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Figure 1: Three moments of the co-design activities done in PatchWorld. On the left, a screenshot of the instrument design
workshop. On the center, the facilitator showing the resulting Universal Rhythm Box. On the right, a participant sketching
the layout of a performative space during the second workshop.

Abstract

Collaborative music-making in Virtual Reality (VR) presents
unique challenges that intertwine instrument design, spatial ar-
rangement, and social dynamics. This paper presents findings
from a participatory co-design study investigating rhythmic in-
struments and spatial layouts for collaborative VR music, con-
ducted entirely within PatchWorld with nine participants from its
user community. Through iterative prototyping across two work-
shops, participants in our study converged on design principles
favoring VR-native interactions over approximations of physical
instrument. The co-design process yielded two contributions:
the Universal Rhythm Box, a collaborative rhythmic instrument
whose design parameters were wholly derived from structured
participant feedback; and a spatial environment arranged for
mixed-skill ensembles incorporating tiered access zones and semi-
circular arrangements. Our findings suggest that spatial layout
and instrument design are inseparable in collaborative VR. We
also identify attribution ambiguity as a key challenge in net-
worked ensembles, and provide empirically-grounded guidelines
prioritizing visual feedback as a primary expressive dimension
for group playing in VR.
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1 Introduction

The Musical Metaverse [66] promises to redefine musical per-
formance and collaboration through immersive, technologically
mediated social interactions [19]. Virtual Reality Musical Instru-
ments (VRMIs) [4, 62, 68] expand the design space of musical
instruments and performance environments beyond physical
laws, where gesture, sound, and visual feedback can be coupled
in ways impossible with acoustic instruments. Yet collaborative
music-making in VR presents unique challenges that remain
underexplored [20]. Unlike single-user scenarios, collaborative
systems must simultaneously address instrument design, spa-
tial arrangement, and social dynamics. These elements become
intertwined in ways they rarely are in physical environments.
This paper presents findings from a participatory co-design
study investigating two interconnected dimensions of collabora-
tive VR music: (1) rhythmic instruments suitable for group per-
formance, and (2) spatial layouts supporting mixed-skill group
interactions. We conducted workshops entirely within Patch-
World by PatchXR!, a VR application dedicated to musical cre-
ation, involving nine participants from its user community across
two independent groups (see Figure 1). Unlike previous studies
that moved between physical and virtual design spaces [2], our
methodology kept the entire co-design process inside VR, engag-
ing participants as expert users, in an ecologically valid scenario.
Our research addresses a gap at the intersection of three bodies
of work developed largely in isolation. First, previous research
on non-VR collaborative musical instruments showed that such
instruments should facilitate performer-performer communica-
tion and coordination, not only performer-instrument interaction
dynamics [13, 37]. Second, frameworks for virtual performance
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spaces [11, 72] and visualization in digital ensembles [6] primar-
ily address projection-based systems where performers remain
physically co-located, a condition fundamentally different from
networked VR systems based on head-mounted displays (HMDs)
where musicians experience an immersive environment egocen-
trically. Third, while participatory design has become central to
NIME practice, prior work on VR music spaces [45-47] employed
fixed designs evaluated by users rather than involving users as
expert co-designers.

Through iterative prototyping, participants converged on prin-
ciples challenging conventional VR instrument design. Rather
than replicating physical instruments, successful prototypes em-
braced VR-native interactions, like 3D User Interfaces (UIs) that
leverage spatial positioning and visual feedback as primary ex-
pressive dimensions. The co-design process yielded two con-
crete contributions: the Universal Rhythm Box, a collaborative
rhythmic instrument featuring multi-axis gestural control and
real-time visual feedback; and a validated spatial configuration
for mixed-skill ensembles, incorporating tiered access zones and
semicircular arrangements balancing visibility, collaboration, and
skill differentiation.

This work contributes to NIME discourse on VRMIs and the
Musical Metaverse in three ways. First, we provide empirically-
grounded design guidelines for collaborative VRMIs that priori-
tize VR-native interaction over physical simulation. Second, we
show that spatial layout and instrument design are inseparable in
collaborative VR, as the semicircular arrangement emerged specif-
ically because participants’ preferred instruments required mu-
tual visibility of real-time waveform displays. Third, we identify
attribution ambiguity as a key challenge: in current networked
VR ensembles, musicians cannot determine whether timing prob-
lems originate from their own performance, system delays, or
collaborators’ errors, disrupting the feedback loop essential to
ensemble coordination.

2 Related Work

2.1 Collaborative Rhythm-making in VR

Shared Virtual Environments [70] and Social XR platforms [12]
have extended collaborative music-making into immersive 3D
spaces, building on single-user VRMI foundations [49, 62, 68].
Recent surveys [20, 41] reveal persistent challenges in group
synchronization and networked instrument design, while the
Musical Metaverse [66] has emerged as a focus area with work
on enabling technologies [21, 26], interaction metaphors [18],
especially in the context of web-based platforms [27, 52]. Early
research on virtual percussion established that tactile feedback
and system latency critically affect playability, with users prefer-
ring tangible objects for inertial feedback [42]. Subsequent work
explored vibrotactile feedback in 3D sequencers [73] and gesture
separation frameworks for preserving both expressivity and in-
terface flexibility [8]. While foundational, these projection-based
systems differ substantially from current HMD-based VR, where
tracked controllers can be effectively used to support timing
consistency [22].

Notably, these works addressed only single-user scenarios.
Collaborative VR rhythm-making remains underexplored: LeMo
[45] pioneered shared step-sequencers for co-located users, while
recent studies have highlighted how ensemble timing demands
compound the feedback limitations of current HMD systems [16].
Alternative interaction metaphors, such as using avatars as per-
cussive surfaces [18], have also emerged. Our study addresses
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remaining gaps through participatory co-design of both instru-
ments and spatial layouts.

2.2 VR Performance Spaces

Physical venues rely on centuries-old conventions to balance
acoustic projection, visual communication, and social dynamics,
whereas immersive environments offer malleable configurations
that introduce new challenges [51].

Several frameworks developed in the area of NIME tried to
address some of these. Berthaut and Hachet [10] proposed a three
circles model distinguishing spatial needs of individual musicians,
ensembles, and audiences. Zappi et al. [72] extended this with
a scenography framework emphasizing cooperation, communi-
cation, and organization, while Mazzanti et al. [43] contributed
the Augmented Stage concept. These frameworks address only
projection-based setups where performers remain physically co-
located.

Regarding networked VR based on HMDs, Men and Bryan-
Kinns [46] identified emergent personal and group territories
during collaborative VR composition, finding that side-by-side
and face-to-face configurations arise naturally. Subsequent work
has also explored the role of privacy in shared virtual environ-
ments for music making. Despite this work, critical questions
remain: since these works tested only dyads, how can we manage
the inclusion of a larger pool of users? Which strategies can be
used for balancing accessibility, for example of novices in experts’
workspace?

2.3 Co-Design and Participatory Approaches

Co-design methodologies have proven valuable in NIME for bal-
ancing technical innovation with performer’s needs [56, 61]. Par-
ticipatory approaches have yielded insights across instrument
design, input/output techniques, and accessibility [32, 33, 36, 40,
65, 67, 74], though focusing on instruments rather than perfor-
mance environments. Recent Musical Metaverse studies extended
participatory methods but emphasized assessment over iterative
design [17, 19].

In HCI, co-design has been applied to VR systems [39, 44,
53, 63], including immersive music environments [54] and tra-
ditional instrument recreation [2]. While prior work moved be-
tween physical and virtual design spaces, our methodology keeps
the entire co-design process inside VR, engaging participants as
experienced platform users in the simultaneous design of both
instruments and spatial configurations.

2.4 PatchWorld

PatchWorld by PatchXR is an application available on the Meta
Quest Store, dedicated to musical creation within virtual envi-
ronments. Beyond single use, it enables multiple users to build
virtual musical instruments and play them in shared immersive
environments over networked sessions, with real-time audio
and avatar presence synchronization across remote participants.
PatchWorld features a library of devices and tools to be combined
and interconnected using a visual patching paradigm, similar to
those used in software such as Pure Data and Max/MSP. It has an
active community, with regular meetups, performances, as well
as a dedicated record label for music production done inside and
with the platform. PatchWorld has been already used in several
NIME-related research [3, 25, 34].
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Figure 2: The different prototypes used in the first workshop. On the left, the vertical layout used to distribute instruments
to the participants. On the right, the six instruments: (P1) Expressive Drum Pad, (P2) Jangler Grid, (P3) Pattern Grid
Instrument, (P4) Bouncy Drums, (P5) Rhythm Variation Grid, (P6) Euclidean Rhythm Cube.

3 Preliminary Work

To inform the focus of the co-design workshops, two preliminary
studies were conducted to investigate user needs for collaborative
music-making in PatchWorld.

Survey: Fourteen musicians recruited from communities built
around different VR musical creation applications (e.g., PatchXR,
TribeXR?, CsoundMeta [69]) completed a survey exploring their
motivations, preferred session structures, and challenges when
making music in VR. Results showed that participants valued
VR for its creative freedom, global accessibility, and sense of
co-presence. However, they consistently identified latency and
synchronization as technical issues, and limited emotional ex-
pressivity of avatars as primary barriers to effective collaboration.
Preferences for session structure varied, though most favored
approximately one-hour sessions.

Jam Sessions. Twelve collaborative VR music sessions were
conducted over four months using the PatchWorld platform, in-
volving 4-11 participants per session. Instrument configurations
and spatial layouts were iteratively modified across sessions to
evaluate their effects on collaboration and creative flow. Three

Zhttps://www.tribexr.com/ (accessed: 12/04/2026)

questionnaires administered after selected sessions gathered feed-
back on engagement, usability, and emotional connection. Find-
ings indicated that circular stage layouts might improve mutual
visibility and timing coordination, while hybrid instrument se-
tups combining instruments like sequencers and gesture-based
instruments could be helpful in sustaining engagement across
different expertise levels.

Together, these studies identified three priority areas for de-
sign intervention: (1) rhythm and tempo tools to support tem-
poral alignment, (2) spatial layout configurations that enhance
coordination and presence, and (3) mechanisms to better sup-
port players with different skill levels. These priorities directly
structured the subsequent workshops: rhythm and tempo tools
motivated the instrument design focus of Workshop 1, spatial
layout configurations motivated Workshop 2, and affective com-
munication mechanisms informed the evaluation criteria applied
across both.

4 Methodology

Our research employed a participatory co-design approach [48,
59], in which end users actively inform and shape design out-
comes through structured engagement rather than post-hoc eval-
uation, and it was organized around two main topics:
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(1) Workshop 1 - VR Musical Instrument Design: develop
an intuitive, accessible interface for creating foundational
rhythms that mitigates inherent network and hardware
latency through thoughtful interaction design and feed-
back mechanisms. The rationale for prioritizing rhythmic
instrument design stemmed from observations obtained
during the 12 collaborative jam sessions in PatchWorld
conducted prior to the co-design workshops.

(2) Workshop 2 - Staging Layout Configuration: design
an optimal spatial layout and staging configuration for
distributed VR music-making sessions, to support more
experienced players and beginners as well.

The two workshops employed distinct design approaches.
Workshop 1 used evaluation-mediated co-design, where partici-
pants assessed pre-built prototypes and their structured feedback
directly determined the design parameters of the resulting in-
strument, which was subsequently developed by the R&D team
of PatchWorld. This first workshop was used as a starting point,
since participants agreed it was more crucial to establish ro-
bust instrument design before addressing spatial arrangement.
Workshop 2 employed a more direct co-design approach, with
participants constructing and iterating spatial configurations in
situ within the VR environment.

4.1 Participants

The co-design workshop sessions involved two independent
groups, referred to as Group A and Group B, which comprised
four and five participants respectively (total n = 9; 3 identified as
non-binary, 2 as females, 4 as males; mean age = 40.1 years; SD
= 13.3). Participants were volunteers recruited from PatchWorld
user community, mainly through the official Discord server, in-
cluding both experienced and amateur musicians. Efforts were
made to ensure a range of musical backgrounds and VR familiar-
ity, enabling the workshops to probe usability and expressivity
requirements across diverse skill levels. Participants were con-
nected from different countries across the European Union and
the United States of America.

They were split into the two groups to obtain a size compatible
with a focus group study while preserving participant diversity,
but also to accommodate the different requests in terms of avail-
ability and time zone. All participants provided signed informed
consent.

4.2 Workshop Design and Technical Setup

Workshops were held remotely over VR sessions using the Patch-
World application on Meta Quest 3 devices, chosen for its active
musician community, built-in instrument prototyping capabili-
ties, and native support for networked multi-user sessions. Each
session lasted approximately one hour. One of the authors acted
as a facilitator and workshop leader that managed all sessions,
delivering standardized orientation to the VR environment and
guiding participants through the prepared protocol. Another au-
thor played the role of the observer, taking notes and performing
audio and video recordings of the entire workshops. Each partic-
ipant (including facilitators and observer) connected from their
home network.

4.3 Data Collection

Each workshop was video-recorded from two perspectives within
the VR space (facilitator and silent observer). Audio was extracted
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and transcribed verbatim using OpenAl Whisper 3. Transcripts
were complemented by field notes maintained primarily by the
silent observer, documenting key points and observations during
sessions. This triangulated approach (video, transcripts, and field
notes) captured both verbal discussions and musical interactions
across the co-design process.

4.4 Data Analysis

Transcripts and field notes were analyzed using reflexive thematic
analysis [23, 24]. Workshop recordings were transcribed and seg-
mented into 5,207 discrete utterances. After removing utterances
unrelated to the evaluation of collaborative music-making (e.g.,
greetings, technical login issues), 1,956 utterances remained for
analysis. Each utterance was assigned to one or more thematic
codes derived from the analysis of the pre-workshop surveys,
and addressing themes such as usability, latency, collaboration,
instrument design, and musical coordination. Through iterative
review, codes were refined and grouped into higher-level cat-
egories based on conceptual similarity, resulting in 363 coded
utterances. Code frequency and co-occurrence analyses were
performed to identify patterns across the dataset.

5 Workshop 1: Instrument Design

Of all the challenges surfaced during preliminary work, creating
a foundational rhythm using percussive gestures proved particu-
larly problematic. Participants noticed that even slight timing de-
viations or system latencies would quickly disrupt the perceived
rhythm, causing the group to lose cohesion. This was particu-
larly problematic given that most participants anchored their
playing around an initial beat serving as a shared metronome.
These observations align with broader findings in VR musical
instrument research on the challenges of latency and tempo-
ral precision [49, 62, 68], and directly motivated the selection of
rhythmic instrument prototypes for Workshop 1. Six prototype in-
struments were selected from the existing library of PatchWorld.
They were chosen by one of the authors (one of the developers of
PatchWorld) to represent diverse interaction modes (see Figure 2).
These included:

P1 : a velocity-sensitive drum pad with optional quantization
and single-sample output;

P2 :a 3D grid of semi-transparent rectangles mapping hand
depth to dynamics and horizontal position to pitch, sup-
porting continuous gesture-based triggering;

P3 : a pattern grid generating repeating rhythmic patterns
when held within a cell, with four control axes—pitch via
lateral movement, subdivision rate via depth, dynamic
amplitude via vertical position, and sample length via
wrist rotation—supporting two-hand interaction;

P4 : a hybrid instrument combining movable nodes on an XY
surface with pre-programmed rhythmic patterns;

P5 : an evolution of P3 remapping axes to rhythmic subdi-
vision and conditional silence, augmented with low-pass
filtering for dynamic shaping;

P6 : and a semi-transparent Euclidean rhythm cube distribut-
ing hits algorithmically across steps, with lateral move-
ment controlling phase offset and two-sample layering per
hand.

3Whisper: Robust Speech Recognition via Large-Scale Weak Supervision, https:
//github.com/openai/whisper (accessed: 12/04/2026).
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Figure 3: The Universal Rhythm Box resulting from the first workshop. On the left, the instrument composed of the main
3D UJ, the container of the adjustable parameters, and the waveform display. On the right, the main mapping between the

3D space of the UI and the actions of the musicians.

5.1 Procedure

Each group completed three 60-minute sessions over two months,
following an iterative three-phase structure *.

Phase 1 - Exploratory Interaction: Participants tested six
instrument prototypes (each presented as multiple identical in-
stances for simultaneous interaction). Instruments were placed
across six vertical levels that participants navigated together,
enabling experience of both constrained and open-ended interac-
tion paradigms.

Phase 2 - Group Debrief and Iteration: After testing each
instrument, participants paused for approximately five minutes
of discussion, reflecting on components of the experience such as
perceived latency, responsiveness, feedback clarity, and ensemble
cohesion. Pre-planned variations (toggling quantization, intro-
ducing click tracks) were tested based on participant suggestions.

Phase 3 - Selection and Refinement: Participants cast two
votes each using virtual markers to indicate the preferred pro-
totypes. The top three instruments were replicated for deeper
evaluation in subsequent sessions incorporating scenario-based
tasks (e.g., constructing 16-bar drum loops, coordinating call-and-
response patterns) to test prototypes under realistic performance
conditions [57]. Participants continued articulating design sug-
gestions for enhancing expressivity, usability, and collaborative
potential.

5.2 Results

Across two co-design groups (Group A and Group B), participants
evaluated six distinct virtual rhythmic instrument prototypes.
The evaluation process revealed marked differences in perceived
responsiveness, expressivity, and collaborative usability, with
participants ultimately converging on a subset of designs that
balanced simplicity with expressive depth.

5.2.1 Participant Feedback. The prototypes elicited distinct re-
sponses, revealing clear patterns in what musicians valued for
collaborative VR music-making.

P1 was unanimously rejected despite its familiar drum-pad
metaphor. Participants found it sluggish, even with quantization
disabled, and the absence of tactile feedback proved problem-
atic—one noted there was “no feeling of ricochet or impact” Its
single-sample output further limited its usefulness in ensemble
settings, as participants struggled to maintain steady rhythms
under network latency.

4Selected recordings of the workshops are available at: https://youtu.be/xBt8Y5zIa
Q0?si=ciodltOivOdm_sfv (accessed: 12/04/2026)

P3 emerged as the most favored prototype due to its balance of
simplicity, expressivity, and support for multi-hand interaction.
Both experts and novices appreciated its clear visual feedback
(waveform overlays) and haptic cues, which reinforced action-
sound congruence. Participants described it as “less of a mind sore,”
requiring minimal cognitive effort while still offering substantial
expressive depth.

P2 improved on P1 in terms of responsiveness but shared a
key limitation: it lacked a mechanism for sustaining foundational
rhythms, making it unsuitable for rhythm-section roles.

The remaining prototypes revealed trade-offs between acces-
sibility and sophistication. The pre-programmed patterns in P4
appealed to novices but frustrated experts seeking real-time con-
trol. Both groups ultimately deprioritized it for collaborative use.
P5 offered enhanced control over rhythmic texture, but the sepa-
ration of pitch into an adjacent interface was viewed as a draw-
back compared to the integrated design of P3. The algorithmic
complexity of P6 impressed some expert users, but participants
struggled to recognize their own contributions within the lay-
ered output—highlighting that perceptual clarity is essential in
ensemble contexts.

Across all evaluations, three design principles emerged: (1) suc-
cessful prototypes integrated multiple axes of expression within
a single interface rather than distributing controls; (2) effective
designs balanced expressive capability with immediate compre-
hensibility; and (3) visual and haptic feedback were essential for
attribution, enabling users to recognize individual contributions
within complex ensemble soundscapes.

5.2.2  Voting Results and Selection. After initial exploration, par-
ticipants voted for preferred prototypes. Group A selected P2, P3,
and P5; Group B selected P3, P5, and P6. Notably, P3 and P5 were
common to both groups despite different musical backgrounds.

All participants rejected P1, confirming that simple velocity-
sensitive interfaces do not adequately support beat-making in
collaborative VR contexts. Participants showed minimal support
for P4, indicating that pre-programmed approaches, while useful
for solo beginners, fail in ensemble contexts

In subsequent sessions, the instruments selected by each group
were instantiated for deeper evaluation, revealing further con-
vergence. Group A largely abandoned P2; Group B discarded P6.
Both groups consolidated around P3 for its balance of expressive
depth and cognitive accessibility. This convergence across inde-
pendent groups suggests the Pattern Grid approach identified
design principles transcending individual preferences, a point
we examine in the Discussion.
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Figure 4: Four screenshots taken from the recordings of the co-design session of the second workshop.

5.3 Consolidated Instrument Design

Synthesizing participant feedback, the R&D team of PatchWorld
in collaboration with two authors implemented the Universal
Rhythm Box (see Figure 3). While participants did not directly
construct the instrument, its design parameters (four control
axes, two-hand support, waveform display, haptic reinforcement,
and expert mode) were derived from the structured workshop
feedback. The resulting instrument was subsequently deployed in
collaborative jam sessions within PatchWorld, providing informal
validation of the key design decisions.

The Universal Rhythm Box is a single semi-transparent box
with four controllable axes (pitch via horizontal position, subdi-
vision rate via depth, dynamic level via vertical position, sample
length via wrist rotation) and strike detection on the surface
itself °. Key features informed directly by participant feedback
include:

e Unified interaction surface: Four controllable axes within

a single interface, addressing participants’ preference for
integrated rather than distributed controls.

e Two-hand support: Simultaneous dual-sample trigger-
ing, identified as essential for bilateral expressivity and
complex beat creation.

5 An explanation of the Universal Rhythm Box is available at: https://youtu.be/q3u
D5X-UTVQ?si=6tEAkea7puMKX-Ej (accessed: 25/04/2026)

e Real-time waveform display: Immediate visual feed-
back visible to both the player and other musicians, ad-
dressing attribution concerns in ensemble contexts.

e Adjustable haptic feedback: Reinforces user agency

and helps musicians identify their contributions within

complex soundscapes.

Optional expert mode: Hidden by default to prevent

information overload for novices. When enabled via Edit

button, exposes advanced customization. This includes
form factor, such as enlarging the interface to room-scale

(to “play from within”), duplicating into multiple pad-style

surfaces, or rotating into unconventional geometries; and

customization of Mapping. Any axis or hit behavior can
be reassigned to alternative parameters (filter cutoff, LFO
depth, effect sends).

6 Workshop 2: Spatial Layout Co-Design

Following the first workshop, participants explored ideal spatial
arrangements for VR jam sessions that should accommodate mu-
sicians with different ranges of skill levels ®. During initial sketch
sessions in a blank virtual world, participants arranged color-
coded markers representing skill levels and used draggable shapes

%Selected recordings of the workshop are available here: [Part 1] https://youtu.be/T
c3Sxoilg6c?si=YIHfhvL4iCsstgeh, [Part 2] https://youtu.be/VdBQhaGkSxY?si=5r
Bmad0tXv6db7G4, [Part 3] https://youtu.be/eixU0u7PRYA?si=0X6UXeR]J-NIiu94_
(accessed: 25/04/2026)
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Figure 5: A rendering of the space layout co-designed during the second workshop.

to design spatial layouts. These sessions generated a range of so-
lutions, including tiered layouts and concentric restriction zones
(see Figure 4). Subsequently, the co-design session transitioned
to recreating a realistic 3D VR environment for music-making
that can accommodate both situations.

6.1 Procedure

Spatial layout workshops employed low-to-high fidelity proto-
typing [55, 58] across three phases:

Phase 1Scenario Definition and Sketching: Participants
sketched spatial layouts using an empty virtual world with neu-
tral blocks and colored tokens representing stations and roles,
sketching arrangements and annotating instrument placements.

Phase 2 Low-Fidelity Prototyping in VR: Groups spent
approximately 10 minutes arranging gray blocks and colored to-
kens, using virtual paint-buckets and pencils to sketch concepts
and define spatial relationships. Participants annotated elements
to indicate instrument and equipment placement (e.g., drums,
bass, harmonics, mixer). This exercise revealed that small-scale
sketches proved insufficient for evaluating sight lines and prox-
imity until instantiated at life-size, but provided the basis for
informative discussion.

Phase 3 High-Fidelity Instantiation and Task-Driven
Evaluation: The facilitator imported actual virtual instruments
into the VR world. The groups tested the preferred layouts through

structured tasks (navigating to stations, executing call-and-response

exercises) while the moderator recorded observations on visual
access, crowding, and navigation ease. Participants’ feedback
prompted iterative refinements: station circles were reduced from
five to three for peripheral visibility, and dome-enclosed stage
units were introduced to demarcate expert areas while preserving
audience engagement.

6.2 Emergent Spatial Concepts

Through the staging layout co-design process, four dominant
spatial concepts emerged from the workshop sessions:

(1) Tiered Circles: A central and restricted expert area dedi-
cated to expert players is surrounded by concentric rings
for intermediate and beginners, resembling amphitheater-
like tiers.

(2) Glass Dome Enclosure: Semi-transparent domes should
be used for signaling access control, reinforcing visual
hierarchy while preserving visibility.

(3) Reproducible Stage Units: Modular stage islands host-
ing instrument-specific clusters (e.g., percussive or melodic
instruments), enabling flexible configurations through
locked/unlocked behaviors and dynamic entry gating via
mini-tasks (e.g., sequence a beat to gain entry).

Circular Player Pods: A ring of cuboidal objects placed
at chest height, with players facing inward in a close-knit
circle, yielding strong peer-to-peer engagement and clear
audience separation when enclosed in a transparent glass-
like orb.

4

=

6.3

In the concluding session, a modular player pod concept was de-
veloped and instantiated using three to five instrument instances
(see Figure 5), and participants physically occupied the space
(see Figure 6). Unlike the low-fidelity sketching phase, occupying
the space at actual scale revealed some practical constraints that
participants had not anticipated during the planning phase. Key
observations included:

In-Situ Spatial Trials

Optimal Ensemble Size. Systematic testing revealed clear per-
formance differences based on ensemble size. With five musi-
cians, the pod became crowded, causing avatar occlusion and
peripheral vision loss. Participants reported difficulty tracking
their peers’ gestural cues. Reducing to four musicians improved
visibility considerably but still produced occasional occlusion at
the edges of the pod. Three musicians proved to be the opti-
mal configuration: all performers could simultaneously see the
avatars of the other participants and the shared waveform visu-
alizations.

Semicircular Alignment. Positioning three instruments in a
semicircle of approximately 120-150 degrees, facing the expert
host area, preserved mutual visibility among all performers while
maintaining a clear orientation toward the audience-facing zone.
Several participants spontaneously remarked on the improved
sense of ensemble cohesion.

Elevational Tweaks. Slight elevational offsets of approximately
20-30 cm for intermediate stations proved unexpectedly conse-
quential. Raising intermediate stations modestly resolved this,
ensuring clear line-of-sight to both peer musicians and the expert
host.
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6.4 Results

6.4.1  Finalized Spatial Layout. The spatial layout for mixed-skill
groups devised by participants integrates the spatial concepts,
ensemble-size findings, and elevational refinements developed
across the workshop sessions into a coherent three-zone config-
uration:

o Central host platform: For session host and expert per-
formers. This zone provides direct access to multiple ad-
vanced instruments organized in a semicircle. Its central
position ensures that the gestural activity of these mu-
sicians remains visible to all ensemble members simul-
taneously, reinforcing their role of musical anchors and
coordinators.

¢ Intermediate performer stations: Arranged in oppos-
ing semicircles at a slight elevational offset, these stations
ensure clear visibility across the ensemble and toward
the central zone. Multiple stations are envisaged, each in-
strument cluster focused on a particular musical section
(e.g., rhythm or melody), allowing participants to special-
ize while remaining spatially integrated with the broader
ensemble.

o Peripheral beginner and viewer zone: A surrounding
ring with transparent barriers signals non-interactive or
limited-interaction areas without breaking spatial immer-
sion. This approach enables novices to observe expert
performers at close range, supporting informal skill acqui-
sition without requiring active participation.

This configuration addresses two design imperatives such
as inclusivity, enabling novices to enter and observe without
disrupting the session, and workspace integrity, ensuring that
expert performers retain focused access to complex instruments
and configurations.

6.4.2 Thematic Insights from Qualitative Analysis. Thematic cod-
ing of session transcripts revealed four key concerns related to
collaborative VR music-making.

Latency and Timing: Delays between triggering sounds and
hearing results caused frustration and reduced immersion. Partic-
ipants reported difficulties maintaining rhythmic coherence even
with quantization enabled, suggesting that latency compensation
must go beyond beat alignment to include predictive cues and
anticipatory feedback.

Collaboration and Coordination: Beyond technical issues,
participants identified the lack of shared rhythm tools and sync
indicators as barriers to musical alignment. Most critically, they
frequently could not determine whether timing problems orig-
inated from their own actions, system delays, or collaborators’
performances —an ambiguity that, if left unresolved, can under-
mine confidence and inhibit experimentation.

Instrument Design: While participants valued the ability to
manipulate different parameters simultaneously, they found it
confusing to manage too many parameters under performance
pressure. Novices preferred instruments capable of producing
interesting sounds with minimal configuration, while experts
appreciated access to deeper parameter control.

Technical Considerations: Experienced participants requested
features such as loopers, presets, MIDI integration, and the ability
to save and share configurations.
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7 Discussion

7.1 Understanding Prototype Success and
Failure

The contrasting reception of the different prototypes of virtual
instruments reveals an issue inherent in VRMIs. While musi-
cal expertise develops through sensorimotor coupling between
gestures, haptic feedback, and sonic outcome, the familiar drum-
pad metaphor of P1 promised this coupling while systematically
violating embodied predictions resonating with findings that
users prefer physical sticks for inertial feedback [42]. Our results
extend this to collaborative contexts, where negative transfer
from familiar interaction paradigms appeared to be even more
disruptive.

Conversely, P3 succeeded by embracing the actual affordances
of VR rather than simulating physical instruments. This res-
onates with the Piivert framework [8], which suggested that VR
instrument design should be guided by 3D Uls principles, such as
separating interaction into selection, modulation, and excitation
gestures. This is what P3 implements through the combination
of spatial positioning, wrist rotation, and hand strikes respec-
tively. The opposite reception of P2 and P4 further illuminates
these dynamics: P2 provided responsiveness without mechanisms
for sustaining foundational rhythms, whereas the presets in P4
appealed to beginners but frustrated experts seeking real-time
control.

Our findings suggest VR instruments should balance immedi-
ate accessibility with sustained depth, a challenge P3 addressed
through simple core interaction combined with multi-axis ex-
pressivity.

Figure 6: Two screenshots of one of the jam sessions where
the final layout and instruments were tested.

7.2 Visual Feedback as Constitutive

An initial reading might conclude that visual feedback is used as
a way to compensate for the limited haptic feedback available in
commercial VR systems. However, participant behavior suggests
something more fundamental: VR music-making is establishing
a new sensory hierarchy where vision becomes primary rather
than supplementary.

We noticed that participants did not use the waveform display
of P3 simply as a substitute or enhancement for haptic feedback,
but they actively played onto the visualization as the primary
performative target, adjusting hand positions based on visual
parameter changes rather than sound alone. This aligns with
findings that visual feedback significantly influences agency and
control in VR [5, 7], extending the guideline for clear sensory
mapping proposed by Serafin et al. [62]: visual feedback appears
to function as the locus of action itself.

This enabled peculiar capabilities for group playing. All musi-
cians could see the same real-time visualizations, creating shared
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perceptual anchors. Hand positions became readable as musical
parameters, making intentions visible before becoming audible,
echoing collaborative surfaces like the Reactable [38] and Jam-
o-Drum [15]. This suggests that designers of VR instruments
should prioritize interactive visualization as a primary design
dimension, as already proposed by Berthaut et al. [9].

However, this raises concerns. If VR music-making evolves
as vision-primary, blind and visually impaired musicians face
exclusion [30]. Yet recent work found that musicians maintained
task focus under VR degradation if audio remained stable [16],
suggesting a nuanced hierarchy: audio stability is primary for
temporal coordination, while visual feedback is primary for spa-
tial attribution.

7.3 Social Aspects and Progressive Complexity

While Dobrian and Koppelman [31] argue that lack of virtuosity
in NIMEs inhibits expression, in multi-user VR environments
collective musicality may matter more than individual virtuos-
ity. This was observed also by Blaine and Fels: “the quality of
social interaction often takes precedence over the musical output
produced” [13]. Participants’ convergence on semicircular ar-
rangements (prioritizing group coherence over individual expres-
sivity) supports this view. Expression in collaborative contexts
emerges from relationships between performers, instruments,
spatial arrangement, and visual feedback [35].

Both instrument and spatial design converged on progres-
sive complexity (the gradual disclosure of advanced controls and
spaces as user expertise develops) as an architectural principle.
While HCI literature establishes progressive disclosure [50, 64],
our findings identify three interdependent axes: temporally, fea-
tures unlock as expertise develops (optional expert modes); spa-
tially, tiered layouts position advanced instruments centrally
and observation peripherally; socially, users occupy dynamically
shifting expertise hierarchies across instrument types and con-
texts. This extends Blaine and Forlines’ scaffolding strategies [14]
for shared and collaborative VR environments.

Critically, these dimensions cannot be designed independently.
The waveform displays of the Universal Rhythm Box required a
semicircular arrangement of the players to ensure mutual visi-
bility. While expert mode addresses instrument complexity, the
spatial zones address workspace access. In shared virtual worlds,
the effectiveness of instruments, spaces, and social protocols
emerges from their interaction, suggesting that Musical Meta-
verse research requires systemic frameworks that address entire
ecologies rather than isolated artifacts.

7.4 The Spatial Discovery

The finding that three musicians represent optimal minimal en-
semble size emerged through systematic trials, not theoretical
prediction. Participants found that five musicians created avatar
occlusion and peripheral vision loss; four provided only marginal
improvement.

This extends prior work on VR collaboration territoriality. Men
and Bryan-Kinns [46] identified personal and group territories
in dyadic VR music-making but did not examine how these dy-
namics can scale. The proposed three-person configuration may
reflect a threshold at which territorial negotiation remains man-
ageable—beyond this it may exceed what current VR interfaces
support given field-of-view and resolution limitations.
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The semicircular arrangement minimizes territorial overlap
while maximizing mutual visibility, supporting both personal ter-
ritory (every player is immediately in front of each instrument)
and group territory (the shared central visual field). Elevation
offsets (20-30cm adjustments) address a VR-specific challenge:
unlike physical ensembles where musicians occupy distinct lo-
cations with clear presence, VR avatars and instruments can
occlude each other. These seemingly minor adjustments proved
crucial for maintaining line-of-sight.

The tiered access zones resonate with the finding by Men and
Zhao [47] that gradient privacy mechanisms outperform rigid
barriers. This design achieves analogous gradation through phys-
ical distance and visual transparency: novices observe experts
without entering their workspace, creating continuous engage-
ment gradients rather than hard boundaries.

7.5 Attribution Ambiguity

Beyond well-documented network latency challenges [28, 29],
the findings of the two workshops reveal a distinct problem:
musicians cannot determine whether timing issues originate
from their own performance, system latency, network delays, or
collaborators’ errors. This attribution ambiguity (the inability to
determine the source of timing errors in networked performance)
breaks the feedback loop that can enable skill development and
expressive control. One participant articulated this: “I don’t know
if I'm playing badly or if the system is making me sound bad or
if we’re just not synced.” In VR contexts, attribution ambiguity
might also operates socially. When musicians hear something
going off-beat, they face a series of questions: is it this error
coming from their settings? Is it because of a lag? Is it a prob-
lem of the network? The lack of clarity can undermine trust and
mutual adjustment essential to ensemble performance [60], mak-
ing performers hesitant to provide feedback when they cannot
identify error sources. The problem extends debates about live-
ness in technologically-mediated performance [1]: networked
VR creates a hybrid mode, where spatial co-presence is simulated,
temporal immediacy can be limited, and individual agency re-
mains ambiguous. This situation might require new analytical
frameworks.

While latency reduction remains important but insufficient
on its own, design must explicitly address attribution through
intention signaling, latency visualization, adaptive quantization,
and social protocols for acknowledging errors. Yaseen et al. [71]
propose a synchronization wheel that provides visual feedback
of collective timing through coupled oscillators, representing one
promising direction.

7.6 Design Guidelines

Drawing from the preceding discussion, we distill five empirically-
grounded design principles:

Embrace 3D Uls principles and VR-native interactions:
Abstract geometric interfaces—grids, volumes, fields—outperform
physical instrument replicas lacking multimodal feedback. Vi-
sual feedback should serve as an expressive musical dimension
in its own right, not merely a substitute for haptic feedback,
with individual real-time visualizations visible to all ensemble
members.

Implement progressive complexity across multiple di-
mensions: Complexity management must operate temporally
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(features unlocking through expert modes), spatially (tiered ac-
cess zones with graduated proximity), and socially (accommodat-
ing shifting expertise hierarchies).

Optimize spatial arrangements for mutual visibility:
Semicircular configurations (120-150 degrees) with graduated
elevation offsets prevent peripheral vision loss. Design for three-
musician baseline ensembles, scaling through multiple pods rather
than large circles prone to occlusion.

Address attribution ambiguity explicitly: Provide mecha-
nisms helping musicians distinguish self-generated timing issues
from system latency or ensemble coordination problems.

Validate through full-scale embodied trials: Low-fidelity
prototyping generates concepts but cannot validate spatial con-
figurations requiring actual-scale occupation.

These guidelines reflect a core finding: VR music-making suc-
ceeds by leveraging the actual affordances of the medium such as
visual primacy, spatial malleability, and computational flexibility
(the ability to dynamically reconfigure mappings and instrument
behaviors in ways that are impossible with fixed physical instru-
ments), rather than by replicating physical practice.

7.7 Limitations and Future Work

Our study has notable limitations. Remote workshop delivery
constrained hardware compatibility (Meta Quest only) and net-
work latency affected rhythmic precision. The small sample size
(n = 9) limits the generalizability of the results, and we present
these findings as promising design directions that require fur-
ther validation rather than as universal principles. We focused
exclusively on rhythmic instruments. Future work should extend
these principles to melodic and harmonic contexts with larger,
and more diverse participants as well. Additionally, only longi-
tudinal studies can validate whether our designs support skill
progression as participants anticipated. Nevertheless, the conver-
gence observed across independent groups suggests the findings
reflect important design requirements rather than idiosyncratic
preferences.

8 Conclusion

Through systematic co-design involving iterative prototyping
and qualitative analysis, we developed and validated two key
contributions to VR musical interface research: (1) the Universal
Rhythm Box instrument emphasizing multi-hand expressivity and
intuitive feedback, and (2) a spatial layout promoting ensemble
cohesion across mixed-skill groups.

The findings presented here-including optimal three-musician
configurations, semicircular alignments, and elevational offsets—
provide actionable guidelines for future VR music system design.
The identification of persistent challenges in latency, coordina-
tion tools, and interface intuitiveness highlights areas requiring
continued research and development.

The success of participatory co-design suggests extending
such methodologies to other Musical Metaverse aspects, includ-
ing audience integration and hybrid physical-virtual performance.
Broader questions remain: can musicians develop expert-level vir-
tuosity with VR instruments? What does virtuosity mean when
instruments are infinitely customizable? VR-native musical prac-
tice may fully emerge only when a generation grows up with
VR as their primary musical experience—the Musical Metaverse
timeline may extend beyond technical development to encompass
generational cultural shifts.
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Future work should also examine long-term usage patterns,
cross-cultural applications, and integration with emerging VR
technologies. We invite the NIME community to build upon these
foundations in advancing the state of collaborative virtual music-
making.
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