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Abstract: Running is a popular sport throughout the world. Breathing strategies like stable breathing
and slow breathing can positively influence the runner’s physiological and psychological experiences.
Sonic breathing instructions are an established, unobtrusive method used in contexts such as exercise
and meditation. We argue sound to be a viable approach for administering breathing strategies
whilst running. This paper describes two laboratory studies using within-subject designs that
investigated the usage of sonic breathing instructions with novice female runners. The first study
(N = 11) examined the effect of information richness of five different breathing instruction sounds on
adherence and user experience. The second study (N = 11) explored adherence and user experience
of sonically more enriched sounds, and aimed to increase the sonic experience. Results showed
that all sounds were effective in stabilizing the breathing rate (study 1 and 2, respectively: mean
absolute percentage error = 1.16 ± 1.05% and 1.9 ± 0.11%, percent time attached = 86.81 ± 9.71% and
86.18 ± 11.96%). Information-rich sounds were subjectively more effective compared to information-
poor sounds (mean ratings: 7.55 ± 1.86 and 5.36 ± 2.42, respectively). All sounds scored low
(mean < 5/10) on intention to use.

Keywords: auditory interface; sports; human–computer interaction; user experience; sound-richness

1. Introduction

Running is one of the most commonly practiced exercises in the world [1]. The sport
even gained popularity in times of COVID-19 (e.g., Ref. [2]) as it is an easily accessible form
of sport, requiring little equipment and low organizational effort.

Breathing is a key aspect of the running experience, and an important factor on
the feeling of a run ’going well’ [3]. Respiration is a known key indicator for perceived
workload [4], and can also be deliberately adapted in order to positively affect the running
experience [5]. Breathing techniques such as slow-paced breathing and extended exhales
show promise for improving psychophysiological aspects—and as such the experience
of running [6,7]. Deep breathing may help runners to avoid exercise-related transient
abdominal pain (ETAP), the negative sensations commonly referred to as ‘side stitches’ [8].
These breathing techniques might be particularly beneficial for female runners, as they are
especially susceptible to respiratory limitations and exertional dyspnoea, or breathlessness,
which refers to the subjective awareness of the sensation of uncomfortable breathing [9].
Hence, if such limitations could be alleviated, it might increase exercise tolerance or help
these runners in enjoying running. With our research, we set out to support the growing
group of female runners by increasing enjoyment and preventing dropout [10,11], and
explore how this can be achieved through sonically guided breathing.
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Sound-based guidance was chosen to instruct runners during activity since the audi-
tory modality is relatively free, versus the visual modality [12]. Metronome-like sounds
are typically used to instruct breathing in sports science experimental contexts. In other
contexts, more elaborate breathing instruction sounds can be found such as RESPeRATE®

(RESPeRATE®, InterCure, Inc., New York, NY, USA, www.resperate.com/MD (accessed on
20 November 2020)), in which the sound fades in and out. We observe that the information
that is conveyed by means of those sounds differs, and the various approaches vary in
information richness. The richness of this information is suggested to have an effect on the
runners’ adherence to the breathing sounds and consequently affects the overall running
experience. When such sounds are used for an extended period of time (e.g., several weeks),
the type of sonification is especially crucial to the user experience. As such, in a follow-up
study, we evaluated sonically enhanced instruction sounds, exploring whether these would
increase the user experience.

In this paper we extend on earlier work [13]. We present two studies, which evaluated
how well runners adhere to a given breathing rhythm provided through sonified guidance.
We were interested in the runners’ ability to follow the instructions and how much influence
the auditory information richness has on this adherence. Furthermore, we wanted to know
how runners experienced running with and following the instruction sounds. Thus, we
formulated the following research questions:

RQ1: To what extent can runners follow auditory breathing instructions while running?

RQ2: How does auditory information richness affect adherence to breathing guidance?

RQ3: What is the impact of various auditory breathing instructions on runners’ user experience?

Our research contributes to the understanding of sound-guided respiration by study-
ing how the richness of auditory guidance affects adherence and user experience during
running. The following section reviews related work in this area, after which we will
present the setup and results of two user studies. Both studies evaluate the adherence and
user experience (UX) regarding a variety of sounds. The results of both studies will then be
discussed in the context of existing literature.

2. Related Work

This section discusses relevant literature in the contexts of modalities applied in
SportsHCI and technologies utilized to guide breathing in various contexts. Feedback
modalities in SportsHCI should be carefully considered since they inherently affect un-
derstanding of the target information communicated [14,15]. A variety of modalities have
been explored within the SportsHCI realm. We reflect on the related work in terms of appli-
cability of the various modalities, taking the following into account: First, the technology
should be applicable to use outdoors, and thus be mobile, compact, and safe. Second, as
we aim to scale up the user-base for testing our follow-up work on breath guidance, the
technology should be low-friction and commonly used amongst runners.

2.1. Feedback Modalities and Sports

Here, we will reflect on a selection of this work, starting with the visual modality.

2.1.1. Visual Feedback

The visual modality in sports is mainly used in stationary sports and exergame
situations, e.g., in stationary cycling [16,17], rowing [18,19], and even in-place running [20].
Visuals to aid treadmill running have been explored as well, e.g., Nunes et al. explored
how to motivate treadmill runners [21]. Burr et al. [22] explored visuals during the run
to guide the user’s breath. They used a setup consisting of a treadmill and a projector
screen to display gamified breath guidance, which stabilized the participant’s breathing
frequency and increased breath awareness. For our research, we aim to provide insights for
systems that can be applied to outdoor running. As such, big screens with projectors are
not applicable.

www.resperate.com/MD
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Hamada et al. explored the social effects of having a virtual runner augmented in a
head-up display (HUD) [23]. Their main aim was to accompany and motivate the user on
the run. To do so, they adopted smart glasses as they were lighter and hence fitting the
sports context better. They avoided the use of audio as this would be too limited to create
the experience of a fellow runner present with you. With JogAR [24], Tan et al. also explore
a HUD in the form of smart glasses to enhance the running experience. They introduce
an “audio-first” approach to limit the cognitive load that a runner needs to spend on the
real world, emphasizing that the load might increase when the runner fatigues. Specially
for runner- and cyclist-designed HUDs, such as Recon Jet (e.g., reported on in [25]), it
integrates a small screen displaying stats as numbers, similar to what sports watches offer
visually, or typical sports apps offer effectively and simply via spoken audio. Running
requires attention to the real environment, which makes it difficult to apply an exergame’s
method directly to these activities [12,23]. In line with Refs. [12,23,24], we argue that
running requires attention to the real environment, which makes it difficult to utilize the
visual modality in this context. Additionally, HUDs in cars are common, but for running,
they are expensive, cumbersome to use and set up [26], and a highly uncommon technology
among runners [27]. As such, we did not deem a HUD a feasible technology that would
allow for easy scaling up and testing with a bigger user-base in future research.

Mauriellio and colleagues explored visual feedback using an e-textile to inform fellow
runners in a group context on running statistics [28], which in our context would require
a running partner that would always run ahead of the user to receive continuous breath
guidance. Colley et al. explored the design space of shoe-integrated displays by placing
LEDs on the running shoe and providing colour-coded feedback on the runner’s target
pace [29]. It provided an ambient display to give users a relative reference to the target
pace, yet runners report that during contests, they would need more precise feedback. For
our research, a continuous interaction is needed to support runners with the breathing rate,
and looking continuously to the shoe while running is not possible.

Smart watches are commonly used to deliver information on running statistics, such
as pace and mileage. Seuter et al. evaluated the influence of interacting with a smart
watch and smart glasses during the run [30]. They concluded that smart watches were not
only preferred, but also influenced the running movement significantly less. Considering
conveying information on the smart watch, Jenssen and Mueller suggest that it can be
cumbersome to use the screen on a running watch as an interaction platform for guiding
running movements [14]. For continuous interaction to guide the breath, as we investigate
in this paper, they stress that “continuously addressing the watch during a run, in order
to [authors: visually] observe the effects of movement corrections, is inexpedient and
ultimately risks inciting an unfavorable running style”.

Visual feedback has proven to be a highly effective feedback modality post-sport
activity to display stats and graphs, or e.g., to review motion [31], yet for continuous
breath guidance, we conclude that visual breath guidance during the run might occlude
the demand of visual attention with the real world.

2.1.2. Haptic Feedback

Greinacher and colleages [32] evaluated haptic versus visual LRC guidance in the
context of virtual reality rowing. Their haptic feedback consisted of eight vibration motors
attached to the back of the rower. They found a significant difference in favor of haptic feed-
back. Valsted et al. [33] showed that vibrations can be used to support LRC in running. They
evaluated two on-step vibration patterns, the first vibrating only on the steps during the
inhalation, and the second only vibrating on the steps during the exhalation. Participants
were six “mainly competitive” runners and they reported that exhale-based instruction was
preferred and resulted in a higher success rate. Additionally, they evaluated various modes
of “temporality”, in which the tactile support (1) was always present, (2) only appeared
when the user preferred it (“self-serviced”), (3) alternated on/off at regular times. Overall,
they reported that runners found the vibrations irritating. Additionally, the haptic feedback
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led to relatively low adherence (26% success ratio) compared to Harbour et al. [34] (72%
success ratio). We suspect that the usage of vibro-tactile interfaces while running might
be difficult as the running motion introduces substantial tactile noise (impact of steps,
movement of limbs, wind, rain, touch of clothing on the body). Additionally, the resolution
of vibro-tactile interfaces is low, typically limited to on/off. A promising, but controversial,
type of haptic assistance is Electro-Muscular Stimulation (EMS). Hassan et al. showed how
EMS-based feedback can support runners in forefoot striking, guiding and correcting the
user’s movement via electronic muscle stimulation [35]. Outside of the sports realm, breath
is guided through inflatables. To guide the breath, Yu et al. created a computer-mouse-sized
inflatable bag on which the user’s hand rests to feel the movement [36]. Another approach
is inflatables integrated in a corset. This approach seems to be non-applicable for the sports
context due to bulky technology consisting of multiple inflatable units, each containing an
air pump and solenoid valve [37].

2.1.3. Auditory Feedback

In human–computer interaction (HCI), sound and sonification have been commonly
explored within the realm of sports, as shown by a variety of literature reviews [38–40].

Sound is very effective in communicating information during motion, e.g., for nav-
igation [41] and in running applications such as https://www.runtastic.com/ (accessed
3 February 2024) and Strava (https://www.strava.com/ (accessed 3 February 2024)) to
provide updates on mileage and pace.

The usage of audio whilst running has been explored in various ways. For exam-
ple, the smartphone app “Zombies, Run!” utilizes narrative-focused audio to convert a
usual run into a game experience in which the user needs to escape from zombies [42].
Mueller et al. took a social angle when introducing an audio-based system that allowed
people who are geographically apart to experience running together [43]

Sonification is a popular approach as a feedback modality. Within sports HCI, sound
aspects like tone or volume are often mapped to the athlete’s movement, a sonification
technique also referred to as parameter mapping [44], exemplified by various authors such
as Cesarina et al. [45], Dubus et al. [46], Schaffert et al. [47], and Hermann et al. [48]. Another
usage of sound in sports is to correct the athlete as shown by Yang et al. [49], who showcase
a system that activates a white noise sound when the movement of the hand during a rip
curl exercise was too fast. With a focus on running, Godbout et al. [50] explored how to
assist runners in real-time with a toe-striking technique, utilizing a corrective sonification
strategy. Hoffmann et al. [51], Lim et al. [52], and Nijs et al. [53] exemplify that in sports
and physical exercise research, sounds are typically used as instruction methods, and do
not reflect or correct the athlete’s movement. For example, Hoffmann et al. [51] instructed
cyclists to pedal at the rate of a metronome.

The spontaneous effects of sound or music on physical activity have been evaluated.
For example, Styns at al. [54] showed that walking tempo and speed increases when
dictated by music versus a metronome. Costas and colleagues reported that music elicits a
rhythm response, which refers to the effects of musical rhythm, particularly its tempo in
BPM (beats per minute). Buhmann et al. [55] showed that changing the relative phase angle
of the musical beat can be utilized to manipulate running cadence—especially in women.
Hockman [56] explored a system in which the step rate of the runner was reflected by the
beat of the music. Additionally, Dijck et al. [57] showed that runners spontaneously entrain
cadence to slightly adapted (up to 3%) music tempo. To support and maintain a proper
run stride researchers have proposed several systems utilizing auditory feedback [31,58].
The usage of sound tempo might be highly beneficial for breath guidance as well. Oliver
and Flores-Mangas take this notion a step further in MPTrain, a system that automatically
selects and plays music based on the runner’s objectives and physiological reactions [59].
The abundance of Spotify (https://www.spotify.com/us/, accessed on 1 February 2024)
playlists in various BPMs targeted at runners shows that sound is helpful for pacing.

https://www.runtastic.com/
https://www.strava.com/
https://www.spotify.com/us/
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Humans have a tendency to synchronize not only movement [60,61], but also breath-
ing, to external sounds [62]. Auditory guidance of breathing has been utilized in a
variety of HCI research related to meditation and breathing games [63–66]. Typically,
those examples primarily relied on visual instruction or visual feedback. For exam-
ple, in order to evaluate their work, Zafar et al. [67] used the Paced Breathing App
(https://play.google.com/store/apps/details?id=com.apps.paced.breathing, accessed on
1 February 2024) as breathing instruction baseline sounds. Focusing on music, Har-
ris et al. showed that sonic feedback through music degradation can support slow breathing
in a non-sports context [68]. In the context of health care, ResPiRate has been used to sup-
port users with slow-paced breathing exercises through sonic instruction [69–71]. The
ResPiRate device produces sounds that fade in and out analogously to an inhalation or
exhalation.

Within the sports context, we point out research by Hoffmann et al. [51,72] and
Bardy et al. [73] involving the utilization of sonic cues for guiding respiration. Hoffmann
and colleagues [74] utilized metronome-based breathing rate instruction sounds to evaluate
whether a stabilized breathing rate entrained pedal strokes while cycling. Harbour et al. [34]
also explored how sounds can support the guidance of locomotor–respiratory coupling
(LRC), a breathing technique in which the breath is coupled to steps in specific ratios
(e.g., two steps during the inhalation, and three steps during the exhalation). In line
with [75] they showed that sounds are a highly effective way to achieve these rhythms. We
distinguish our work as we solely focus on breathing guidance whereas [34,75] focused on
LRC and thus includes steps and step-based guidance through sound.

We concluded that specially for fast-moving sports, the utilization of sound as an
interaction modality is promising since it does not interfere with eyesight, which is crucial
for the safety of an athlete [12].

2.2. Types of Breathing Instruction Sounds

Reflecting on the related work presented above, we observe two commonly used
types of sound instructions for breathing: first, metronome-like sound cues to instruct the
breathing rate, typically through sound cues either on inhalation or on flow reversal, and
second, a sound analog to the airflow during respiration fading in and out, like ResPiRate
and the Paced Breathing App.

We hypothesized that the information richness, i.e., the information that the user can
retrieve from the sounds, influences the adherence and perceived experience. For example,
the paced breathing application provides sound that fades in and out like actual breathing,
which may allow users to predict more precisely when the next flow reversal will take
place. In contrast, single tones only inform the user when to start an inhale or an exhale,
which are perhaps less predictable for the listener.

In our first study, we aim to evaluate the effects of this information richness of sound
instructions in the context of running. Then, we present a follow-up study aimed to
explore adherence and user experience of enriched instruction sounds aimed to increase
the sonic experience.

3. Study 1: Exploring the Effects of Sound Information Richness
3.1. Methods

This section describes participants, introduces the sound conditions, and presents a
detailed procedure. Then, instruments are introduced, and we detail how the collected
data are processed and analyzed.

3.1.1. Participants

A convenience sample was recruited through word of mouth and university mailing
lists. Eleven female runners volunteered (no incentives were offered) to participate in this
study. Selection criteria were as follows:

https://play.google.com/store/apps/details?id=com.apps.paced.breathing
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• Participants must possess no prior familiarity with paced breathing methodologies
during running.

• Participants should self-define their running proficiency as ranging from beginner to
intermediate.

• Participants should have the capability to sustain uninterrupted running for a mini-
mum of 20 min.

Participants were on average 29 ± 4.20 years old. Seven participants reported to
run 1–2 times per week, two 1–2 runs per month, one 2–3 runs per week, and one less
than 1 run per month. Participants stated that they typically ran between 35 and 60 min
(45.0 ± 8.9 min) per instance. Participants stated that they did not follow any specific
breathing technique while running. Two participants reported to use breathing techniques
outside of running, slow breathing during yoga and to alleviate stress. Table 1 shows
participants’ demographics.

Table 1. Study 1: Participant overview.

Participant
Code

Age
(Years) Running Frequency Run Duration

(min)
Distance
(km)

Breathing
Technique
While Running

Other Breathing
Techniques Music

S1P01 28 >2 times/week 45 7 No No No

S1P02 26 <1 time/month 45 8 No Slow breathing No

S1P03 32 1–2 times/week 60 8–10 No Yoga No

S1P04 31 1–2 times/week 45 6–10 No No Yes

S1P05 29 1–2 times/week 35 7 No No Yes

S1P06 40 1–2 times/week 45 7 No No No

S1P07 26 1–2 times/week 45 8 No No No

S1P08 28 1–2 times/month 30 5 No No No

S1P09 26 1–2 times/month 40 5 No No Yes

S1P10 26 1–2 times/week 60 10 No No Yes

S1P11 27 1–2 times/month 45 5 No No Yes

3.1.2. Sound Conditions

For the first study, we devised five breathing instruction sounds that differed from
each other in their levels of information richness (see Figure 1).

The first three sounds resembled a metronome. The first two sounds were the least
information-rich sounds. They signaled the start of a full breath cycle. Sound 1 (Inhalation
Metronome) indicated the start of inspiration, while sound 2 (Exhalation Metronome) indicated
the start expiration. We chose the standard pitch “A3” as inhalation indication and “E3”
as an exhalation indicator. The third sound labelled Full Breath Metronome included both
inspiration (“A3”) and expiration (“E3”) sounds. Sound 4 (Siren) had a continuous tone for
inhalation and exhalation similar to a siren. It provided the runner with continuous sound
feedback and thus was more information-rich than sound 1 to 3. For sound 5 (Accordion),
our metaphor was an accordion instrument. It guided the full breathing cycle and had
the highest information density as the volume faded in and out for both inhalation and
exhalation. With the aim to reduce the task complexity for runners, we designed all sounds
to instruct a breathing ratio of 50%. This means that inhalation and exhalation lasted for
the exact same time. This is within the normal range of breathing ratios during exercise of
various intensities [76].
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Figure 1. Study 1: The series of five sounds, arranged in ascending order of information richness
from the highest (bottom) to the lowest (top), are represented. The waveform illustrates the pattern
of respiratory airflow (image taken from Ref. [13]).

Sounds were created in Ableton Live (Ableton Live, v. 11.0.2, Ableton AG, Berlin,
Germany, https://www.ableton.com/, accessed on 1 February 2024). As a base for the
sounds, we used Sine Waveforms.adv (Waveforms.adv is a standard sound in Operator
Ableton Live’s synthesizer) for their simplicity. As described above, we distinguished
inhalation from exhalation through the pitch of the tone. For inhalation, we used the
standard pitch “A3” tone. For exhalation, we took the pitch “E3”. The sound cues for the
Inhalation Metronome, Exhalation Metronome, and Full Breath Metronome lasted 1/8 of a full
breath length. The Siren and Accordion lasted the full breath length. The Accordion was
faded in and out by adjusting their volume.

3.1.3. Procedure

For the experiment, we chose a within-subject design. Participants were asked to run
on an indoor treadmill following breathing instruction sounds for four minutes. Figure 2
visualizes the experimental setup and instruments and Figure 3 illustrates the proce-
dure steps.

Figure 2. Instruments: (A) treadmill, (B) bluetooth speaker, (C) Hexoskin Sensor shirt, (D) phone
with Movesense app, (E) Movesense IMU, (F) laptop running Ableton Live (image from Ref. [13]).

https://www.ableton.com/
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Figure 3. Visual overview of the steps of the experimental procedure.

Participants filled in a pre-participation questionnaire (see Appendix A) regarding
basic demographics, running and sport behaviour, and breathing experience. Then, partici-
pants were informed about the exact study procedure. They were guided through a sound
familiarization protocol, which included practicing to breathe in the rhythm of the sound
cues provided by the breath tool. This was performed while participants were sitting.

The familiarization was intended to minimize learning effects during the experi-
ment. The sound familiarization protocol had two phases: first, sounds 1–5 were played
in randomized order. A researcher demonstrated when to inhale and exhale via hand
movements (up for inhale and down for exhale). In the second phase, participants were
asked to breathe according to the sound cues without the assistance of the researcher. All
participants successfully completed the breathing tasks for all of the five sounds.

After the familiarization, participants were fitted with a Hexoskin (Carre Technologies,
CAN, https://www.hexoskin.com/, accessed on 1 February 2024) (HX) smart shirt ac-
cording to manufacturer recommendations. A standardized five-minute seated rest phase
was performed to allow participants to reduce potential pre-experiment effects of stress on
breathing patterns. Then, participants were introduced to the questionnaire that would be
used during the experiment between sound conditions. This questionnaire included Borg’s
Rating of Perceived Exertion (RPE) [77].

Participants performed a warm-up for ten minutes, running on the treadmill. First, the
treadmill was set to 7.5 km/h. After five minutes, they were asked to adjust the treadmill
to a comfortable speed at which they felt confident they could sustain for 30 min. The
speed of the treadmill was then kept the same during the rest of the experiment. In order
to confirm that the pace was comfortable, researchers performed a talk test [78] with the
participants during the second half of the warm-up phase. During the last minute of the
warm-up, the average breathing rate of the participant was recorded. This measurement
was used to adapt the tempo of the breathing sounds. This ensured that sounds matched
participants’ natural breathing rate.

For the main experiment, participants ran for five minutes during each of five sound
conditions. The procedures for each of the five conditions were as follows: During the
first minute, no sound was played, allowing participants to achieve a stable speed, stride
rate, and breathing pattern. Then, a warning and ten-second countdown was given by the
researchers. It included the information of whether the respective sound would start on

https://www.hexoskin.com/
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an inhalation or exhalation. Then, the breathing instruction sound was played for four
minutes while participants continued running. In order to limit potential effects of learning
and exertion, the orders of the five sounds were randomized for each participant.

In order to prevent overexertion, we asked participants to verbally rate their perceived
exertion (RPE) on the BORG scale (6–20) [77] while running at the end of the warm-up
and after each experimental condition. An a priori threshold value was set to 16, above
which the experiment would be terminated. None of the participants reached this threshold
during the experiments.

After each of the five sound conditions, participants rested for three minutes, during
which they filled in a shortened meCUE questionnaire (see Section 3.1.4) [79] on user
experience. The data from the Hexoskin shirt (HX data) confirmed that participants’ heart
rate recovered during the standardized three-minute resting phase to at most 120 beats per
minute (bpm) for each participant and condition.

After the experiment on the treadmill, participants took part in a semi-structured
interview (see Appendix B for the interview guide), which included questions about the
perceived usefulness and usability of and user experience with the different sounds. The
total time participants spent in the lab was up to 1.5 h.

3.1.4. Instruments

Figure 2 illustrates the experimental setup. While participants ran on the treadmill,
breathing instruction sounds were produced in Ableton Live and played via Bluetooth
speakers next to the treadmill. During the run, participants were wearing the HX shirt
to gather respiration data (dual thoracic and abdominal stretch sensors, 2-channel respi-
ratory inductance plethysmography, 16 bit, 128 Hz), heart rate (1 Ch ECG, 12bit), and
accelerometry (3-axis, 64 Hz, range ±16 g). Additionally, participants were equipped with
a Movesense (Suunto Oy, Vantaa, Finland) (MS) inertial measurement unit (IMU). This
was fixed on the right tibia of the participant, just above the ankle, in order to capture
tibial acceleration (9-axis, 208 Hz, range ±16 g). Each sound start was tagged manually by
researchers within the Movesense mobile application to produce synchronized timestamps.
The MS and HX accelerometers were synchronized via three taps before and after the
experiment. This allowed us to align the sounds with the HX data.

To evaluate the effects of the five sounds on perceived user experience, we used the
meCUE questionnaire [79] (German version). In order to adapt the questionnaire to the
running context, we followed the meCUE handbook. The final questionnaire consisted
of six items, which were quickly answered between each run. They were formulated as
statements to be answered on a 10-point scale, ranging from 1 to 10 (with 5.5 being neutral),
to have a high degree of measurement precision. Chosen items covered effectiveness,
efficiency, intention to use, negative emotion, positive emotion, and aesthetics. Statements
were as follows (translated from German):

1. Breathing while running can be easily adjusted to this sound specification (effective-
ness).

2. I consider the use of this sound during running to achieve regular breathing to be
absolutely useful (efficiency).

3. If I could, I would use this sound every day while running (intention to use).
4. Running to this sound annoys me (negative emotion).
5. Running to this sound exhilarates me (positive emotion).
6. I find this sound attractively designed (aesthetics).

The semi-structured interview at the end of the experiment had six parts and covered
usability and user experience issues such as speed and volume of breathing instruction
sounds, ease of use, subjective adherence, and hedonic experiences. Participants were also
asked to rank the order of the different sounds with respect to ease of use and aesthetics.
Finally, questions with respect to running routines and the willingness to use such a
breathing tool in daily running routines were asked.
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3.1.5. Data Analysis and Statistical Approach

The processing of HX data was conducted through a custom-developed algorithm
in MATLAB (MATLAB Version 2021a, MathWorks, Inc., Natick, MA, USA) [80]. Times-
tamped flow reversals were used to segment breath cycle time (tB). The breathing rate (BR)
was estimated from the inverse of tB60 and smoothed using a 5-breath rolling average.
The coefficient of variation of tB was calculated as a representation of BR quantitative
variability (BRV).

HX respiration data were used to estimate adherence to the instructed BR during the
experiment. First, Kolmogorov–Smirnov tests were used to confirm a normal distribution
of tB for each participant. Adherence was determined by two aspects, (1) main adherence:
percent error between measured BR and instructed BR, and (2) adherence strength: “attach-
ments” and “detachments”. Main adherence was calculated within a window from 60 s
after sound start to 210 s after sound start. Mean relative (MRPE) and absolute percent error
(MAPE) was used to quantify adherence to each sound. A priori criteria were established
at 2.5% MAPE for “acceptable” adherence. Then, attachments and detachments were calcu-
lated along a five-breath rolling window from sound start to 210 s after sound start, and the
length (time) of each was recorded. These were defined a priori as five or more consecutive
breaths inside or outside, respectively, of five percent of the instructed BR. For example, for
an instructed BR of 30 breaths, an attachment was flagged if five consecutive breaths were
between 28.5 and 31.5 bpm. Percent time attached and detached was calculated relative to
the entire sound instruction window in order to quantify adherence strength.

A generalized model repeated-measures ANOVA (alpha = 0.05) was used to detect
any significant differences in main adherence and adherence strength between sounds.
A multi-sample comparison of variances was used to determine intra-subject adherence
strength differences between sounds.

For user experience, we followed the following statistical approach: We performed a
one-way ANOVA of repeated measures for each item of the meCue to separately test the
effect of each sound on the UX items of the meCUE questionnaire. Mauchly’s test was used
to verify whether sphericity could be assumed. When this was the case, no correction was
used. When sphericity was not assumed, the Greenhouse–Geisser correction was applied.

3.2. Results of Study 1
3.2.1. Adherence, Study 1

Participants selected speeds between 6.5 and 10 km/h (8.43 ± 0.87) and scored their
RPE below 16/20. The analysis showed similar heart rate responses for each running
condition, indicating no to little fatigue over the runs. The instructed BR ranged from 22 to
37 bpm (26.91 ± 4.18). Figure 4 shows the BR for S1P02 for all sounds. It exemplifies the
stabilizing effect of each sound instruction on BR. Note that before the sound start (t = 0),
BR ranges between 22 and 42 bpm. At 25 s after sound start, this has reduced to 22 and
25 bpm. Then, at 250 s, the sound is switched off, and BR varies heavily again. Table 2
shows the group average BR and overall adherence statistics. Pooled group data indi-
cated that all participants could follow the instructed BR for each sound (100.76 ± 1.36%).
While group adherence was excellent for all sounds (MAPE = 1.16 ± 1.05, percent time
attached = 86.81 ± 9.71%), adherence was highly variable between individuals. For exam-
ple, S1P08 expressed a very strong adherence to the Inhalation and Exhalation Metronome
(96.76 and 97.03% time attached, respectively), whereas adherence to the Full Breath
Metronome and Siren was more unstable (74.79% and 88.78% time attached, respectively).
While there were no significant differences in adherence between sounds among the entire
group, intra-individual comparisons revealed that several runners struggled specifically
with the Inhalation Metronome (n = 3, p < 0.05). Attachment plots provided qualitative
assessment of acute attachment/detachment behavior, as exemplified by Figure 5.
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Figure 4. Breathing rate (5-breath rolling mean) and breathing rate variability for all sound trials
of study 1 for participant S1P02. Participants ran 5 min, in which the first minute (t = −60–0) was
without sound. The vertical dash line indicates sound start. The horizontal dash lines represent the
upper and lower limit of the adherence area (±5% of the instructed BR) (image based on Ref. [13]).

Figure 5. Breathing rate (five-breath rolling window) in bpm and heart rate (HR) in bpm during Siren
sound condition for S1P04. The vertical dash line indicates sound start. The horizontal dash lines
represent the upper and lower limit of the adherence area (±5% of the instructed BR). Note the three
attachments interrupted by two detachments.

Figure 4. Breathing rate (5-breath rolling mean) and breathing rate variability for all sound trials
of study 1 for participant S1P02. Participants ran 5 min, in which the first minute (t = −60–0) was
without sound. The vertical dash line indicates sound start. The horizontal dash lines represent the
upper and lower limit of the adherence area (±5% of the instructed BR) (image based on Ref. [13]).

Multimodal Technol. Interact. 2024, 1, 0 11 of 26

Figure 4. Breathing rate (5-breath rolling mean) and breathing rate variability for all sound trials
of study 1 for participant S1P02. Participants ran 5 min, in which the first minute (t = −60–0) was
without sound. The vertical dash line indicates sound start. The horizontal dash lines represent the
upper and lower limit of the adherence area (±5% of the instructed BR) (image based on Ref. [13]).

Figure 5. Breathing rate (five-breath rolling window) in bpm and heart rate (HR) in bpm during Siren
sound condition for S1P04. The vertical dash line indicates sound start. The horizontal dash lines
represent the upper and lower limit of the adherence area (±5% of the instructed BR). Note the three
attachments interrupted by two detachments.

Figure 5. Breathing rate (five-breath rolling window) in bpm and heart rate (HR) in bpm during Siren
sound condition for S1P04. The vertical dash line indicates sound start. The horizontal dash lines
represent the upper and lower limit of the adherence area (±5% of the instructed BR). Note the three
attachments interrupted by two detachments.
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Table 2. Study 1: Adherence statistics for all sound conditions: Breathing Rate (bpm), Breathing
Rate Variability, Mean Absolute Percentage Error (%), Mean Relative Percentage Error (%), # of
attachments, percent time attached (%), # of detachments, percent time detached (%).

Condition Breathing
Rate (bpm)

Breathing
Rate
Variability
(%)

MAPE (%) MRPE (%) # Attach/
Participant

Percent Time
Attached (%)

# Detach/
Participant

Percent
Time
Detached
(%)

Inhalation Metr. 27.26 ± 4.33 8.64 ± 2.81 1.38 ± 1.21 0.56 ± 1.79 3.64 ± 1.63 81.09 ± 11.66 0.55 ± 0.69 1.96 ± 2.56

Exhalation Metr. 27.25 ± 4.24 8.08 ± 2.70 0.56 ± 0.38 0.55 ± 0.39 3.00 ± 1.73 86.53 ± 14.19 0.27 ± 0.90 1.15 ± 3.81

Full Breath Metr. 27.33 ± 4.31 9.49 ± 2.55 1.51 ± 1.63 0.84 ± 2.09 2.36 ± 1.36 88.17 ± 7.41 0.91 ± 0.94 3.25 ± 3.15

Siren 27.44 ± 4.13 9.03 ± 2.52 1.73 ± 1.66 1.33 ± 2.02 2.45 ± 1.44 89.69 ± 8.88 0.55 ± 0.69 1.84 ± 2.37

Accordion 27.23 ± 4.23 8.77 ± 3.56 0.62 ± 0.38 0.51 ± 0.52 2.64 ± 1.12 88.58 ± 6.40 0.73 ± 1.10 2.80 ± 4.27

3.2.2. User Experience, Study 1

Table 3 contains the means and standard deviations of each UX item. Overall, the
sounds scored low to relatively positive on user experience, with highest mean scores
(around 7.00) for the effectiveness item, and lowest mean scores for intention to use (around
2.50). For the first item covering effectiveness, participants indicated that the sounds in-
cluding inhalation and exhalation sound were easier to follow than the single metronome
sounds on inhalation or exhalation (see Figure 6). ANOVA resulted in a significant group
difference (F = 3.41, η2

p = 0.25, p < 0.05). A significant difference was found between the In-
halation Metronome sound and the Full Breath Metronome sound (p < 0.05) and Inhalation
Metronome sound and the Accordion Sound (p < 0.05). The differences found between the
Exhalation Metronome Sound and both the Full Breath Metronome Sound (p < 0.01) and
the Accordion sound (p < 0.05) were also significant.

Table 3. User experience of running with the sounds in study 1, and means and standard deviations.

Sound Condition Effectiveness Efficiency Intention to
Use

Negative
Emotion

Positive
Emotion Aesthetics

Inhalation Metronome 5.36 ± 2.42 5.27 ± 1.85 2.18 ± 2.52 4.36 ± 2.84 3.73 ± 2.49 4.36 ± 2.38

Exhalation Metronome 5.00 ± 2.72 6.00 ± 2.10 2.55 ± 3.27 4.55 ± 3.27 2.82 ± 2.18 4.18 ± 2.14

Full Breath Metronome 7.09 ± 2.17 6.82 ± 1.72 3.09 ± 3.08 3.55 ± 2.58 4.18 ± 2.18 5.18 ± 2.18

Siren 7.00 ± 2.28 6.55 ± 2.54 2.36 ± 2.38 4.82 ± 2.75 3.82 ± 1.94 3.91 ± 2.66

Accordion 7.55 ± 1.86 6.91 ± 2.59 4.18 ± 2.96 3.91 ± 3.11 5.27 ± 2.72 5.91 ± 3.05
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The second item of the meCUE scale covered the efficiency of the sounds to achieve a
stable breathing rate. Overall, the efficiency of the sounds was judged to be above average
(means varying from 5.27 to 6.91). Furthermore, a favourable tendency towards the sounds
with both inhalation and exhalation cues was observed. Overall, no significant difference
was found (p = 0.18).

The item of envisioned daily use was overall scored as below neutral. In this context,
S5 (Accordion) stands out as it was the least worst rated, though no significance was found
for this item (p = 0.12).

The experience of annoyance (item: negative emotion) was scored relatively neutral
with the Full Breath Metronome sound and the Accordion least annoying with the means
slightly below 4, though no significant difference was found (p = 0.71).

Overall, none of the sounds were found to be exhilarating (item: positive emotion):
the most exhilarating sound was the Accordion sound with a mean of 5.27. The least
exhilarating was the Exhalation Metronome sound with a mean of 2.82. The ANOVA
revealed no significant difference (p = 0.06).

Aesthetics was scored through the item I find this sound attractively designed. The high
standard deviations indicate that whether a sound is deemed attractive or not is highly
personal. The Accordion was the most attractively designed, while the Siren was the least
attractively designed. No significant difference was found (p = 0.29).

4. Study 2: Adherence and User Experience of Sonically Enhanced Sounds

Based on the participant feedback of study 1, we created a new range of breathing
instruction sounds. Specifically, we aimed to design sounds that were less mechanical and,
like the Accordion, were analogous to the breath. These sounds were evaluated in the user
study described in this section.

4.1. Methods
4.1.1. Participants

The same inclusion criteria were used to recruit 11 volunteers for this study from 18
to 30 years (24.27 ± 3.29). Participants reported running an average of 1–2 sessions per
month. The average running distance was 5 km (4–7.5 km) with an average running time
of 35 min (25–50 min). Two participants reported to count steps while breathing, indicating
LRC, and one participant reported she takes extra deep breaths while running. Three
participants reported using conscious abdominal breathing for relaxation in a sedentary
state. We expected these techniques to have no major effect on the results. Table 4 provides
an overview.

Table 4. Study 2: Participant overview.

Participant Code Age (Years) Running
Frequency

Run
Duration
(min)

Run
Distance
(km)

Breathing
Technique While
Running

Other Breathing
Techniques Music

S2P01 29 1–2/month 35 6 LRC Yes No

S2P02 24 >2/week 30 5 No No Yes

S2P03 24 1–2/month 35 5 No No Yes

S2P04 24 1–2/month 40 7 Deep breathing Belly breathing No

S2P05 22 <1/month 30 4 No No Yes

S2P06 21 <1/month 25 4 No No Yes

S2P07 21 1–2/month 30 5 No No No

S2P08 21 <1/month 50 7–8 No No Yes

S2P09 23 1–2/week 35 5 No No Yes

S2P10 30 1–2/month 40 5 No No No

S2P11 28 1–2/month 40 5 LRC Belly breathing No
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4.1.2. Sound Conditions

For this study, three new sounds were created: firstly, a rock-inspired sound (Rock
Sound), consisting of two electric guitar strikes. This first stroke had a higher tonality to
indicate an inhale, and then the second stroke had a lower tonality to indicate the exhale;
the second sound was a classical-music-inspired sound (Harp Sound), consisting of two
harp arpeggios with similar two-tone indications; the third sound was an actual recording
of breathing. Next to the three novel sounds, the Full Breath Metronome was included as a
sound condition to relate the findings to study 1. We learned from study 1 that it can be
stressful to generate the sound at a customized playback speed on the spot. As such, we
prepared for each sound for breathing rates from 18 to 48 bpm a separate sound file. This
also fixed the playback time to exactly 4 min.

4.1.3. Setup

The procedure followed the same procedure and instruments as described in study
1. Five conditions were tested: (1) no sound, (2) Full Breath Metronome, (3) Rock Sound,
(4) Breath Sound, (5) Harp Sound. The no-sound condition was included to capture a
baseline breathing rate after the warm-up. As sounds were designed to have similar
information richness and based on the findings of no learning effects of study 1, the sounds
were presented in the fixed order as described above.

4.2. Results, Study 2

This section summarizes the result of study 2. The data analysis and statistical ap-
proach followed the same process as described in study 1. We also compared breathing rate
quantitative variability between the no-sound condition and other sounds to quantify the
ability of the sounds to stabilize BR. Furthermore, we used a two-sample t-test α = 0.05 to
compare the Full Breath Metronome adherence between studies 1 and 2.

4.2.1. Adherence in Study 2

Table 5 shows the group average BR and overall adherence statistics. BR sound suc-
cessfully stabilized BR, as BR variability was significantly greater in the no-sound condition
versus all sounds (d > 3.83, p < 0.001). Pooled group data indicated that all participants
could follow the instructed BR for each sound (BR = 101.21 ± 1.90%), and overall adherence
was acceptable for all sounds (MAPE = 1.9 ± 0.11, percent time attached = 86.18 ± 11.96%).
Figure 7 shows the BR for participant S2P04 for all conditions, and clearly shows the
difference in stability for the conditions with instruction sounds compared to the no-sound
condition. The t-test revealed no meaningful difference in adherence to the Accordion
Sound between study 1 and study 2 (p = 0.37). Similar to study 1, we found high inter-
individual variability in sound adherence. Intra-individual comparisons showed that the
Breath Sound (p < 0.05, n = 3) and Harp Sound (p < 0.05, n = 3) were challenging (lower
adherence strength) for some runners.

Table 5. Study 2:Adherence Data for each sound condition: Breathing Rate (bpm), Breathing Rate
Variability, Mean Absolute Percentage Error (%), Mean Relative Percentage Error (%), # of attachments,
percent time attached (%), # of detachments, percent time detached (%).

Sound Condition Breathing
Rate (bpm)

Breathing Rate
Variability (%) MAPE (%) MRPE (%) # Attach/

Participant
Percent Time
Attached (%)

# Detach/
Participant

Percent Time
Detached (%)

No Sound 33.50 ± 6.98 16.51 ± 5.18

Full Breath Metronome 32.22 ± 5.92 7.93 ± 2.85 1.36 ± 1.79 1.79 ± 0.28 2.30 ± 1.34 90.71 ± 4.77 0.90 ± 0.74 2.76 ± 2.26

Rock Sound 32.17 ± 6.08 8.64 ± 3.91 0.85 ± 1.52 1.52 ± 0.57 3.00 ± 1.70 83.95 ± 10.61 1.70 ± 1.64 5.13 ± 4.47

Breath Sound 32.16 ± 6.05 8.50 ± 3.20 1.12 ± 2.06 2.06 ± 0.57 1.90 ± 1.66 88.39 ± 9.07 0.80 ± 0.92 2.32 ± 2.88

Harp Sound 32.10 ± 8.27 11.72 ± 6.18 1.50 ± 2.22 2.22 ± 1.00 2.45 ± 1.29 81.57 ± 22.18 1.64 ± 1.91 4.52 ± 4.04
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Figure 7. Study 2: breathing rate (5-breath rolling mean) of participant S2P04 during all runs. The
vertical dash line indicates sound start. The horizontal dash lines represent the upper and lower limit
of the adherence area (±5% of the instructed BR).

4.2.2. User Experience in Study 2

Table 6 shows the means and standard deviations for each UX item. Overall, the
user experience of most sounds was rated as below average for most items. A significant
difference in the group analysis was found for the item expressing subjective effectiveness
(p ≤ 0.01, η2

p = 0.32, F = 4.78). Figure 8 shows the mean scores for each of the sound
conditions. Breath Sound scored the best with a mean of 8.91 ± 1.92, and scored significantly
higher than the Accordion (p < 0.05) and the Harp Sound (p < 0.05). Significant differences
between the sound conditions were found for none of the other items (efficiency: p = 0.10,
F = 2.28, η2

p = 0.19; intention to use: p = 0.76, F = 0.40, η2
p = 0.04; negative emotion: p = 0.08,

F = 2.46, η2
p = 0.20; positive emotion: p = 0.56, F = 0.70, η2

p = 0.07; aesthetics: p = 0.14,
F = 1.96, η2

p = 0.16). Nonetheless, the Breath Sound seemed to score relatively better than
other sounds in terms of subjective efficiency (7.55 ± 2.21), where other sounds scored on
average below 6.00. The Breath Sound also scored higher in the mean, albeit this effect was
not significant in comparison to the other sound conditions. The Accordion Sound scored
specifically low for positive emotion and aesthetics in comparison to the other sounds.

Table 6. Study 2: user experience of running with the sounds in study 2, and means and standard
deviations.

Sound Condition Effectiveness Efficiency Intention to
Use

Negative
Emotion

Positive
Emotion Aesthetics

Accordion 7.18 ± 3.25 5.73 ± 3.61 2.82 ± 3.40 5.00 ± 3.69 2.82 ± 2.79 2.64 ± 2.62

Rock Sound 7.91 ± 2.59 5.91 ± 3.24 2.73 ± 3.17 5.09 ± 3.81 3.73 ± 3.23 4.09 ± 3.39

Breath Sound 8.91 ± 1.92 7.55 ± 2.21 3.45 ± 2.58 2.55 ± 1.51 3.73 ± 2.33 4.36 ± 2.06

Harp Sound 6.82 ± 2.89 5.36 ± 4.08 3.00 ± 3.44 4.45 ± 3.78 3.64 ± 3.07 3.91 ± 2.88
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Figure 8. Study 2: subjective effectiveness (user experience item 1)—ranked on a scale of 1 (not easy
at all) to 10 (very easy). One star (*) indicating p < 0.05.

5. Discussion

This section discusses the results from study 1 and study 2 based on the three research
questions outlined in the introduction followed by the limitations and future work:

5.1. Research Questions
5.1.1. Rq1: To What Extent Can Runners Follow Auditory Breathing Instructions While
Running?

The results show that all sounds—regardless of their information richness—are able
to instruct the breathing rate and stabilize the breathing rate. This finding is in line with
Refs. [34,75], which showed that sound is highly effective in guiding LRC during the run.
Perfect adherence is never to be expected, and always some deviations to the instruction
will occur. Participants mentioned physical and mental reasons not to adhere to the
sound at certain times, including the need to take a deep breath, the need to swallow,
and drifting attention. This is in line with Ref. [33], which reported that participants were
occasionally distracted by external influences. Overall, these results can inform other
applications in which breathing plays an important role, such as healthcare products (e.g.,
ResPiRate [69–71]), or to instruct the breathing rate in other (endurance) sports, such as
cycling, cross-country skiing, or rowing. It should be further studied whether the stabilizing
effect remains during longer, more exhausting runs. In this experiment, the instructed
breathing rate was really close to the natural breathing rate. Whether all sounds perform
as well during the instruction of breathing rates that differentiate from the natural ones
should be further examined.

5.1.2. Rq2: How Does Auditory Information Richness Affect Adherence to Breathing
Guidance?

Within this work, no significant effect of auditory information richness on adherence
was observed. At the same time, the user experience evaluation from study 1 indicates
that sounds instructing inhalation and exhalation were easier to adapt to and created less
mental load than single metronome sounds. This was confirmed by the interviews, in
which participants indicated that the dual tone sounds were easier to follow “because you
have a signal for inhalation and a signal for exhalation” (S1P10); S1P09 indicated the following:

“the one sound [single metronome] that confused me a bit”. Also, the Inhalation and Exhalation
Metronome seemed to induce unnatural breathing behaviour: S1P07—“I tried to breathe
faster and then just wait till the tone started, and then exhale or inhale”. The Accordion may have
cost less effort as it was more analogous to an actual breath—“it was more in rhythm with the
body: the first one is more flow with the breathing and the other one is harder or sharper” indicated
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5. Discussion

This section discusses the results from study 1 and study 2 based on the three research
questions outlined in the introduction followed by the limitations and future work:

5.1. Research Questions
5.1.1. RQ1: To What Extent Can Runners Follow Auditory Breathing Instructions
While Running?

The results show that all sounds—regardless of their information richness—are able
to instruct the breathing rate and stabilize the breathing rate. This finding is in line with
Refs. [34,75], which showed that sound is highly effective in guiding LRC during the run.
Perfect adherence is never to be expected, and always some deviations to the instruction
will occur. Participants mentioned physical and mental reasons not to adhere to the
sound at certain times, including the need to take a deep breath, the need to swallow,
and drifting attention. This is in line with Ref. [33], which reported that participants were
occasionally distracted by external influences. Overall, these results can inform other
applications in which breathing plays an important role, such as healthcare products (e.g.,
ResPiRate [69–71]), or to instruct the breathing rate in other (endurance) sports, such as
cycling, cross-country skiing, or rowing. It should be further studied whether the stabilizing
effect remains during longer, more exhausting runs. In this experiment, the instructed
breathing rate was really close to the natural breathing rate. Whether all sounds perform
as well during the instruction of breathing rates that differentiate from the natural ones
should be further examined.

5.1.2. RQ2: How Does Auditory Information Richness Affect Adherence to
Breathing Guidance?

Within this work, no significant effect of auditory information richness on adherence
was observed. At the same time, the user experience evaluation from study 1 indicates
that sounds instructing inhalation and exhalation were easier to adapt to and created less
mental load than single metronome sounds. This was confirmed by the interviews, in
which participants indicated that the dual tone sounds were easier to follow “because you
have a signal for inhalation and a signal for exhalation” (S1P10); S1P09 indicated the following:

“the one sound [single metronome] that confused me a bit”. Also, the Inhalation and Exhalation
Metronome seemed to induce unnatural breathing behaviour: S1P07—“I tried to breathe
faster and then just wait till the tone started, and then exhale or inhale”. The Accordion may have
cost less effort as it was more analogous to an actual breath—“it was more in rhythm with the
body: the first one is more flow with the breathing and the other one is harder or sharper” indicated
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S1P07 when comparing the Accordion to the Full Breath Metronome sound. In study 2, we
also observe a high ranking for effectiveness of sounds that are analogous to the breath,
like the Breath Sound or the Accordion, e.g., S2P09 thought that the Breath Sound was
easy to follow because “that’s how I breathe”. Therefore, we advise using information-rich
sounds like the Breath Sound or the Accordion to learn breathing to guiding sounds. Also,
for experiments in which adherence is important, we recommend these types of sounds.
Also, sonic qualities seemed to have an effect on the experienced level of adherence. For
example, S1P08 stated about the Accordion “I think maybe it was too smooth and soft—at
some point, I felt like I had trouble sticking to my breathing pattern with it”. Overall, we see that
information-rich sounds were subjectively easier to follow, in particular, sounds analogous
to an actual breath, perhaps because these sounds demanded less mental effort. Hence,
it is generally advisable to utilize information-rich sounds that indicate inhalation and
exhalation. In particular, in situations that require a high level of adherence in a short
amount of time, such as cross-sectional studies, sounds fading in and out analogous to
the breath are recommended. As participants report that mental load decreases over time,
metronome-like sound cues might be preferred for longer studies due to their simplicity
and less invasive nature. In some cases, the instruction sounds also appeared to have
a stabilizing effect on the step rhythm. As we did not analyze the data on LRC, we
cannot objectively confirm this. Nonetheless, some participants mentioned that it occurred
spontaneously. Others used it consciously as a strategy to keep the breathing rhythm, such
as in study 1, P06: “it was 123 in, 123 out [. . . ], especially when there was one beep [S1, S2], I had
to count”. This is in line with findings of Hoffman et al. [72] that instructing the breathing
rate will increase the chance of coupled breathing.

5.2. RQ3: What Is the Impact of Various Auditory Breathing Instructions on Runners’
User Experience?

Overall, the user experience of all sounds was ranked relatively low and items were
rated below average to well above average, with means ranging from 2.18 for intention to
use to 8.91 for effectiveness. The low user experience can be explained by both the perceived
usefulness of the stabilized breathing for their personal context, but also the simplistic
design of the sounds in study 1 specifically. For study 2, we aimed to introduce sounds
that were more pleasing for the participants, and explored richer sounds. Comparing the
overall studies, it appears that the sounds in study 2 score (relatively) better in terms of
most UX items. Table 7 provides a visual overview, highlighting the items that scored
relatively (yellow) and absolutely (green) compared to sounds from study 1.

Table 7. Visual comparison between UX scores of Accordion (study 1) and the sounds from study
2. Green- and yellow-highlighted scores represent absolute higher and relative higher UX scores
compared to study 1, taking the Accordion sound as relative reference.

Sound Condition Effectiveness Efficiency Intention to
Use

Negative
Emotion

Positive
Emotion Aesthetics

Study 1 Accordion 7.55 ± 1.86 6.91 ± 2.59 4.18 ± 2.96 3.91 ± 3.11 5.27 ± 2.72 5.91 ± 3.05

Study 2 Accordion 7.18 ± 3.25 5.73 ± 3.61 2.82 ± 3.40 5.00 ± 3.69 2.82 ± 2.79 2.64 ± 2.62
Rock Sound 7.91 ± 2.59 5.91 ± 3.24 2.73 ± 3.17 5.09 ± 3.81 3.73 ± 3.23 4.09 ± 3.39
Breath Sound 8.91 ± 1.92 7.55 ± 2.21 3.45 ± 2.58 2.55 ± 1.51 3.73 ± 2.33 4.36 ± 2.06
Harp Sound 6.82 ± 2.89 5.36 ± 4.08 3.00 ± 3.44 4.45 ± 3.78 3.64 ± 3.07 3.91 ± 2.88

The range of instructional sounds explored in study 1 and study 2 all scored low on
perceived aesthetics as well as positive emotion. Specifically in study 1, the Siren was
deemed to be annoying as it reminded participants of something stressful, e.g., S1P05
reflected “the sounds [. . . ] more or less stressful for me like sirens, [. . . ] not relaxing, or not
empowering music, which I normally listen to run while I’m running.” In study 1, the Accordion
seemed to be the most pleasant: “the sound of [the Accordion] is a bit smoother, is a bit more
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calming than [the Siren]” (S1P08). The tonality also played a role in the sonic experience:
some participants indicated that the lower tones such as in the Exhalation Metronome were
less exhilarating and a high tone more exhilarating: “the high tone was more positive mood: the
kind of sound is going down. . . the mood is going down” (S1P02), or “[Inhalation Metronome] just
sounded friendlier [. . . ] because it was a little higher than [Exhalation Metronome]” (S1P08).

To increase understanding of the sound preferences of the participants, participants
were asked to rank the sounds accordingly. The column chart in Figure 9 provides an
overview of the rankings, with each column representing the number of participants that
ranked the particular sound from 1 to 4, with 1 being best, and 4 being worst. In study
2, most participants (n = 5) found the rock sound most pleasing to listen to. As S2P4
mentioned, “this sound was most exciting!” Contrasting this overall tendency, one participant
preferred the rock sound the least, as she found the Rock Sound “exhausting” (S2P08). Four
participants preferred the Breath Sound because “it was similar to my own breath”(S2P09)
and because the breath sound was “relaxing”(S2P02). The harp sound was preferred by
two participants. S2P11 mentioned that with the “harp, I got into a trance and did not hear
the sound consciously anymore”. In study 2, it seemed that the Accordion had a strenuous
effect on some of the participants’ experiences. For example, the Accordion was found to
be “monotonous” (S2P07) and “not motivating” (S2P09). As such, sounds should be designed
to fit the running experience more, being more energetic and providing motivation for the
run. Within the range of instructional sounds explored in study 2, preference—in line with
music preference—is highly individual. As such, we advise offering users multiple sounds
to choose from.
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straight”. Most participants felt the sounds were mainly suitable for training purposes
and/or did not see them fitting with their normal running routines—including emptying
the mind, listening to music or podcasts, e.g., S1P04: “I’m not training for anything specific,
so I wouldn’t use it. I’d rather just listen to an audio book or music”. In order to implement
breathing instructions in their own normal running routines, breathing instruction sounds
should be less obtrusive and less present. Participants suggested often that an integration
in their music would open them up to use the sounds, e.g., S2P09: “yes, I would use it
if integrated in music, otherwise it is very annoying”. Also, self-serviced instructions, as
Valsted et al. [33] propose, would be an interesting solution by allowing users to alternate
between instructions and preferred music. This might also help runners that specifically
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The aesthetics of the sounds also played a role in the intention to use, e.g., S1P09
indicated “I don’t think I would do it, because it’s not a sound I would listen to for 20 or 30 min
straight”. Most participants felt the sounds were mainly suitable for training purposes
and/or did not see them fitting with their normal running routines—including emptying
the mind, listening to music or podcasts, e.g., S1P04: “I’m not training for anything specific,
so I wouldn’t use it. I’d rather just listen to an audio book or music”. In order to implement
breathing instructions in their own normal running routines, breathing instruction sounds
should be less obtrusive and less present. Participants suggested often that an integration
in their music would open them up to use the sounds, e.g., S2P09: “yes, I would use it
if integrated in music, otherwise it is very annoying”. Also, self-serviced instructions, as
Valsted et al. [33] propose, would be an interesting solution by allowing users to alternate
between instructions and preferred music. This might also help runners that specifically
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need more information in the beginning of a run, but appreciate a less obtrusive sound
once the correct rhythm is found.

5.3. Limitations and Future Work

This study was primarily aimed to explore the effects of the different sounds; as
such, we limited the variables in the presented studies to different sounds—and did not
explore the effects of various breathing rates. Additionally, we acknowledge the number
of participants of each study, and the primary focus on female runners, as a limitation.
With the goal to minimize influences, we decided to run the studies indoor on a treadmill,
which limits our conclusions to this lab setting. In future work, we aim to explore how
breathing instructions via sounds can be designed in a more aesthetically pleasing way
and be integrated in a holistic sonic experience that complements the running experience.
Next to that, we aim to utilize the findings to instruct slower and faster breathing rates
and more complex breathing techniques such as LRC and extended exhales, and to explore
the effects on biomechanics and subjective experiences when instructing breathing rates
different than the preferred breathing rate measured in a baseline.

6. Conclusions

In this work, we presented two exploratory studies evaluating breathing effects of
instruction sounds on adherence and user experience, during the run. Study 1 explored the
effects of information richness for breathing instruction sounds in the context of running.
Study 2 expanded on these findings, evaluating more sonically enhanced sounds. Based
on the exploratory studies (N = 11 in study 1 and N = 11 in study 2), we concluded that
participants were able to stabilize their breathing rate regardless of information richness
of the sound. Participants indicated metronome sounds only on the breath cycle to be
more difficult to follow; therefore, it is advisable to utilize sounds with a cue on both the
inhalation and exhalation within research contexts and with users that are new to running
with breathing cues. Sounds that mimic the breath flow, such as the Accordion or the Breath
Sound, seemed to be relatively easier to adhere to. The aesthetic appreciation of sounds
was found to be highly individual and it is advisable to offer end-users multiple sounds to
choose from.
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Abbreviations
The following abbreviations are used in this manuscript:

BR Breathing rate (bpm)
BRV Breathing rate variability (%)
HCI Human–computer interaction
HR Heart rate (bpm)
HX Hexoskin smart shirt
LRC Locomotor–respiratory coupling
MAPE Mean absolute percent error
MRPE Mean relative percent error
tB Breath cycle time (from inspiration to next inspiration) (s)
tE Exhale time (s)
tI Inhale time (s)

Appendix A. Pre-Questionnaire Items (German)

Summary of the questionnaires:

• Sport biography
• Run experience
• Musical experience
• Breathing experience

Appendix A.1. Sport Biography

See Figures A1 and A2 for items related to the sports biography.

Figure A1. Sports biography questions (part 1).

Figure A2. Sports biography questions (part 2).
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Appendix A.2. Run Experience

See Figures A3–A5 for items related to the run experience.

Figure A3. Questions related to the participant’s running experience (part 1).

Figure A4. Questions related to the participant’s running experience (part 2).

Figure A5. Questions related to the participant’s running experience (part 3).

Appendix A.3. Musical Experience

To probe the participant’s musical experience, we used the German version of the
Goldsmiths Musical Sophistication Index [81].
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Appendix A.4. Breathing Experience

See Figure A6 for items related to the breathing experience.

Figure A6. Questions related to the participant’s breathing experience.

Appendix B. Semi-Structured Interview Guide (English)

We prepared an English and German version of the questions below. Dependent on
whether the participant was comfortable with English, we would proceed with English,
otherwise in German.

How did it go in general?

• Distraction from what was going on around?
• Speed breathing ok? Walking on the treadmill disturbing?
• Volume ok? Sound from outside?
• Enjoyable running with the sounds?
• Reasons not to adhere? Distracted, swallowing, towel, thoughts...
• Easy to do, also unfocused/multitasking possible, e.g., looking around, etc.?
• Please rank the sounds to your preference.

Discussion on sounds

• Which sound was easiest to follow?
• Which hardest?
• Strategies to follow?
• Couple breath to steps?
• How did you try to time br on the sound?

Interpretation of the questionnaires

• “sound nervt mich” question > how interpreted?
• Meaning of erschopft for you?
• Nutzlich?

Discussion on personal routines

• What normal running routines do you have?
• Do any special breathing while running usually?
• Music? Podcast?
• What are factors that make your run enjoyable?
• What makes your runs less enjoyable? (seitenstiche, etc.)
• Can you imagine using it during running for yourself >would it fit your personal

routines?
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