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Figure 1: We explore interaction with headphones as a wearable sensor-enhanced input peripheral–as opposed to an output
device with audio control functionality. Rooting user gestures within their context give rise to several application possibilities.

ABSTRACT
Via Research through Design (RtD), we explore the potential of
headphones as a general-purpose input device for both foreground
motion-gestures as well as background sensing of user activity.
As a familiar wearable device, headphones offer a compelling site
for head-situated interaction and sensing. Using emerging sensing
modalities such as inertial motion, capacitive touch sensing, and
depth cameras, our implemented prototypes explore sensing and
interaction techniques that offer a range of compelling capabilities.

User scenarios include context-aware privacy, gestural audio-
visual control, and co-opting natural body language as context to
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drive animated avatars for "camera-off" scenarios in remote work–
or to co-opt (oft-subconscious) head movements such as dodging
attacks in video games to enhance the gameplay experience.

Drawing from literature and other frameworks, we situate our
prototypes and related techniques in a design space across the dual
dimensions of (1) type of input (touch, mid-air, or head orientation);
and (2) the context of user action (application, body, or environ-
ment). In particular, interactions that combine multiple inputs and
contexts at the same time offer a rich design space of headphone-
situated wearable interactions and sensing techniques.
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• Human-centered computing→ Interaction techniques; In-
teraction design process and methods.

KEYWORDS
headphones, wearables, sensing, research through design, design
space
ACM Reference Format:
Payod Panda, Molly Jane Nicholas, David Nguyen, Eyal Ofek, Michel Pahud,
Sean Rintel, Mar Gonzalez-Franco, Ken Hinckley, and Jaron Lanier. 2023.

https://doi.org/10.1145/3563657.3596022


DIS ’23, July 10–14, 2023, Pi�sburgh, PA, USA Panda et al.

Beyond Audio: Towards a Design Space of Headphones as a Site for Inter-
action and Sensing. In Designing Interactive Systems Conference (DIS ’23),
July 10–14, 2023, Pittsburgh, PA, USA. ACM, New York, NY, USA, 12 pages.
https://doi.org/10.1145/3563657.3596022

1 INTRODUCTION
While existing commodity headphones largely focus on audio-
visual (A/V) consumption–with integrated controls for volume
level, muting, and other audio functions–the presence of micro-
phones and even inertial motion sensors on some units (typically
for spatial audio support [5, 10]) hints at richer possibilities for
headphone-situated input, interaction, and wearable sensing.

As a wearable device, headphones travel with the user from
device to device and from one usage scenario to another, offering
semantically rich cues for non-verbal communication associated
with head motion and orientation [9]. With the addition of a few
pragmatic sensors, headphones thus offer a compelling way to cap-
ture the naturally-occuring vocabulary of user activity, including
subtle head movements, the lean-towards or lean-back motions
of upper body posture, as well as hand gestures on (or in mid-air
proximity of) the headphones themselves.

In this way sensor-enhanced headphones offer designers an op-
portunity to (re-)consider notions of the user’s context, activity,
and proximal hand gestures–enabling rich interactions beyond the
status-quo, button-pushing type of interactions with headphones.
For instance, one of our techniques re-interprets the common ges-
ture of lifting the headphones’ earpiece (e.g. to listen and attend to a
co-located colleague nearby) to implicitly mute the microphone and
audio output to enhance the digital-audio experience. This shifts
complexity from the user to the system, co-opting a natural user
behavior and giving it a dual-purpose, context-dependent digital
meaning. Further, by augmenting existing user actions, such an
approach reduces the number of explicit gestures that the user has
to learn, control, enact, and remember.

Adding new interactions to headphones introduces unique chal-
lenges. A clear example is the use of speech interfaces. Headphones
are well positioned to receive input from a microphone, however
there are many cases where such an interface is unsuitable, for
instance when it interferes with a conversation. Another challenge
is that headphones are not visible to the wearer, so interactions
need to be managed eyes-free, mainly using proprioceptive posi-
tioning, audio, and haptic interactions. A further challenge (and
opportunity) of head tracking is the range of head motions from
intentional gestures such as nodding to indicate understanding,
through partially-conscious actions such as redirecting one’s gaze
to a different device, to fully subconscious natural head movements
coincident to body posture or other user activity.

By interpreting such headphone signals in a context-appropriate
manner, as well as considering new multi-modal interactions en-
abled through wearable sensors situated at various locations on
a modified headphone, our work explores a design space of such
possibilities. Our headphone prototype uses various combinations
of an IMU, on-device buttons and inputs, and a LiDAR sensor to
capture user signals. We demonstrate the value of capturing user
input through a head-worn device through several prototype appli-
cations that use the headphones in multi-device and cross-platform
scenarios. For instance, our system provides context-aware privacy

by blurring a user’s video and muting their microphone in a video
call when they disengage from the video call and have a side con-
versation. Our system responds to socially recognized gestures. For
instance, cupping one’s hands near their ear signals the desire to
hear better, and our system responds by increasing the audio vol-
ume. Another prototype automatically switches the window that
is being shared in a video call as the user switches their attention
between several displays and devices.

Through this paper, we make the following contributions to the
DIS community:

• First, the design space discussed in section 4. This design
space takes different kinds of input into account, while propos-
ing different contexts that might be relevant to understand.
The insight that each interaction could use multiple types
of input and sense multiple contexts at the same time opens
up a vast design space for future exploration around head-
phones that is also likely relevant to other wearables.

• Second, an annotated portfolio of functional prototypes and
potential applications for their use in subsection 3.2. Our
prototypes demonstrate how sensing input from headphones
can enhance interactions in multi-device and cross-platform
scenarios from the workplace to gaming.

Rather than a traditional report on a study, this paper is struc-
tured to follow our Research through Design process in order to
answer the four criteria for evaluating interaction design research
within HCI [83]. We show the relevance and novelty of our work
by grounding it in current literature (section 2). We then document
our process by discussing our design methodology (section 3) and
sharing our functional prototypes (subsection 3.2). Finally, we dis-
cuss the extensibility of our work by suggesting a design space for
sensor-augmented headphones, grounded in existing literature as
well as our learning from building and experiencing our prototypes
(section 4). We then discuss the ramifications for future work in
section 5 and section 6, and conclude the paper (section 7).

2 BACKGROUND
Our work builds upon previously explored interactions with head-
phones, and usesmaterialist design techniques to situate it within the
contexts derived from frameworks of peripheral interaction design
and design within the social environment.

2.1 Headphone-based Interaction Design
Prior research exploring interactionsmediated by visible or invisible
head-wearable devices [17, 44, 50, 58] has remained focused on me-
dia control [17]. While some headphones already include on-device
sensors, they tend to be focused on media experiences and con-
trolling headphone-related data streams (e.g. volume) [14, 52, 53].
For instance, embedded motion sensors in the Apple AirPods Max
allow simulation of a surround sound setup [5]. Similarly, Jawbone
and other headset manufacturers auto-pause or auto-mute media
playback based on device posture (e.g. placing headset around one’s
neck). Additionally, most of these implementations are decontextu-
alized interactions where the gestures and ear interactions do not
leverage the context within which the user performs the task [50].
We seek to expand the design space for headphones, articulating the
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value of using headphones as a more generalized site for interaction
and sensing, moving beyond audio control.

Researchers have also explored diverse input methods for head-
phones. For instance, media playback can be controlled via taps on
earcups [52, 53] or touch sensors [14]. Wired headphones may use
gestures such as tug and twist on the headphone cable to control
audio playback [64, 70]. External accessories can also be paired
with headphones to provide input [78]. We also augment the head-
phones with additional sensors, and explore interactions that can
leverage multiple contexts at the same time. This is explained in
depth in section 4.

2.2 Peripheral Interaction
Interacting with computing technology typically demands focused
attention through input devices such as keyboards and touch screens
[7]. These interactions also tend to bereactive(i.e. initiated by the
user) rather thanproactive(i.e. initiated by the interactive sys-
tem) [38]. However, many of our everyday interactions happen
in the periphery�for instance, drinking co�ee (in the periphery)
while reading a book (with focused attention). Researchers have
used the periphery of user attention in human-computer inter-
action, introducing concepts like calm technology [80], ambient
information systems [66] and peripheral displays [56]. However,
these explorations primarily explored peripheralperceptionrather
than peripheralinteraction. Our ecosystems of interactive tech-
nology demand increasing amounts of focused attention from the
user [6, 80]. It would thus be bene�cial to o�oad some of these
interactions from the center of attention to the periphery reducing
cognitive load [75] and improving focus.

Prior work on the related concepts of foreground and background
attention [15] has explored the value of considering the user'scon-
text during device usage [34]. This can be accomplished by using
sensing techniques to capture `natural' interactions [34]. Sensing
the user's context can allow systems to be moreproactiverather
than always relying on active user input [38]. Headphones can lever-
age both foreground and background interactions: the foreground
is the user's direct interaction with thedeviceand the background is
their interaction with theenvironment. Earlier studies of foreground
and background / peripheral interactions primarily examined single
device implementations (e.g. [1, 20, 33, 34, 48, 56]). We expand on
this by exploring multi-device ecosystems, and by describing a de-
sign space rooted in the contexts in which interactive technologies
are used.

2.3 Devices in Social Environments
Interactive devices, in particular wearables and peripherals, are
often used in social environments. Wearing headphones in public
is now considered socially acceptable [17]. We wear them for video
calling in shared o�ces and commuting via public transportation.
Dagan et al. [18] have identi�ed two speci�c areas of value for de-
signing interactions for devices in social environments:augmenting
existing social signaling, andproactive intervention in the social situ-
ation. In our exploration, the social context within the environment
plays a major role, and we primarily explore this through social
signaling. Headphones are now familiar enough for there to be
some socio-cultural norms for their usage. This makes headphones

a particularly appropriate wearable peripheral to augment existing
social signaling with new sensors and interaction techniques.

Understanding spatial relationships between users and devices
is another important aspect that can be leveraged for implementing
interactions. Hall's [30] notion of proxemics can be used to under-
stand people's spatial relationships to each other and digital devices,
and has been used to generate a variety of interaction techniques,
especially in multi-device ecosystems [8, 27, 54]. For instance, Li
et al. [49] used di�erent cultures' kissing greetings for contextual
awareness and [21, 36, 45] explored the importance of visible body
gestures for both communicative purposes and individual activ-
ities. We use proxemics in the development of our design space,
particularly around context awareness (subsection 4.2).

Our goals closely align with those of ubiquitous or pervasive
computing, embracing the value of adding sensors and computation
to objects throughout the environment, such that they become e�ec-
tively invisible [28, 79]. Our designs seek to leverage the semantic
meaning in the environment, and use existing gestural interac-
tions which are so familiar as to be `invisible' and yet imbued with
meaning. Headphones enable the leverage of this socio-cultural
awareness for designing interaction techniques. However, rather
than construct a series of interactive objects, we take a high-level
approach and identify the design space that can motivate future
work by ubiquitous computing researchers.

3 METHODOLOGY
We used a Research through Design methodology [23, 72, 83] to
explore the potential of headphones as input devices. We engaged
in a material-centric design practice [22, 39, 40, 81] in order to
identify and categorize common patterns in the way we interact
with headphones. By �allowing material properties to guide our
design� [19], this method enabled us to begin to identify the advan-
tages of using gestures grounded in existing familiar interactions.
Our exploration primarily centers around the use of headphones in
the workplace [3, 76] and for gaming [2].

In a survey of the literature, we identi�ed several patterns of
cross-device interactions that would bene�t from the addition of
augmented headphones, including: controlling one device from
another [69], redistributing an application across multiple devices
(integrating[13]), and beginning a task on device and continuing
it on another (migrating [13]). In addition to support from liter-
ature, these behaviours also seemed likely to trigger interesting
interactions with the headphones while being commonly encoun-
tered throughout the day in a collaborative work environment. A
previous gesture study elicited near-ear gestures from participants
[17]. However, this study focused on speci�c interactions with a
mobile phone device, and as such this was substantially di�erent
from our intended use cases.

Maintaining the material-centric approach (using headphones
as the material), to study headphone usage in these scenarios six of
the authors recorded themselves interacting with a pair of wireless
headphones. The video recordings captured natural behaviours
while wearing headphones in a variety of settings. Each author
recorded until they had captured at least 20 minutes, and had seen all
three of the following behaviours: multi-device usage, a real-world
interruption, and changing tasks (including switching between
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devices). Our goal with this design process was to get a relevantseed
for further exploration and discussion, rather than an exhaustive set
of interactions for our chosen scenarios. Some of these behaviours
are re-enacted and captured in Figure 2.

Through this activity, we identi�ed some repeated gestures and
interaction patterns, which shaped several of our designs (see sub-
section 3.2). For example, one common pattern occurred during
interruptions: as a person approaches the headphone user, par-
ticipants tended to lift the headphones o� their head rather than
quickly scramble to �nd the digital or physical mute button. This
gesture of lifting the earcup away from the ears indicates the intent
of listening to the person near you (see Figure 8). Through this
gesture, the interaction design minimizes the need to search for
a button and simultaneously signals conversation acceptance to
the nearby person in a socially acceptable and familiar way. We
also explored gestures that were inspired by commonly understood
gestures in the researchers' cultures. For instance, cupping one's
ear to indicate the desire to hear louder, or blocking the mouth
to indicate being quiet. Our materialist approach allowed us to
defamiliarize ourselves with headphones, a commonly-used appa-
ratus, and reconsider, re-envision, and reconceptualize its role in
our technologically-mediated lives.

Evaluating systems, tools, and toolkits is notoriously di�cult [37],
sometimes even considered harmful [26]. Beyond usability evalu-
ations, there are a variety of strategies that can be used to assess
toolkit e�ectiveness [47]. In this paper, we primarily focus on an
evaluation by demonstration[47]. Our described usage scenarios
demonstrate a subset of the envisioned application space. subsec-
tion 3.2 represents an annotated portfolio [25, 74, 83], meant to
embody our design space (section 4). Together, these convey the
decisions we made and the philosophy we developed throughout
the project [74, 83]. Additionally, annotating our portfolio of pro-
totypes allows us to step away from individual designed artefacts,
look holistically, and derive a design space.

3.1 Early Prototypes and Technical
Implementation

With the initial gestures identi�ed through our previous exercise,
we augmented an existing pair of wireless headphones with ad-
ditional sensors and input widgets. In order to explore di�erent
combinations of widgets and sensors, we built a hot-swappable
magnetic mount that allowed us to easily swap out components for
others (Figure 3). These early prototypes allowed us to sense the
user's head orientation through an IMU, and receive input through
widgets like buttons and rotary encoders, but not mid-air gestures
such as cupping one's ear.

In our subsequent prototypes, we incorporated a LiDAR sen-
sor mounted above the earcup (see Figure 4), that allowed us to
sense mid-air gestures around the ear down until the shoulder re-
gion. This followed the recommendation from Chen et al. [17], who
recommended sensors that could track hands and �ngers while
covering the entire region around the ear and below. We trained a
deep convolutional neural network with a MobileNet v2 architec-
ture [68] to recognize di�erent gestures based on the view of the
hand from the earcup. Figure 5 shows some of the gestures we can
detect with our prototype.

Our physical prototypes intentionally utilized low-�delity ma-
terials such as cellotape, cardboard, and breadboards. The low �-
delity nature of these materials encouraged exploration, iterations,
and rapid prototyping. An early prototype used a magnetic hot-
swappable mount with a cardboard base (Figure 3), which we up-
graded to a breadboard attached to the headphones for quick swaps
between electronic components (Figure 4). The last prototype, even
though it used high tech components like an Intel RealSense LiDAR
unit, still felt appropriately low-�delity due to the use of cellotape
attaching it to the earcup.

3.2 Annotated Portfolio of Applications and
Interactions

In this section, we present the portfolio of our functional prototypes
of augmented headphones to explore interactions. Within the RtD
method of annotated portfolios, an annotation is any textual de-
scription that accompanies a design artefact [24]. Instead of talking
about each prototype individually, we look at the portfolio holis-
tically by annotatingthe portfolio with the interaction qualities
that we perceived were embedded in the portfolio [11]. Annotating
our portfolio of prototypes in such a way allows us to (1) show
the bene�ts of using headphones as an input device for enhancing
interaction across devices and platforms.

3.2.1 Context-aware privacy.Typical interfaces for video calling
systems involve binary choices (such as toggling sharing of audio
and video) controlled by on-screen controls [65]. Conversational
�ow, which is already challenging [51, 67, 73], is additionally dis-
rupted by the need to search for on-screen controls. A conversation
in the physical world contains many social, environmental, and
physical cues that keep all participants aware of the receptiveness
of others, such as gaze, body language, and events in the environ-
ment. Our system can give participants on the call more awareness
of these social dynamics of the conversation.

For example, headphones worn in video calls can detect a sudden
rotation of the head from the screen to a new location. Persistently
looking away from the primary screen is regarded as a meaningful
disruption of the user's attention from the call. As a result, our
prototype blurs the user's video and mutes their microphone to
protect their privacy as they have a conversation outside the context
of the call (see Figure 6). At the same time, the blurred video noti�es
other attendees that the user is temporarily away from the call.
When the user returns their attention to the screen, the system
removes the video blur, and reactivates their microphone.

Figure 7 shows a user in two separate video calls at the same
time. By blurring the video feed of the session that is not in focus,
the headphone-wearer's attention is communicated to other re-
mote participants. Each set of remote participants is aware that the
headphone-wearer is currently talking to the other session, with-
out any need for the user to consciously select a button. We use a
similar design to enable in-game communication where the player
can choose to communicate with either an individual teammate or
all teammates with a turn of the head (see Figure 7b). By combining
head-worn sensors with context-aware application controls, we
can expand the richness of these remote experiences, and minimize
friction associated with video calling experiences.
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Figure 2: A re-enactment by a co-author of some of the recurring behaviours we observed through our elicitation process. We
utilized behaviours like these as a starting point for designing the prototype applications we demonstrate in subsection 3.2.

Figure 3: An early prototype showing modular customizable
hardware through a hot-swappable magnetic mount.

The headphones use an IMU to detect the wearer's head turn. Ad-
ditionally, the physical layout of the space and the currently active
applications inform the interaction, allowing our headphones to
augment the signal of turning one's head. Crucially, this movement
would be performedeven if the user weren't wearing our augmented
headphones�we simply sense the already-occurring behaviours un-
related to the headphones. In the language of Dagan et al., this
represents an augmentation of existing social signaling [18].

3.2.2 Gestural audio visual control.Currently users share media
by clicking or touching speci�c controls in applications. Instead of
using on-screen elements, our augmented headphones can enable
interactions such as cupping the ear toward the audio source (See
Figure 8b). Such a gesture could increase the audio volume while

Figure 4: Wireless headphones equipped with an IMU (right)
and a LiDAR (left).

Figure 5: Selected gestures we used for our prototype system.
The bottom shows LiDAR images of those gestures. (From
left: default mode, cupping the earcup, raising the earcup, a
mouth cover, a 'cut' signal.
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