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Figure 1: PneuMa Bodily Extensions: A) “Pardon”, B) “Greetings”, and C) "Take a break".

ABSTRACT
Prior research around the design of interactive systems has high-
lighted the benefits of supporting embodiment in everyday life.
This resulted in the creation of body-centric systems that lever-
age movement. However, these advances supporting movement
in everyday life, aligning with the embodiment theory, so far fo-
cused on sensing movement as opposed to facilitating movement.
We present PneuMa, a novel wearable system that can facilitate
movement in everyday life through pneumatic-based bodily exten-
sions. We showcase the system through three examples: "Pardon?",
moving the ear forward; "Greetings", moving a hand towards the
"Bye-bye" gesture; "Take a break", moving the hands away from the
keyboard, enabling the bodily extensions that support movement
in everyday life. From the thematic analysis of a field study with
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12 participants, we identified three themes: bodily awareness, Per-
ception of the scenarios, and anticipating movement. We discuss
our findings in relation to prior research around bodily extensions
and embodied interaction to provide strategies to design bodily
extensions that support movement in everyday life. Ultimately, we
hope that our work helps more people profit from the benefits of
everyday movement support.

CCS CONCEPTS
• Human-centered computing→ Human computer interaction
(HCI); Interaction paradigms;

KEYWORDS
bodily extensions, pneumatics, embodied interactions, embodied
experiences

ACM Reference Format:
Aryan Saini, Rakesh Patibanda, Nathalie Overdevest, Elise van den Hoven,
and Florian ‘Floyd’ Mueller. 2024. PneuMa: Designing Pneumatic Bodily
Extensions for Supporting Movement in Everyday Life. In Eighteenth Inter-
national Conference on Tangible, Embedded, and Embodied Interaction (TEI
’24), February 11–14, 2024, Cork, Ireland. ACM, New York, NY, USA, 16 pages.
https://doi.org/10.1145/3623509.3633349

https://orcid.org/0000-0002-2844-3343
https://orcid.org/0000-0002-2501-9969
https://orcid.org/0000-0002-2501-9969
https://orcid.org/0000-0002-0888-1426
https://orcid.org/0000-0001-6472-3476
https://doi.org/10.1145/3623509.3633349
https://doi.org/10.1145/3623509.3633349


TEI '24, February 11�14, 2024, Cork, Ireland Saini et al.

1 INTRODUCTION
The theory of embodied interaction has been explored extensively
by several researchers to o�er a wide range of applications [21,
37, 76]. Supporting embodiment in everyday life has been cred-
ited with tangible bene�ts for its users, such as speech production,
memory recall, and temporal perception [17, 18, 20, 59]. Owing to
these associated contributions, wearables that sense movements
for users in everyday life have become prevalent in HCI research
[36, 69, 77]. Although these advancements have been primarily
focused towards sensing and feedback, there have been some explo-
rations that function as an addition to the human body to facilitate
novel experiences [10, 40]. The additions to the human body that
physically alter or extend the structure of the body have been called
"Bodily Extensions" [13, 49]. Bodily extensions o�er a myriad of
solutions ranging from accessibility [83], targeted feedback [63],
motor functionality [78], or allowing super-normal capability [66].

Along with supporting embodiment, prior work has explored
bodily extensions through a variety of lenses. Buruk et al. presented
a series of bodily extensions through a phenomenological lens to
explore the experiential aspects of using them [13]. Research e�orts
around both wearables and bodily extensions have been focused
towards sensing movements [34, 57, 79]. However, both wearables
and bodily extensions that induce movement while also extending
the body have been sparingly explored.

Shape-changing wearables and bodily extensions have been pro-
posed in several contexts, including novel interactions [35], virtual
reality [71], accessibility [83], and games [70]. However, these sys-
tems have been focused on delivering assistance during speci�c
tasks or delivering contextual feedback to the user engaged in a
digital experience. Taken together, they miss the opportunity to
facilitate an experience where the user moves the body as the even-
tual interaction, as learned from the embodiment theory. While
there has been a recent interest in HCI to create applications that
facilitate bodily movement (actuation), the means have been in-
trusive or have possessed an uncomfortable amount of weight to
be wearable (bulky) [38]. Bodily actuation applications, primarily
manifested through VR [71], force feedback [43, 44], and games
[41, 51, 55, 56, 58] miss out on the opportunity to facilitate an
embodied experience which in turn has the potential to increase
awareness [37] and various other cognitive abilities [16� 18, 54]. As
a result, the roles of these technologies have been limited in the
scope of everyday life and majorly reduced to short novel inter-
actions owing to their issues with wearability, comfort and body
conformity.

As highlighted by prior research, facilitating bodily movement
in everyday life scenarios promotes embodiment [23]. Supporting
embodiment through movement further leads to improvement in
cognitive abilities as it associates sensorimotor feedback with the
mind [37, 54]. Therefore, we present PneuMa, a novel wearable sys-
tem for pneumatic-based bodily extensions to support movement
in everyday life. We showcase the system through three examples:
"Pardon?", moving the ear forward; "Greetings", moving a hand
towards the "Bye-bye" gesture; "Take a break", moving the hands

away from the keyboard. As we want to support "everyday life", i.e.
enable users to wear the bodily extensions comfortably on their
body while not restricting other movements [62], we leverage the
soft material feel of silicone to create bodily extensions that support
movement in everyday life. We borrow the term "bodily extensions"
from Buruk et al.'s work [13], as our wearables, while facilitating
bodily movement, also physically alter or extend the structure of the
human body. In this paper, we demonstrate our system through two
di�erent inputs, speech and an automated timer (user con�gurable),
to support bodily movement. We implemented three unique bodily
extensions aiming to support the following scenarios in everyday
life:

� Pardon?: Promoting a good-bye gesture by moving the user's
hand towards such a gesture if the system senses the words
�good-bye� (through a smartphone's microphone).

� Greetings: Moving a user's ear forward and enlarging it
whenever the system senses the words �Beg your pardon?�

� Take a break: Moving the user's hands away from the key-
board in order to encourage a break from typing.

We present the design and implementation of the PneuMa system
along with the three example bodily extensions. We also present the
user experiences associated with using the bodily extensions in the
form of themes emerging from a thematic analysis of data captured
from 12 participants who used the bodily extensions over 7 days.
We discovered three user experience themes: bodily awareness, Per-
ception of the scenarios, and anticipating movement. Based on the
knowledge of having designed the system and conducted the study,
we also present actionable design implications for designers who
want to create future bodily extensions for supporting movement
in everyday life.

1.1 Contributions
Our paper makes the following contributions:

� First, system contribution in the form of the PneuMa system
along with three example bodily extensions. The implemen-
tation knowledge could be bene�cial for designers interested
in creating bodily extensions based on di�erent inputs across
a variety of scenarios and product developers seeking inspi-
ration on what bodily extensions can be created to support
bodily movement.

� Second, the results from a �eld study with the PneuMa sys-
tem with 12 participants consolidated into three user ex-
perience themes. These can be useful for user experience
researchers aiming to understand how people experience
emerging bodily extension systems.

� Third, we present three actionable design strategies emerg-
ing from our themes and re�ect on similar prior work in
HCI. These strategies can help practitioners seeking to de-
sign bodily extensions to support movement in everyday
life.

Finally, we hope that our work contributes to the theoretical
understanding of embodiment facilitated through bodily movement
by engaging users in a provocative manner rather than presenting
a speci�c technology solution to support movement in everyday
life.
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2 RELATED WORK
As our work touches upon embodiment as a result of extending
the human body by facilitating movement through a pneumatic
system, we now discuss prior work on embodied interaction, bodily
extensions, and Pneumatic systems, from which we learned.

2.1 Embodied Interaction
Due to the tangible bene�ts associated with embodiment in every-
day life, embodied interaction has been explored by a plethora of
researchers [33, 37, 65]. For example, Kirsh, in his work on embod-
ied cognition, talks about how humans use their bodies to preempt
and perceive their actions and the world around them [37], speak-
ing nicely to our approach of conducting a �eld study that leverages
contextual through in the world around our participants to support
bodily movements in everyday life. Prior research also suggested
how motor movement aids in improving articulation in conversa-
tion, aligning with our approach to facilitate movement in �Pardon"
and �Greetings" during conversations [16,18]. Interaction designers
have suggested frameworks to understand the implications of build-
ing body-centric systems and playful technological augmentations
of the human body [24, 48].

The theory of embodied interaction has been adopted for the
design of an extensive set of research systems and guidelines by
HCI researchers [21, 37, 75]. While previous research indicates that
there are various lenses on the application of embodied theory,
in our work, we aim to explore the role of promoting movement
through technology in an attempt to facilitate embodied experiences
of everyday actions. As a result, we talk about interventions and
creations primarily centred around leveraging or eliciting bodily
movement [8, 77]. Several interactions and systems have been ex-
plored in Extended Reality (XR) research that use bodily movement
to deliver novel experiences [1,73,81]. One such system, "YouMove",
o�ers movement training in augmented reality by providing feed-
back for the user's movement on a mirror [4]. "Slide2Remember"
proposed an interactive photo frame that enables users to view
their photos in a multi-modal experience by combining auditory
and visual stimulation [36]. Slide2Remember invoked the physical
action of sliding a traditional photo frame to view a new photo,
thereby eliciting movement within its users. Similarly, the research
around tangible interfaces, which has been prevalent in HCI, shares
common themes of interaction by invoking physical movement
amongst its users [75].

Furthermore, researchers have also proposed a rendition of this
theory to create systems that facilitate bodily movement, i.e., em-
ployed bodily actuation [15, 56, 64]. However, most of these ad-
vancements have been primarily leveraged technologies such as
electrical muscle stimulation [44,71] and exoskeletons [52,80]. Bod-
ily actuation through electrical muscle stimulation, speci�cally, has
served as a keen interest of HCI researchers in enabling propriocep-
tive interaction [43], playful experiences [56], user authentication
[14] as well as providing force feedback for mobile applications
[44]. Bodily augmentation through exoskeletons has also been ex-
plored majorly for their assistive applications [64, 78] as well as
their ability to facilitate movement [25, 62]. Hence, we also utilize
actuation technology (pneumatics) to facilitate bodily movement.
However, we �nd the prior approaches usually focus on speci�c

use cases, situations, or expert tasks, probably due to the nature
of the technologies used being considered not very body-conform.
Prior work de�ned body-conform as technology that adapts or
conforms to the morphology of the body and informed us that
technologies that are more body-conforming are more likely to
yield an engaging user experience, especially when the users might
want to wear them for extended periods of time [49]. As EMS has
been previously described as uncomfortable and sometimes painful
[38] along with exoskeletons being criticized for being too heavy
to wear outside expert use cases [31], we looked for alternative
approaches to facilitate bodily movement. We were guided by prior
work on bodily extensions as well as pneumatics, which we further
explain in the sections below.

2.2 Bodily Extensions in HCI
In HCI, bodily extensions have been explored in the form of wear-
ables prosthetics [15], and interactive textiles [74] to shape-changing
interfaces [28]. Advancements in this area are largely centred around
sensing [6, 52] and feedback [9] mechanisms that often leverage
the location and movement of the body part to deliver contextual
interaction and information. For the scope of our work, we focus
on prior work around wearable bodily extensions that are catered
towards facilitating novel experiences. We, hence, learned from
prior work that alters the perception of one's body (body image),
under the in�uence of a bodily extension that relates to our work
and contribution [13].

In particular, researchers have created wearables that leverage
physiological input to o�er contextualized information to the user
[3,49,69]. One system, "Wigglears", is a system that wiggles a user's
ears based on galvanic skin response to promote playful situations
in everyday life [60]. We learned that supporting everyday life
using bodily extensions is possible and that not all application
scenarios need to be serious. However, as their system used a motor
to wiggle the ears, feedback was that the system was not the most
comfortable to wear. In response, there seems to be still limited
knowledge about how to design body-conform systems that extend
our bodies.

Svanæs learned from Merleau-Ponty's phenomenology [45, 67]
of the lived body when he created a mechanical tail and ears [66,68].
Through the design process of creating these prototypes, Svanæs
was able to articulate the challenges of creating bodily extensions
that serve as a part of the user's body such that they can take
advantage of the �bodily-kinesthetic intelligence�. We believe that
these challenges arrived, at least in part, due to the fact that the
author used mechanical actuators that are not very body-conform.
In response, we explore the use of pneumatics to create more body-
conform wearables that might be able to better take advantage of
the �bodily-kinesthetic intelligence�.

Umezawa et al. investigated bodily ownership and representa-
tion through the addition of an arti�cial mechanical �nger on a
user's hand [72]. Their study showed that it is possible to perceive
a sense of ownership over bodily extensions that a�ect a user's
self-representation, forming a cognitive association with the mind.
However, ownership of an independent arti�cial limb is di�cult
from a motor-sensory point-of-view as it requires a prolonged ex-
perience with such bodily extensions. As a result, we decided to



TEI '24, February 11�14, 2024, Cork, Ireland Saini et al.

allow the participants in our study to experience the system for
seven days in a row.

2.3 Pneumatic Systems
Pneumatic systems have been increasingly explored due to their
soft nature, occupying less space, and being lightweight, in appli-
cations such as VR [71], accessibility [83] and supporting haptic
feedback [29], however, not in regards to bodily extensions (with a
few exceptions [28, 69]).There have been several advances in low-
ering the threshold for the design and fabrication of pneumatic
interfaces by creating rapid prototyping techniques [26], toolkits
[82] and frameworks [22]. We discuss the learnings from these
systems below.

"Menarche Bits" aims to motivate body movement through a
shape-changing pneumatic interface [69]. Their work was directed
towards facilitating body movements through intimate wearable
technology, using physiological input, for young adolescents. We
learned that designing shape-changing wearables can help a user
re�ect on their changing bodies by facilitating movement. While
this work focuses on promoting the movement for a speci�c use
case, knowledge about creating pneumatic-based bodily extensions
that facilitate bodily movement in everyday life is still limited.
With �OmniFiber�, the authors presented a �uidic arti�cial muscle
that changes its shape in response to an external stimulus [35].
OmniFiber supported an eclectic set of scenarios; hence we learned
that pneumatic systems can be leveraged in everyday life. However,
their pneumatic system primarily employed haptic feedback as a
response to external input instead of initiating a movement, which
we add with our work. Silveira et al. [2] explored a pneumatic
system to guide lower limb movement for dancers. Their work
helped by informing us how a system that could guide the users
to perform speci�c movements would promote bodily engagement
through embodied experiences. While their research investigated
the creation of pneumatic wearables for prompting movement in
the lower limb, there is limited knowledge on designing pneumatic
bodily extensions to support movement of di�erent parts of the
body and also outside expert settings such as choreographed dance
practice.

2.4 Gap and research question
Prior research has designed systems to support bodily movement
through indirect means for invoking movement in daily scenar-
ios. However, there appears to be limited knowledge on designing
pneumatic-based bodily extensions that can directly support bodily
movement in everyday life. Hence, in this paper, we begin answer-
ing the research question: how do we design pneumatic-based
bodily extensions to support movement in everyday life?

3 DESIGNING PNEUMA
We primarily leveraged our own past experiences from designing
wearables and sought inspiration from the existing literature on
pneumatics design (which comes dominantly from the engineering
disciplines [27, 50, 53]). We employed research-through-design [84]
and iterative prototyping [8, 30, 42] to understand and improve
upon the user experience after each iteration. Since PneuMa aims
to move a user's body, we thought it was critical to evaluate how

a user perceives its use and how they perceive themselves using
the system in a social setting. Hence, we began by having the �rst
two authors wear each design iteration in the prototyping stages,
which included observing each other to document as well as re�ect
upon the social (onlooker's) understanding and acceptability of
the designs. We now describe the design process, including our
rationale and decisions behind the material, location across the
body, and input modalities.

3.1 Choice of Material
We wanted a material with soft qualities that is not too heavy and
body-conform. We chose silicone instead of polythene [32] as it
provides greater rigidity, feels better on the skin, and we believed
would be less prone to burst in case of accidental overin�ation.
Furthermore, we believed that it would lend itself to support �ne-
motor, not just gross-motor movements, allowing it to cover a larger
range of applications in the future.

3.2 Locations across the body
Our design process involved identifying suitable areas for possible
movements across the body. We found that in order to facilitate
any movement with bodily extensions, it is paramount that the
location is accessible for the extension to be inserted or attached
in a de�ated form and can support enough space for the intended
movement when in�ated. The location must be enclosed between
two surfaces for the in�atable extension to draw a reaction from
and result in the intended movement. As the bodily extensions
are targeted towards enabling �ner bodily movement, the choice
relating to the part of the body is critical as well. Only the parts of
the body which have at least one degree of freedom for movement
can be chosen. Furthermore, as PneuMa leverages the air pressure
through a pneumatic system inside silicone-based bodily extensions
to facilitate movement, the size of the in�atable bodily extension
should be proportional to the part of the body and the extent of the
intended movement.

3.3 Input modalities
While ideating over the interaction modalities for the bodily exten-
sions, we decided to create embodied experiences in everyday life
without the user's explicit physical input to manifest the movement.
We believed that the context of the environment could be a key fac-
tor in determining and facilitating the embodied experiences for the
user; hence, we employed a keyword-triggered speech-based input
along with an assistant app as we aimed to leverage a more natural
input, such as speech, instead of relying on typing or touch-based
inputs.

3.4 Fabrication Process
We employed a fabrication process that allows us to personalize
in�atable bodily extensions based on the appearance, shape, size,
and structure of a user's body part. To create silicone-based bodily
extensions, we took inspiration from Moradi et al.'s [46] PVA-less
molding technique to fabricate our bodily extensions. This tech-
nique involves sandwiching a layer of PVA between two layers
of silicone during the fabrication process. Once both the silicone
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Figure 2: A) The PneuMa System: the pneumatic controller in a waist bag along with the three example bodily extensions; and
B) A participant wearing the PneuMa system.

layers are cured, hot water is injected through the air shaft of the ex-
tension to dissolve the PVA and create a pocket of space connected
to a hole to insert the tubing required to �ll the in�atable extension
with air. The fabrication process, as such, employs a three-step
process.

In the �rst step, after identifying the area or body part of possible
movement, we measured the area to create a mold in OnShape1

(a collaborative online 3D CAD software). The mold is primarily
used to pro�er the shape and size of the in�atable that the user
will wear on their bodies. Moreover, although silicone is a soft and
stretchable material that can be extended to �t multiple sizes, we
added a strap to the design of the in�atable to support di�erent sizes
of body parts and maintain the intended functionality, wearability,
and comfort. We then proceeded to design the layer of PVA, which
is to be sandwiched between the silicone, called the separator. The
design of the separator determines the size and shape of the pocket
of space inside the in�atable and hence is essential for preserving
the intended functionality. We iterated over multiple sizes and
shapes of the separator to eventually settle for a size and shape
that preserves the structural integrity of the in�atable as well as
o�ers the ability to move. The separator, generally, was in a 2.25mm
o�set from the inner boundaries of the mold to ensure a strong
connection between the two layers of silicone when cured so that
it does not burst even when in�ated over a set limit.

In the second step, once the mold and separator were 3D printed,
a silicone mixture was prepared for an extended working time (30
minutes) that ensured the silicone remained viable throughout the
process. However, we used a faster-curing silicone during our itera-
tion process as it resulted in faster prototyping but had a relatively
higher chance of defects. After preparing the molds along with the
silicone mixture, we deposited an initial layer of silicone halfway
into the mold. Once the �rst layer was cured, we used a pair of

1https://www.onshape.com/en/

tweezers to place the separator in the mold and pour more silicone
over it till the brim of the mold. The mold containing the silicone,
along with the separator, was then cured inside an oven at 57°C
for 15 minutes.

In the third step, once the silicone was cured and the in�atable
was de-molded, an empty syringe was used to inject air into the
in�atable through the shaft. Then, warm water was injected to
dissolve the PVA-based separator faster along with a binder clip
on the shaft to let the PVA dissolve completely. Once the PVA was
visibly dissolved, the binder clip was removed, and the water inside
was drained.

3.5 Three Scenarios
We identi�ed three example scenarios as we believe they represent
key aspects of a user's everyday life in the context of social and
private interactions. In order to facilitate the interaction between
our system and the study participants, we wanted to ensure that the
selected scenarios presented opportunities considering temporal
factors, convenience, technical feasibility, cultural considerations,
demographic factors, and ambidexterity. We o�er a rationale for
each of the factors:

� Temporal factor - We selected the scenarios based on the time
taken to complete them. By having rather short scenarios,
we hoped our participants would interact with them multiple
times during the study, giving us more data to analyse.

� Convenience - We selected "everyday" scenarios that we
believed could be considered convenient as we wanted to
ensure that the participants would engage with them dur-
ing the study phase without the need for excessive explicit
prompting.

� Technical feasibility - We selected our scenarios based on the
technical constraints imposed by the design of our system.
We had scenarios in mind that our system would not be
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