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If this application could exist 
as if by magic 

how would you imagine it? 

You are in your room, the one you use for 
playing your instrument. 

You have been asked to join a jam session with 
three other remote musicians you don’t know. 

This will happen in a new application designed to 
play music together over the internet. 

You will interact with the other musicians in 
mixed reality as if you were in the same room. 

A three-phase co-design process combining hands-on experience, speculative design, and consensus building 

24 professional musicians Individual ideation and group discussion 

Experience grounding with mixed reality Brainwriting and sketchingSpeculative case study 

Guitar player Keyboard player 

Drum player Bass player 

six four-piece bands 

Musicians needs and requirements 

Collaborative convergence 

Audio-first mixed reality 

Preserve full facial expressions 

Federated audio control 

Use shared space as creative canvas 

Adaptive audio rendering 

Seamless workflow integration 

Support dual-channel communication 

Figure 1: How professional musicians envision a mixed reality musical collaboration application. A three-phase co-design 
process combining: hands-on experience, speculative design, and consensus building with 24 professional musicians organized 
into six four-piece bands. 

Abstract 
Mixed reality (MR) technologies hold promise for distributed musi-
cal collaboration, yet the needs of professional musicians remain 
underexplored. We conducted a set of co-design workshops with 24 
professional musicians, organized into six four-piece bands, to en-
vision future MR systems for networked music performance. Using 
a three-phase process (hands-on MR experience, individual brain-
writing, and collaborative consensus-building), we identified core 
requirements that challenge current MR paradigms. Professional 
musicians operate from an “Audio-First” framework where sonic 
experience constitutes the primary reality, contradicting visual-first 
MR approaches. Five unanimous requirements emerged: audio-first 

workflow, support for non-verbal communication, personalized 
audio control, spatial layout customization, and plug-and-play sim-
plicity. Other high-consensus themes included real-time voice com-
munication and realistic avatar representation. Taken together, our 
findings reveal that professional creative collaboration demands 
fundamentally different design priorities than traditional office-
centered collaborative MR applications, requiring systems that sup-
port established workflows and nonverbal communication channels 
while prioritizing workflow preservation over visual immersion. 
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1 Introduction 
Musical collaboration fundamentally relies on complex real-time 
interactions that integrate temporal synchronization, spatial aware-
ness, and sophisticated nonverbal communication channels. Pro-
fessional musicians have developed embodied expertise through 
years of practice in shared physical spaces, where subtle visual cues, 
breathing patterns, and micro-gestures enable collective musical 
creativity–a process common across diverse traditions [97]. 

The advent of internet technologies opened new possibilities for 
distributed musical collaboration, establishing networked music 
performance (NMP) [26, 93] as a research field dedicated to enabling 
musicians to perform together across geographic distances. In re-
cent years, systems like JackTrip [21] or LoLa [41] demonstrated 
that ultra-low latency audio transmission could support basic musi-
cal synchronization, establishing technical foundations for remote 
collaboration. The COVID-19 pandemic accelerated adoption from 
niche research to mainstream necessity, revealing both the potential 
and fundamental limitations of audio-only remote collaboration 
technologies. However, current NMP systems, relying on either 
sole audio streams or audio with 2D videos, fail to address the 
embodied, spatial, and social dimensions that define collaborative 
musical experience. 

In this context, mixed reality (MR) technologies [100] appear 
particularly promising for musical collaboration, as they enable mu-
sicians to continue using their physical instruments while augment-
ing their environment with immersive telepresence capabilities that 
could address key limitations of current NMP systems such as spa-
tial awareness and reduced social presence (e.g., [16, 22, 96, 109]). 
This convergence of immersive technologies and distributed mu-
sical practice points toward emerging visions such as the “Musi-
cal Metaverse,” which refers to persistent, interconnected virtual 
and physical environments designed specifically for collaborative 
musical creation and live performance [104]. These developments 
were possible because of recent technological advances, which 
have made MR collaboration increasingly viable: video passthrough 
head-mounted displays (HMDs) have reached consumer accessi-
bility (e.g., Meta Quest 3, Apple Vision Pro), tracking technologies 
have become more sophisticated, and research in social XR and 
computer-supported cooperative work (CSCW) has advanced our 
understanding of distributed collaboration systems [43]. 

However, a critical gap exists. Current research on collaborative 
MR focuses primarily on office-based scenarios that differ funda-
mentally from professional musical collaboration requirements. 
Musical performance presents unique demands that extend be-
yond traditional CSCW and telepresence applications: musicians 
must share precise temporal experiences, maintain high-fidelity 
audio transmission for real-time creative expression, and preserve 
the social and emotional dimensions that drive collaborative cre-
ativity. Current research on MR musical collaboration remains 

constrained to technical feasibility studies, coupled with limited 
user experience evaluations involving small pools of participants 
(e.g., [4, 16, 22, 25, 58, 96, 107, 110]). These limitations stem from 
complex integration challenges between collaborative MR and NMP 
systems, where stringent musical requirements create technical con-
tradictions that constrain research scope and practical implemen-
tation [17]. More critically, in contrast with the increased interest 
in MR systems for music [15], there is no systematic investigation 
of professional musicians’ requirements or design preferences for 
MR musical collaboration systems. Without understanding how ex-
pert practitioners envision these systems, MR musical collaboration 
risks developing along trajectories that are not able to properly sup-
port actual professional creative work, and potentially excluding 
the very users whose adoption could validate these technologies 
for broader musical communities. These gaps motivate our central 
research questions: 

• RQ1: What design requirements do professional musicians 
identify as essential for MR musical collaboration systems? 

• RQ2: Are the identified requirements challenging or extend-
ing current collaborative MR approaches? 

To address these questions, we conducted a co-design study 
with 24 professional musicians, organized into six four-piece band 
configurations. Our methodology employs a three-phase approach 
that bridges current technological constraints with future design 
possibilities by combining three complementary components: 

• Experience Grounding: Direct embodied experience with 
existing MR and audio technology during a collaborative 
performance; 

• Individual Ideation: Structured speculative design activities 
to envision ideal future systems as if they already existed 
“by magic” [5, 15, 72]; 

• Collaborative Convergence: Group negotiation to identify 
consensus-based requirements that transcend personal pref-
erences. 

This approach enabled participants to ground their design re-
quirements after a direct experience with MR technology, while 
at the same time engaging in speculative activities that encour-
aged them to imagine systems unconstrained by current technical 
limitations (see Figure 1). 

Our findings reveal that for professional musicians the sonic 
dimension of the experience constitutes the primary reality, with 
visual elements remaining secondary, directly contradicting pre-
vailing collaborative MR design assumptions that prioritize visual 
immersion. The remarkable consensus achieved across diverse pro-
fessional musicians provides concrete guidance for MR platform 
developers while contributing to the broader understanding of how 
immersive technologies can genuinely support, rather than con-
strain, professional creative practice. 

This work makes three primary contributions to the HCI and 
music technology communities: 

(1) An empirically-grounded, consensus-based set of design re-
quirements for professional MR musical collaboration de-
rived through systematic co-design processes with expert 
practitioners. 

https://doi.org/10.1145/3772318.3793871
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(2) A methodology combining participatory and speculative de-
sign approaches to bridge current technological constraints 
and future possibilities. 

(3) Evidence that professional creative collaboration demands 
fundamentally different design priorities than entertainment 
or productivity applications, challenging current MR devel-
opment paradigms. 

As MR technologies mature, these requirements provide founda-
tional principles for developing systems that enable geographically 
distributed musicians to collaborate as if they were sharing the 
same physical space. By considering collaborative MR through the 
demanding requirements of professional musical practice, this work 
provides insights for researchers and practitioners into how im-
mersive and collaborative musical systems can support authentic 
real-time activity and human expression in domains that extend 
well beyond the musical one. 

2 Background 
This work is positioned at the intersection of research on collabo-
rative MR, NMP, and participatory design methodologies for music 
technologies. By reviewing existing research across these domains, 
we show critical gaps at their intersections—gaps that inform our 
research questions and methodological approach. 

2.1 The Promise and Limitations of Current 
Collaborative MR 

Research in collaborative MR has established foundational under-
standing of multi-user interaction in remote and co-located im-
mersive spaces [43], yet it focuses predominantly on office-based 
scenarios that differ fundamentally from musical collaboration re-
quirements (e.g., [49, 50, 61, 66]). Recent studies have especially 
examined whiteboard collaboration [50] and object manipulation 
in hybrid workspaces [61], as well as facing formations for large 
group meetings [117]. While advancing our understanding of tradi-
tional CSCW tasks –such as group meetings and document sharing– 
they reveal an implicit assumption that collaboration follows pat-
terns of turn-taking, explicit task division, and artifact-centered 
interaction. Musical collaboration, by contrast, demands continu-
ous real-time synchronization and shared temporal experience that 
extends beyond traditional productivity paradigms. 

Previous work on collaborative MR has recognized the impor-
tance of social presence and co-presence as foundational compo-
nents for interacting with remote users in immersive spaces [83, 
113], identifying eye contact, facial expressions, and body language 
as critical factors for effective collaboration and affective communi-
cation [11, 67, 84, 92]. Studies have also shown that realistic avatar 
representations can increase social presence [75, 84], even with 
low-fidelity implementations [91], while gaze and facial expression 
capture improve communication effectiveness when applied to 3D 
embodied avatars [11, 92]. However, these insights have not been 
systematically translated to the design of creative collaborative con-
texts for music, where nonverbal communication serves more than 
mere coordination: it enables professional musicians to negotiate 
musical interpretations in real-time through gestures, breathing 
patterns, and postural shifts, exceeding what current collaborative 
MR systems can support. This gap between office-centric design 

and creative collaboration motivates our first research focus: un-
derstanding what professional musicians actually require from MR 
collaborative systems. 

2.2 Networked Musical Performance: Technical 
Achievements and User Experience Gaps 

NMP research has established technical foundations for distributed 
musical collaboration [93]. Previous work has demonstrated that 
ultra-low latency and high-quality audio transmission can effec-
tively support musical synchronization among displaced musi-
cians [26], with research consistently identifying sub-30 millisecond 
end-to-end latency as necessary for rhythmic coordination in en-
semble performance [27]. This stringent requirement has shaped 
all subsequent NMP technical research and continues to define the 
success or failure of such systems. Widely adopted systems (such 
as JackTrip [21] and LoLa [41]) can provide low-latency uncom-
pressed audio transmission, though they might require specific 
network configurations and dedicated bandwidth allocation. How-
ever, the vast majority of current NMP systems operate primarily 
in audio-only contexts. When visual communication is included 
(e.g., [39, 41]), it typically consists of basic video conferencing capa-
bilities rather than more immersive configurations with embodied 
representations of remote users. 

This situation reflects both technical constraints and implicit 
assumptions about the needs of musicians. While integration of 
sophisticated visual feedback remains limited by bandwidth and 
latency constraints, it also reflects a research trajectory prioritizing 
technical feasibility over user-centered research and systematic 
understandings of musicians’ needs. MR research has primarily 
explored office-based collaboration with limited investigation of 
musical performance, while NMP research has focused on musical 
requirements but with less systematic exploration of how immer-
sive technologies might reshape collaborative practices. 

2.3 Emerging MR Musical Systems: From 
Technical Feasibility to User Requirements 

Recent research has begun exploring the intersection between col-
laborative MR and NMP, though work remains constrained by 
several challenges, mostly technical. While the majority of the re-
search has explored the use of simplified avatars with real-time 
audio [22, 23, 57, 109], technical investigations have identified la-
tency mismatches between audio and visual aspects of the expe-
rience, particularly when point cloud capture and streaming are 
combined with networked audio [107], which represents the most 
data-intensive but also the most realistic scenario [16, 96]. While 
musicians require sub 30 ms of latency in audio signals, volumetric 
capture and streaming system work at much higher latencies and 
users can tolerate up to 900 ms of end-to-end delay [36, 112]. 

As a result, technical integration challenges have narrowed the 
scope and methodology of research in this area. Studies remain 
confined to controlled laboratory environments with simplified 
scenarios, focusing necessarily on technical feasibility (e.g., [16, 23, 
96, 107]). More critically, existing work typically involves small 
participant pools mostly playing in co-located settings [22, 23, 110], 
or where data streaming only includes the visual but not the au-
dio component of the experience [95, 96], preventing systematic 
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identification of requirements that transcend individual preferences 
and specific technical issues. Even if some studies have explored 
aspects of the user experience such as immersion and social pres-
ence [16, 23, 96, 109] they have examined mostly dyadic improvi-
sations [58, 96, 107, 109], single-musician interactions with virtual 
agents [25, 57, 110], and in few occasions small ensemble perfor-
mance [22, 23]. 

While technical constraints have limited user research to small-
scale feasibility studies, building systems without understanding 
professional needs risks producing tools unsuited to actual musical 
practice. 

2.4 Participatory Design in Music Technology: 
Lessons and Opportunities 

In order to move beyond purely technology-driven research, the 
field of music has embraced participatory design methods to place 
users at the center of the development of new systems. Studies have 
engaged musicians in designing digital musical instruments [44, 
45, 106, 108], accessible interfaces [101, 105], music information 
retrieval systems [68], as well as musical VR systems for creative 
practices [8, 89]. 

Some research has combined participatory with speculative de-
sign for future-facing issues. Lepri and McPherson [72] developed 
the “making up instruments” workshops, while others integrated 
design fiction strategies [15, 63, 71], demonstrating that musicians 
can productively engage with future possibilities when balancing 
current experience with speculative imagination. 

However, most of these works focus on artifacts—whether phys-
ical or virtual instruments—rather than communication platforms 
like NMP systems. This means that such methodologies may not 
automatically translate to the design of collaborative infrastructure. 

While participatory workshops have successfully elicited MR 
collaboration requirements from diverse groups—collaboration de-
signers [118], UX designers [119], ethics experts [69], and chil-
dren [47]—even without complete prototypes, professional musi-
cians have never been systematically engaged as co-designers for 
MR collaboration platforms. Previous work has only explored their 
broad needs in the context of the Musical Metaverse [15]. 

Musicians possess embodied expertise about collaborative per-
formance that cannot be inferred from office-based patterns or 
technical capabilities alone. Since technical challenges currently 
constrain prototype-based research, participatory approaches offer 
a way to gather requirements unconstrained by implementation 
limitations. 

3 Methodology 
We conducted a study using a qualitative methodology to under-
stand how expert musicians envision the characteristics of an MR 
application for networked musical collaboration, focusing on design 
requirements and interaction concepts. Our approach positioned 
musicians as expert co-designers along with the authors, enabling 
deep engagement with both current collaborative practices and 
future possibilities. 

3.1 Participants 
We recruited 24 professional musicians (9 participants identified as 
women, 15 as men; age range 18-54, M = 27.6, SD = 12.4) through 
purposive sampling targeting active performers with extensive ex-
perience in synchronous group performance. Recruitment occurred 
through SAE Barcelona, local music conservatories, and profes-
sional music networks in Barcelona and the region of Catalonia. 

Participants reported an average 12.7 years of musical experi-
ence (SD = 11.1), with regular activities including live performances, 
studio recording, and collaborative rehearsals across genres includ-
ing rock, pop, funk, jazz, Latin, and metal. This experience base 
ensured familiarity with the embodied, temporal, and social dy-
namics characteristic of professional musical collaboration. Twenty 
participants were from Spain, while four were from South America. 
Only five participants had previous experience with HMDs, even if 
sporadic and in the context of gaming in VR. 

Participants were organized into six four-piece bands, each rep-
resenting a standard ensemble formation: drums, bass, guitar, and 
keyboard. This configuration was selected because it represents a 
common professional arrangement across multiple genres while 
maintaining analytical tractability for consensus-building activities. 
The study received approval from the University of Trento ethical 
committee, with all participants providing informed consent for 
participation, audio recording, and use of created materials. 

3.2 Procedure 
Our study was presented to participants as a fictional scenario 
describing a situation they were asked to design. The scenario was 
grounded in previous work on MR networked music systems [17, 
107] and exploratory studies that have converged on a common 
setup: a color video passthrough HMD, audio delivered through 
headphones [16, 23, 96, 110], and an embedded system for network 
audio transmission [23, 58, 107]. The scenario was communicated 
to the participants through the reading of the following text: 

You are in your room, the one you use for playing your instru-
ment, practicing, and recording. You have been asked to join a 
jam session with three other remote musicians you don’t know. 
This will happen through a new application designed to play music 
together over the internet but also capable of making you feel as 
if you were in the same room with them, both visually and audi-
torily. You will see the other musicians through a mixed reality 
head-mounted display and you will hear them through a pair of 
stereo headphones. 

Consequently, we formalized the request to participants using 
this prompt: 

If this application could exist as if by magic, how would you 
imagine it? 

The use of a magic prompt after a direct hands-on experience 
with current technology was intentionally designed to create pro-
ductive tension. Rather than producing naive wishful thinking, this 
approach enabled participants to elaborate ideas and requirements 
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Experience Grounding Brainwriting Collaborative Convergence

Phase 1 Phase 3Phase 2 

Figure 2: The procedure used in the study. At first, musicians were introduced to an experience grounding activity (Phase 1), 
then to a brainwriting activity (Phase 2), and then to a collaborative convergence phase (Phase 3). 

while being aware of current limitations. Their expertise enabled 
them to distinguish fundamental collaborative needs from techno-
logical flights of fancy. 

All group sessions began with a structured introduction (of ap-
proximately 10 minutes) made by two members of the research team 
describing the goal of the research project and the role that MR and 
NMP technologies play in our project. Subsequently, the research 
activity started. It was divided into three phases, as illustrated in 
Figure 2: 

• Phase 1 – Experience grounding (∼45 min): Musicians 
played together in the same room, wearing an MR headset 
with video passthrough and a pair of headphones for the 
mixed audio. Audio routing ensured that the sound of a mu-
sician was correctly heard by all the others at the same time. 
The purpose was to give participants a shared, first-hand 
reference experience with the devices that musicians would 
need to use apart from their instrument in a collaborative 
MR application. 

• Phase 2 – Individual ideation and sketching (∼90 min): 
Participants were seated individually with A4 sketch pa-
pers, colored markers, and post-it notes. By referring to 
the fictional scenario and the prompt provided by the facil-
itators, musicians were asked to engage in a brainwriting 
activity [111], to design from their perspective the different 
components of a future application for networked music 
using MR technologies. 

• Phase 3 - Collaborative convergence (∼90 min): Each 
musician presented the sketches produced in the previous 
phase to the other members of the group. Then, the group 
discussed together overlaps and differences of each idea, 
negotiating a shared set of features they would prioritize in 
an ideal system. The final output of each workshop was a 
list of agreed features and principles. 

The activity occurred over the period of two weeks, with a total 
of four days. Each group session lasted approximately four hours, 
including breaks, and the time dedicated to preparation of the room 
and setup of the instruments. 

All activities were conducted at SAE Barcelona. Two of the au-
thors, researchers from the University of Trento, facilitated the 

Figure 3: The two devices used in Phase 1: a Lynx R1 HMD, 
and a pair of studio professional headphones. 

workshop. English was the primary language used; however, partic-
ularly during Phases 2 and 3, some parts were conducted in Spanish 
(Castellano), which both researchers spoke. 

3.3 Phase 1: Experience Grounding 
In the first activity, participants were asked to familiarize them-
selves with the two primary technology components that would 
serve as the foundation for the application they were tasked with 
designing: an MR HMD and a pair of stereo headphones for audio, 
as shown in Figure 3. This gave musicians direct experience of 
what it means to play with an HMD, as described by Bailenson 
and colleagues as “seeing the world through digital prisms” [10]. 
Headphones, already familiar to professional musicians, can enable 
high-quality rendering and spatial audio delivery. 

Since the technical integration between NMP and MR systems 
has limited the majority of previous work, we deliberately excluded 
networking aspects since this remains technically challenging for 
MR with physical musical instruments. We assume this will be 
solved in the future as research develops. While this approach can-
not fully simulate next distributed collaboration systems, it enables 
the systematic exploration of how MR hardware interfaces can 
integrate with established musical practices. Moreover, by focusing 
on local MR experiences, we isolated the effects of wearing HMDs 
and headphones during musical performance without confounding 
network-induced artifacts. 

Musicians conducted Phase 1 activities in a dedicated room (re-
ferred here as Performance Room) while audio mixing was managed 
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Performance Room Control Room 

Figure 4: On the left, the Performance Room where musicians 
played in Phase 1. On the right, the Control Room used by 
sound engineers to route and mix the audio streams coming 
from the Performance Room. 

1 

2 

3 
4 

1 Digital Drumkit Electric BassKeyboard Electric Guitar2 3 4 

Figure 5: Members of Group 4 jamming during Phase 1. Num-
bered positions show: 1) Keyboard player at digital piano, 
2) Electric guitarist, 3) Digital drum kit player, and 4) Elec-
tric bass player. All musicians are wearing MR headsets and 
headphones. 

by a sound engineer of SAE in an adjacent Control Room, simu-
lating the behavior of an NMP system (see Figure 4). Before the 
beginning of each music session, five minutes were dedicated to a 
single and group soundcheck, since basic setup and signal routing 
were done in advance by SAE technicians. 

For the MR experience participants were provided with Lynx R1 
HMDs. These devices can provide video passthrough that can be 
experienced through specially designed 4-fold catadioptric freeform 
prism optics. This provides a ∼90° circular field of view. The Lynx 
R1 features 1600x1600 LCD displays (90Hz), Qualcomm Snapdragon 
XR2 Gen processor, and Wi-Fi/Bluetooth support. We developed 
a Unity application used only to display video passthrough feed 
without additional virtual overlay to be used during this phase. 
Audio was provided via Audio-Technica ATH-M20x high-quality 
stereo headphones, chosen for their ease of integration with the 
HMD. Through this setting, each musician was able to hear their 
sound mixed with the one of the others in real-time. 

Since our focus was on the experience of musicians playing their 
own physical instruments, we used only electric and digital instru-
ments in order to minimize disturbance, since audio was delivered 
through headphones. While SAE provided several instruments (in-
cluding guitar, bass, keyboard and a digital drum kit), participants 
were free to bring their own personal instruments and sound effects 
(e.g., guitar pedals). 

Participants received 10-minute guided explanation of the MR 
HMD, including hand tracking, object manipulation, and basic spa-
tial mapping features. Following this tutorial, musicians were asked 
to engage in 15 minutes of collaborative musical improvisation 
while wearing headsets and headphones (see Figure 5). Participants 
were then asked to choose a song or a musical structure, rather 
than forcing specific styles. For example, the second group impro-
vised on “Oye como va” by Santana following the guitar player’s 
proposal, while the third group agreed on a jazz standard proposed 
by the keyboard player after a brief discussion. Upon completion, 
musicians removed HMDs, headphones, and instruments. After a 
15-minute break they were asked to elaborate on their experience 
during an unstructured interview session conducted by two of the 
authors. 

3.4 Phase 2: Individual Ideation and Sketching 
First, musicians were asked to sit together around a table. The two 
researchers illustrated the goals and how the activity was going to 
unfold. Second, musicians were presented with four sections of the 
imaginary application. We selected such sections to help musicians 
maintain focus and to better encourage the exploration of different 
design dimensions. The four sections were the following: 

(1) Preparation: Setup requirements before starting the appli-
cation, including instrument, HMD, and headphone prepara-
tion sequences; 

(2) Join a Session: Requirements for starting the application 
and joining a playing session; 

(3) Play in a Session: Collaboration needs including spatial 
arrangement, player appearance, audio preferences, and real-
time collaborative features; 

(4) Exit a Session: Steps needed to leave a session and quit the 
application. 

Each section lasted for a variable time between 10-20 minutes 
depending on how much time musicians took to complete the 
activity, and if they needed more clarifications from the researchers. 
Participants were asked to think about the features they would like 
to see in the future MR application through words and sketches. 
To develop their ideas, participants were provided with white A4 
paper sheets, colored markers, ball pens, sticky notes, and basic 
prototyping materials including cardboard, and tape. Participants 
were encouraged to think beyond current technical limitations and 
previous knowledge, and to focus on ideal design goals. Figure 6 
presents a series of sketches made by the participants. 

3.5 Phase 3: Collaborative convergence 
In the final phase, participants were asked to share their sketches 
and ideas with the group. Following each presentation, a group 
discussion took place. Such a discussion was aimed at building 
on and combining individual ideas. Researchers facilitated with 
additional questions, and helped to identify key requirements and 
define consolidated design concepts representing group consensus. 

3.6 Data Collection 
Data were collected as follows: In Phase 1, we recorded audio of 
the final interview session, and one researcher took detailed notes. 
In Phase 2, we collected only the sketches made by participants, 
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Preparation Join a Session Play in a Session Exit a Session 

Figure 6: Examples of sketches produced by the participants for the four sections explored during Phase 2. 

which were later digitized through high-resolution scanning for 
archiving. In Phase 3, we recorded audio of the entire discussion, 
and one researcher took detailed notes. Participants provided ex-
plicit consent for audio recording and sketch usage, understanding 
materials would be used solely for research analysis. 

3.7 Data Analysis 
We analyzed data from Phase 1 and Phase 3 using thematic analy-
sis [19] to identify patterns in participants’ experiences and consensus-
based design requirements. 

3.7.1 Analysis of Experience Grounding (Phase 1). We conducted a 
thematic analysis of the recordings and notes from Phase 1 inter-
views. Two researchers from the University of Trento independently 
performed open coding on the audio transcripts and discussion 
notes using an inductive approach. Initial codes were descriptive 
labels capturing discrete ideas and concepts mentioned by partici-
pants. The analysis proceeded through three stages: (1) independent 

coding by both researchers, (2) two collaborative meetings to dis-
cuss findings, convergences, and divergences, and iteratively refine 
categories, and (3) a final meeting to resolve disagreements through 
joint re-examination of source material. Final themes were selected 
based on prevalence across participants, conceptual coherence, and 
distinctness from other themes. Both researchers examined cross-
group consistency and instrument-specific patterns. 

3.7.2 Analysis of Collaborative Convergence (Phase 3). The two re-
searchers who performed the first analysis independently identified 
design requirements mentioned during group convergence sessions, 
coding both individual presentations and final group agreements. 
Consensus levels were calculated based on individual participants: 
unanimous (24/24), near-unanimous (23/24), and high consensus 
(20-22/24). When groups showed competing requirements, we doc-
umented both majority positions and dissenting perspectives, not-
ing instrument-specific variations. Disagreements were resolved 
through discussion and eventually by revising the source materials. 
Finally, we identified commonalities and –if any– differences across 
groups. 



CHI ’26, April 13–17, 2026, Barcelona, Spain Alberto Boem, Victor Casado, Luca Bucciarelli, and Luca Turchet 

Following the identification of 12 initial themes, researchers 
performed axial coding to establish relationships and connections 
between these themes. This process grouped them into broader 
conceptual categories based on their underlying patterns, revealing 
higher-level concepts. 

4 Results 
Our analysis showed distinct patterns in how professional musi-
cians experience and envision MR musical collaboration systems. 

4.1 Experience Grounding Findings 
The thematic analysis of Phase 1 revealed five major themes re-
garding how participants responded to playing instruments using 
HMDs and headphones, highlighting both challenges and oppor-
tunities in MR-mediated musical collaboration. The themes are 
summarized in Figure 7 and presented as follows: 

(1) Visuo-Motor Conflict: The most prevalent theme involved 
a fundamental conflict between the visual attention required 
for instrument control and the need for social coordination 
with other musicians, as reported by 22 participants. This 
conflict manifested differently across instruments, and rep-
resents the primary barrier to seamless MR musical per-
formance. Keyboard players experienced the most severe 
challenges. They exhibited exaggerated head movements 
when alternating between monitoring hand positions and 
maintaining visual contact with the other musicians. One 
keyboard player explained: “I had to make extreme move-
ments—down to watch my fingers, up to see the others—which 
made me dizzy.” Guitar players reported difficulty seeing 
their instruments, especially the guitar neck, while maintain-
ing awareness of other musicians, describing the transition 
between direct and mediated vision as “weird and a bit dis-
turbing.” Drum players faced unique spatial challenges, often 
describing the constant trade-off between “seeing the drums 
or seeing the others” as a persistent difficulty. 

(2) Social Disruption: Fundamental disruptions to social con-
nection characterized the experiences of 19 participants. So-
cial isolation emerged as the most significant aspect, with 
multiple participants describing feelings of being “distant 
and alone” despite the collaborative nature of the activity. 
According to the musicians, this was caused mostly by the 
HMD and the need to concentrate more on the visual aspect 
of the activity. One guitarist’s observation—“it’s a little bit 
sad for me to think that we play alone”—captured the emo-
tional dimension of this isolation. Physical discomfort also 
contributed significantly to such disruption, with partici-
pants reporting headset weight and ergonomic problems. 
Drummers were particularly affected by equipment weight 
and movement constraints, with one noting, “since I move 
a lot, I don’t want extra weight/cables, I got a bit dizzy.” The 
introduction of the HMDs elicited ambivalent responses to 
immersion, with some embracing the cinematic quality of the 
visual experience through HMDs, while others experienced 
it as creating barriers to authentic musical interaction. 

(3) Audio Quality Matters: In contrast to the visual and social 
challenges, the quality of the audio transmission emerged 

as a notable success, with 19 participants reporting posi-
tive responses. Participants consistently reported that audio 
quality was “better than typical live performances,” suggesting 
that MR networked systems should aim to provide the best 
audio experience possible. The quality of the audio delivery 
provided a stable foundation that allowed musicians to main-
tain basic coordination, even when visual communication 
was compromised. The reliability of audio channels allowed 
participants to focus on adapting to other challenges with-
out simultaneously struggling with audio deficits, fostering 
optimism about overcoming remaining limitations through 
technological development. 

(4) Loss of Musical Coordination: Communication break-
down between musicians emerged as a critical theme, as re-
ported by 16 participants. This highlighted the fundamental 
importance of non-verbal communication channels, which 
were disrupted in current MR implementations due to the 
use of HMDs. The loss of eye contact was the most unan-
imously reported deficit across all instruments. One bass 
player emphasized, “I need to see the face of the people, espe-
cially the eyes,” while a guitarist noted, “There is no visual 
contact...I can’t see the eyes.” These challenges were particu-
larly pronounced in improvisational contexts, where sponta-
neous coordination relies heavily on subtle visual cues. One 
guitarist observed that visual communication is “especially 
important during jams/improvisations.” The breakdown ex-
tended beyond immediate performance coordination to also 
affect the emotional dimensions of musical collaboration. 

(5) Professional vs. Recreational Use: Eight participants ex-
plicitly differentiated between professional and recreational 
applications, revealing context-dependent technology accep-
tance. Concerns about professional suitability emerged as a 
significant barrier, with participants describing current sys-
tems as appropriate for “fun” rather than “professional stuff.” 
One pianist evaluated the system as being “a level as fun, but 
not really professional.” Educational applications emerged 
as a promising middle ground, with participants identifying 
teaching contexts as potentially viable. This professional-
recreational divide varied across instruments, with piano 
players showing the strongest skepticism and guitar players 
demonstrating greater willingness to consider professional 
applications once limitations are addressed. 

Additionally, we observed that adaptation to HMDs varied sig-
nificantly across instruments, with 12 participants mentioning pos-
sibilities for adjustment. Bass players demonstrated the most rapid 
adaptation, while piano players faced the greatest challenges, requir-
ing specialized accommodations rather than simple practice-based 
improvement. Drummers showed variable but generally positive 
adaptation patterns, with participants expressing confidence in 
eventual adjustment through practice. Guitar players demonstrated 
mixed outcomes, depending more on their musical roles than instru-
ment specific factors. Lead guitarists, who required visual commu-
nication for coordination, reported greater difficulty than rhythmic 
guitarists, who could rely more on audio-based coordination. This 
variation suggests that MR systems should be designed to accommo-
date different musical roles within the same instrument category. 
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Visuo-Motor Conflict 

Social Disruption 

Audio Quality Matters 

Loss of Musical Coordination 

Professional vs. Recreational Use 

"The idea was not a problem, but the experience with the glasses [...] I had many problems to see my hands when I was playing. 
I see the other people or my hands, but not both things at the same time" 

"I think that it will... it's a little bit sad for me to think that we play alone. I mean, it's like a thing that I think is important" 

"Well, the sound. It was nice. But yeah, maybe the mix can do. Can do it better in the future". 

"When you do a jam, you have to see the face from the other people because you have to like the expression [...] 

because if you want to do a change in the music you see the eyes of the other player" 

"If this was very like easy to set up and so on, I wouldn't use it for like something more professional. 

But this more like a kind of fun thing [...] if I need to check some tunes but not with someone because I play professionally." 

Themes Number of participants Example quotes 

Figure 7: The themes derived from the analysis of participants’ experience during Phase 1. 

Audio-First Workflow 

Themes Number of participants Example quotes 

Personalized Audio Control 

Spatial Layout Customization 

Plug-and-Play Setup 

Stereo Mix Priority 

Integrate Musical Equipment Workflow 

Departure Coordination 
Session Management 

Customizable 
Music Spaces 

Communication 
and Social Presence 

Workflow 
Integration 

Presets and Default Configuration 

Recording and Playback 

"I would like to see like a mixer in my glasses and I can just adjust what I need when I need [...] some of elements I can go and adjust it and I have like fader knobs". 

"What I want is to change positions, to drop them differently and to have the option to change also to" 

"I would plug the instrument first and the last step will be open the app. It's more relaxed knowing that all the setup is working" 

"Stereo mix because it's as you hear when you are playing live" 

"It will be great to have a charging, docking device. To put it in a specific place and it charges [...] the easier and the smaller, the better" 

"It would important to let people now when you leave, especially while playing [...] but when leave will be cool to make a social media post or like this where you can show what you played" 

"I think personal configuration is really important [...] because you don't want to play with the same people every time" 

"Probably the ability of record the session [...] like Ableton. You know, you are recording all the time. So when you finish your session, you can probably get: do you want to save this session?" 

Visual Communication 

Real-Time Voice Support 

Realistic Avatar Representation 

"The precision of the movemenet I see is more important than the appearance [...] It's more important to have the consistency between the gesture". 

"This is very important [...] maybe a gate or something that when you talk or when you shout while you're playing, they hear you." 

"For me, realism is a bit more important when playing professionaly [...] but just to play for fun, monkeys and dragons or like whatever avatar you want to have is fine" 

"Realistically, I probably don't want to connect the guitar every time [...] so I would prefer to be connected already and push a button and the system goes right away" 

Figure 8: Consensus-based design requirements derived from Phase 3 collaborative sessions. 

5 Consensus Patterns in MR Musical 
Collaboration 

The analysis of the results of Phase 3 revealed strong consensus 
among musicians regarding core requirements for MR musical 
collaboration systems (see Fig. 8). These requirements form an 
interdependent hierarchical structure organized around four core 
findings that span the entire interaction lifecycle of the experience 
and transcend individual instrument characteristics and musical 
genres. 

5.1 Workflow Integration as a Non-Negotiable 
Foundation 

The first and most critical finding is that musicians are not inter-
ested in engaging with MR collaboration until their established 
professional audio workflows are fully preserved and operational. 
This represents a fundamental design constraint: MR systems must 
adapt to musicians’ proven practices rather than imposing novel 
paradigms. 

This workflow preservation manifests across the entire setup 
sequence through what we term Audio-First Workflow (24/24 
participants). Sound verification should precede any visual or social 
engagement. As one pianist explained: “I would plug the instrument 
first and the last step will be open the app. It’s more relaxed knowing 
that all the setup is working”. A guitarist reinforced: “After properly 
setting up the instrument, headset and headphones, check the sound 

and adjust it. Finally, start the session”. Musicians treat their entire 
signal chain as a unified system where audio quality cannot be com-
promised, viewing the HMD as just another piece of professional 
equipment. 

Yet alongside this identified workflow, musicians demand radical 
simplicity in execution through Plug-and-Play Setup (24/24). As 
one guitarist stated: “Realistically, I probably don’t want to connect 
the guitar every time [...] so I would prefer to be connected already and 
push a button and the system goes right away”. Therefore, MR sys-
tems must be streamlined while respecting established workflows, 
and not eliminating them. 

The resolution emerges through intelligent defaults and context-
aware Presets and Default Configurations (20/24): musicians 
want systems that can remember configurations for different mu-
sical scenarios (e.g., genre or activity), and that can be instantly 
recalled but at the same time remaining fully customizable. This 
adaptiveness should enable the same musician to seamlessly tran-
sition between different collaborative contexts without extensive 
reconfiguration, as noted by a drummer “I think personal configu-
ration is really important [...] because you don’t want to play with 
the same people every time”. Musicians also emphasized physical 
integration through Integrate Musical Equipment Workflow 
(22/24), such as dedicated charging solutions and protective storage 
that fit within existing studio layouts. The universal concern is that 
MR equipment should enhance rather than disrupt their established 
creative processes, from initial setup through final teardown. 
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5.2 Communication and Social Presence 
Given a proper audio foundation, the second finding reveals that 
musical collaboration requires simultaneous visual and audio rep-
resentational fidelity that musicians consider non-negotiable. 

Support for Visual Communication achieved complete con-
sensus (24/24). A guitarist emphasized: “The precision of the move-
ment I see is more important than the appearance [...] It’s more 
important to have the consistency between the gesture”. Musicians 
require this aspect not for social pleasantness but for functional 
coordination. Visual communication proved equally critical as musi-
cians requested Realistic Avatar Representation (22/24), though 
context-dependent. A drummer stated: “For me, realism is a bit more 
important when playing professionally [...] but just to play for fun, 
monkeys and dragons or like whatever avatar you want to have is 
fine". This reveals a cross-cutting dimension: professional contexts 
demand maximum realism for transmitting subtle coordination 
cues, while casual sessions allow stylization, suggesting that collab-
orative systems should adapt fidelity levels to session type rather 
than applying uniform settings. 

Real-Time Voice Support (23/24) complements rather than re-
placing visual channels. Musicians need both explicit coordination 
through voice (particularly valuable in improvisation where verbal 
cues can be used to initiate new sections) and implicit coordination 
through visual observation. Voice also serves pre- and post-session 
functions: discussing musical ideas, organizing roles, and building 
relationships when collaborators meet for the first time. As a guitar 
player noted “this is very important [...] maybe a gate or something 
that when you talk or when you shout while you’re playing, they hear 
you.” 

Together, these multimodal requirements show that musicians 
conceptualize remote collaboration systems to be used for support-
ing in-person dynamics as completely as possible, not for creating 
diminished “remote” experiences. 

5.3 Customizable Music Spaces 
The third finding highlights that musicians demand complete per-
sonal control over their audio and visual environment while main-
taining a shared collaborative space. 

Personalized Audio Control showed perfect consensus (24/24). 
A guitarist noted: “I would like to see like a mixer in my glasses and 
I can just adjust what I need when I need [...] some of elements I 
can go and adjust it and I have like fader knobs”. Musicians require 
independent control not only of their own instrument’s input and 
output, but also of the audio channels from the connected musicians. 
This mirrors traditional mixing board paradigms where each per-
former crafts their personal monitor mix without affecting others’ 
experiences. 

Similarly to what was observed with audio, Spatial Layout 
Customization achieved equal consensus (24/24), with musicians 
demanding agency over spatial arrangements. As one pianist ex-
plained: “What I want is to change positions, to drop them differently 
and to have the option to change also to”. Since collaborators appear 
as embodied avatars or volumetric representations superimposed on 
musicians’ physical space, positioning must remain flexible rather 
than imposed—even conventional arrangements like semicircles 
should be supported and customizable. 

Despite spatial audio capabilities enabled by MR, Stereo Mix 
Priority (23/24) showed that musicians prefer familiar stereo mix-
ing as their default. A drummer clarified: “Stereo mix because it’s 
as you hear when you are playing live”. Most musicians prefer es-
tablished stereo mixing techniques as their default, with spatial 
audio retained as an optional alternative. This hierarchical pref-
erence—familiarity as default, innovation as choice—allows each 
musician to select their preferred paradigm individually without 
forcing consensus within the group. These control requirements 
reflect a core principle of professional music-making: collaborative 
performance depends on individual autonomy. Each musician must 
craft their optimal listening and viewing conditions to contribute 
effectively to the collective output. 

5.4 Session Management 
The final finding reveals that musicians require proper closure in 
both musical and social dimensions, treating session endings as 
opportunities to preserve collaborative outcomes and maintain 
relationships for future work. 

Recording and Playback capabilities proved essential (20/24), 
with requests spanning from being able to save simple stereo mixes 
to multi-track sessions with individual instrument isolation, and 
video recordings as well. A guitarist noted: “At the end of the ses-
sion, the video is uploaded to the cloud, allowing access to complete 
recordings”. Musicians also want to replay recordings within the 
application for rehearsal and play-along activities, extending the 
system’s utility beyond live collaboration. This emphasis on capture 
reflects musicians’ broader expectation that MR systems preserve 
rather than replace their established creative workflows—recording 
is not an add-on feature but a fundamental professional require-
ment. 

Departure Coordination (22/24) addressed the social dimen-
sion of endings. Musicians need clear notification when colleagues 
exit, but critically, they prefer gradual transitions over abrupt disap-
pearances. A drummer explained: “In the case of musicians present 
in the scene, their exit is animated with a fade-out”. This prefer-
ence reflects how sudden visual changes can disrupt concentra-
tion and musical flow. Graceful departures should maintain so-
cial continuity—preserving the quality of relationships established 
through the multimodal presence described earlier—while clearly 
communicating the session’s conclusion. 

These requirements can work interdependently: departure coor-
dination often includes deciding about recordings before leaving, 
while recording capabilities provide tangible artifacts that validate 
the collaborative effort and enable continued musical development 
after the session ends. 

6 Discussion 
Our findings reveal fundamental differences between current MR 
design paradigms and the specialized requirements of professional 
musical collaboration. The consensus achieved across 24 profes-
sional musicians provides empirical evidence that complements 
and extends previous work on collaborative MR, CSCW, and telep-
resence, while identifying pathways toward systems that genuinely 
support expert creative practice. We discuss the Phase 1 results first, 
followed by the themes that emerged from our Phase 3 analysis. 
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6.1 The Limits of Passthrough MR for Social 
Musicianship 

Why did experienced musicians struggled with video passthrough 
MR during collaborative performance? The visual-motor conflicts 
reported by 22 participants in Phase 1, reveal a conflict between 
technological mediation and the embodied expertise that charac-
terizes professional creative practice. 

This finding aligns with previous observations of professional 
musicians using video passthrough HMDs (e.g., [16, 96]) as well 
as see-through glasses [115]. Research showed that guitar play-
ers reduce head movement when wearing passthrough HMDs to 
avoid issues such as latency or motion blur, which can negatively 
impact performance [16]. The introduction of HMDs as mediat-
ing artifacts created fundamental contradictions within established 
activity systems of musical collaboration. 

Embodied music cognition [70] illuminates why these disrup-
tions proved so consequential. Musical performance represents a 
paradigmatic type of embodied interaction, where meaning emerges 
through physical engagement with both instruments and collabo-
rators [64]. The tight coupling between physical gesture and sonic 
production –what Godøy calls motor-mimetic processes [48]– creates 
meaning-making systems particularly vulnerable to technological 
disruption. Since these processes rely on seamless coordination 
of vision, movement, and sound [20, 76], even minor occlusions, 
visual distortions, or latencies in MR systems can break the experi-
ence the performers depend on. As one player noted, the transition 
between direct and mediated vision was “weird and a bit disturbing,” 
revealing how new mediating artifacts disrupt established musical 
collaboration activities. 

Our results suggest that for musicians, an HMD represents a 
novel device that requires integration into their body schema. Ad-
ditionally, our findings indicate that such expertise might create 
conservative adaptation pressures where technological intervention 
must try to preserve existing embodied coordination systems. The 
successful audio experience that 19 participants reported validates 
this principle, since audio delivery through headphones preserved 
rather than disrupted established musical coordination patterns. 
However, these vulnerabilities to technological mediation found in 
skilled users are not yet well-documented in the HCI literature. Par-
ticipants also reported social disruption caused by HMDs impeding 
clear perception of others, noting that they felt alone even when 
present in the same room. These observations align with findings 
by Santoso and Bailenson [94] indicating that video passthrough 
contributes to feelings of social absence. 

While these findings regarding Phase 1 may be dependent on 
the particular HMD used in the study, future work in MR and 
music technologies should better examine the causes behind the 
issues we observed and develop alleviating designs. For instance, it 
remains unclear what impact video passthrough latency (including 
camera capture, image processing, and display rendering pipeline) 
has on visuomotor coordination. Although this concern may be 
particularly acute for music-making, studying skilled users such 
as musicians can inform broader development of MR hardware, as 
well as immersive telepresence and collaborative systems. 

6.2 Design for the Ear: Towards Audio-First MR 
The consensus across all groups converged on a setup phase where 
audio should be configured first, with the HMD worn as the final 
step (see Figure 9). As one participant explained, “I need to know 
my sound is working before I put anything on my head.” This reflects 
established professional protocols where sonic infrastructure must 
be verified before proceeding further. The consensus across diverse 
musical backgrounds demonstrates that this represents a shared 
professional knowledge rather than an individual preference. More-
over, this reflects an epistemological stance where sonic experience 
constitutes the primary reality [59], with visual elements serving 
supporting rather than foundational roles. 

This prioritization of audio over video, challenges the ocular-
centrism [87] of current design of MR collaborative MR, which 
emphasizes visual fidelity as foundational for presence and immer-
sion [9, 49, 75, 83, 98, 99]. Our findings suggest that MR systems for 
professional musical work must instead adopt an “Audio-First” de-
sign philosophy [24], prioritizing technological transparency [18]. 

However, current commercially available MR headsets typically 
allocate computational resources primarily to visual rendering, 
treating audio as secondary [17]. Our findings suggest that pro-
fessional musical applications require inverted resource allocation, 
where audio processing receives primary optimization. While pro-
ductivity applications may succeed through visual-first approaches, 
professional musical collaboration requires audio-first architectures 
that preserve established tool-activity relationships. The notable 
absence of audio-related issues in our study validates this princi-
ple: high-quality audio provided a stable foundation that enabled 
coordination even when visual communication was compromised. 

These findings invert Chion’s concept of added value in audiovi-
sual perception [29]: rather than sound adding value to the image, 
our participants positioned visual elements as potentially adding 
value only to an already-established sonic experience. 

However, these findings must be contextualized within our par-
ticipant demographics. The “Audio-First” design principle may not 
be universal across all musicians—D/deaf and hard-of-hearing mu-
sicians [46] would likely prioritize other sensory channels [85]. 
Future work should include D/deaf musicians in co-design pro-
cesses to understand how MR systems can support multiple sensory 
hierarchies simultaneously. 

6.3 When Faces Disappear: Nonverbal 
Communication in MR 

Participants unanimously identified non-verbal communication 
support as essential for musical collaboration, with particular em-
phasis on eye contact and facial expression visibility. Research on 
music ensembles consistently shows that interactions between mu-
sicians rely heavily on visual cues, including body movements and 
hand gestures [13, 14, 38, 116]. The emphasis given by participants 
on facial expressions aligns with foundational work on nonverbal 
communication [42], while extending it into creative collaboration 
where micro-expressions serve not only emotional communication, 
but also aesthetic negotiation and creative decision-making [97]. 

Research has consistently highlighted the importance of gaze and 
facial expressions during musical collaboration [30, 79, 90, 114], and 
in immersive systems in general, showing how facial expressions 
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Towards Audio-First MR 

Setup the instrument Wear the headphones Wear the mixed reality HMD 

Musicians prioritize audio infrastructure over visual elements 

Audio verification must precedes visual engagement 

Sonic experience constitutes a primary reality for musicians 

Current MR systems deprioritize audio 

Check sound and volume 

The steps identified by professional musicians for initializing a mixed reality musical system. 

Figure 9: Towards Audio-First MR: Musicians prioritize audio infrastructure over visual elements in MR setup workflow. 

A realistic representation of remote users should prioritize 
facial expressions (especially the eyes) and body gestures. 

Non-verbal Communication 
Current HMD devices are obscuring facial features 

Loss of eye contact breaks group musical coordination 

Facial expressions serve creative decision-making and aesthetic negotiation 

Musicians distinguish professional contexts (need for realistic representation) 
from recreational (stylized avatars acceptable) 

Figure 10: Non-verbal Communication: Current MR devices challenge essential non-verbal communication channels in musical 
collaboration. 

can increase social presence [84]. As shown in Phase 1, HMDs mask 
portions of faces such as the eyes, thus limiting facial expressions. 
The loss of these channels represents a breakdown of the subtle 
social choreography that enables collaborative creation. Notably, 
several musicians expressed a preference for “fake eyes than no 
eyes,” revealing that gaze is essential for maintaining basic human 
social interaction, not just technical coordination (see Figure 10). 
This finding underscores that even imperfect visual representation 
may be preferable when it comes to preserving social connection. 
Previous work showed that features such as user gaze [11, 92] and 
head nodding [1], as well as facial expression rendering [33, 75], can 
be simulated using motion capture systems. However, translating 
these elements into collaborative MR remains an open challenge. 
Beyond technical feasibility, musicians’ responses revealed nuanced 
preferences about the nature of visual representation in collabora-
tive contexts. 

The preference expressed for realistic representations indicates 
an understanding of how visual authenticity serves different func-
tions across contexts. Participants distinguished between profes-
sional and recreational contexts: professional interactions require 
authentic representation to enable transmission of non-verbal cues 
essential for coordination, while recreational contexts might ac-
commodate stylized or fantasy avatars. This requirement concerns 
coherence of body movements rather than purely visual photoreal-
ism. This emphasis reveals that professional creative collaboration 
requires heightened social awareness encompassing cognitive, affec-
tive, aesthetic, and expressive communication dimensions beyond 
traditional social presence frameworks [12, 83]. 

For this, volumetric point-cloud representations have been ex-
plored in MR collaborative music [16, 96, 107], reproducing some 

of the effects observed in non-musical contexts [62, 91, 102]. How-
ever, the level of visual fidelity necessary for musical collaboration 
remains unclear. While studies of office meetings and learning 
activities suggest high visual fidelity as a non-essential require-
ment [62, 91], these findings may not transfer to musical contexts 
where subtle cues are critical. Furthermore, current real-time volu-
metric systems introduce latencies that exceed acceptable thresh-
olds for live musical performance [36] and require technical con-
figurations that are prohibitively complex for musicians to deploy 
independently [31, 86, 112]. 

Apple Vision Pro’s spatial “Personas” point towards an alterna-
tive approach based on semantic communication [74], which is ca-
pable of achieving remarkable efficiency while maintaining realistic 
representation of remote users [28]. However, musical collaboration 
presents unique set of challenges for this approach. Unlike facial 
expressions, which can be efficiently encoded as discrete semantic 
tokens, musical instruments require capturing complex, continuous 
body movements with high spatial and temporal fidelity. A gui-
tarist’s fretting technique or a drummer’s stick dynamics demand 
substantially richer data streams than standard human communi-
cation gestures, potentially eliminating the bandwidth efficiencies 
that make semantic communication viable. 

Beyond capturing human movements, musical collaboration re-
quires accurately representing the instruments themselves—an as-
pect largely unaddressed in previous MR collaboration research. 
Musicians’ instruments are not merely held objects but extensions 
of their bodies, central to both their performance technique and 
communicative gestures. Current volumetric capture and streaming 
systems struggle to simultaneously represent fine hand movements, 
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facial expressions, and the physical instruments with sufficient 
fidelity. 

Addressing the loss of facial expressions and micro-gestures in 
MR environments thus represents not merely a technical problem 
requiring better sensing technologies, but a systemic challenge de-
manding coordinated advances in capture fidelity, and transmission 
efficiency, specifically designed for musical collaboration. 

6.4 Balancing Individual Control and Collective 
Awareness in Collaborative Music Systems 

Participants require control over both their own audio signal and 
personal monitor mix while maintaining an awareness of the col-
lective sound. In particular, they unanimously demanded granular 
control over the audio stream coming from each peer (including 
volume, equalization, and panning), similar to capabilities found in 
Digital Audio Workstations (DAW) and professional mixing con-
soles. This need for individual autonomy within collaborative con-
texts aligns with established CSCW principles on personal and 
shared workspace design [51–53]. However, these requirements 
cannot be satisfied through predetermined system configurations 
or presets alone, since musicians need dynamic, real-time control 
adapted to each performance context. As several participants noted, 
musicians typically do not control the final audio mix in concerts 
or performances, as this is usually managed by specialized audio 
engineers. However, in this context this is considered an important 
feature. 

While participants demanded access to basic parameters, current 
approaches may not scale well beyond three or four participants. 
The challenge lies in providing sophisticated functionality that 
remains accessible and intuitive for expert users in a multi-user en-
vironment accommodating an undefined number of audio sources 
and instrument types. For personal control, participants envisioned 
graphical overlays controlled by hand gestures or custom physical 
controllers like knobs or faders. This parallels current professional 
practice where musicians increasingly use personal digital mixers 
to control individual In-Ear Monitor mixes, though extending this 
model to collaborative MR environments presents unique spatial 
and interaction design challenges. For controlling other musicians’ 
audio, participants proposed directly selecting the avatar represen-
tation of remote users to access specialized controls (see Figure 11). 

This dual requirement –individual audio control and collective 
musical coherence– challenges traditional client-server architec-
tures in NMP where a central mixer distributes identical audio to 
all participants. Instead, our findings suggest the need for what we 
term a “federated audio architecture” where each musician maintains 
independent control over their local audio mix while simultaneously 
contributing to the shared musical performance. Crucially, these 
individual mix adjustments affect only the musician’s personal mon-
itoring experience and do not alter what other participants hear, 
enabling each performer to optimize their listening environment 
without disrupting others’ mixes or the collective sound. 

Implementing federated audio architecture in collaborative MR 
contexts represents a major technical challenge: the system must 
support simultaneous, independent audio processing pipelines for 
each participant while maintaining synchronization across the net-
work for coherent ensemble performance. This extends beyond 

user interface design to fundamental system architecture, requiring 
new approaches that balance personal optimization with collective 
musical coherence. 

6.5 Spatial Authoring: From Mediated Spaces to 
Musical Places 

The majority of participants expressed the need to control how 
remote musicians appear in their room and where they are posi-
tioned both visually and auditorily. While most participants were 
not strict about specific placements (e.g., drums in front, keyboard 
on side), they would like to be capable of rearranging them, re-
quiring spatial authoring capabilities (see Figure 12). This aspect 
is poorly considered in collaborative MR research, which typically 
studies dyadic interactions or small groups where users can move 
freely in space. Musicians rarely change position during sessions, 
particularly when playing drum kits or keyboards, making initial 
placement vital for defining both visual perspective and auditory 
experience. 

The ability to arrange virtual collaborators reflects a proxemic 
approach to both space and musical relationships [54]. Some par-
ticipants expressed the desire to be able to save specific spatial 
arrangements for future sessions, though each musician may or-
ganize remote peers differently. This extends the classical CSCW 
distinction between “space” and “place” [55]: musicians require 
control over collaborative environments to transform spatial ar-
rangements into meaningful contexts to support creative activities. 

Recent studies on collaborative MR have addressed similar issues 
through techniques for aligning users in incongruent spaces [49], 
avatar placement re-targeting [121], and face-formations for large 
groups of participants [118]. However, these techniques derive from 
office-centric use cases [49, 61, 66] where spatial arrangements are 
often standardized and functional: musical practice requires cultur-
ally and practice-informed space that transforms into meaningful 
place through use. Musicians expressed the need to shape their 
environment based on genre conventions, interpersonal relation-
ships between players, and the professional workflows of specific 
ensembles. 

Professional musicians bring embodied spatial knowledge devel-
oped over decades of performance experience. MR systems must 
therefore accommodate, rather than override, this expertise by pro-
viding flexible spatial affordances. Successful platforms should act 
as spatial instruments that musicians can tune and configure like 
acoustic instruments [15], adapting their established practices to 
MR environments rather than forcing adaptation to rigid techno-
logical constraints. 

6.6 Real-Time Voice Support as a Fundamental 
Communication Infrastructure 

Almost all participants identified voice communication as a funda-
mental infrastructure that enables organization and coordination 
activities in collaborative music-making (see Figure 13). Recent stud-
ies have substantiated the importance of verbal communication in 
collaborative immersive environments for social presence [77] and 
task perception [78]. Although music is inherently non-verbal, in 
collaborative musical settings verbal communication serves crucial 
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An interface that allows users to independently 
adjust the volume of each remote musician's audio. 

Individual Control and 
Collective Awareness 

Musicians need granular local audio control while maintaining 
collective awareness 

Reflects tool internalization where audio equipment 
becomes a cognitive extension 

Suggests the need for "federated audio architecture" 

L R 

volume 

Figure 11: Individual Control and Collective Awareness: Musicians require granular local audio control while maintaining 
collective awareness in collaborative systems. 

How to integrate musicians playing from from different locations into a shared 
mixed reality environment through dynamic avatar placement and retargeting. 

From Mediated Spaces 
to Collaborative Places 

Musicians require active place-making capabilities 

Transform spatial arrangements into meaningful contexts 

MR spaces must function as "spatial instruments" 

Professional spatial knowledge should be supported 

Location ALocation B 

Figure 12: From Mediated Spaces to Collaborative Places: Musicians require dynamic place-making capabilities to transform 
spatial arrangements into meaningful creative contexts. 

Remote musicians can see and hear each other during performance, 
using voice for coordination, especially when initiating a session. 

Voice serves as an organizational coordination 

Voice enables negotiation of musical decisions 

Audio management to preserve both musical and verbal clarity 

Jazz? 
I hate jazz 

We play jazzReal-Time Voice 
Channel Support 

Figure 13: Real-time Voice Channel Support: Voice communication supports organizational coordination and enables negotiation 
of musical decisions during collaborative activities. 

functions. Research showed that conductors find verbal communi-
cation more effective than gestures during rehearsals [80], while 
singers appear to respond better to verbal instruction than gestu-
ral cues [120]. In improvisational contexts, voice calls can initiate 
new sections, signal tempo changes, or coordinate complex transi-
tions requiring precise timing beyond visual cues alone—common 
practices in jazz and flamenco traditions. 

However, integrate voice communication effectively into MR 
musical collaboration is a distinct area of development. Unlike mu-
sical audio, speech is less sensitive to jitter and latency disruption, 
and dedicated codecs can employ robust error concealment tech-
niques. [2, 88]. Moreover, humans generally tolerate higher laten-
cies in speech due to multisensory integration mechanisms [37, 73]. 
While current standalone MR HMDs include microphone arrays 

for capturing speech, and speech communication is standard in 
social immersive applications [3]. These technical advantages do 
not eliminate design challenges in musical settings. 

Musical collaboration systems must enable clear voice commu-
nication without compromising instrument audio quality. Poorly 
managed voice audio can mask musical detail, disrupt performers’ 
flow, or create distracting acoustic artifacts during performance. 
How musicians inject speech during playing sessions remains an 
open design question. Some participants suggested using dynamic 
gates on voice streams –such as automatically activating voice 
transmission only when speaking– an approach underexplored in 
collaborative MR research and design. Talk-back systems, standard 
in recording studios for selective communication between control 
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rooms and performance spaces, are rarely found in music collabo-
rative systems –to our knowledge, the only system that supports 
this was the currently discontinued Elk Live– representing new 
interaction design challenges for MR applications beyond music. 

6.7 Balancing Stereo and Spatial Audio in MR 
Collaboration Design 

The high preference for audio rendering given to stereo audio mix 
presents a series of interesting design considerations. Extensive 
literature demonstrates that spatial audio enhances immersion, 
presence, source localization [35, 65], and represents a fundamen-
tal component of multimodal telepresence systems [34]. However, 
according to those findings, spatial audio does not appear equally 
important in collaborative and multi-user immersive systems for 
music. 

While in 2D video meetings, spatial audio can increase the per-
ception of interactivity and shared space [82], in social VR and 
AR environments participants reported no significant differences 
between stereo and spatial audio [6, 60]. Similarly, while musicians 
prefer spatial audio when playing in audio-only situations [103], 
comparisons between stereo and spatial audio in guitar players 
using MR found no significant differences [16]. These findings sug-
gest that in immersive environments, visuospatial features might 
override auditory spatial cues, potentially explaining why our par-
ticipants gravitated toward stereo. 

This preference might also reflects path dependence in profes-
sional practice [81], where decades of expertise development around 
stereo paradigms create resistance to change. Professional musi-
cians have invested years developing listening skills, mixing tech-
niques, and aesthetic preferences based on stereo reproduction, 
making spatial audio transitions potentially disruptive to estab-
lished creative processes. 

However, participants expressed the desire for the possibility of 
switching between audio modes (stereo and spatial) while main-
taining stereo as the default (see Figure 14). This suggests that 
MR musical collaboration systems should provide spatial audio as 
an optional enhancement rather than a complete replacement of 
traditional stereo workflows. 

6.8 Preserving the Flow: Design for 
Unencumbered Musical Interactions 

Professional musicians require a critical balance: sophisticated tools 
capable of handling complex tasks must coexist with plug-and-play 
simplicity. This requirement appeared particularly consistent in 
the Preparation phase where it assumed critical importance (see 
Figure 15). Martinez-Avila et al. [7] observed that professional gui-
tarists consistently prioritize their instrument as primary focus, 
with all technological interactions remaining secondary and sup-
portive to music-making. 

Musicians maintain instruments “at hand” even when engaging 
with digital resources –such as holding a guitar while adjusting the 
controls of a DAW– creating what they have termed encumbered in-
teractions, situations where the physical instrument constrains how 
musicians can interact with technology [7]. In our study, partici-
pants anticipated similar encumbrances in MR contexts, identifying 
potential friction points in setup procedures, HMD operation while 

controlling instrument sound, and managing incoming audio from 
connected musicians. 

These encumbrances demand that MR musical collaboration sys-
tems operate as transparent tools that fade into the background. 
Even brief technological interruptions can disrupt the embodied 
practices central to professional expertise and interfere with what 
Collins [32] describes as “interaction ritual chains”, the repeated col-
laborative encounters that generate emotional energy, shared focus, 
and collective effervescence within creative musical communities. 

The emphasis placed by participants on defaults and presets 
like “jazz quartet” or “rehearsal for rock trio” demonstrates how 
this transparency can be achieved. Such domain-specific configura-
tions should enable users to leverage their professional expertise 
for rapidly setting up appropriate contexts without extensive tech-
nical decision-making, aligning with cognitive load management 
research [56]. This preference for quick and modifiable defaults 
reflects necessary conditions for maintaining creative flow through 
minimal technical friction. 

However, this apparent tension between simplicity and sophisti-
cation reflects a common pattern in professional tools rather than 
a contradiction. Participants’ request for presets alongside granular 
audio control suggests a progressive disclosure model: immediate 
functionality through intelligent defaults, with advanced controls 
accessible but not mandatory—mirroring successful professional 
audio tools like DAWs. For musicians, plug-and-play does not imply 
simplicity; rather, it signifies that complexity should be managed 
appropriately rather than eliminated. 

6.9 Implications for Design 
The seven identified requirements form an interdependent sys-
tem: “Audio-First” architectures where computational resources 
prioritize audio processing over visual rendering; preservation of 
nonverbal communication through facial tracking and expression 
rendering to overcome HMD occlusion; federated audio control en-
abling individual optimization within collaborative contexts; spatial 
customization capabilities allowing musicians to transform medi-
ated spaces into meaningful creative places; support for speech 
alongside musical streams to maintain verbal communication chan-
nels; selectable audio rendering systems adapting to musicians’ 
perceptual needs; and transparent workflow integration through 
intelligent defaults and plug-and-play operation. 

These requirements extend CSCW research by revealing how mu-
sical collaboration intensifies traditional workspace awareness [40, 
52], and demands interaction techniques beyond current collab-
orative and social MR paradigms [43]. The real-time, expressive 
nature of musical collaboration requires heightened social pres-
ence indicators and individual agency within group coordination, 
distinguishing professional creative work from conventional task-
oriented collaboration. 

6.10 Limitations 
The adopted participatory co-design approach, while essential for 
capturing expert perspectives, introduced both opportunities and 
constraints requiring careful examination. 

The focus on four-piece band configurations, while providing an-
alytical clarity and consensus validity, limits generalization to other 
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Balancing Stereo and Spatial Audio 
stereo 

audio mix 

binaural 
audio mix 

While stereo should be the default, 
musicians would like to be able to switch 

to spatial audio rendering if needed. 

Musicians prefer stereo despite spatial audio's theoretical advantages 

Path dependence: years invested in stereo-based listening skills 

Spatial audio should be an optional feature 

Figure 14: Balancing Stereo and Spatial Audio: Musicians prefer stereo mix despite spatial audio’s theoretical advantages due to 
established professional practices. 

Design for Unencumbered Interactions 

Technologies for networked mixed reality must integrate 
with the existing workflow of professional musicians. 

Musicians demand plug-and-play simplicity despite sophisticated professional needs 

Instruments remain the primary focus - all technology must be secondary and supportive 

Technical interruptions disrupt embodied practices that characterize professional expertise 

Figure 15: Design for Unencumbered Interactions: Musicians demand plug-and-play simplicity despite sophisticated professional 
needs, keeping instruments as primary focus. 

musical contexts. These include orchestral performance or larger 
ensembles with hierarchical structures and conductor-centered 
communication, since they present fundamentally different col-
laboration patterns from the ones examined here. Non-Western 
musical traditions with distinct group structures, improvisation 
practices, and communication conventions may reveal culturally 
specific design needs beyond our focus on Western popular music. 

Moreover, recruiting professional musicians with established 
practices may have introduced conservatism toward technologi-
cal change. Hobbyist or new generations of musicians that have 
developed their skills primarily or exclusively through digital col-
laboration, might express different priorities compared to profes-
sionals, especially on elements such as visual representation, spatial 
interaction, and workflow integration. 

The technology and setting used in Phase 1 proved valuable but 
also limiting. While the familiarization phase with video passthrough 
HMDs provided a shared experiential grounding for participants, 
it could not fully simulate seamless networked MR collaboration. 
We deliberately used a co-located setup to isolate HMD-specific 
challenges from well-documented network and audio issues in dis-
tributed MR-NMP systems, establishing a baseline before exploring 
future possibilities in Phase 2 and 3. Additionally, characteristics 
specific to the Lynx R1 HMD –such as its optics and weight, may 
have influenced the experience of the participants. This unique opti-
cal design provides a distinct visual experience compared to similar 
HMDs on the market that make use of use more conventional pan-
cake lenses. While devices such as the Meta Quest 3 might offer 
improved passthrough quality, they share similar weight ranges 
(450-650 g). We think that the core issues participants identified 

(visuo-motor conflicts and facial occlusion) are inherent to the HMD 
form factor and the use of video passthrough technology rather 
than device-specific. 

Moreover, the co-located scenario might have amplified feel-
ings of isolation, as musicians experienced the paradox of physical 
proximity mediated by headsets. This limitation would likely be 
less pronounced with the availability of functional distributed MR 
systems for music collaboration. 

Our participant pool, while diverse in genre and instruments, 
did not include musicians with visual or hearing impairments or 
other disabilities. This have limited our claims about universal 
requirements: the audio-first approach might need to coexist with 
visual-first or haptic-first modes to ensure inclusive professional 
music-making. 

In this study, we did not provide implementation or testing of 
the designs generated during the workshop. This limitation stems 
mostly from the current lack of gold standards or systems capable 
of supporting functional prototyping of MR collaborative music 
systems. The required implementations should involve not only 
novel interaction techniques, but also integration of NMP systems 
with MR platforms, advancement of audio and network architec-
tures, and technologies for acquisition and streaming compatible 
with music’s hard real-time demands. Such developments must 
ultimately be tested in coherent settings with multiple musicians 
performing from distributed locations. 

The rapidly evolving nature of both MR technologies and pro-
fessional music practices creates fundamental challenges for re-
quirements research in this domain. These findings represent pro-
fessional needs at a particular technological moment, requiring 
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ongoing validation and refinement as both technical capabilities 
and professional practices continue evolving together. 

7 Conclusion 
This study provides a first exploratory, but empirically grounded, set 
of design requirements for professional MR musical collaboration 
systems through formal consensus-building with professional musi-
cians. The strong consensus achieved highlights these requirements’ 
importance and provides a foundation for future development. 

Our findings reveal that professional musical collaboration de-
mands fundamentally different technological priorities than office-
based and productivity-oriented MR applications. Musicians oper-
ate from an audio-first paradigm where sonic experience constitutes 
the primary reality, contradicting commercial MR platforms that 
typically prioritize visual aspects of the experience. The unanimous 
consensus on supporting non-verbal communication –including 
facial expressions– demonstrates that human connection remains 
essential for creative collaboration alongside technical capabilities. 

Musicians require individual audio control within collaborative 
contexts (balancing personal optimization with group coordination) 
while preserving the full spectrum of communication necessary for 
musical expression. Voice communication should serve both orga-
nizational coordination and artistic expression, extending beyond 
purely sonic interaction. The demand for spatial layout customiza-
tion indicates that musicians need agency over their environment to 
transform mediated spaces into meaningful creative places, though 
they accept pre-configured arrangements aligned with their musical 
context. Professional adoption also requires plug-and-play simplic-
ity that enables immediate creative flow over technical mastery, 
despite musicians’ technical sophistication. 

The seven shared design requirements that emerged from Phase 
3 represent some non-negotiable foundations for professional adop-
tion, while instrument-specific patterns indicate the need for cus-
tomizable interfaces accommodating different musical roles. These 
requirements can inform novel MR systems that enable geograph-
ically distributed musicians to collaborate as if sharing physical 
space—the vision motivating this research—while preserving the 
essential human elements that make musical collaboration mean-
ingful, creative, and professionally viable. 
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