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Abstract

Though the advent of virtual reality technology has brought about
the development of many new softwares and tools for the platform,
virtual musical instrumentation remains relatively unexplored. This
is largely due to the challenges posed by the control schemes of most
virtual reality hardware. This bottleneck makes it difficult to design
an intuitive musical instrument capable of rivaling physical instru-
ments in expressive capability. This thesis aims to break down these
challenges and build a new virtual reality musical instrument that
overcomes them, or else that will yield new information on how a
future iteration could overcome them.

Drawing on prior work in the field, a monophonic virtual instru-
ment is built on the HTC Vive virtual reality system. This instrument
is designed with the goal of allowing new users to make music rela-
tively quickly, and practiced users to achieve a high level of musical
expression, comparable to that of a traditional western orchestral in-
strument. The resulting theremin-like instrument is evaluated by the
author, and an experimental design is outlined for future subjective
studies involving multiple participants. This project is ongoing and
will eventually be re-iterated and extended to become a larger music-
making environment.
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1 Introduction
Virtual reality is an emerging technology that allows people to replace their
real-world audiovisual experience with that of a virtual environment. Within
recent years, this technology has substantially grown, finding widespread suc-
cess among those seeking more immersive experiences for gaming, creation,
and social interaction. As is common with emerging technologies, virtual re-
ality has been the subject of extensive musical experimentation. Developers
and musicians have explored virtual concerts, DJing, composition, and more.
The goal of this thesis is to contribute to the development of musical tools
within virtual reality (VR) - specifically, the development of virtual reality
musical instruments (VRMIs).

In all of the commotion surrounding VR, real-time musical instrumen-
tation has received relatively little attention. More specifically, few VRMIs
have been developed that truly rival modern physical instruments in ex-
pressive potential. Many exist that allow for the creation and playback of
pre-made compositions or the live patching of virtual objects, but few allow
for real time performance of traditional melodies and harmonies. The few
that do have room for improvement in terms of expressive capability and
natural control. With the development of a more accessible and expressive
VRMI for live music creation, musicians will have better tools with which
to express themselves in the virtual world - especially those accustomed to
playing traditional instruments.

The goal of the present research is to design and develop a fully expressive
monophonic VRMI to the extent that modern virtual reality hardware and
software allows. The instrument will be able to create the sort of melodies one
might expect to find in modern Western music. Additionally, the instrument
should be simple and enjoyable to play, but with a high ceiling for expressive
possibility should a player practice for an extended period of time. Finally,
the instrument will be designed for a common commercial virtual reality
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system. The main challenge of this research is the massive design hurdle
posed by such virtual reality systems. Controllers intended for gaming must
be re-purposed for real-time music creation, forcing the designer to rethink
how music is and can be made.

After its creation, the instrument will be evaluated to determine how well
it satisfies its design criteria, and how it might be further improved. Future
work will include reiterating on the instrument’s design based on subjec-
tive feedback, and expanding the musical environment to include recording
capabilities and voice selection. On completion, the instrument may be dis-
tributed to VR users globally through a standalone application or through an
existing musical application. It is hoped that this instrument will give musi-
cians new abilities within VR, enabling greater musical connectivity among
musicians and listeners within in the VR landscape.
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2 Literature Review

2.1 Virtual Reality

In 1965, computer scientist Ivan Sutherland theorized an “Ultimate Display”
consisting of a room within a computer that could create and destroy objects
just as real as those found in the world around us [Sutherland, 1965]. In
his words, this display would be the ”Wonderland into which Alice walked”.
Sutherland would later develop the graphics technology necessary to produce
the illusion of viewing a 3-dimensional space though a headset, incorporating
the movement of a user’s head with a head-tracking system [Sutherland,
1968]. Years afterward, pioneers like Jaron Lanier would use this technology
to develop proper commercial headsets, capitalizing on, in his words, ”an
ability to be free of physical constraints on the sources of experience” [Lanier
and Biocca, 1992]. Lanier’s company, VPL, would release a system called the
RB-2, simultaneously coining the term ”virtual reality”. Since then, virtual
reality technology has advanced by leaps and bounds, finding its way into
common usage [Sherman and Craig, 2018]. With modern competitively-
priced virtual reality systems like the Oculus Rift and HTC Vive, it is a
better time than ever to find an audience for virtual reality creations.

2.1.1 VR Hardware Platforms

While head-mounted devices (HMDs) with handheld controllers have essen-
tially become the standard hardware platform for commercial VR, it is worth-
while to explore other options to gain a sense of the broader landscape of
virtual reality hardware. These alternatives have included simply showing
the viewer a standard monitor, placing a binocular-like device over the user’s
eyes, or placing the subject in a room with projections on its walls [Cruz-
Neira et al., 1992]. The binocular-like device mentioned, termed BOOM
(Binocular Omni-Oriented Monitor), is suspended over the user and gauges
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its position using an articulated arm. While the BOOM style is less invasive
than HMDs and relieves the user of potential neck strain, it is inconvenient
when applied to larger-scale distribution. The last option listed is a more
popular method, offering a distinct alternative method for visualizing a vir-
tual environment. Dubbed the CAVE 1 in its first iteration, this approach
projects the virtual environment on the walls of the room surrounding the
user, rather than feeding images directly to the user’s eyes. This method
utilizes head-tracking, like an HMD, in order to properly adjust the perspec-
tive of the projected images as the user moves around the room. The CAVE
system is non-invasive with a field of view limited only by the user’s field
of view, giving the system an advantage over traditional HMDs. However,
due to the increased portability and convenience of head-mounted systems,
HMDs have found more widespread success. In recent years, modern HMDs
like the HTC Vive or Oculus Rift have found their way into the hands of
millions of users, making these platforms ideal for large-scale development.

2.1.2 Augmented Reality and the RV Spectrum

While virtual reality is the primary focus of this research, it must not be
ignored that VR is part of a larger spectrum of mix reality (MR) medi-
ums. Augmented reality, for example, offers abilities similar to those of VR,
but incorporates sonic and/or visual elements of the user’s surroundings as
well. In other words, rather than fully replacing the user’s audiovisual input,
augmented reality (AR) adds some virtual imagery and sound to already-
existing visuals and sound from the real world. AR, VR, and MR can be
related by a spectrum called the “reality-virtuality continuum”. This scale
encompasses the spectrum of possible virtual and real combinations and is
visualized in Figure 1 [Milgram et al., 1995]. This continuum says that a
mostly real environment with some virtual components is augmented reality,

1This highly recursive acronym stands for CAVE Audio-Visual Experience Automatic
Virtual Environment
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and a mostly virtual environment with some real components is augmented
virtuality. Any environment that combines the real and the virtual is known
as mixed reality, or MR.

Figure 1: Milgram’s RV Continuum

The introduction of real-world components to virtual reality opens an
entirely new realm of possibility. Users can interact with physical objects
while watching as they are transformed by virtual imagery, or described
by informational displays. While not as completely immersive as absolute
virtual reality, the benefits of AR are often desired for certain applications
of the technology.

2.1.3 Music Within Virtual Reality

As one might expect, music has been a prime subject of study within this
emergent reality-virtuality landscape. In fact, when Jaron Lanier first coined
the term “virtual reality” in the mid 1980’s, he demonstrated and popularized
the concept by performing virtual instruments [Barrass and Barrass, 2006].
As one might imagine, the possibilities for intersection between the world
of music and the world of MR are limitless – one can recreate traditional
instruments within VR, invent novel instruments specific to VR, or use AR
to amplify the creative experience of playing a physical instrument. However,
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before exploring this vivid new field it is important to study the design of
musical instrumentation in general. It will then be possible to explore how
that design process is impacted by the introduction of virtual reality.

2.2 Creating New Musical Instruments

In creating a new musical instrument, especially within an unexplored medium,
creators may become overwhelmed by the number of possibilities available
to them. As such, it becomes useful to formalize the creative process to some
degree. This sentiment is reinforced by the following quote,

“Framing a design space serves the purposes of designers, pro-
viding them with concepts that systematize their thinking and
stimulate thought. It can inspire design, reveal potential prob-
lems, and act as a reference point for future studies on user ex-
perience.” [Morreale et al., 2014]

Several frameworks have been laid out in the literature, aiding in the
categorization and design of musical instrumentation.

2.2.1 Categorizing the Instrument

In order to specify a prospective instrument’s place within the continuum of
musical instrumentation, it is necessary to, as best as possible, identify its
category.

While digital and virtual instrumentation is yet an evolving field, tradi-
tional acoustic instrumentation can be classified using the Hornbostel-Sachs
classification of musical instruments [Von Hornbostel and Sachs, 1961]. This
system is widespread throughout organology (the study of musical instru-
ments), and often used as a de facto method of instrument classification [Lee,
2020]. This classification system divides musical instrumentation by the
source of their sound. The four main classifications are idiophones, where the
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sound originates from the instrument’s body, membranophones, which use
a stretched membrane, chordophones, which uses strings, and aerophones,
which use resonating air. A fifth category arose later which the advent of
electronic instruments - electrophones. These five categories encompass a
large portion of instrumentation, but fail to capture the emerging possibilities
of gestural and virtual instrumentation. At best, these sorts of instruments
can only be lumped into the ”electrophones” category.

With respect to virtual instruments, a division can be made between
virtual reality musical instruments (VRMIs) and virtual musical instruments
(VMIs). VMIs, as opposed to VRMIs, aren’t necessarily related to virtual
reality, but are instead generally defined as being software emulations or
extensions of musical instruments with a focus on the sound itself [Serafin
et al., 2016]. VRMIs are similar, but also include an immersive visualization
component presented to the user in some way - through a head-mounted
device (HMD), for example. The present research focuses on VRMIs, and so
the element of visualization is carefully considered.

A final example of a more abstract categorization method is the balance-
of-power continuum [Johnston et al., 2009]. This scheme organizes VMIs by
how much power they give to the musician with respect to the music that
is created. Instruments that give complete power to the users are “instru-
mental”, and those that create a large portion of the music themselves, with
only minimal control from the user, are “ornamental”. Instruments that fall
between these two categories, that have a give and take, are called “conver-
sational”. Instrumental type instruments are more traditional, like violins,
trumpets, or guitars. These assume the user wishes to have absolute control
over the sound produced by their instrument. Ornamental type instruments
allow the user to relinquish control and use the instrument as a tool for creat-
ing new content. An awareness of where a new instrument might fall on this
spectrum gives great perspective on the sorts of situations it might be used
in, and on the sorts of people that might use it. In the present research, the
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goal is to create an instrument that falls more on the instrumental side, giv-
ing the player the same sort of control that one might expect from something
like a trumpet or drum. This means that the instrument should have a clear
set of controls, with little to no unexpected sound caused by the instrument
itself.

By deciding where an instrument might fall within these and other cat-
egories, it becomes more clear how the instrument might be designed and
constructed, as well as how musicians might interact with it. However, the
creation of new instrumentation, as is the goal here, might suggest categories
not yet well-defined. Thus, it is important to not rigidly lock oneself into pre-
existing categorization systems, as this could stifle the designer’s exploration
of new territory.

2.2.2 Designing the Instrument

Many instrument creators have formulated frameworks and structures for de-
signing new musical instrumentation. Whether designing an acoustic, elec-
tronic, or virtual instrument, the overall objective tends to be satisfying
users of the instrument. The methods for accomplishing this goal are varied,
though we can begin with the advice of Perry Cook, a principle figure in
designing new instruments for musical expression (NIME).

Cook outlines a complete set of principles for new instrument design,
amongst the most important of which is “Copying an instrument is dumb,
leveraging expert technique is smart” [Cook, 2017]. This advises the instru-
ment creator to not simply replicate existing instruments in a new medium,
but instead to focus on the techniques required to play those instruments and
see how they could be transferred to the new medium instead. This places
the emphasis on catering to the musician’s hard-earned skills, rather than
preserving the form of the original instrument and requiring the musician to
re-learn it in a new context. Cook also advises that “New controllers suggest
new algorithms”. This suggests that one should look closely at what the new
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medium under consideration can offer and grow from there. This sentiment
is shared by Serafin et al., who also outline a set of design guidelines, but
specifically for VRMIs [Serafin et al., 2016]. Their research reiterates that one
should not just replicate the interfaces of existing instruments within virtual
reality, but extend them, making use of the unique capabilities made possi-
ble by VR. These principles support a general design philosophy of working
inside-out from the design medium, rather than forcing existing structure
onto it.

A common focus of virtual instrument design is the feeling of connection
between the musician and the virtual instrument and environment. This
strives to give the player the impression that their actions are recognized
by the environment and impactful on the music created. A basic require-
ment for this to be the case is unnoticeable latency between the player’s
physical actions and the audiovisual result within the virtual environment.
Any noticeable latency could introduce a disorienting disconnect between
the player’s intent and audiovisual feedback [Serafin et al., 2016]. Serafin
et al. also stress the importance of representing the user’s body in some
way within the VR environment, as this heightens the sense of immersion
and ownership of their virtual presence. Further guidance is drawn from the
work of Ge Wang, who encourages the designer to make the music real-time
whenever possible, rather than recorded and played back [Wang, 2016]. This
gives direct feedback to the user, informing them that their actions have an
impact. Wang also recommends a similar treatment for the visuals of the
environment, designing sound and graphics in tandem. By interconnecting
the user’s actions with the environment’s visuals and sounds, musicians can
form a closer relationship with the instrument, enabling a more direct musical
flow.

Virtual instruments are uniquely situated within the field of NIME in
that they allow for a wide separation of control interface and sonic palette.
Because the instrument exists primarily within software, one can cater the
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instrument’s interface to capabilities the performer already possesses, thus
wearing down the learning curve for the instrument. While it is tempting
to produce a maximally simplified interface to prioritize ease-of-use, this is
not necessarily desirable. Some performers prefer to operate at their “per-
formance boundary”, where performance is more of a challenge and the per-
former may more fully express themselves [Mulder, 1998]. It is reasonable
for a performer to expect that their instrument will be well matched to their
psycho-physiological capabilities, which requires that the instrument have a
high upper bound for expressivity, as well as consistent responsiveness to the
actions of the performer. F. Richard Moore calls this quality “control inti-
macy” [Moore, 1988], stating that the instrument should be able to capture
the performer’s “micro-gestural” movements and represent them as qualities
of the produced sound. Moore says

“That is simultaneously what makes such devices good musical
instruments, what makes them extremely difficult to play well,
and what makes overcoming that difficulty well worthwhile to
both the performer and the listener.”

From this we may conclude that it is important for the virtual instrument
to be capable of responding to the most minute actions that a performer
may be capable of producing. Because of the nature of virtual music instru-
mentation, with the interface being separate from the sonic implementation,
it should be more possible then ever to design an instrument that properly
suits the capabilities of an able instrumentalist. This is further bolstered by
the fact that modern hardware is capable of capturing a performer’s actions
with great resolution and immediacy. These emerging possibilities make it
more possible than ever to create instruments that respond immediately and
intuitively to the actions of a performer.

In his research on virtual instrument design, Axel Mulder lists seven de-
sign requirements for creating a successful VMI, which broadly summarize
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the points that have been discussed here [Mulder, 1998]. These requirements
are the bare minimum framework required to generate a VMI that is fully
useable in a musical context. The most important of these requirements
are manipulation, sonification, and display. Manipulation indicates that the
control surface of the VMI is interactable using familiar gestures. This is a
given for any virtual instrument – otherwise it would be unusable to all but
carefully studied users. Sonification represents the other half of the instru-
ment, indicating that the manipulations carried out must have an audible
effect on the sound produced. Finally, the display component requires that
the control surface, manipulations, and sonification be visually represented
in some way to give useful feedback to the performer. While these are the
core requirements of designing a VRMI, Mulder also includes other items
like sensing as many parameters as possible, real-time computation to re-
duce latency, and adaptability to allow users of different style and stature
to adjust the instrument to their liking. While more consideration must be
given past these core design necessities to design a good instrument, Mulder’s
requirements provide a solid foundation on which to build.

2.3 Evaluating New Musical Instruments

Once an instrument is designed and created, it is important to critically
evaluate its performance, preferably with the help of others’ subjective eval-
uation. Once feedback is gathered, it should then be possible to identify
portions of the instrument that can be improved, or additions that can be
made. This is an iterative process, ultimately leading to the design of an
instrument that fulfills its design criteria and satisfies users.

While an obvious method of evaluation is to determine how well an in-
strument meets its design criteria, more recent techniques have favored a
“user-experience” method rather than the traditional evaluation [Johnston,
2011]. Johnston’s user-focused approach asks users to make music with the
provided instrument, but specific tasks are never assigned. Instead, the mu-
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sicians are observed using the instrument however they wish, allowing the
researcher to learn how their instrument is used without restricting the user
to the limits of their own design intent.

Johnston suggests that the researcher explicitly define and explain all
design criteria relevant to the created instrument, in order to make their
intentions explicit and open to evaluation. He then proposes three primary
questions that should be answered in the instrument’s evaluation process:

1. Do the instruments that have been created meet the design
criteria identified during design?

2. How do musicians experience them?

3. What are the relationships between the characteristics of the
instruments and the musicians’ experiences?

These questions are intentionally open-ended, allowing the researcher to learn
about their own instrument from the user’s perspective, rather than solely
through the lens of their own design intent.

Johnston also uses ideas from grounded theory, first presented by Glaser
and Strauss [Glaser et al., 1968]. This suggests a method for the analysis of
qualitative data gathered during a subjective experiment. In the context of
Johnston’s research, as well as the present research, this translates to “open
coding”, or transcribing video and audio recordings of the subjects during
their use of an instrument, then “memoing”, or taking notes as the researcher
makes connections and notices patterns in the data. These memos are then
sorted to build theories that are “grounded” in the qualitative data that has
been gathered. This approach benefits from having the subjects think aloud
during the experiment, giving more data points throughout the course of the
recording that may contribute to any developing theories.

Further insight is drawn from Brian Shackel, who understands that instru-
ment design is not just about focusing on the user side of the equation, but
also on the “dynamic interaction” between the user and the system [Shackel,
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2009]. In his research, Shackel is concerned with the concept of usability,
which he defines as “the capability to be used by humans easily and effec-
tively”. While his work is relatively far removed from musical instrument
design (focusing instead on computer visual display terminals), it offers a
valuable framework for evaluating the usability of instrumentation in gen-
eral. Shackel defines four operation criteria to evaluate usability. Effective-
ness, the first, asks if users were able to perform well with the tool - After
learning and understanding the instrument, did players exhibit high perfor-
mance? The second criteria, learnability, asks how difficult the tool was to
learn. This is very important for allowing beginners to learn an instrument
without becoming too discouraged from the get-go. The third criteria, flex-
ibility, tests if the tools could adapt to unexpected situations that deviate
from the initial expectations. The final and most critical criteria is attitude.
Does the instrument cause the user anguish? At the end of the day, is the
user satisfied? If one is truly aiming to design and evaluate their instru-
ment in a user-centric way, the user’s attitude coming out of their musical
experience should be the most important factor in design.

2.4 Existing Virtual Reality Musical Instruments

Within the context of VR and AR, there has been an enormous amount of re-
search conducted on new instrumentation. These past instruments may seve
as case studies and often yield valuable lessons from which better instruments
may grow.

One such set of VRMIs come from Mäki-Patola et al. who designed instru-
ments for a CAVE-style virtual environment [Mäki-Patola et al., 2005]. Four
instruments were created for this medium: a virtual xylophone, a Theremin-
like FM synthesizer, a virtual membrane, and an air guitar. This ”air” guitar
offers a particularly interesting control scheme, and appears to follow Cook’s
guideline that “New controllers suggest new algorithms”. With this instru-
ment, a guitar string is represented by a virtual line connecting the user’s
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hands. By quickly moving the right hand up and down, one can pluck the
string. Pitch is then adjusted by changing the length of the line between
the hands. This instrument’s control scheme integrates seamlessly with the
technological setup available – that is, where the position of each hand is
continuously tracked. Another of Cruz-Neira’s instruments, the virtual xy-
lophone, does not integrate as seamlessly into the environment. Specifically,
it fails to follow one of Cook’s other (more harsh) principles: “Copying an
instrument is dumb, leveraging expert technique is smart”. This VR vibra-
phone copies the real instrument, despite the fact that the virtual version
cannot give tactile feedback as the physical instrument can. With percussive
instruments like the xylophone, one typically cannot “leverage expert tech-
nique” without introducing physical surfaces to the player. In order to play
well, and with any kind of speed, percussionists rely tremendously on tac-
tile feedback from the mallet with which they strike their instrument. While
percussive speed in VR can be mimicked by rapidly moving the mallet succes-
sively through the top and bottom of a surface, such an instrument should be
designed intentionally and with care. Mäki-Patola’s instruments were later
evaluated by Serafin et al., who noted that passing through an interactive
virtual membrane with no tactile feedback could also trigger “cybersickness,”
causing an “upsetting experience” [Serafin et al., 2016]. These factors make
it particularly difficult to design an adequate percussive instrument in virtual
reality.

One way of dealing with this lack of tactile feedback when interacting
with virtual musical instruments is to synchronize the virtual instrument
with a real instrument. The work of Desnoyers-Stewart does this with a
MIDI keyboard, synchronizing the position of a virtual keyboard with that
of a real one, adding virtual controls as well [Desnoyers-Stewart et al., 2018].
This concept was sound in theory, but suffered from synchronization issues in
practice. Additionally, users had trouble identifying which controls had real-
world counterparts and which were purely virtual. Boem and Iwata have
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also proposed a similar solution, designing real haptic interfaces through
which musicians can indirectly create sounds [Boem and Iwata, 2018]. Their
philosophy is interesting, as they state, “We think that in a VRMI a user
gets in touch with the instrument as an object, not as a sound.” Their
instrument, Volflex, involves pressure and volume-controlled balloons that
the user may touch in order to control the resulting sound. This interface
can be mirrored within virtual reality, showing the user the positions of the
real-world balloons. This tactile approach increases the playability of the
virtual instrument through the user’s intuitive sense of touch.

Another way to overcome the lack of physical objects within VR is to
introduce momentary vibrational haptic feedback. Hwang et al. explored
this option using a grid of ultrasound-emitting transducers placed on a table,
providing haptic feedback for a virtual piano [Hwang et al., 2017]. This
system could be configured to either generate a short pulse whenever the
user hit a piano key or provide adaptive feedback reminiscent of the force a
pianist would feel from a physical piano key. Another solution is to use the
tactile feedback present in the handheld controllers of most modern virtual
reality system. This feedback can generally be configured to activate with
variable frequency and length, allowing the designer to give feedback for a
variety of situations within the virtual environment.
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3 Method

3.1 Hardware and software tools used

In deciding which hardware platform to use, the broader style of virtual
reality first had to be chosen. The options were essentially between the
popular head mounted device style of modern consumer VR, and the less
invasive CAVE style. The CAVE style, requiring a fairly large, precise, and
expensive hardware setup, is far less readily available than the HMD, which
is commonly sold for consumer use. As the focus of this research was the
development of a VRMI, a consumer-ready HMD was chosen to avoid hav-
ing to spend a significant amount of time constructing and maintaining a
CAVE-like virtual reality environment. This would have involved securing
a dedicated room for the environment, organizing a way of visualizing the
environment on the rooms’ walls, and setting up a functioning head tracking
system. Additionally, although HMDs offer a reduced range of vision and
are somewhat more intrusive, they are far more popular among the general
public, allowing the created instrument to reach more users once complete.

An increasing number of HMD-based VR systems are available for use,
usually exposing an SDK to allow developers to create environments and
games for the system. The two most popular systems presently available are
the Oculus Rift and the HTC Vive. While both systems are widely used
and relatively easy to develop for, the virtual reality platform chosen for this
project is the HTC Vive due to its ability to operate at room-scale. This fea-
ture allows users to map an entire room to a larger virtual space while wearing
the HMD, granting more freedom to the instrument designer. The Vive, like
other similar systems, provides head-tracking, a pair of tracked handheld
controllers with haptic feedback, and a continuously updated visual output
through an HMD. Infrared sensors in two nearby mounted “lighthouse” sta-
tions track the Vive headset and controllers. The position and rotation of
the user’s hands and head can then be detected and used to interact with a
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virtual environment.

3.1.1 The Vive’s Inputs and Outputs

Before discussing the design of this project’s VRMI, it is necessary to fully
analyze the inputs and outputs made available by the Vive – in particular,
by its handheld controllers. These controls are effectively the bottleneck
for control of the virtual instrument. While some instruments have a cus-
tom interface, the instrument created here should work with the unmodified
hardware provided with the Vive. Although this is a limiting scenario, it
provides a challenging creative exercise and, if it results in success, a useful
new musical controller for an already popular virtual reality platform.

Figure 2 shows the front and side view of a single Vive controller 2. It is
gripped in the palm of the hand, with the thumb hovering over the circular
XY Pad on the front (2), and the index finger resting on the trigger on the
back (7). There is no difference between the left and right controllers, except
for that which the VR application decides. Generally, the application is able
to automatically determine which controller is present in each hand as the
user begins using them, allowing the appropriate controls to be mapped to
the application.

Each controller has a variety of input controls - some continuous, and
some binary. The continuous controls consist of a 2-dimensional circular XY
pad of the controller’s front and a trigger on its back. Each of these controls
has a button built in - the XY pad when pressed down, and the trigger at
the end of its range of motion. This means that these controller pairs are
not independent of one another, and must be considered in tandem. This co-
dependence has interesting consequences in the context of designing a musical
instrument. In order to depress the XY pad button, for example, the XY pad
must necessarily be in use. This means that whenever the button is pressed,
the controller is simultaneously broadcasting an XY position from the pad.

2Taken from HTC Vive’s website
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Figure 2: A simplified view of the HTC Vive handheld controller

Interestingly, it is possible to keep the button pressed while continuously
moving one’s thumb to use the XY pad normally. It is unclear if this could
be musically useful, or even practical to do. The other co-dependent control,
the trigger button, requires the trigger to be fully depressed in order to use
the button at its end. This means that while the button is depressed the
trigger will always be broadcasting a value of 1.00. These facts require that
the use of the trigger button be coupled with the use of the trigger itself, and
that the use of the XY pad button be coupled with the pad itself. While this
is more limiting than having independent continuous controllers and buttons,
it is at least somewhat necessary in order to allow all these controls to be
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accessible by a single hand.
Apart from the XY pad and trigger, the final musically useful physical

input on the Vive controller is the grip control (8). This button is present
on each side of the controller, but are not two independent buttons. Rather,
pressing one serves the same function as pressing the other - they are mechan-
ically coupled. These grip buttons are somewhat awkward to use, especially
in conjunction with the other controls. In a musical context, it is expected
that the trigger and XY pad will offer the greatest utility of the controller’s
physical inputs, as they allow for the greatest control. The final two buttons
(1) and (3) are the menu and system buttons, respectively. These are not
musically useful in real-time performance, as the menu button is typically
reserved for displaying an in-game settings menu of some kind, and the sys-
tem button is reserved by the Vive for global settings and quitting out of the
current game or environment.

The Vive also tracks each controller’s position and rotation in space, as
controlled by the user’s arm and body positions. These are the controls that
encourage larger motions of the user’s body, potentially giving a performance
a dance-like structure. Both controls are defining aspects of both the Vive
and virtual reality systems in general, making up the bulk of the interaction
with the VR environment. While both position and rotation of the hand are
musically useful for controlling input parameters, controller position is more
limited with regard to quick or precise movements due to the inertia of the
arms and controllers. Rotation, on the other hand, is more easily adjusted
and more readily mapped to parameters like cutoff frequency or volume.

The final input available to the Vive user is the position and rotation
of the HMD itself. These values correspond to the user’s head position and
rotation, and are primarily used to properly orient the displayed view of
the virtual environment as seen by the user. This allows for the illusion of
physically viewing, moving around in, and existing within the virtual envi-
ronment. Additionally, the position and rotation of the user’s head can also
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theoretically be used as input values for a musical instrument. While this
is very much an unconventional idea, it should not be entirely ignored in
designing the instrument. However, the head is clearly not a body part that
people are accustomed to using to control music, much less with any degree
of precision or consistency.

The Vive also hosts three user outputs, the first and most important
of which is the visual output. Two 3.6-inch AMOLED screens mounted in
a headset rest in front of each eye, allowing for a 110 degree window into
the virtual environment hosted on a local computer. This is the component
that separates VRMIs from VMIs and allows for the design of more precise
control surfaces, as users can see the instrument they are playing, allowing
them to make greater use of their hand-eye coordination. Additionally, the
visual component allows for visual feedback in response to the actions of the
user. This complements the suggestions of Ge Wang, mentioned earlier, as
physical actions made by the users can be echoed by visual responses within
the environment.

The Vive’s second output is its audio output. This is made available
through a standard eighth-inch jack on the HMD, to which the user’s head-
phones of choice may be connected. While there is nothing distinguishing
this audio system from that of a standard computer in terms of hardware, it
does open new possibilities when combined with the immersion enabled by
the full VR system. With modern advances in 3D audio, technologies like
binaural audio can complement the 3-dimensional environment surrounding
the VR user, deepening the immersive experience. Although spatial audio is
not a component of the instrument designed here, it is a valuable tool that
will likely be utilized in future work.

The final output is an extraordinarily powerful advantage in designing a
VRMI for the HTC Vive - haptic feedback. Each controller can vibrate in
the user’s hand to signal any event desired. Furthermore, the intensity of this
vibration can be finely controlled from code, ranging from a subtle tap to a

26



thick buzz. This feedback can be extremely useful for helping users learn and
play the virtual instrument. Because there is no straight forward way to give
the user the feeling of interacting with a truly solid object within the virtual
environment, vibrational haptic feedback serves as a proxy. It can be used
to notify the player of boundaries within the instrument’s control surface,
accompanying visuals in teaching the user where their hands should move
to access different control parameters. In this research, the haptic feedback
mechanism is used in this way to better define the boundaries of the control
surface, and generally forge a deeper connection between instrument and
musician.

In summary, excluding menu buttons, each Vive controller has a 2-
dimensional continuous controller tied to a button, a 1-dimensional contin-
uous controller tied to a button, one independent button, 6 DoF positional
and rotational detection, and vibrational haptic feedback. The headmount
is fully tracked positionally and rotationally, and provides audio-visual feed-
back to the user. It is the goal of the present research to figure out how
to use these available inputs and outputs to push the Vive hardware to its
musical limits and discover how users interact with the created instrument.
This will help engineers and researchers develop new controllers that will be
better suited for musical control in a VR setting.

3.2 Designing the Instrument

As discussed earlier, setting clear design goals is tremendously helpful for
managing the design process. The following design criteria summarize the
goals of the VRMI developed here:

• The instrument will allow users to create the sorts of melodies and
rhythms that are found in traditional western music.

• The instrument must allow access to the full 12-tone chromatic scale
across approximately 3 octaves. Any note should be accessible from
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any other note without causing significant fatigue to the player.

• The instrument must allow for quick rhythmic passages. A good bench-
mark will be sixteenth notes at 120 beats per minute.

• The instrument must function with unmodified virtual reality hard-
ware.

• The instrument should be initially simple and satisfying to play.

• Should the user practice for an extended period, the instrument should
allow nearly boundless melodic and rhythmic control, as a traditional
orchestral instrument would.

The first three design criteria pertain to the abilities of the instrument, and
are focused toward emulating a traditional western instruments like the trum-
pet or violin. While virtual reality opens a world of possibilities for instru-
mentation that create sounds vastly removed from those made by traditional
instruments, traditional melodies and rhythms are still desirable and use-
ful in a virtual reality context. The final three criteria pertain more to the
instrument’s usability and longevity. While it should be able to access a
certain range of expected pitches and rhythms, it should also be fun to play
and relatively quick to get started with. Without this part of the equation,
the instrument will not serve its goal of adequately competing with physical
instruments. A new user, when first approaching the instrument, should be
able to create sound almost immediately, and with no instruction. The over-
all control scheme should be obvious and natural, and allowing finesse with
prolonged play.

The greatest challenge when designing the fully expressive monophonic
VRMI for the HTC Vive wass determining how to enable quick and precise
musical changes. The Vive’s controllers are meant for gaming and are ill-
equipped to deal with arbitrary interval jumps in the 12-tone Western musical
system, or precise rhythms in quick succession. However, a system had to
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be devised for each of these goals. To this end, it was necessary to look to
the ways in which other instruments have already solved this issue. When
examining instruments in the orchestral family, it is clear that two body
parts are primarily used for achieving speed and fine control over pitch and
rhythm - the fingers and the mouth. Fingers allow for quick and precise pitch
selection with many stringed instruments, like the guitar, as well as valved
instruments like the trumpet or clarinet. The ten fingers are very well-suited
to this purpose, being nimble enough to move at speeds fast enough to match
most of the needs of musical expression. The mouth - especially the tongue -
allows for quick articulation on many wind instruments, as well as fine control
of the voice in the case of singing. When these two human capabilities are
examined in the context of the HTC Vive, it quickly becomes clear why
this particular hardware platform poses such a major design challenge when
trying to emulate these instruments. The Vive controllers presently used are
unable to register finger movements in the same way that the neck of a guitar
or the buttons of a saxophone are. Fortunately, they are able to capture at
least some amount of the same control through the XY pad and trigger.
These inputs, being continuous controllers, allow for a level of control well
suited to the precision of the human finger, and so suggest themselves as
options for enabling precise rhythmic and pitch control. Apart from these
controls, the only other apparent option for rapid movement is quick shaking
of the wrist to trigger events with a controller’s oscillating spatial position.
Spatial position or rotation might be useful as well for rapid or precise control,
but should not be solely relied upon for this purpose.

3.2.1 Controlling Pitch

With spatial musical instruments that access pitch, common control schemes
are to have a linear pitch axis in space accessed by the hand, as with the
theremin. Other typical schemes include having the user play a virtual piano
or xylophone with a mallet, or a presenting a grid of interactive musical
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pitches arranged in an intuitive and useful way. While these are all valid
designs, they become awkward for quick passages or large intervallic jumps,
as the user may have to move their arm too great a distance to accurately
express their musical ideas. Clever grid designs may place commonly adjacent
notes close to one another, but the scenario is still limiting.

A new solution that could offer an improved system and at least partially
solve the issue of quickly accessing successive notes is one inspired by a
traditional western instrument - the trumpet. The trumpet has three valves,
yielding eight fingering combinations, seven of which are typically used. As
trumpet players must be able play more than seven notes in order to fully
express themselves, they produce different pitches for the same fingering
combination by accessing different modal resonances of the trumpet’s tubing
using varied lip tension and wind speed. This allows them to access different
“partials” of the instrument, giving the instrument three or more accessible
octaves, depending on the player’s abilities. The partial and fingering system
of the trumpet inspires a similar system that could be implemented with the
HTC Vive. Because it would be impractical to have each of the available
pitches represented by a separate height position, one can instead have a
set of height positions acting as partials. Within each partial, a number of
pitches may be accessed using ”fingerings”, or input combinations, on the
Vive controller. This allows these fingerings to be reused at different heights,
enabling many more pitches to be accessed by the player, and successive
notes to be played without necessarily having to change height position. This
system may still require extreme arm movements to play certain phrases, but
will offer an alternative on which future instruments may be built.

With this scheme of partials (heights) and fingerings (Vive controller
inputs) adopted, it remains to decide how it will be mapped to the input
controls made available by the HTC Vive. The height component is fairly
straight-forward - one of the controllers’ height in space will determine which
partial is selected. The number of regions available will depend on the num-
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ber of fingerings available within each region, and will be chosen to make
between 2 and 3 octaves of pitch available to the musician. The decision of
how to best map the individual note fingerings is somewhat more compli-
cated. As has already been stated, the Vive controllers are not designed for
musical use so many fingering schemes will be awkward for prolonged use
in a musical context. As such, to minimize awkward fingerings and strange
transitions between fingerings, combinations of different controller inputs are
avoided here. This means that a combination like the grip button and the
trigger button are not a good choice of fingering. Such input combinations do
not feel well balanced in the hand, especially when engaged rapidly. Instead,
the fingering system should be limited to a single input, which effectively
singles out the two continuous controllers - the XY pad and trigger. While
the fingerings could be several distinct depression levels of the trigger, it is
a more obvious choice to use the XY pad, which offers 2-dimensional con-
trol. Moving the thumb around the XY pad also feels natural, smooth, and
well-balanced in the hand. The pad lends itself to simple separation into
divisions, which can be used as discrete note positions. While many such
separations are possible, a cardinal division is chosen here for its clarity -
left, down, up, and right are simple concepts to grasp for a newcomer to the
instrument. This facilitates the swift construction of a mental model for the
structure of the instrument. Additionally, four regions allows an appropri-
ately large pitch range for the instrument, without being an overwhelming
number of regions. The cardinal configuration also allows one to glide the
thumb between separate regions without directly passing through another
region, enabling for seamless note transitions.

As this division of the XY pad gives four notes per height region, it will
be desirable to have approximately nine regions available. This will enable
36 semitones (3 octaves) of range. The arrangement of notes within the
pad itself is pictured in Figure 3, with successive semitones corresponding to
adjacent regions on the XY pad. The lowest pitch in the region corresponds
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to the bottom quarter, with ascending pitches moving clockwise in semitones.
These decisions aim to produce as intuitive an interface as possible given the
chosen scheme.

Figure 3: The XY Pad’s divisions and semitone modifiers

The final arrangement still requires one to move their arm to access inter-
vallic jumps greater than a minor third, and increasingly more so for larger
jumps, but is a more spatially condensed system than an entirely spatial
pitch system. Future work may include placing equivalent pitch regions to
the left and right of the primary one, each being pitched up or down relative
to one another. This would allow the player to move quickly right or left to
execute larger intervallic jumps, rather than far up or down.

Apart from the primary pitch control mechanism, it is possible to in-
corporate additional pitch-related controls using the leftover inputs on the
pitch-controlling Vive controller. One parameter that is commonly imple-
mented in synthesizers, and that would add a useful layer of expression to
the instrument, is pitchbend. In many keybaord synthesizers, this is imple-
mented as a wheel on the left-hand side of the keyboard. Moving the wheel
up moves the pitch up, and vica versa. With the Vive controller, this is not a
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replicable mechanism, but one can come close. The only remaining continu-
ous control available on the pitch controller is the trigger. It is sensible that,
when mapping this control to pitch, depressing the trigger should reduce the
pitch. As such, it will be possible to lower pitch, but not raise it. This is
not ideal, but is still a useful tool for manipulating pitch. The amount of
pitchbend allowed is a parameter that is usually exposed to the musician,
but for this instrument it is chosen as a whole step - a standard pitchbend
amount.

3.2.2 Controlling Rhythm

Pitch being covered, it remains to allow the player precise control of rhythm.
While some abstract solutions are possible where the player controls higher
level parameters, the goal here is to give the player control over the exact
start time of every note played. Like pitch, the instrument should allow
for quick changes while still feeling natural. In many physical percussion
instruments, this is facilitated by the feedback of the instrument upon being
struck - players can control the rebound of their mallet to play complicated
rhythms. Wind instrumentalists achieve such rhythms by controlling air
flow with their tongue and throat. As neither these nor similar methods are
possible in a virtual reality context, it is necessary to look for an alternative
solution.

Most existing VRMIs that allow precise rhythmic control handle this by
detecting when the player’s hand passes through a surface. By detecting
collision on both sides of a flat surface, the player can shake their hand
through the surface to achieve quick rhythms. Other options, in the context
of the HTC Vive, are to map a button directly to note onset. However, the
Vive buttons do not feel very good when used in a musical context, requiring
significant force to press. another idea is to detect when the trigger has passed
through a certain position, allowing complex rhythms by moving the trigger
up and down quickly. A similar effect can be achieved with the XY pad

33



by detecting when the detected coordinate passes through a set line. While
both options could work, neither feels particularly natural or comfortable.
All things considered, the most commonly used method of detecting collision
with a virtual surface is chosen as the method for rhythmic control.

For the construction of an acceptably expressive instrument, it is nec-
essary to also give the player some control over the played note’s volume
and length. Both of these parameters are best tied to the Vive controller
handling rhythm, as they are related to the source of the note’s inception.
Besides that, the controller manipulating pitch is already responsible for mul-
tiple parameters. With the rhythmic controller responsible for volume and
note length, or sustain, any parameter is available for control except the
controller’s horizontal position. While there are many solutions available for
controlling note volume, the most immediate and intuitive is the speed with
which the virtual surface is struck. This method is reflective of real world ob-
jects, which sound more loudly when struck with a higher speed. This is also
the approach taken by a great many existing digital instruments, including
keyboards, whose notes sound louder when the key is pressed more quickly.
Given the precedent set, and no reason to diverge from it, speed is used to
control note volume in this VRMI. It will impact both the note’s maximum
volume and the length of its sustain. As noted earlier, it is also desirable
to have control over the length of this sustain, as variations between shorter
and longer notes give much greater options for musicality. Like most other
musical parameters discussed here, a continuous control should be used for
this parameter. On the rhythm controller, this leaves many options - the XY
pad, the trigger, and several positional and rotational parameters. As two
positional parameters are already used for note inception and note volume,
the use of any more is avoided to prevent user fatigue. Furthermore, as only
one dimension is required for sustain control, the XY pad is avoided as well.
The trigger, then, will likely best serve to control note length. The trigger
can be used to control varying length of note, ranging from a few seconds
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without the trigger depressed, and a brief moment with the trigger fully de-
pressed. Additionally, pressing the trigger after already beginning a note will
dampen the note midway through, shortening its length.

3.3 Visualizing the Instrument

With the control schemes chosen, the instrument must be visualized within
3-dimensional space. This requires the design and implementation of 2 inter-
faces - one for pitch selection and one for rhythmic control. These interfaces
will be located in front of the musician with one within comfortable reach
of each of the player’s hands. The choice of hand corresponding to each in-
terface is arbitrary. This VRMI will have the rhythmic interface to the left,
and the pitch selection interface to the right. Each interface should be com-
fortable operable from the player’s starting position within the environment,
and large enough to accommodate a reasonable amount of flexibility in hand
position.

First, we consider the manifestation of the the pitch-selection interface.
For this, the pitch regions are shown as rectangular prisms stacked on one
another, starting from an offset off the ground. As the chosen fingering
system consists of four fingerings, nine pitch regions are used to give a range
of three octaves for this instrument. When the right hand’s controller is
within the bounds of a pitch region, that region is selected. To help the player
see all of the available regions, they are made semi-transparent so that the
bounds of the internal regions are clear from any vantage point. To inform
the musician that they have selected a region, the prism is highlighted when
entered, and the Vive controller vibrates for a moment. When the controller
leaves a pitch region, it becomes semi-transparent again. This arrangement
clearly indicates to the musician which region they are in, and at what point
they entered it. The haptic feedback mechanism enables the instrument to be
played without having to rely entirely on visual feedback. The combination
of visual, haptic, and proprioceptive feedback should be enough to enable
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the player to eventually acquire a natural feel for the pitch selection portion
of the instrument.

The second component of the instrument’s interface is it’s rhythmic con-
troller. This part is much simpler than the pitch selection interface, consisting
only of a single plane. When the left hand’s Vive controller passes through
this plane, a note is triggered whose pitch is determined by the state of the
right hand’s controller. The design choices to be made are the shape and
orientation of this plane. The shape must be large enough to allow for flexi-
bility in the user’s hand position. In this VRMI, a simple rectangle is chosen
that is big enough to accommodate a variety of hand positions - about one
foot in depth and 3 feet in length. As for orientation, the plane is position
vertically with the plane’s surfaces facing left and right with respect to the
musician. This allows the plane to be struck quickly by shaking the left hand
left and right through the plane. Additionally, the vertical orientation avoids
gravitational bias when going through different sides of the plane. Touch-
ing the plane also triggers haptic feedback in the left controller for a brief
moment, indicating that a note has been triggered. Like the pitch interface,
the feedback makes it unnecessary to constantly look at the plane to know
where it is.

3.4 Final Touches

The remaining work on this instrument concerns quality of life improvements,
improving ease of use and comfort. One such improvement is the addition of
a small knob on the bottom right of the pitch interface that, when grabbed
with the trigger, allows the user to adjust the height of the interface. This
makes the system more accessible to users of varying heights. Additionally,
to make the environment more comfortable, as well as visually interesting, a
dark star field surrounds the user within the environment’s spherical skybox.
The user appears suspended on a blue disk within this skybox, with the
intent of creating relaxing ambiance within which the musician can focus on
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the instrument and their music. The final instrument can be seen in Figures
4 and 5.

Figure 4: The instrument as seen when first entering the environment

37



Figure 5: Playing a note
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4 Discussion
With the instrument complete, it remains to evaluate its success and derive
lessons that can be applied to future iterations. While a subjective study
was not performed, much can be learned from an objective examination of
the VRMI, as well as from the author’s subjective experience of learning
and using the instrument over the course of several weeks. These sources
are used to analyze the VRMI in the context of its original design criteria,
illuminating the instrument in light of its initial expectations.

The first four of the instrument’s six design criteria can be verified ob-
jectively. The first of these required that the instrument be able to create
melodies and rhythms commonly found in Western music. While this is a
broad goal, it is refined by the second and third criteria which require the
ability to execute arbitrary sequences of notes within a range of approxi-
mately three octaves, as well as the capacity for rhythmic passages as fast as
sixteenth notes at 120 beats per minute. These abilities in tandem allow for
the performance of a variety of musical ideas. On review, the final instru-
ment succeeds in meeting these requirements, having a three octave range
and rapid note onset detection. Additionally, it is possible to play any two
notes in succession without triggering interim notes, although the movement
required for larger intervals is significant. This inconvenience is necessary,
though, to satisfy the fourth design criteria - the instrument must work with
unmodified VR hardware. While a custom controller could have been con-
structed for the instrument, an HTC Vive was used instead, giving a greater
number of musicians access to future iterations of the instrument. As the
final instrument functions on the chosen platform without modification, the
first four of the original design criteria are essentially satisfied.

The fifth design criteria must be evaluated in a more subjective manner,
as it concerns the user’s experience with the instrument. Specifically, it
asks if the instrument is easy and comfortable to use, particularly when
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first encountered. To answer these questions, a good starting point is Brian
Sheckel’s four operational criteria of usability - effectiveness, learnability,
flexibility, and attitude. Effectiveness concerns the instrument’s ability to
enable high performance in the user. In the context of the VRMI, it is
possible to confidently play basic melodies and rhythms with only a few days
of moderate use. It is expected that prolonged practice would lead to higher
level performances. Learnability draws into question the learning curve of
the instrument. Though many elements are initially jarring, the instrument
eventually allows for higher levels of expression. It is particularly difficult to
gain an intuitive feel for hand synchronization, as well as the pitch selection
system. Sheckel’s third criteria is flexibility - can the instrument adjust to
scenarios outside of the original design intent? As this VRMI was designed
for a specific musical purpose, it is unable to adapt to other musical styles
and systems. While this is can be seen as a shortcoming of the instrument,
it is acceptable as long as the abilities and intent of the instrument are made
clear to new musicians wishing to learn it. The final criteria for usability is
attitude. As mentioned, the only subject able to assess this criteria is this
author of this work. Their experience with this instrument has been positive
overall, in large part due to the novelty of the instrument. In a landscape of
virtual reality instruments difficult to take seriously in a musical context, the
VRMI created here more honestly attempts to give the musician free reign
of the Western musical scale. Furthermore, the instrument is fun to use,
requiring bodily movements typically foreign to a traditional instrumentalist.
These qualities combined have made the instrument’s sole user emerge from
the experience with a positive attitude.

While the instrument fares fairly well with regard to Sheckel’s usability,
there are still many notable areas of improvement with respect to ease of use.
When first learning the instrument, the control scheme can take some time to
understand and internalize. A particularly difficult technique to learn is the
synchronization of the left and right hands, as the right hand must be in the
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correct pitch position before the left hand strikes the rhythmic plane. This
requires that the right hand and thumb be in the correct position before
the left hand strikes the note. This scheme is not unique to this VRMI,
as it is also common in wind and string instruments where the pitch must
be selected before the note can be played. Another factor steepening this
instrument’s learning curve is the positioning of the right hand to select pitch
region. The instrument’s haptic feedback aids tremendously here, allowing
the user to develop an intuition with their hand placement, as well as with
coordination between their hands. As the the left hand’s controller vibrates
with every note struck, it is relatively easy to keep track of the position of the
left hand with respect to the rhythmic plane without having to constantly
look at the plane. This also applies to the pitch regions, which trigger a
vibration when entered. After playing various musical patterns, the pattern
of haptic feedback aids in the learning process, becoming an integral part of
the instrument’s experience. The last major hurdle in acquiring a natural
feel for the instrument is the positioning of the thumb to select one of the
four divisions of the XY pad. This process is made simpler by the choice
of a cardinal fingering system, which facilitates the development of a mental
model for the pitch structure of the instrument. Moving up a region while
keeping the same fingering moves the pitch up a major third. If one wants
an interval that is a half step higher, it is necessary only to move the thumb
one position clockwise. If doing so would move the thumb to the bottom
position, one must move up another pitch region as well. Although it takes
time to to develop a natural feeling for these relationships, the rules are clear
and consistent.

The final of the original six design criteria concerns the more long-term
abilities of the instrument. This criteria deals with the deeper essence of the
instrument, asking what it can ultimately accomplish when paired with a
driven musician. For the instrument to satisfy this criteria, it must be re-
sponsive to the most minute actions of the musician, and capable of matching
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their psycho-physiological capabilities. It should allow the musician to enter
a state of flow in their music that can go uninterrupted by errant design
flaws. Although this instrument has not yet existed for long enough to know
if this criteria is met, it is safe to say that further iterations of the instru-
ment will be necessary before this is the case. Although the instrument
performs as intended, and its hardware can detect detailed actions, some
elements of its design lower the ceiling of expressive possibility. The most
significant of these issues is intimately related to the hardware used by the
instrument. The position of the Vive’s controllers is used both in the pitch
and rhythm systems of the VRMI, and lead to a limited ability to control
these parameters. With the left hand, the controller must be moved left and
right with great precision to generate rhythms that are representative of the
performer’s intent. While high levels expression are possible, the weight of
the performer’s arm and Vive controller make this difficult. A similar issue
arises with the selection of pitch region with the right hand. Especially for
larger intervals, moving the arm and controller to the correct position can be
tiresome after prolonged use. Although the fingering system with the Vive’s
XY pad is novel and abates the issue, the instrument is still hindered by the
large amount of movement required to play melodic phrases. On reiteration,
the first change that should be made is to incorporate the abilities of the mu-
sician’s fingers in some way, as this is how traditional physical instruments
achieve their level of expression. While the hardware use in this research
does not detect finger movements, new systems have emerged since the start
of this project that do. By incorporating the user’s finger movements into
the VRMI, it would be possible to remove the bottleneck imposed by the
weight of the handheld controllers. More advanced fingering systems could
be developed, possibly removing the need for spatial parameters for pitch
and rhythm detection altogether. Once this major change has been made, it
will then be possible to re-evaluate and re-iterate on the instrument’s design,
eventually settling on a VRMI that serves as a more serious alternative its
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physical counterparts.

43



5 Conclusions
The work completed by this thesis aims to bring a greater level of musi-
cal control to real-time instrumentation within the virtual reality landscape.
This fills a gap in the set of currently available VRMIs, which commonly
make it difficult to achieve the level of musical expression possible with tra-
ditional physical instruments. The designed instrument is built for an un-
modified HTC Vive virtual reality system and enables musicians to create
monophonic melodies using three octaves of pitches within the 12-tone West-
ern musical scale. Various control schemes allow the player to access other
musical parameters including note volume, note length, and pitchbend. The
final instrument succeeds in allowing for the desired musical control, but is
burdened by a steep learning curve. However, preliminary exposure indicates
that comfortable and refined musical expression is possible with diligent prac-
tice. Future iterations may also yield an improved VRMI that offers a true
alternative to established musical instrumentation.

The development of this instrument, as well as its future iterations, has
important implications for virtual reality music creation and collaboration.
As the virtual reality landscape evolves, there becomes a greater demand
for advanced communication within virtual environments. Improvements
in networking have led to the development of collaborative virtual reality
environments whose immersion often leads to a feeling of confusion when re-
entering the ”real” world. As these social environments multiply and expand,
people within them develop an increasingly greater need to communicate
with one another, blurring the lines between that which is shared in reality
and that which is shared in virtuality. In this developing landscape, it is
unacceptable for musical communication to be limited to the manipulation
of pre-recorded samples, or relatively primitive real-time tools, although these
tools are useful in their own right. What is missing is the level of musical
communication one might find between two musicians improvising together
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in a room - this sort of situation requires responsive and nuanced musical
tools. Should such tools be developed, musicians who would never have met
in reality will be able to fully express themselves musically within virtual
reality.
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6 Future Work

6.1 Subjective Test

Although a subjective test was not completed for this research, one was fully
prepared should a future iteration of the instrument require more extensive
testing and analysis.

This experiment evaluates the system under development by having ex-
perienced musicians use and comment on the instrument. Their recorded
experiences and feedback are used to determine how each feature of the
instrument fared when compared with the instruments that the subjects nor-
mally play.

During the testing portion of the experiment, subjects are presented with
the HTC Vive virtual reality headset and controllers. They are asked to in-
teract with the virtual environment presented to them, learning and creating
a short composition with the virtual musical instrument. Participants use au-
dio and visual feedback provided by the environment to learn the instrument
and create music of their choosing.

Individual participants are asked to complete the research tasks in ap-
proximately 30 minutes, within the confines of the research location. The
research follows the following timeline:

• Complete Background Questionnaire (5 minutes)

• Complete Virtual Reality tasks (20 minutes)

• Complete Post-Experimental Questionnaire (5 minutes)

The background questionnaire collects information on the subject’s age, musi-
cal experience, and virtual reality experience. During the virtual reality por-
tion of the experiment, the participant’s view of the virtual scene is recorded,
as is the audio they hear during the experiment. A video recording is also

46



taken of the participant throughout the experiment to capture their move-
ments and speech. Participants are asked to “think out loud” during the
experiment in order to capture their thinking process throughout. Notes
are taken by the researcher during the experiment to capture any partic-
ularly interesting movements or comments. A post-experimental survey is
administered on paper, asking the participant how the experience compared
with past musical experiences. Both surveys mentioned here can be view in
Appendix A of this document.

6.2 Analysis Approach

Data gathered during the experiment will include the pre- and post-experimental
surveys, the video and audio recordings of the virtual reality scene, the video
and audio recording of the participant, and the researcher’s notes during
the experiment. While Likert scales from the surveys may be analyzed us-
ing the typical means, the qualitative information gathered will generally
be analyzed using the grounded theory method formalized by Glaser and
Strauss [Glaser et al., 1968]. This will translate to transcribing all video and
audio recordings captured during the experiment, then taking notes as the
researcher makes connections and notices patterns in the data. These notes,
or “memos”, are then sorted to build theories rooted in the data. These
theories will give insight into the efficacy of the instrument with respect to
individuals’ abilities to learn and express themselves through the instrument.
They will also shed light on the familiarity of the instrument with respect
to other similar instruments. Finally, the derived theories should point the
researcher in the direction of an improved instrument, paving the way for
future work in the field.
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6.3 Improving the Instrument and Environment

The auxiliary controls will take the form of several continuous controls, likely
vibrato and cutoff filter frequency. These can be controlled by the XY pad,
with each axis controlling one of two total continuous variables. Addition-
ally, five degrees of freedom of the secondary controller, and four degrees of
freedom of the primary controller, are still available to act as controls. The
number of controls available to the user should be limited, however, to avoid
overwhelming them.

There will be two primary user interfaces – a voice-select menu, and a
recording and looping interface. The voice-select menu will serve to allow
the participant to choose and switch between sounding voices for the instru-
ment. When creating a composition in the environment, users will likely
utilize this menu to allow for a more varied composition. The recording and
looping interface will be the primary tool within the environment, allow-
ing the user to capture the live sound of the instrument. They may create
multiple recordings, stacking them vertically as in a traditional digital audio
workstation. These recordings will be visualized as a traditional MIDI piano
roll. This interface will also have some standard features one would expect
to find in a digital audio workstation, including tempo and time signature
select, quantization options, and a metronome click.
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A Subjective Test Questionnaires
The following two pages show the pre- and post-experimental questionnaires,
respectively, that could be used for a subjective test of a VRMI.
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 Questionnaire for Virtual Reality Musical Instrument Evaluation 

 

Age: ________  

 

 

1) What instrument(s) do you play, and how many years have you played them? 

 

 

 

Instrument Name 

Number of Years 

played 

Skill Level 

(1=beginner, 

5=professional) 

Instrument 1    

Instrument 2    

Instrument 3    

Instrument 4    

Instrument 5    

 

 

2) Choose up to three of the following genres that are most closely associated with the music you 

make, using rank ‘1’ for the most closely associated genre, and ‘3’ for the third most closely 

associated genre. 

 

Genre Rank 

Rock  

Pop  

Hip Hop  

Western Classical  

Jazz  

Blues  

Avant-Garde  

Country  

Electronic  

World  

 

 

3) How familiar are you with virtual reality experiences?  

(1 = never experienced, 5 = have experienced many times) 

 

 

 

1                   2                   3                   4                   5 



 Post-Questionnaire for Virtual Reality Musical Instrument Evaluation 

 

 

1) How did familiar did the experience feel to the music creation process you are accustomed to?  

(1 = not familiar at all, 5 = very familiar)  

 

 

1                   2                   3                   4                   5 

 

 

2) Rank three of the following words that best describe your experience using the virtual reality 

instrument, using rank ‘1’ for the best descriptor, and ‘3’ for the third best descriptor. 

 

Word Rank 

Awkward  

Enjoyable  

Educational  

Strange  

Difficult  

Frustrating  

Natural  

 

3) Please identify any specific similarities between the virtual reality experience you just had and 

your experience creating music using your usual musical instruments. 

 

 

 

 

 

 

4) Was there anything that you found yourself able to do through this experience that you 

normally would have been unable to do? 
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