio and SDNN, as the index of HRV, are therefore
often used as an outcome measure, indicating users’ performance
when regulating breathing (Zhu et al., 2012; Whited et al., 2014;
Al Osman et al., 2016).

Multimodal Biofeedback (12 Studies)

HR Biofeedback (4 Studies)

Twelve studies relate to the use of multimodal biofeedback. A
multimodal biofeedback system measures more than one type of
bio-signal as input, and the output can be a parallel display of
various physiological data or an indicator of stress or emotional
state based on analysis of multiple data feeds. As shown in
Table 2, we divide these multimodal biofeedback systems into
three categories: dual-channel (primary and secondary), multichannel (parallel), and affective feedback.
In the first category, eight studies relate to the use of
biofeedback systems that can provide two channels of biodata. Basically, one of them will serve as the primary feedback,
indicating the main physiological activity that is being regulated
by the user. This feedback helps users to learn to improve selfregulation skills through practice in controlling that activity. For
instance, the GSR data are used for learning to regulate arousal
(Bouchard et al., 2012; Sanchez et al., 2012), the IBI data (Cutshall
et al., 2011; Edvardsson et al., 2012) and the RSP data are used
for regulating breathing (Adelbach et al., 2012; Wu et al., 2012;
Meier and Welch, 2016). The other bio-data are mainly used as
secondary information, indicating the results of the biofeedback
training. For instance, the HRV data in an IBI biofeedback system
may indicate the results of relaxation training. In the second
category, two of the 12 multimodal biofeedback studies (Strunk
et al., 2009; Pusenjak et al., 2015) present four types of bio-data
through a graphic display on the screen, so users could observe
and control various physiological processes synchronously. In
the third category, multiple bio-data are further analyzed into
affective information, indicating the user’s emotional state or
stress level (Chittaro and Sioni, 2014; Arroyo-Palacios and Slater,
2016). This type of affective feedback facilitates users to learn and
improve the skills of emotion regulation and stress management.

Four studies explored HR biofeedback for stress management.
As with HRV biofeedback, the input into an HR biofeedback
system is also the ECG or BVP signal. The output is the
instantaneous heart rate, which can be calculated from the IBI
data. Heart rate data alone are insufficient to indicate stress. HR
biofeedback is typically used for training users to reduce heart
rate response/reactivity to acute stresses and to improve cardiac
control during a stressful task, such as performing calculations
using computers (Larkin et al., 1992; Yokoyama et al., 2002;
Goodie and Larkin, 2006), or viewing negative pictures (Peira
et al., 2014).

Respiratory (RSP) Biofeedback (8 Studies)
Eight studies (Morarend et al., 2011; Moraveji et al., 2012;
Parnandi et al., 2013; Vidyarthi and Riecke, 2013; Harris et al.,
2014; Bhandari et al., 2015; Wu et al., 2015) reported using
RSP biofeedback for coping with stress. Respiratory biofeedback
systems measure and present breathing-related information (i.e.,
depth and frequency) to help users learn specific breathing
skills for relaxation and stress relief. A typical diagram of RSP
biofeedback is shown in Figure 5. In RSP biofeedback systems,
the respiration data is usually measured by a belt-type stretch
sensor which is attached to a user’s thorax or abdomen measuring
chest/abdomen movements (expansion/contraction). The raw
data of respiration movements can be directly mapped onto
audiovisual output for immediate feedback (dotted arrow in
Figure 5). For instance, respiration data can directly manipulate
the sound output in real time (Vidyarthi and Riecke, 2013)
or control the size of a circle pattern on a screen (van Rooij
et al., 2016). Furthermore, more respiratory parameters, such as
respiration rate and depth, can be extracted from the raw data
(dashed arrows in Figure 5). These respiratory parameters are
often used to control or adjust feedback displays, e.g., controlling
game interfaces (van Rooij et al., 2016), adapting the level of
difficulty in games (Parnandi et al., 2013), and adjusting music
qualities (Harris et al., 2014; Bhandari et al., 2015). In Morarend
et al. (2011), the average of the inhale and exhale time is
used to synthesize real-time musical patterns with differentiated
“inspiration” and “expiration” sounds.

Biofeedback Display
We present the results of the biofeedback display from two
points of view: form-giving and interactive medium. Form-giving
is a specific phrase in interaction design. Here it refers to the
embodiment of the biofeedback interface or the representation
of biofeedback data. The form-giving of biofeedback may
range from professional graphics to a casual game. In different
sensory modalities, biofeedback can be presented through
various interactive media: vision (e.g., screens, ambient lights, or
head-mounted displays), hearing (e.g., speakers or headphones),
haptics (e.g., vibrotactile actuators), or a combination of these
techniques.

GSR Biofeedback (3 Studies)
Galvanic skin response (GSR) has also been described as
electrodermal activity (EDA). In this review, we use a unified
term for such biofeedback systems: GSR biofeedback. Three
studies relate to the use of GSR biofeedback for stress

Frontiers in ICT | www.frontiersin.org

12

September 2018 | Volume 5 | Article 23

Yu et al.

Biofeedback for Everyday Stress Management

FIGURE 5 | A typical diagram of RSP biofeedback system whose outputs can be the raw data of respiration movements or respiratory parameters such as respiration
rate and depth.

Bubble (Parnandi et al., 2013). Beyond screen-based displays,
biofeedback can be presented by using ambient lights (Snyder
et al., 2015).
In five studies, the biofeedback systems employed a singlemodal auditory display. These auditory displays take the form of
music. The biofeedback data can be directly coupled to the pitch
or to the intervals (between notes) of MIDI data to create music
outputs (Yokoyama et al., 2002; Morarend et al., 2011). In other
auditory designs, the quality of pre-selected music is modified by
the biofeedback data in real time (Vidyarthi and Riecke, 2013;
Harris et al., 2014; Bhandari et al., 2015). As auditory displays
liberate users’ eyes, these systems can be used at work (Yokoyama
et al., 2002) and when engaged in demanding tasks such as
driving (Bhandari et al., 2015).
Six studies relate to the use of biofeedback systems that
provide a combination of audio and visual displays. Biofeedback
data are presented simultaneously in both auditory and visual
modalities to enhance the user’s perception and improve the
usability of the interface. For instance, in StressEraser, the
on-screen graphics combined with an audio clue to present
IBI data (Lee and Finkelstein, 2015; van der Zwan et al.,
2015). In EmWave2, the indicator light works together with
an audio cue to show coherence between respiration and
heart rhythm (Lemaire et al., 2011; Ratanasiripong et al.,
2015). The auditory and visual modalities can also be used
separately to present various types of bio-data. For instance,
Adelbach et al. (2012) developed a biofeedback-driven adaptive
architecture, in which respiration is presented by movements
of the physical structure, heart rate is indicated by sounds,
and GSR data is presented by graphics projected on the
ceiling.

TABLE 2 | The main components of multimodal biofeedback.
Type

Biofeedback information Studies
primary info +
(secondary info)

Dual-channel
(primary and
secondary)

GSR + (TEMP, HR)

Bouchard et al., 2012; Sanchez
et al., 2012

IBI + (GSR)

Cutshall et al., 2011; Edvardsson
et al., 2012

RSP + (HRV, GSR)

Adelbach et al., 2012; Wu et al.,
2012; Meier and Welch, 2016

CBF + (HR)

Kotozaki et al., 2014

HRV, EMG, GSR, TEMP

Strunk et al., 2009; Pusenjak
et al., 2015

Multi-channel
(parallel)

Affective feedback Stress or Emotion states

Arroyo-Palacios and Slater, 2016

Form-Giving
As shown in Table 3, based on our results, we classified the
biofeedback displays into three categories based on sensory
modality: visual, audio, and a combination of both. These
biofeedback displays were further classified by their form-giving,
see Figure 6A.
Most studies (38/46) employed visual displays, in which
wave diagrams, histograms, or direct displays of the data
value were very common (e.g., Cutshall et al., 2011; Sanchez
et al., 2012; Wu et al., 2015). Besides technical or medical
graphics, biofeedback data can also be represented in the
form of animation and games. For instance, HRV or GSR
data are displayed with an animation of a living plant, such
as a tree (Al Osman et al., 2016) or a flower (Feijs et al.,
2013). Biofeedback data can also be mapped onto some visual
elements in a relaxing nature scene, such as a meadow (De
Jonckheere et al., 2014), a beach (Gaggioli et al., 2014), or
an underwater environment (van Rooij et al., 2016). A virtual
character is often used to express a user’s stress level and
emotional states (Chittaro and Sioni, 2014; Arroyo-Palacios and
Slater, 2016). In addition, to improve the level of motivation
and engagement in the training, biofeedback data can be
used to modify the difficulty of a game, such as the Frozen
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Interactive Media
Besides the form-giving, interactive media also play an important
role in user interaction with biofeedback systems. Based on the
dominant interactive medium in the user interface, the selected
studies can be classified roughly into four categories, as shown
in Figure 6B. Screen-based biofeedback systems are used in most
of the studies. The biofeedback data are displayed on the screen
of a personal computer (n = 24) or a mobile/portable device
(n = 15). The ambient medium allows the users to receive
biofeedback information through the surroundings in a physical

13

September 2018 | Volume 5 | Article 23

Yu et al.

Biofeedback for Everyday Stress Management

TABLE 3 | The form-giving of the biofeedback systems.
Sensory modality

Form-giving

Studies

Visual

Graphic and numeric

Larkin et al., 1992; Goodie and Larkin, 2006; McCraty et al., 2009; Strunk et al., 2009; Cutshall et al., 2011; Henriques
et al., 2011; Morarend et al., 2011; Edvardsson et al., 2012; Moraveji et al., 2012; Paul and Garg, 2012; Sanchez
et al., 2012; Sutarto et al., 2012; Wells et al., 2012; Wu et al., 2012, 2015; Prinsloo et al., 2013; Peira et al., 2014;
Whited et al., 2014; Lee et al., 2015; Lewis et al., 2015; Pusenjak et al., 2015; Sarabia-Cobo, 2015; Meier and Welch,
2016; Munafò et al., 2016

Animations

Feijs et al., 2013; Al Osman et al., 2016

Visual scene

Bouchard et al., 2012; De Jonckheere et al., 2014; Gaggioli et al., 2014; Dillon et al., 2016; van Rooij et al., 2016

Virtual character

Chittaro and Sioni, 2014; Arroyo-Palacios and Slater, 2016

Modified game

Parnandi et al., 2013; Kotozaki et al., 2014

Ambient light

Snyder et al., 2015

Auditory

Musical expression

Yokoyama et al., 2002; Morarend et al., 2011; Vidyarthi and Riecke, 2013; Harris et al., 2014; Bhandari et al., 2015

Audio-visual

Combination

Lemaire et al., 2011; Adelbach et al., 2012; Zhu et al., 2012; Lee and Finkelstein, 2015; Ratanasiripong et al., 2015;
van der Zwan et al., 2015

FIGURE 6 | Overview of biofeedback displays in terms of form-giving and interactive media (A). Most displays are graphic and numeric (B). PC-based biofeedback
applications are most common.

Paul and Garg, 2012). Biofeedback has also been used in imagery
relaxation (e.g., Sanchez et al., 2012), meditation (e.g., Cutshall
et al., 2011), and psychotherapy designed to stimulate positive
emotions (e.g., Whited et al., 2014).

environment. For instance, The GSR data can be displayed
through changes in ambient light (Snyder et al., 2015). The
respiration data can be presented by physical space that changes
shape (Adelbach et al., 2012). In recent years, Virtual Reality (VR)
devices have also been used in biofeedback displays in order to
enhance immersive relaxing experiences (Gaggioli et al., 2014;
van Rooij et al., 2016).

Stress Intervention With Biofeedback
Besides assisting with relaxation training, biofeedback techniques
are also used to improve users’ resilience to acute stress as
well as, negative emotional and mental stimuli. Typically, this
type of biofeedback training is performed during or just after
a simulated stressful experience, such as a stressful work task
(e.g., Yokoyama et al., 2002; Al Osman et al., 2016), a mentally
challenging task (e.g., Prinsloo et al., 2013), a negative multimedia
stimulus (Goodie and Larkin, 2006; Lewis et al., 2015), or a
stressful game (Bouchard et al., 2012). Here, the biofeedback
helps to improve users’ awareness of their stress and find a better
(mostly personalized) approach to reducing or moderating stress
responses, e.g., via activities designed to increase arousal (heart
rate and skin conductance responses).

Use Scenarios Involving Biofeedback
Relaxation Training With Biofeedback
Biofeedback techniques are widely used in relaxation training,
such as resonant breathing, positive imagery, yoga, and
meditation. In these biofeedback-assisted types of training, users
typically sit quietly and focus on self-regulation practices using
feedback. The biofeedback systems serve as a tool to facilitate the
acquisition of particular self-regulation skills. In most studies, the
RSP and HRV biofeedback are used to improve breathing skills,
including abdominal breathing (e.g., Zhu et al., 2012; Meier and
Welch, 2016), and resonant breathing (e.g., Lemaire et al., 2011;

Frontiers in ICT | www.frontiersin.org

14

September 2018 | Volume 5 | Article 23

Yu et al.

Biofeedback for Everyday Stress Management

FIGURE 7 | The physiological and psychological measures used to evaluate biofeedback training for stress management (A). HRV is the most commonly used
physiological measure (B). STAI is the most commonly used psychological measure.

Evaluations of the Effectiveness of
Biofeedback for Stress Reduction

skin response (GSR) (8 studies). HRV is the physiological metric
that is most commonly used. In an ambulatory recording, HRV
can indicate the regulatory capacity of an individual facing a
stressful situation or event. In short recordings (5–15 min), HRV
is highly related to respiratory cycles. This is why it provides a
better indication of the effectiveness of biofeedback for regulating
breathing. HRV includes a series of parameters that are calculated
from the IBI analysis in the time or frequency domain. The
typical time domain parameters include SDNN, RMSSD1 , and
pNN502 . In the frequency domain, the LF/HF ratio reflects the
global sympathovagal balance and is therefore often used to
indicate the balance of the autonomic nervous system.
In a stressful situation, the body’s sympathetic nervous system
is activated, which quickly increases heart rate, blood pressure,
and respiration rate. So heart rate and respiration rate provide
a simple and direct measurement of the body’s stress responses.
As shown in Table 4, ten studies measured the average heart
rate, and nine studies measured respiration rate. The GSR signal
consists of two main components: skin conductance level (SCL)
and skin conductance responses (SCRs). SCL is also known as
tonic level. It is continually changing and closely related to the
autonomic regulation. SCRs show that the phasic responses ride
on top of the tonic changes. SCRs change fast and are more
sensitive to emotionally arousing stimuli and events. Most studies
used the mean level of SCL as the GSR measure of autonomic
regulation. One study (Bhandari et al., 2015) used SCRs as the
GSR measure of arousal level.
As shown in Figure 7B, various self-report instruments have
been developed and these are widely used as psychological
measures to assess stress or anxiety levels, including STAI (13
studies), RRS (5 studies), PSS (4 studies), DASS (2 studies), and
PANAS (2 studies). Table 4 lists typical self-report instruments
from the selected studies. Thirteen studies relate to the use of the

Experimental Design
The evaluation of biofeedback training varied widely in the
selected studies. These can be broadly divided into five categories,
based on the approaches taken and the standards adopted: pretest post-test design, within-subjects design, between-subjects
design, quasi-experiment design, and Randomized Controlled
Trial (RCT). Three studies (Cutshall et al., 2011; Henriques
et al., 2011; van Rooij et al., 2016) designed a pre-test posttest experiment to compare the metrics before and after the
biofeedback training. A total of 18 studies used within-subjects
design and 23 studies used between-subjects design (including 20
RCTs). In addition, two studies (Wu et al., 2012; Sarabia-Cobo,
2015) used a quasi-experimental design, and one study (Vidyarthi
and Riecke, 2013) conducted a qualitative experiment through a
post-test interview.
To investigate the effects of biofeedback training, a control
group or a control condition is usually required for comparison.
Most of the studies (n = 33) used a blank control group or
condition, where the participants receive neither biofeedback
nor other alternatives. In addition, biofeedback training can
also be compared with other relaxation approaches, such as a
watching a relaxing video (Sanchez et al., 2012), following a preset relaxation guidance (Adelbach et al., 2012; De Jonckheere
et al., 2014; Snyder et al., 2015), receiving a fake biofeedback
signal (Strunk et al., 2009), performing deep breathing (Parnandi
et al., 2013), and doing meditation (van der Zwan et al., 2015), or
physical exercise (Meier and Welch, 2016).

Metrics
Table 4 shows typical metrics used to assess the effectiveness
of biofeedback for stress alleviation. These metrics include
four types of measurements: physiological, psychological,
performance, and relaxing experience.
As shown in Figure 7A, typical physiological measures
include heart rate variability (HRV), (18 studies), heart rate
(HR) (10 studies), respiration (RSP) (9 studies), and galvanic

Frontiers in ICT | www.frontiersin.org

1 RMSSD: the square root of the mean of the squares of the successive differences
between adjacent inter-beat intervals.
2 pNN50, the proportion of NN50 divided by the total number of inter-beat
intervals. NN50: the number of pairs of successive inter-beat-intervals that differ
by more than 50 ms.
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TABLE 4 | The measurements used in evaluation of biofeedback training.
Measures

Instruments

Physiological measures HRV (n = 18)

Studies
Yokoyama et al., 2002; McCraty et al., 2009; Lemaire et al., 2011; Adelbach et al., 2012; Paul and Garg, 2012; Sutarto
et al., 2012; Wu et al., 2012, 2015; Zhu et al., 2012; Parnandi et al., 2013; Prinsloo et al., 2013; Whited et al., 2014;
Bhandari et al., 2015; Lee and Finkelstein, 2015; Lewis et al., 2015; Sarabia-Cobo, 2015; Al Osman et al., 2016; Meier
and Welch, 2016

GSR (n = 8)

Strunk et al., 2009; Adelbach et al., 2012; Feijs et al., 2013; Parnandi et al., 2013; Bhandari et al., 2015; Pusenjak
et al., 2015; Arroyo-Palacios and Slater, 2016; Munafò et al., 2016

HR (n = 10)

Larkin et al., 1992; Goodie and Larkin, 2006; Strunk et al., 2009; Lemaire et al., 2011; Bouchard et al., 2012; Prinsloo
et al., 2013; Peira et al., 2014; Pusenjak et al., 2015; Arroyo-Palacios and Slater, 2016; Dillon et al., 2016

RSP (n = 9)

Adelbach et al., 2012; Moraveji et al., 2012; Wu et al., 2012, 2015; Prinsloo et al., 2013; Bhandari et al., 2015;
Pusenjak et al., 2015; Arroyo-Palacios and Slater, 2016; Munafò et al., 2016

BP (n = 3)

McCraty et al., 2009; Lemaire et al., 2011; Munafò et al., 2016

Salivary Cortisol (n = 3) Lemaire et al., 2011; Bouchard et al., 2012; Kotozaki et al., 2014
Psychological measures STAI (n = 13)

RRS (n = 5)

Cutshall et al., 2011; Morarend et al., 2011; Gaggioli et al., 2014; Al Osman et al., 2016; Dillon et al., 2016

PSS (n = 4)

Gaggioli et al., 2014; Whited et al., 2014; Ratanasiripong et al., 2015; Meier and Welch, 2016

DASS (n = 2)

Sutarto et al., 2012; van der Zwan et al., 2015

PANAS (n = 2)

Kotozaki et al., 2014; van Rooij et al., 2016

Performance

User experience

Cutshall et al., 2011; Henriques et al., 2011; Paul and Garg, 2012; Sanchez et al., 2012; Wells et al., 2012; Feijs et al.,
2013; Gaggioli et al., 2014; Peira et al., 2014; Lee et al., 2015; Ratanasiripong et al., 2015; Meier and Welch, 2016;
Munafò et al., 2016; van Rooij et al., 2016

Larkin et al., 1992; Yokoyama et al., 2002; Goodie and Larkin, 2006; Bouchard et al., 2012; Feijs et al., 2013; Parnandi
et al., 2013; Lee and Finkelstein, 2015
Interview

Adelbach et al., 2012; Moraveji et al., 2012; Feijs et al., 2013; Vidyarthi and Riecke, 2013; Chittaro and Sioni, 2014;
Harris et al., 2014; Snyder et al., 2015

suitable for evaluating the effects of a long-term biofeedback
intervention.
In addition to the physiological and psychological measures, a
user’s work/task performance can also be measured to assess the
effects of biofeedback. Performance measurements can produce
a score of a mentally challenging task including calculation
work (Yokoyama et al., 2002), an arithmetic task (Larkin et al.,
1992; Goodie and Larkin, 2006), and a modified Stroop colorword test (Parnandi et al., 2013). The measurements can be
specialized by tasks, such as a psychomotor vigilance task (Lee
and Finkelstein, 2015), lactation yield (Feijs et al., 2013), or some
behavioral indices assessed by a medical instructor (Bouchard
et al., 2012). In addition, in seven studies, qualitative data
about user experience were also collected through a follow-up
interview and observations. The qualitative studies were designed
to gain more insights into user experience and user opinions on
interaction design. The interview data can be used to support the
interpretation of quantitative data and provide more information
about psychological states.

State-Trait Anxiety Inventory (STAI) as the measure of trait and
state anxiety. STAI has 20 items for assessing trait anxiety and 20
items for state anxiety. The state anxiety sub-inventory (STAIS) can indicate perceived stress “at the moment.” Five studies
relate to the use of Relaxation Rating Scale (RRS) as a simple and
fast instrument. RRS only requires the participant to rate his/her
level of stress or relaxation on a Likert-type scale by circling
the number that best described his/her current experience. It
is therefore better suited to experiments that require repeated
measurements or have a time limit.
Four studies relate to the use of Perceived Stress Scale (PSS)
to measure the perception of stress. Because the questions in
PSS ask about feelings and thoughts during the past month, it
is more suitable for measuring the general stress level in one’s
life and the degree to which situations in life are appraised as
stressful. Two studies relate to the use of DASS, and two relate to
the use of PANAS. Depression, Anxiety, and Stress Scale (DASS)
is designed to measure four related negative emotional states:
depression, anxiety, tension, and stress. Each scale contains 14
items, which measure the average level of emotional states during
the past week. Positive and Negative Affect Schedule (PANAS)
focuses on the measurements of two mood scales: positive affect
and negative affect. It consists of 20 adjectives which describe
a type of mood; the respondent indicates the extent to which
he/she has felt this way over the past week. Different from
STAI and RRS, which measure “at-the-moment” stress feelings,
PSS, DASS, and PANAS measure general stress or anxiety levels
over the past week or month. This is why they are more

Frontiers in ICT | www.frontiersin.org

Summary of Main Results
This systematic review inventories the biofeedback techniques,
feedback displays, use scenarios, and evaluation approaches in
the selected studies. Based on the studies reviewed, we identified
four types of single-modality biofeedback—HRV (41%), RSP
(17%), HR (9%), GSR (7%), and multimodal biofeedback
(26%)—all designed to alleviate stress. Regarding biofeedback
displays, traditional visual displays (50%) are still the most
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common. However, an increasing number of playful and casual
interfaces, such as visual animation and game (24%), musical
interfaces (24%), and some ambient displays (2%) have also been
explored in recent years. Biofeedback displays still mainly depend
on screen-based displays in PC (52%) and mobile applications
(33%). New interactive media have gradually been explored
for biofeedback, including virtual reality (4%), ambient light
(2%), and adaptive architecture (2%). The use of biofeedback
techniques is broadly classified into two types: assistance with
training in relaxation and intervention in a stressful task. The
effects of biofeedback-assisted training are typically evaluated
from a physiological perspective recording measures of HRV
(39%), HR (22%), RSP (17%), GSR (17%), BP (7%), and from a
psychological point of view with self-report instruments such as
STAI (28%), RRS (11%), PSS (9%), and DASS (4%).

portable and easy to operate (e.g., the mobile APP and emWave2
device). Multimodal biofeedback systems, such as NeXus-103
from MindMedia, can measure various physiological activities
synchronously by using a wide range of biosensors. Such systems
provide richer information, indicating both performance levels
and the results of practicing self-regulation. For instance, the
multimodal biofeedback system makes it possible to calculate
the relationship between various physiological processes, such
as the resonance score between HRV and respiration (Meier
and Welch, 2016). However, it has also become clear from
this review that multimodal biofeedback systems require new
designs of information display to enhance user perception and
understanding of multiple feedback information and also more
advanced biosensing techniques to improve the usability and
comfort of the biosensors.

DISCUSSION

Discussion of Biosensing Techniques
In this review, we found that most of the current biofeedback
applications still use traditional biosensing techniques and
approaches, such as using a photoplethysmogram (PPG) sensor
clip on the fingertip to measure IBI (McCraty et al., 2009;
Paul and Garg, 2012) or using a stretch sensor on the chest
to measure respiration (Moraveji et al., 2012). We think this
might be because physiological signals are prone to interference
from body movements. Traditional biosensing approaches can
efficiently avoid motion artifact and improve the signal-to-noise
ratio. Although such biosensors and attachment approaches are
acceptable in clinical applications, unobtrusive comfortable data
collection is urgently required for everyday use. Especially when
it comes to relaxation training, attaching multiple wired sensors
restricts the user’s posture, degrades the user experience or even
may introduce new forms of stress.
Interestingly, many wearable contactless biosensors already
exist, but these are mostly used for monitoring, and not yet for
biofeedback. For instance, the Emaptica’s E44 wristband offers
an ambulatory recording of heart rate, electrodermal activity,
and temperature. The Spire’s Stone5 is a wearable device that
monitors respiration via the expansion and contraction of the
torso. Adib et al. (2015) uses a low power wireless signal
to monitor the user’s breathing and heart rate without body
contact. Droitcour et al. (2001) developed a technology using a
microwave radio to generate Doppler radar that senses breathing
and heart rate wirelessly. Cho et al. (2017) explored using the
new low-cost thermal camera attached to smartphone to track
a user’s breathing pattern, which can be further analyzed with
the proposed deep learning model to automatically recognize the
user’s psychological stress level and cognitive load (Abdelrahman
et al., 2017). Alongside these new biosensing technologies,
traditional biosensors can still be used, but with new wearable
designs to improve usability and comfort. For instance, the
traditional PPG sensor can be integrated into an earphone
(Poh et al., 2009) or a pair of glasses (Constant et al., 2015)

Biofeedback can be used as a “mirror” to improve self-awareness
about internal states, but also as a learning tool to acquire specific
self-regulation skills. Based on this review, we found that an
increasing number of casual and personal biofeedback systems
have been designed for everyday stress management, which does
not require a coach or a therapist. This has raised new demands
for biofeedback systems in terms of biosensing, information
display, HCI design, and evaluation.

Discussion of Biofeedback Information
Biofeedback information can be classified into two types: that
reflecting a physiological process designed to assist in selfregulation (performance feedback) and that indicating the results
of self-regulation training (result indices). For the first type,
measured bio-signals are usually processed simply and presented
immediately, as in the graphic display of IBI data (Sutarto
et al., 2012; Prinsloo et al., 2013). Immediate feedback enables
users to learn to regulate their physiological activities through
practice in controlling the feedback in real time. This closedloop mechanism provides the basis for improving self-regulation
skills through a process of trial and error. For the second type,
the result indices, such as HRV features (Al Osman et al., 2016),
arousal level (Snyder et al., 2015), and emotional states (Chittaro
and Sioni, 2014), can be obtained by a sophisticated approach
of physiological or affective computing. The feedback of results
information informs users about their training results and the
goals they have achieved (e.g., via a cardiac coherence score) and
can also be used as a motivating factor to engage users in training.
Biofeedback systems may provide users with one or more
types of information. From our review, it appears that unimodal
biofeedback systems are more widely used in everyday stress
management. Unimodal biofeedback systems monitor and
present a specific physiological activity, such as respiration
(Morarend et al., 2011), heart rate variability, (Prinsloo et al.,
2013), and changes in EDA (Snyder et al., 2015). Users
usually focus on a single self-regulation goal (e.g., achieving
a sine-wave-like IBI wave) and practice a specific skill (e.g.,
resonant breathing) to achieve it more effortlessly. Because fewer
biosensors are needed, unimodal biofeedback devices are usually
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3 NeXus-10,
MindMedia: https://www.mindmedia.com/en/products/nexus-10mkii/
4 Emaptica’s E4, https://www.empatica.com/en-eu/research/e4/
5 Spire’s Stone: https://spire.io/pages/stone
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an HRV biofeedback training program (20 min per day, 5 days
per week) in a dedicated office space (Henriques et al., 2011).
Manufacturing operators performed five biofeedback training
sessions (20 min) once a week in a special training room at their
factory (Sutarto et al., 2012). Some training programs involve a
stress-induction session before the biofeedback session. Users
first perform a mentally challenging task to induce a stress
response and then learn to control and reduce that stress by
means of self-regulation.
Biofeedback training may take longer (e.g., 3 months in
McCraty et al., 2009) or even a very short time (e.g., 3 min
in Yokoyama et al., 2002), depending on the training goal.
On the one hand, biofeedback systems can help users acquire
and enhance self-regulation skills. For this purpose, biofeedback
techniques are often used in a multi-session training program
lasting from 3 days (Bouchard et al., 2012) to 3 months (McCraty
et al., 2009). On the other hand, biofeedback system can also
facilitate relaxation, during which the biofeedback enables users
to be aware of their bodily activities and regulate their physiology
in a positive direction, e.g., by moderating arousal or enhancing
HRV. In such cases, biofeedback can be used in a one-off
relaxation session, which usually takes 5–30 min (Moraveji et al.,
2012; Wells et al., 2012; Peira et al., 2014; Lee and Finkelstein,
2015).
The principles and practice of biofeedback training have
been proposed for clinicians (Basmajian, 1979, 1981). However,
most studies have not investigated the optimum duration of
biofeedback and the efficiency of learning skills and practicing
relaxation. We did not find any suggestions and guidelines
for the duration of biofeedback training for everyday stress
management. As this is beyond the scope of this article, we
suggest that future research could investigate the relationship
between the duration, frequency, and number of biofeedback
training sessions and its efficiency, such as what would be the
minimum length of a biofeedback session and what period
would be most efficient/effective? From another perspective,
beyond program-based regular biofeedback training, we believe
the potential of biofeedback might be achieved through casual
use. We think a stressful situation in real life presents the best
opportunity to learn how to control stress. Biofeedback can be
envisioned as a small “bio-mirror” that users can grab from their
pocket at any time to “check” their stress level and manage the
stress.

for unobtrusive heart rate monitoring. These mobile and noncontact sensors and newly-developed wearables are speeding up
the application of biofeedback technology in an everyday context.

Discussion of Biofeedback Display
The presentation of biofeedback information may affect the
perception and interpretation of information and also the user
experience. Based on the studies reviewed, graphic user interfaces
(GUI) are most commonly used to present information in a
clear and precise manner. A simple graphic display (Munafò
et al., 2016) and a pure auditory tone (Zhu et al., 2012; Lee and
Finkelstein, 2015) have proven to be effective ways of delivering
information. However, these basic visual or audio displays tend to
be difficult to understand when first used and tend not to engage
users in long-term use. In everyday use, such displays present
a high barrier for non-specialist users and seem less engaging
for relaxation training in non-clinical contexts, such as at home
or in the workplace. This is why, in new interfaces, biofeedback
data are presented through a richer form of interaction including
casual games (Al Osman et al., 2016), metaphorical visualizations
(Yu et al., 2017), and musical interfaces (Bhandari et al., 2015).
For multimodal biofeedback systems, the concurrent feedback
of multi-channel bio-data requires the investment of more effort
in visualization and interface design. For instance, different data
can be mapped onto various visual elements of the interface
(De Jonckheere et al., 2014) or distributed to different sensory
modalities of the display (e.g., a combination of sound, light, and
changes in physical shape in Adelbach et al., 2012).
Biofeedback displays are not only an information “carrier”
but also a stimulus that can influence the user experience.
A biofeedback display can enhance relaxation but may also
cause new forms of stress. For instance, in musical biofeedback
interfaces (e.g., Lundqvist et al., 2009), the music signals not only
convey information but also serve as a stimulus for promoting
relaxation. A counter-example might be a phenomenon known
as “relaxation-induced anxiety,” where the biofeedback displays
initiate or exacerbate anxiety in certain users during the
relaxation training (Heide and Borkovec, 1983). Fortunately, our
review shows that insights from HCI research have been used
to address user experience and engagement by exploring new
forms of biofeedback, such as musical displays (Yokoyama et al.,
2002; Morarend et al., 2011; Vidyarthi and Riecke, 2013; Harris
et al., 2014; Bhandari et al., 2015), ambient light displays (Snyder
et al., 2015), VR displays (Gaggioli et al., 2014; van Rooij et al.,
2016), and immersive physical environments (Adelbach et al.,
2012). These new interfaces offer users a more comfortable and
relaxing condition for biofeedback training. However, they may
also require more effort for users to learn about and adapt to
them.

Discussion of the Evaluation Approaches
for Biofeedback in Everyday Stress
Management
As shown in Table 4, validation of biofeedback applications
depends mainly on two types of metrics: physiological and
psychological measures. The physiological data measured for
biofeedback can also be stored and further analyzed to generate
metrics for use in evaluation. In most evaluations, physiological
measures are required to validate the biofeedback training
comprehensively. For instance, to evaluate the effectiveness of an
HRV biofeedback system for stress management, blood pressure,
and salivary cortisol level (Lemaire et al., 2011) or respiration rate

Discussion of the Use of Biofeedback
As documented in Table 1, most current biofeedback
applications still rely on a pre-scheduled training plan or
program. Although a growing number of personal biofeedback
devices can be used in daily life with no need for the assistance
of a therapist, they were still used in the same way as in clinical
training programs. For instance, college students completed
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sensed unobtrusively. The collected multiple personal data are
then analyzed using deep-learning techniques that generate more
useful information, not only about the state of physiology and
health but also about the behaviors and lifestyle that lead to
that state. This information can be presented to users through
IoT devices that are distributed in the environment, thus both
improving their awareness of physiology and further assisting
them to regulate it in a healthy direction. To our knowledge,
there has not been any research looking at integrating IoT
and biofeedback technologies. We suggest that this might be a
promising direction for future research.
Moreover, we suggest using well-established HCI theories in
the design of biofeedback which could enhance engagement as
well as the user experience. For instance, when biofeedback is
used to improve users’ awareness of stress at work, we suggest
an interesting direction of peripheral biofeedback, which has
been explored preliminarily by Moraveji et al. (2011). As people’s
attention is almost fully occupied with work tasks, biofeedback
displays should not become too “loud” and thus become the
center of attention because this might cause a sense of burden
or pressure. In line with the vision of Calm Technology (Weiser
and Brown, 1997), we believe that leveraging human attention
abilities in peripheral interactions (Bakker et al., 2015) will
support biofeedback-enabled self-awareness and thus be more
effective for stress management in the context of today’s busy
lifestyles. Acquiring self-regulation skills through biofeedback is
not easy. It takes time and practice. So how to encourage users
to engage in biofeedback training is an issue that deserves study.
We suggest combining biofeedback with persuasive technology
(Intille, 2004). And we believe that the ubiquitous biosensing
and interactive technologies in everyday environments that are
described in this article make it feasible to provide persuasive
biofeedback at the right time and place so that users are more
likely to change their behavior and practice self-regulation.

(Prinsloo et al., 2013) are measured. In these cases, users have to
wear more biosensors, which limit evaluations to lab settings.
The psychological measures are often collected by applying
a survey method involving standardized questionnaires. Users
usually complete these surveys before and after a session of
biofeedback training. Our review shows that most of these
evaluations were conducted in laboratory settings and focused
on the effectiveness of biofeedback systems or training programs.
To gain more insights into everyday biofeedback design, we
suggest a long-term field evaluation that combines quantitative
with qualitative methods.
Other researchers have also suggested the need for a transition
from laboratory study to field research (e.g., Lazarus, 2000)
in order to better understand people’s stress and coping
paradigm. Field evaluations involve collecting users’ data outside
a laboratory or a training room, where the researchers may
monitor, interview, and observe them in a familiar environment.
Long-term physiological measurements may offer more robust
and reliable metrics which reflect a users’ real stress levels. In
addition, interviews during field evaluations can provide highquality data about user experience because interviewers can
adjust their questions based on specific situations to clarify issues
or acquire further insights. Moreover, field evaluation makes it
possible to observe users’ behavior, e.g., when and how they use
biofeedback devices.

A New Biofeedback Paradigm Presents
New Challenges
Based on this review, it appears that a new biofeedback paradigm
beyond traditional clinical applications is emerging. This is
also creating new demands and challenges. Computer-mediated
self-use is gradually replacing therapist-mediated biofeedback
training. In such cases, users have to perceive and interpret
feedback themselves. For long-term use, the systems also need
to provide a good user experience and motivate users to engage
further in biofeedback training. We believe that these challenges
might be addressed by applying new interactive technologies and
HCI principles in biofeedback systems.
New interactive technologies may help biofeedback better
blend into an everyday context, improving its accessibility,
usability, and comfort. For instance, HRV biofeedback using
ambient light could improve a user’s awareness of stress and
trigger behavioral conditioning, such as deep breathing (Yu et al.,
2017). In home environments, biofeedback can be displayed by
a Chinese ink painting projected on the wall (Zhu et al., 2013)
or with a shape-changing interface integrated into the furniture
in the living room as part of the interior design (Feijs and
Delbressine, 2017). An increasing number of everyday objects are
being redesigned as handy biofeedback tools so that the users can
use them more easily at any time. For instance, users can take a
BioFidget out of their pocket and practice deep breathing when
they feel stressed (Liang et al., 2018).
As Internet of Things (IoT) technology improves, we see
that emerging IoT systems can serve as a new platform for
biofeedback. For instance, we envision a “biofeedback mode”
in future smart homes. Inhabitants’ physiological data can be
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CONCLUSION
The aim of this review was to provide a reference for other
researchers and designers so that they can better understand
the current status of biofeedback technologies and their
application for stress management. The results indicate that
HRV and multimodal biofeedback systems are most commonly
used and screen-based visual displays are the most common
biofeedback interfaces. Biofeedback applications are mainly
based on a pre-scheduled training routine and mostly assessed in
laboratory settings, using both physiological and psychological
measurements. This review also reveals several challenges
arising in biofeedback for everyday stress management,
including accessibility, usability, comfort, engagement, and
user experience. We expect that new HCI technologies and
theories will help meet these challenges. Moreover, we suggest
a long-term field evaluation method that combines quantitative
with qualitative methods in order to better understand the
effects of biofeedback in everyday use, and how it influences
users’ behavior and lifestyle when they engage in stress
management.
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