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ABSTRACT
We present two proof-of-concept narrative VR experiences with a
focus on sound-based physical interactions. Responding to a call
to expand upon current design conceptualizations, we draw on
tangible sound-based design in order to develop considerations for
the body and physical environments within VR narratives. We pro-
pose that a focus on the actions the player is asked to perform (e.g.,
touch, stand, kneel, grasp, walk, listen, reach, dance) can contribute
to an understanding of VR as a sensory, embodied medium that
offers ways to playfully engage with physical reality rather than
simulate it entirely.

CCS CONCEPTS
• Human-centered computing→ Human computer interaction
(HCI); Interaction paradigms; Virtual reality; • Software and its
engineering → Software organization and properties; Contextual
software domains; Virtual worlds software; Interactive games.

KEYWORDS
Virtual reality, mixed reality, sound, design, tangible, embedded,
embodied, narrative, storytelling
ACM Reference Format:
Daniel Harley, Aneesh P. Tarun, Bonnie J. Stinson, Tudor Tibu, and Ali
Mazalek. 2021. Playing by Ear: Designing for the Physical in a Sound-Based
Virtual Reality Narrative. In Fifteenth International Conference on Tangible,
Embedded, and Embodied Interaction (TEI ’21), February 14–17, 2021, Salzburg,
Austria. ACM, New York, NY, USA, 9 pages. https://doi.org/10.1145/3430524.
3440635

1 INTRODUCTION
In his 1965 vision for the “ultimate display,” Ivan Sutherland wrote,
“If the task of the display is to serve as a looking-glass into the
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mathematical wonderland constructed in computer memory, it
should serve as many senses as possible” [42]. At the time, research
into virtual reality (VR), including Sutherland’s “head-mounted
3D display” [43], offered early signs of this vision of the future of
computing. Decades later, despite popular efforts that appeared
to strive for more comprehensive sensory displays (see e.g., the
DataGlove at VPL Research in the 1980s [54]), consumer VR arrived
as a visual display. In the Kickstarter for the Oculus Rift, a product
which contributed to the recent consumer push for virtual reality
technologies, the advertised “immersive experience” of the headset
was said to be due to its visual qualities [25].

Current research, however, continues to offer many examples
of technologies that extend the physical interactions of a VR dis-
play [1, 5, 22, 36, 49–52], raising important questions about the
physical and sensory characteristics of VR design. For example, in
contrast to Sutherland’s vision, Marshall and Tennent [28] argue
that striving towards a “complete” simulation of reality constrains
designers. They demonstrate ways that designers can create sen-
sory experiences beyond those provided by the system, including
deliberately disrupting or “breaking” the simulation, and designing
for multiple concurrent “realities” rather than a single “immersive”
simulation. As such, Marshall and Tennent have identified a broad
design space that requires further examination: VR that decenters
the importance of the visual simulation by including a deliberate
consideration for the sensory world outside the headset.

We propose that related design practices outside VR can con-
tribute to this expanding design space. Drawing on narrative and
sound-based interaction design, we use a research through design
(RtD) approach to present two VR narratives that include diegetic
physical objects and playful engagements within a sound-based
installation (Figure 1). We detail our design process, which includes
an informal workshop, narrative design, and a user test, in order
to contribute to a discussion about the conceptual tools that shape
VR experiences. We conclude with a reflection on future work.

2 RELATEDWORK
In this section, we review current design trends for VR, especially
pertaining to designing tangible and/or embodied experiences, fol-
lowed by research that proposes physical, sound-based interactions.
These two sections situate our contribution: the first section out-
lines a design space that is relatively underexplored from a narrative
design perspective; the second section outlines non-VR sound-based
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Figure 1: Exploring sound-based tangible, embedded, and
embodied interaction in VR.

design that we apply to VR in order to extend considerations for
engaging with the physical space outside the headset.

2.1 Playing with/in VR
Marshall and Tennent [28] argue that current conceptualizations
of VR, XR, and MR—including Milgram and Kishino’s [31] mixed
reality continuum—can constrain designers by overemphasizing the
visual and by insisting upon a simulation of “reality.” For Marshall
and Tennent, such overarching conceptualizations are untenable in
part because a “complete” sensory simulation is not necessarily the
goal, since it is possible to simultaneously engage with senses and
realities beyond what is simulated by the headset or the controllers.
In a subsequent paper, Marshall et al. [27] propose a model of
classifying sensory experiences in VR based on the “level of sensory
alignment,” i.e., the degree to which digital stimulation aligns with
non-digital stimulation, ranging from alignment to misalignment.
Whatever the degree of alignment, an important consideration for
designers is to evaluate what is stimulated by the digital system
and what is “open to physical stimulation by the outside world”
[27].

While this reconceptualization primarily positions sensory mis-
alignment as a design space [45–47], it also begins to offer a frame-
work to better understand playful work that cannot be neatly cat-
egorized along polarized axes. For example, a renewed focus on
the sensory stimulation of the “outside world” might include asym-
metrical play in VR (one player in VR and another player out)
[2, 8, 37, 53]. Or it might include design that incorporates the non-
digital [13], or that focuses on the embodied sense of being in an
environment, whether by attention to breath [35], or through site-
specific design [11]. Beyond HCI, there are important examples of
installation-based work in which artists incorporate physical ob-
jects, themed set design, and/or live performers [24]. Just as these
playful design examples do not fit within the bounds of norma-
tive (and/or consumer) VR design, they also might not typically
be grouped together. What this work has in common, however, is
an interest in the interplay between the physical and the digital.
In order to continue to expand the design space that explores the
physicality of the “outside world” within VR design, we suggest

there is an opportunity to apply lessons learned from alternate
design traditions.

2.2 Playing with Sound
One example of design work that decenters the visual while also
focusing on the physical is sound-based tangible and embodied
interaction. In their review of tangible user interfaces (TUIs) Orit
Shaer and Eva Hornecker characterize sound-based applications
as “one of the oldest and most popular areas for TUIs” [40]. We
review a selection of such applications to highlight how physical
interactions might be complemented by the digital. Although there
is an important parallel history of music-based tangible applications
(e.g., [20, 21, 23]), as well as musical instruments designed for virtual
reality [39], we are interested in playful interactions rather than
applications that aspire towards musical expression or mastery.

Within a playful context, we find objects that can gain sound-
making properties [33], bottles that “contain” sound [17], or a wand
that can record, remix, and play back sound in real time [30]. These
interactive systems embed sound into tangible objects, offering
collaborative, embodied interactions that employ the physical af-
fordances of the objects for sonic interaction design. There is, for
example, the Audio Shaker [16] “a tactile container to capture, shake
up and pour out sounds,” making the sounds “physical” after shak-
ing the container. Similarly, Matti Niinimaki’s work over the last ten
years demonstrates a variety of tangible objects made into sound
installations and sonic interactions [32]. For example, Niinimaki’s
Beat Blender project presents household objects (a blender, an iron)
converted into objects that remix music. Dropping fruit toys into
the blender creates beats and sounds that change depending on the
fruit; hitting “blend” or “mix” or “grate” and other buttons on the
blender each affect the composition.

In order to apply this focus on the physical within a narrative
context, Ella Dagan’s Cloakroom [6] could be used as an exemplar.
In Dagan’s work, a number of coats hang in a room,which the player
is invited to wear. Each coat has objects in the pockets, and every
object triggers an audio narrative when it is placed in a basket. In
this work, there is the embodied feeling of wearing these coats, with
their weight, texture, and smell; the physical characteristics of the
objects; and stories embedded in physical, everyday objects. To help
develop considerations for the physical within a VR design process,
we ask, how might we employ lessons learned across these sound-
based interactions for VR design? How might the physicality of
these interactions contribute to new conceptualizations of narrative
VR design?

3 DESIGN APPROACH: PLAYING BY EAR
We present two sound-based proof of concept narrative experiences
in VR (N1 and N2), which we designed with attention to physical en-
vironments, movement, and touch. We employ a research through
design (RtD) approach as a means to examine the contours of this
design space and to put our conceptual considerations into prac-
tice. According to Gaver [7], the purpose of this approach is not
to provide concrete generalizations, but rather to produce design
objects that “embody theory.” For Gaver, “[T]he goal of conceptual
work in research through design is not to develop theories that are
never wrong, it is to create theories that are sometimes right” [7]
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(emphasis in original), and as such we intend to ask and explore
speculative questions about the design space as outlined by Mar-
shall and Tennent [28]. In this section, we describe how we began
with an informal workshop without VR to better focus on tangible
design and the connections to past TUIs; we outline our proofs of
concept, the first of which offers a linear narrative and interaction
sequence, while the second offers a non-linear, exploratory setting;
we then describe how the narrative design and technical design
of our implementation both strive to highlight the physicality of
the experience; and finally we describe a formal evaluation of N2
with eight participants. Importantly, we view this evaluation as an
extension of our iterative design process rather than a culmination.
Throughout, our goal is to explore facets of these design stages (and
the process as a whole) in order to look for opportunities for future
work.

Although there are differences in terms of methodology and out-
put for the various RtD approaches [3], a common feature that helps
to define the contribution of the work is the interpretation of the
designed object, whether that be through an elucidation of process,
or an analysis of resulting themes and effects. We contribute the “in-
termediary knowledge” [14] of our design with the understanding
that the purpose of such work is generative rather than explanatory.
In other words, our goal is to raise questions for design that bridges
TUIs and VR, asking how we might learn from other domains as
well as what new considerations this may require for VR design.
Documenting the process of design explorations is important for
future research. For example, despite evidence of innovative VR
design outside academia [24], work that was featured at festivals
and events1 is often difficult to access or experience, and the design
process often does not receive formal attention. We make our pro-
cess more explicit using RtD so that our examples may help lay the
groundwork for further scholarly analysis, including taxonomies
that consider tangible and embodied interactions in VR. By anno-
tating facets of our design that might otherwise be implicit [29],
we aim to make the “theory” [7] of our design work more explicit.
We also contend that the RtD process offers insight that may help
future work that strives towards more generalizable interactions
by providing an account of the pitfalls and early successes within
our design process. Our design choices throughout show a process
with false starts, missteps, and limitations; we argue that detailing
such processes is needed for early explorations of new conceptu-
alizations. Even as we contribute novel narrative applications for
VR, our goal in testing these experiences in formal and informal
settings is less a process of refining the narrative experience, and
more an effort to illustrate broader themes for future work that
might begin with physical experiences in VR.

3.1 Initial attempts and informal workshop
We started by sketching ideas that aimed to incorporate the phys-
icality of sound-based tangible and embodied interactions in VR.
Conscious of some of our own aesthetic preferences, we took note
of our own visual biases as our initial interaction ideas seemed
to culminate in visual rewards: e.g., visual effects like sparks and

1See, for example, the installation-based design and physicality of Carne yArena, which
was premiered at the Cannes Film Festival: https://docubase.mit.edu/project/carne-y-
arena/

fireworks, or virtual windows that each opened to a visual represen-
tation of the sound-based environment. For us, ideas such as these
seemed to come easily when brainstorming for a visual medium.
We felt it was important to question our assumptions about what
VR “should” look like and we refocused our design goals: decenter-
ing the visual, designing for the physical reality in addition to the
virtual reality, and designing for sensory experiences beyond what
the system normatively provides.

Rather than begin with the virtual, we discarded our initial
sketches to begin again with the physical. With a deliberate fo-
cus on tangible objects, we invited approximately 20 members of
our lab (all university students with no prior knowledge of the
project) to participate in an informal design workshop as a pre-
liminary means to test and expand our initial plans. The students
were split into smaller groups to facilitate conversation, and one
team member was placed in each group to take notes. We brought
in a number of everyday objects (e.g., a water pitcher, a stuffed
animal, a wooden toy) to invite discussions about their physical
characteristics and how these objects might be used for sound-
based interactions. The objects were selected to cover a range of
possible sensory experiences and interactions, e.g., light/heavy,
transparent/opaque, solid/squishy. In our discussions, we found
that sound-based work provided a precedent to inform and identify
initial design ideas from the workshop. As some people focused on
remediating the physical affordances of the objects (e.g., putting
sound into a container and trapping it or letting it loose) we were re-
minded of Niinimaki’s work [32]; as others used the affordances for
representation (e.g., using the surfaces of a wooden toy as buttons
to produce sound) we were reminded of AudioCubes [38].

In a sense, these were VR workshops without VR. Because VR
and its visual possibilities seemed to overly influence our initial
ideas, removing VR was an effort to begin with the physicality of
the experience. Based on these workshops, we settled on a bot-
tle as interface for sound-based interaction for our first proof of
concept, which also has a precedent [17]. For our second proof of
concept, in addition to objects that offer sound-making possibili-
ties, we extrapolated on these lessons to design a physical space
that “contained” particular sounds, represented by “zones.” Overall,
these workshops offered a rough baseline for our design of physical
interactions, helping to inform an approach that prioritizes the
physicality of the experience.

3.2 Interaction Scenarios
After our workshops, we designed N1 and N2 to explore physical
and sound-based interactions within VR. Both experiences employ a
similar narrative scenario: a wizard offers the player magical objects
that relate to the weather and aural environments. However, while
N1 follows a linear sequence of events guided by an audio narrative,
N2 uses narrative as an orienting device to structure more open-
ended interactions. In both, listening to audio also requires and/or
is complemented by particular kinds of action.

3.2.1 N1: The Wizard’s Workshop. In the first proof of concept,
players begin in a magical workshop that contains only a table, a
jug, and a rubbery blob. The player hears the voice of a wizard,
who explains that he has been turned into a blob by magic gone
wrong. He was trying to change the weather in a land in which

https://docubase.mit.edu/project/carne-y-arena/
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Figure 2: A tabletop and tangible objects become part of a
spell to create rain.

there has been no rain in a thousand years. The wizard enlists the
player to help create rain using the objects of his magical workshop
(Figure 2). The wizard guides the player through three interactions,
ultimately producing a rainy soundscape.

The wizard invites the player to create wind by touching and
moving their hands across the surface of the worktable. Doing this,
the player begins to hear wind. The faster the player’s hands move,
the stronger the wind becomes. The player is then asked to add
water to the spell. Picking up and shaking the jug creates a sloshing
sound. The wizard tells the player to pour the water out, which
sounds as if it splashes around the workshop. Now distant thunder
can be heard; the spell is almost complete. The wizard asks the
player to pick him up and to dance—“That’s it! Keep your head
moving!”—until the sound of the wind and thunder are joined by
the sound of rain. The wizard congratulates the player as they listen
to the sound of the rain.

3.2.2 N2: The Wizard’s Time Off. In the second proof of concept,
the player is handed a note as they enter a play area consisting
of three zones, delineated in physical space by a carpeted area, a
hanging cardboard shelf, and a grass-like outcropping made of craft
materials. The note is from the wizard, who explains that this is
where he comes to relax and to listen to the sounds of his favorite
places. He has prepared two zones, and has left one zone empty,
where the player can bring sounds from the other zones. In the
note the wizard tells the player that the VR headset is a mask that
he made so that others would be able to see what he sees and hear
what he hears.

Putting on the headset, the player sees the three zones repre-
sented as glowing cylinders of different sizes and colors. There is a
faint hum between zones. Inside the green zone, the player hears
the sound of a forest, with creaking trees, wind, and birds. In this
zone, there is a green orb on a shelf. It feels as if it is covered in
soft pine needles. If the player takes the orb out of the zone, the
birdsong from the forest becomes localized in the orb. Taking the
orb to other zones will add the birdsong to those zones. The player
must kneel to enter the blue zone, in which they hear the sound
of an ocean coast, wind, and barking sea lions in the distance. The
glowing object in this zone is a bundle of grass (Figure 3). Taking
the grass out of the blue zone removes and localizes the sound of

Figure 3: Handling a physical/virtual orb that contains bird-
song. Kneeling to remove and isolate the sound of grass.

the wind in the tangible object. Without any glowing objects, the
empty, purple zone is silent, but the player can add sounds from
the other zones and sit on the carpet to listen to their creation.

3.3 Implementation
This subsection details our narrative design and technical imple-
mentation. As these are proofs of concept, we do not aim for a high
degree of polish across the design, but instead focus our efforts on
exploring possibilities for design that begins with the physical.

3.3.1 Narrative Design. In order to define the specific characteris-
tics of our interactions, we draw on diegetic design [9, 10, 12, 13, 44]
to situate the objects and the environment within the world of the
story. The magical setting establishes the wizard in N1 as both
tangible blob and narrator; in N2, the physical note that the player
receives defines the headset as a “mask” built by the wizard to
better see and hear his magical world (Figure 4). These diegetic
prompts and objects established the playful conditions for a variety
of physical interactions. The note and the “mask” from the wizard
offer a way to transition from the physical to the virtual, attempting
to transform the mundane qualities of the physical installation into
a magical play space while also establishing the conditions of its
open-ended interactions.

As with our tangible interaction design, beginning with the
physical within a diegetic setting offers a way to define actions (e.g.,
that requires players to reach, to kneel) before supplementing those
actions with visual affordances. When we felt that the linearity of
the audio narrative in N1 unnecessarily constrained the possibility
for exploration, refocusing on the physical helped to call attention
to the affordances of the space as well as possible movement within
that space. For N2, we began by identifying ways to incorporate
physical interactions, designing an experience in which the player
is asked to touch, stand, kneel, grasp, walk, reach, and “dance” in
what is otherwise a listening experience in VR. Rather than enhance
a VR experience by adding the physical, we asked how we might
enhance a physical experience by adding VR.

3.3.2 Technical Design. Our proofs of concept use the HTC Vive
head-mounted display with the attached headphones, and we cre-
ated VR environments in the Unity game engine. Our interactive
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Figure 4: Employing diegetic design to situate the headset, physical actions, and tangible objects in the storyworld.

audio experiences use the Wwise sound engine in N1 and Unity’s
built-in audio tools and interaction scripts in N2. We use online
creative commons audio sources for the nature sounds in both N1
and N2. In N1 we wrote and recorded the wizard’s dialogue; in
N2, we layered sounds from real locations (Chile and Argentina) to
create natural, contextual soundscapes.

We embedded a microphone in the tabletop to capture the touch
interaction in N1, and in both N1 and N2 we attached the two
wireless controllers into or onto the tangible objects (the wizard
blob and water jug in N1, a green orb and grass in N2). Since we
designed N2 after N1, in addition to technical improvements, the
open-ended experience of N2 offers more interaction variables. The
main difference in implementation between the two, however, is
that in N1, interactions are dictated by controller movement, and in
N2 interactions are dictated by controller placement. In N1, the type
and intensity of the controller movement triggers the progression
of specific narrative elements within the interaction experience. For
example, the pouring interaction and the “dance” with the wizard
in N1 (with the player holding the wizard blob) is captured by
tracking the position and movement of the controller. In N2, the
controllers both represent the presence of sound within particular
zones, and are spatialized sound objects outside the zones, which
become louder the closer they are to the headset (to one’s ears).
In N2, the interactive elements have slight animations: a floating
particle effect around the zones, and a slow rustling movement for
the tangibles.

We aligned the shape, size, and position of the passive physical
objects (a small table in N1; a ledge and a platform in N2 made
with foam, cardboard, felt, and other craft materials) to their 3D
virtual counterparts. Each zone in N2 has distinct visual and aural
characteristics that are designed to encourage particular kinds of
movement. The green zone is represented by the tallest cylinder
to draw the eye upwards toward the ledge holding the green orb.
The top of the cylinder in the blue zone is only a few feet from the
ground, requiring the player to kneel to interact with the objects
inside. The purple empty zone has no top as a subtle suggestion
that a tangible object could be brought into this zone. In contrast
to N1, N2 is designed as an open-ended experience. The player can
move the tangibles between zones to add and remove sound.

3.4 Evaluation
We conducted a formal user study of N2 with 5 female-identified
(F) and 3 male-identified (M) participants (P), ages 20-35, recruited
from the local community using flyers, university mailing lists, and
by word of mouth, striving for gender parity among the participants.
We chose to evaluate N2 because it iterates on N1 on a technical
level and because it offers a wider array of physical interactions. The
study lasted less than an hour and participants were compensated
$10 for their time. Before they signed the consent form, we asked
participants whether they had any concerns about VR or the study.
Each participant then familiarized themselves with the technology
as we explained how to put on and tighten the headset, what the
boundary system would show, how to avoid tangling the cable,
what to do if they felt discomfort or nausea, and that we would be
nearby to help if necessary.

To establish the narrative, we told participants that they had met
a wizard and were staying in his home and he left a note describing
what they could do while he was away. We explained that there was
no ending to the experience, that they could explore as long or as
little as they liked, but we would let them know when five minutes
had passed. Participants read the note and put on the headset. After
the experience, we conducted semi-structured interviews to allow
for a discussion about particular actions, choices, and impressions
based in part on our observation of the participant (e.g., “Could
you describe what you did in VR?” or, “I noticed you smiled after
you touched the green object. Could you describe what that was
like?”). Participants then completed a questionnaire that repeated
some of the more general interview questions (e.g., “What did you
like most about the experience?”) to give participants a chance to
expand on their comments.

3.5 Results
We coded and analyzed our observation notes, interviews, and
questionnaire responses and identified four key themes using an
inductive, grounded approach [41]: senses, in order to reflect the
sensory language participants used; experience, in order to note
what participants thought of the interactions; expectations, for the
ways that the experience did or did not conform to participant
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expectations; and physicality, for the ways that participants moved
and interacted within the narrative. In keeping with our goals
and the exploratory nature of an RtD approach [7], as well as the
scope of the study, we do not make claims of replicability. Indeed,
the many idiosyncratic variables of our design (e.g., the narrative,
sound design, tangible object design, and design of the physical
space) could prohibit more generalizable findings. Our aim with
this feedback is to reflect on the experiences with our narrative
design and to help raise questions for future design work as well
as future analytical work.

The findings will draw primarily on our qualitative data. We
use quantitative data only to provide a general sense of our partici-
pants’ enjoyment and experience with VR. For instance, none of the
participants stated that they used VR regularly (for 3/8 it was their
first time with movement-based VR), 7/8 stated that they would
like to try a longer version of our narrative, and 7/8 stated that
they enjoyed the experience. Since VR is relatively new to these
participants, we can interpret these positive sentiments to be due
to the novelty of VR rather than our work (e.g., two participants
noted that they liked the grid of the boundary system, which is a
default feature of the HTC Vive). We turn to our qualitative data to
examine how our design choices seemed to shape the experience.
Following Marshall and Tennent [28], we avoid presence question-
naires that are common in VR studies both because the experience
begins before the player puts on the headset, and because presence
questionnaires can assume that a “convincing” simulation is the
ultimate goal.

3.6 Analysis: Interacting with the Sounds of N2
Senses: When discussing their favorite parts of the experience, par-
ticipants each described sensory experiences. P1M and P2F both
described using their “senses” to explore; for P3M, P4F, P6F, and
P7F it was the ability to touch and interact with the tangible objects;
for P5M and P8F it was the sounds of the zones. P3M summed up
the experience succinctly: “The sounds were interactive—I’m still
fascinated by that. Different objects did different things in different
areas.” For many participants the experience was described as if it
could be used for relaxation, calling it “soothing” (P1M), saying that
it could relieve stress (P1M, P2F), that it was “pleasant” (P2F, P3M)
and “calming” (P3M, P7F). When asked about what other sounds
they might like to hear in the environment, most described natu-
ral environments; for two participants (P1M, P7F), other possible
sounds related to their family homes, which they said they would
like to listen to when feeling nostalgic or homesick.

Experience: Predictably, given our design approach, the visuals
were overall the least favorite part of the experience (6/8), either
as a general comment (3/8) or because of a perceived mismatch
in how near or how far away objects should be represented (3/8).
Yet for two of those participants (P2F, P7F), the sounds combined
with the lack of visual finesse seemed to encourage imagination.
P7F said that she “visualized birds and trees” and that the sound
“painted a picture, but not too much of a picture, so it left room for
imagining more.” P2F said that the sound objects “connected” the
zones together, saying that she imagined first going to the beach
(coastal zone), then walking to the lighthouse (forest zone), where
she heard the sound of walking up wooden steps (which is how she

interpreted the creaking sound of trees) and could hear the birds
outside.

Expectations: Given that most of our participants are not regular
VR users and some had never tried movement-based VR, we knew
that we might have to prompt them to let them know that they
could touch and pick objects up. We prompted six of the eight
participants (e.g., we might say, “Didn’t the wizard say something
about moving the sounds around?”). Whether prompted verbally
or not, there was often surprise. P1M, who was hesitant at first,
later said, “The note said something about moving stuff, that I could
move stuff. So, I reached out and touched the plant, and that was
like—woah—[laughs] yeah, yeah that really surprised me. I wasn’t
expecting that, to be able to physically touch it.” Such instances
of playful surprise are a reminder that a better understanding of
player expectations may contribute to design that might alternately
adhere to or disrupt those expectations. For instance, after finding
out that objects were interactive, P4F pulled the foam holder (a
passive, non-interactive object) out of the ground and placed it
elsewhere in the scene. We quietly put it back, worried that she
would trip on it since it was not tracked; when she found it again,
she pulled it out again, thinking it was intentional. Afterwards she
said it was one of her favorite parts of the experience. As Marshall
and Tennent [28] observe, there can be enjoyment even when the
simulation is “broken.”

Physicality: Although there is no right or wrong way to engage
with an open-ended interaction, we observed a sense of hesitation
for most participants: not daring to touch the environment, or if
they touched it, not daring to pick anything up. A simple improve-
ment might be to offer a variety of visual and aural affordances
(e.g., a flashing glow around the tangible objects; a magical blip
when it is plucked from its zone), but purely virtual improvements
might never be sufficient. Although all of our participants kneeled,
reached, walked, touched, grasped, etc., there was one action that
we tried ourselves but that our participants did not: sitting in the
carpeted zone. Asking our participants about this, P1M and P3M
said that they were too engaged in moving between zones to want
to sit; P5M and P7F were worried that the cable might tangle or not
be long enough; and P8F was worried that the floor was dirty. What
is particularly interesting is not only the variety of responses but
how they each relate to the body and the physical space, suggesting
a need to better engage with the interplay between physical and
virtual affordances.

Consider, for example, the difference between a more experi-
enced user and a novice user within our study. P7F, one of the
few who had tried VR before said, “Having used VR before, I’m
not used to being able to physically grab things with my hands,
it’s always with the remotes.” For this participant, due to previous
experience with VR, the controllers had already defined (and lim-
ited) the expected physicality and tactility of the interactions. In
contrast, for P2F, who was trying VR for the first time with our
experience, described VR by saying, “It’s very different from other
games, because of all the senses that you have involved, you can
touch things, you can interact with them.” With our experience as
the first, she defined VR as a medium that offered the possibility of
touch, an environment that can engage a range of sensory experi-
ences. If VR is defined by the experiences it provides, how might
we make those experiences begin with “all the senses”?
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4 DISCUSSION
In this paper, we present a response to Marshall and Tennent’s
[28] call to include a deliberate consideration for sensory stimula-
tion beyond the headset. Using an RtD approach, we focused on
a sound-based narrative as a general use case, both to contrast an
emphasis on visuals in VR and to learn from the rich history of
interactive sound-based work. Although an RtD process can some-
times culminate in design guidelines, it is important to acknowledge
not only the limitations of our user test (e.g., 8 participants, short
playtimes, the use of convenience sampling), but also that gener-
alizable outcomes are not necessarily the goal of RtD. While one
opportunity for future work will be more formalized testing and
implementation to assess the various forms of tangible and embod-
ied interactions that are possible with VR, the primary contribution
of this work is the documentation of our design process through
the creation of N1 and N2. More specifically, we contribute a pro-
cess that demonstrates the following overlapping considerations:
1) subjective benefits of beginning with the physical (rather than
the virtual) using diegetic design; 2) an approach to apply design
lessons from an alternative domain; and 3) preliminary themes that
may inform future design and testing. In this section, we briefly
expand on these considerations.

Beginning with the physical: We propose that VR design that
begins with a focus on the body and the physical settings of digital
interactions is a reminder that a VR experience is never purely dig-
ital. For us, prioritizing the physical helped to draw links between
current VR design and prior work that considers physical-digital
interactions and spaces. Rather than ask what the physical might
add to VR, we asked what VR might add to a physical interaction.
An advantage of looking at sound-based work was that it helped
us to frame the digital as a design resource, as a way to supplement
or remediate possible interactions with objects. This offered an
action-oriented language to design physical interactions centered
on objects (e.g., shake, remove, listen, pour, scratch, etc.), as well
as a prompt to look beyond the immediacy of tangibles. For exam-
ple, we also asked how we might design for physical movement
within that space (walking, kneeling, reaching, sitting, etc.). This
also reveals a key limitation of our design examples: they require a
particular ease of mobility. We stress that the purpose of our doc-
umentation is not to endorse our subjective choices. Future work
should include the option to modify actions to meet specific needs
and preferences. Further, while we used narrative design as a way
to structure our interactions and to explore the diegetic contours of
a limited “tracked sensory simulation device” [28], this is only one
application, meaning that other use cases might similarly examine
how to situate and prioritize the physicality of interaction.

Alternative domains: Beginning the design process with the phys-
ical is also a reminder that other physical-digital interactions could
be applicable in VR. For example, in Ishii and Ullmer’s influential
Tangible Bits paper [18], the ambientROOM [19] was used as an
example of how sensors and other technology could be embedded
in physical settings. Today, this might be accomplished with mi-
crocontrollers or RFID tags; yet, the effect of these systems, with
physical objects and environments seemingly producing a digital
output is quite similar to what a VR headset already provides. Move
to a specific location in either the ambientROOM or in our proofs of

concept and the player will hear birds and rain. VR changes where
and how the interaction takes place, but does not need to change the
physicality of the interaction. A consideration for the physicality of
spaces is also a prompt to consider the varied social characteristics
of spaces. For Hornecker and Buur [15], embodied interactions
include an examination of how spaces afford physicality and/or
interactions with others, whether in co-located or remote settings.
Consider the shared familial experience in work presented by Br-
ereton et al. [4], with the ambient communication of light to show
a kettle being turned on in an elderly parent’s home; or, similarly, a
device that allows families to synchronously share music in homes
across borders [48]. Drawing on our participants’ comments about
the shared sounds of home, we can envision a system that offers
players a way to create, personalize, and import ambient sound,
and that allows players to share these virtual worlds for both syn-
chronous and asynchronous listening depending on personalized
contexts. Our preliminary results suggest several possibilities for
personalized enjoyment, ranging from exploratory to meditative
engagement, based on the physical, social, and sensory qualities of
the experience.

Themes for future work: The variety of physical interactions
within our relatively simple installation suggest that there is a
need for more analytical work to examine differences of physicality
across VR design. Lab-based work could include further examina-
tions of gesture, movement, touch (see e.g., [53]), and ethnographic
studies could examine the social, physical, and everyday aspects
of play (see [34], for an example of morning routines and screen
use). Given the various forms of physicality in installation-based
VR outside academia, there may be a need for new modes of clas-
sification, evaluation, and analysis in order to respond to recent
VR experiences that are said to be “increasingly complex and par-
ticipatory” [24]. Our participants’ hesitations, expectations, and
surprise indicate that there is an opportunity to ask what particular
actions tell us about current VR design, as well as how repeated ac-
tions and experiences might come to define how VR is understood.
Reflecting particularly on the themes of expectations and physical-
ity in our user test, although Marshall and Tennent [28] primarily
focus on how current conceptualizations constrain designers, it
is also important to highlight how some conceptualizations can
also constrain users. In their discussion of how limited and limiting
computational experiences are compared to human practices that
involve the body, Klemmer, Hartmann, and Takayama argue that
conventional interaction design with a keyboard and mouse “ho-
mogenizes” the user into someone who looks at a screen, clicks a
mouse, and types on a keyboard [26]. Comparing the novice partic-
ipant in our study who saw VR as a sensory experience to the more
experienced participant who saw VR as mediated by controllers,
we could ask, how does current design understand (and/or how
does it limit or constrain) the human body when creating physical-
digital interactions in VR? Moreover, if the input mechanisms for
VR become increasingly homogenous, in what ways is the user also
homogenized? Such questions may help to examine the impact and
implications of current conceptualizations of VR, XR, or MR. What
is at stake as we develop these conceptual tools is not just how the
medium is defined, but also how the user is defined by the medium.
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5 CONCLUSION
In order to contribute to the development of design that engages
with the body in VR, we offer two sound-based proofs of concept
for narrative VR. We demonstrate linear and open-ended sound-
based interactions that focus on the actions the player is asked to
perform (e.g., touch, stand, kneel, grasp, walk, listen, reach, dance),
demonstrating how we might conceptualize VR as a physical, em-
bodied medium rather than rely primarily on its visual potential.
The decades of sound-based interactive work that we draw on is
also a call to examine how work outside VR research might be
applied to VR. Doing so may provide a way for other domains to
contribute to current trends in VR research and design, presenting
design principles from otherwise disparate work that engages the
body and incorporates physical environments.
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