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ABSTRACT
We leverage breath as an input for playing Virtual Reality (VR)
instruments. Breath is an integral part of our life but rarely used
in today’s interactive device. We explore the potential of breath
input for instrument playing in VR. Specifically, our device uses
a microphone to detect exhales, which are then mapped to the
instrument audio in VR. As audio latency is an important factor
that influences the VR instrument playing experience, we perform
a technical evaluation of our current system’s latency and a Just
Noticeable Difference (JND) test with three human participants.
We also conduct post-session interview to understand participant’s
experience in playing the VR instrument. Our result shows that
beginner players found our system enjoyable and moderately realistic, while expert user was more critical about the latency and
lack of haptic feedback.
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INTRODUCTION

We constantly interact with the environment through the breath. It
provides us with the oxygen necessary to our survival and allows
us to regulate emotion [1, 5, 13], manipulate objects, and convey
feelings. Researchers also leverage breath test to detect biomarkers
for driving under the influence [9], tobacco smoke intake [12] and
diabetes [4]. Breath holds great potential for the development of
new non-invasive diagnostic methods [20].
However, looking into current interactive devices, we rarely see
breath input at the center of the stage. We see a tremendous growth
in interfaces such as touch screen, eyetracking, voice, and haptics in
recent years. We argue that sensing breath can open a wide range
of opportunities for subtle, intuitive, and private interactions. In
this work, we focus on the breath as input for instrument playing
in virtual reality (VR).
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Instrument playing usually involves a high cost of purchasing
instruments and professional training. Virtual reality enables beginners to learn to play different instruments without physically
owning them. Past works have explored the development of virtual
piano playing environment [3], mid-air haptic feedback to enhance
music playing experience [10], and mobile virtual reality for musical genre learning in primary education [17]. With handtraking
employed on VR headset and a set of haptic force feedback solutions
emerge [2, 8, 15], we see breath sensing as the next challenge for
instrument playing, especially wind instrument playing, in VR.
Figure 1 shows the final form factor of our device. Our ultimate
design of the breath sensing module leverages a microphone to
sense the breath exhale. We use a low-pass filter to remove highfrequency noise, normalize the microphone’s readings and check
against a threshold to determine whether the user is inputting. On
the VR side, we build up a scene for harmonica playing in a music
studio. For the device communication to sync breath sensing result
and instrument audio sound playing, we choose to use Bluetooth
Low Energy (BLE).
Beyond implementing the breath sensing system and integrating
it with VR, we also identify audio latency as an important factor
in deciding the VR instrument playing experience. To that end, we
performed a small pilot study (n = 3) that involves a Just Noticeable
Difference (JND) test to identify the human-perceptible latency of
VR instrument.
In summary, our contributions are two-fold. First, we implement breath as an input technique in VR. Specifically, building a
novel breath-based instrument playing experience in VR. Second,
we analyze the human-perceptible latency of VR instruments and
understand the participants’ enjoyability.

Figure 1: The final form factor of our system
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2 BACKGROUND
2.1 Breath Sensing in VR
There is a limited amount of work that explore breath as an input in
VR. To the best of our knowledge, Davies and Harrison were the first
to map inhalation and exhalation to movement in VR [7]. Recent
works have developed VR experience with breathing techniques
for a wider variety of contexts. Soyka et.al. [18] validated that the
VR underwater world in combination with breathing techniques
for relaxation was preferred to standard breathing techniques for
stress management. Scuba diving in VR also becomes possible with
a motion platform and breath sensing [11]. Inner Garden, a sandbox
that connects to physiological sensors, create a mindful interactive
experience by evolving the scene according to user’s breath and
heart rate data [16].
BreathVR [19] is the closest work to us, where they were the
first to deploy breath as an input device. The system classifies four
breathing states to map them with VR controller buttons in game
playing. However, BreathVR system has not been demonstrated in
the context of musical performance, where we expect more precise
sensing and complex processing for instrument classification to be
in-place. Human-perceptible audio latency for VR instrument also
has not been demonstrated in previous work.

2.2

Human-perceptible Audio Latency

As audio latency is an important link to deliver realistic and enjoyable experience, in this subsection, we want to go through previous
work that consider perceptible audio latency for digital instruments.
Wessel and Wright [21] in 2002 suggested that digital musical instruments should aim for latency less than 10ms. However, researchers
later pointed out that the threshold may highly depend on the context [14]. Dahl et.al. [6] testified that the perceptible audio latency
could be as large as 55ms. While previous work has hypothesized
and estimated the human-perceptible audio latency, none of those
work consider the context of VR instrument. In our VR instrument
scenario, the participants are not longer just an audiences but also
performers. Such context may provide us with new lens to understand human-perceptible audio latency.

3

SYSTEM OVERVIEW

We developed a system for playing instruments in VR. In the following subsections, we describe the system’s hardware, signal processing, VR design and device communication.

3.1

Hardware

Our system’s hardware, shown in Figure 2, is based around an
Adafruit Feather M0 Bluefruit LE board, which has two attractive features for our application: (1) ATSAMD21G18 ARM Cortex M0 processor, clocked at 48 MHz and 12 bit ADc resolution,
which makes it suitable for handling audio signals and (2) nRF51822
chipset, which enabled Bluetooth Low Energy (BLE) communication. While traditional Bluetooth is better suited to streaming data,
we opted for its low energy successor for its efficiency and because
as we describe in subsection 3.2, we opted to do all signal processing
on the controller, rather than stream the raw data. We use a MEMS
microphone wired to the board’s analog input to read the signal.

The system operates wirelessly on a 150 mAh battery. To contain
the system and mount it to a headset, we designed a custom, 3D
printed enclosure. Overall, the input device is compact and inexpensive ($50 of hardware, with room for further cost reductions by
cutting down on over-engineered/under utilized components).

Figure 2: Open faced image of our assembled input device,
featuring a microcontroller (MCU), wireless communication (BLE), and microphone

3.2

Signal Processing

Signal processing is a critical operation for our input technique.
An ideal signal processing technique would be thorough to get
accurate data and develop certainty; however, it must also be efficient so as to not add significant latency into the system given
how sensitive humans are to audio latency. We first considered
doing Time-Frequency decomposition using a Short-Time Fourier
Transform (STFT) to process the microphone data based on its
principal frequencies, a factor by which we may classify types of
breathing. However, in practice, we found STFT to be too dependent upon having a fixed sampling resolution. A wider sampling
window resulted in better frequency resolution at a cost to time
resolution, whereas, a narrow sampling window resulted in better
time resolution at a cost to frequency resolution. Instead, we opted
to use a low-pass filter to remove high frequency noise from the
microphone readings. We then perform operations to convert the
audio signal into a normalized representation of the overall sound
pressure level. We then compare the sound pressure to a calibrated
threshold value to determine whether the user is exhaling to play
the instrument. If the user is playing a note, the system sends a ‘1’
bit to the VR headset via BLE. To avoid false positive signals, we
activate a short debounce period following the BLE signal.

3.3

VR Design

With breath sensing in place, we also design and create the VR
environment. For our first prototype, we choose harmonica as the
VR instrument. It is because that the harmonica playing is purely
based on breath input and require minimal haptic feedback. Figure 3
shows the harmonica model used in our VR scene. As for the whole
VR environment, we implement a music studio scene, where the
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user is placed into a training session and asked to practice instrument. We also enable to hand tracking on Oculus VR headset for
users to freely explore the VR scene. Figure 4 shows the whole VR
scene we implement.

Figure 5: Device communication pipeline
to find where the breath began and where the sound output began,
as shown in Figure 6.
The results show that the OSC-BLE pipeline results in 2̃80ms
latency and our BLE pipeline results in 2̃00ms.

Figure 3: Harmonica model used in VR scene

Figure 6: Latency measurement with audio analysis

4.2

Figure 4: A long shot of the VR environment

3.4

Device Communication

In our system, it involves sending breath detection from the microcontroller to the VR headset to trigger instrument audio. To
facilitate that communication, we try out several communication
protocols. We start with using Bluetooth Low Energy to send the
detection result from microcontroller to a middleman PC and then
transfer the data from PC to a VR headset with Open Sound Control
(OSC). The advantage of this pipeline is the ease for debugging.
However, one major drawback of this method is that the existence of
the middleman device creates more latency for our system. For the
final version, we cut off that middleman and directly transfer data
from the microcontroller to the VR headset using BLE. It secures
the speed and low-energy application. Our device communication
pipeline is demonstrated in Figure 5.

4 PILOT STUDY
4.1 Latency Measurement
We started the pilot study with a technical evaluation of the latency
in our system. We performed the evaluation for both BLE-OSC
pipeline an ad BLE pipeline. To measure latency from the user’s
breath input to the sound’s output, we recorded video and audio of
blowing into the mic. In the audio analysis software, we were able

User Study

To determine the performance of our device from the perspective
of users, we ran a human subjects study. Our study was designed
in two parts: (1) free play, in which participants were allowed to
freely explore the VR scene and experiment with the input device
and (2) Just Noticeable Difference (JND) evaluation, in which participants’ perception of the system’s latency was evaluated. Since
we intentionally inject latency into our system during the JND
study, we specifically designed the study flow such that the free
play phase came first so as to not bias the participants’ impression
of the system.
We recruited 3 participants for the pilot study. Participants were
close friends of the investigators and special care was given to
following social distancing guidelines and hardware was sanitized
before and after the study. Notably, 1 participants was had significant prior experience with VR, whereas the other 2 participants
were inexperienced.
4.2.1 Free Play. During the free play phase of the study, participants were introduced to the system, shown how to interact with
the VR scene, and taught how to use the input technique to play the
virtual harmonica. After participants explored the scene and device
capabilities for 5 minutes, they were presented with a questionnaire
to gauge their impression of the system. The questionnaire used
asked the following:
(1) On a scale from 1 to 5, where 1 indicates very unenjoyable
and 5 indicates very enjoyable, how would your rate experience with the VR harmonica?
(2) On a scale from 1 to 5, where 1 indicates very unrealistic and
5 indicates very realistic, how would your rate experience
with the VR harmonica?
(3) Would you consider using this system in replacement of a
real harmonica or other instrument?
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(4)
(5)
(6)
(7)

What benefits did you find from using the VR harmonica?
What limitations did you feel within the system?
What could add to the experience?
Is there anything else regarding the experience you’d like to
share?

4.2.2 JND Evaluation. During the JND phase of the study, we performed a psychophysical evaluation of the perceptible latency. The
JND is defined as the degree by which something must be changed
for a difference to be noticeable, detectable at least half the time.
In the case of our design, we sought to find the threshold at which
latency is barely perceptible. Our study procedure followed a staircase procedure, in which we injected a controllable latency. In
each trial, the participant would blow into the microphone when
prompted and wait to hear the resulting sound. We then asked
whether the latency was perceptible. If the latency was perceptible,
the latency was decreased in the following trial. If the latency was
not perceptible, the latency was increased in the following trial.
The study began with an additional 100 ms of delay injected into
the system for a total of 300 ms delay, a noticeable starting point.
We ran 65 trials, such that the injected latency settled about the
just noticeable difference. To calculate the just noticeable delay, we
take the average of the last 15 trials.

5

RESULTS

In the following subsections, we report the results of our pilot user
study.

5.1

Result of Free Play Phase

As a product of our low sample size, we opt for reporting the qualitative results due to a lack of statistical significance. First, we found
that the impression of the VR experience depended upon the participant’s prior exposure to VR. The inexperienced participants found
the system to be both enjoyable and realistic. On the other hand,
the experienced participant found the system to be less enjoyable
and realistic. When asked to elaborate upon their ratings, the experienced participant expressed that they could feel the latency in
the base case, which detracted from the system’s realism.
When asked whether the participants would consider using this
system in replacement of a real harmonica, 1 participant stated they
would consider it. All participants expressed that they would be
interested in using the system for replacing larger wind instruments,
stating that not requiring to have to store a physical instrument is
a benefit of our approach. Additionally, 1 participant commented
that there is less commitment involved with a virtual instrument
when compared to its physical counterpart. A common limitation of
the system mentioned by participants was the lack of interactivity
with the VR scene; participants wished that they could move the
instruments within the environment. Another common sentiment
expressed by participants was that there was a need for additional
feedback, such as tactile cues from a physical prop, similar to what
would be offered by a physical instrument.

5.2

Result of JND Evaluation

We present the result of the JND evaluation in Figure 7. As shown,
the experienced participant (P3) felt the system’s latency from the
300 ms maximum (100 ms injected delay) all the way down to the

best case scenario of 200 ms (0 ms of injected delay). However,
the inexperienced participants settled out at an average injected
delay of 81.3 ms (2̃81.3 ms total latency). Therefore, we found the
threshold of latency perception is higher for inexperienced users
than experienced.

Figure 7: All participant data from the JND evaluation: injected delay vs trial number

6

DISCUSSION

The results of our pilot study raise important points for discussion
and insights regarding the device’s performance. First, we found a
clear distinction between the results of the experienced participant
and the inexperienced participants, where the experienced participant was more capable of noticing the system’s latency. Given that
audio latency is especially salient within the context of music, it is
critical to reduce it beyond perception in digital systems. Thus, in
the case of an experienced user, using a wired connection between
the headset and microcontroller would be preferred to reduce the
latency associated with wireless communications. Additionally, participants expressed that more physicality would result in a more
enjoyable experience. This could be implemented via interactive
objects in VR and an accompanying physical prop that mimics the
haptics of the virtual instrument. In the case of the inexperienced
users, this would be easier to physically implement by letting the
prop communicate over BLE. For a user that requires speeds afforded by a wired connection, the addition of tethering to a physical
prop would likely reduce its mobility and usability.
As revealed in our technical evaluation, a significant contribution
of the system’s latency came from the Oculus Quest headset’s
internal audio processing, rather than the communications and
processing of the developed device, which performed on par with
existing commercial bluetooth audio devices1 . This latency intrinsic
to the headset poses a bottleneck to future development of VR
instruments, despite their exciting potential use cases.

7

CONCLUSION

We implemented an under-explored input technique for playing
instruments within VR via a wireless microphone module. We designed a hardware system, communication framework, and VR
1 https://semiserious.blog/latency
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scene to enable the new interaction modality. Because latency is especially harmful to the usability of digital instruments, we designed
for low latency and evaluated the performance of our system in a
pilot study, both technically and on human subjects. Our technical
evaluation found 200 ms of delay from start to finish due to audio
processing and delays native to the Oculus Quest. Our pilot user
studies indicate that perceived latency may be dependent upon a
user’s prior experience with VR. Therefore, to handle this novelty
effect, it is important to develop low latency systems by considering
the communication methods between devices. Through this lens,
we have examined the state of a current, complete system that users
might employ to create their own VR instruments.
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