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Figure 1: Buoyancé. The integration of multi-robot systems with reeling helium-inflated balloon mechanisms can enable diverse
interactive applications: (a) Information Display, (b) Height Representation, and (c) Tangible and Gesture-based Interactions.

Abstract

We introduce a novel approach to spatially actuated tangible UI by
controlling helium-inflated balloons (HIBs) in mid-air using mobile
reeling robots, named ReelBots. With a relatively compact device
form factor, the robots can manipulate HIBs in an extensive vertical
range, reaching relatively high altitudes (20m or more), thanks to
its reeling mechanisms. The hardware offers diverse interactive
functionalities and applications for representing abstract data in 3D
space, reconfiguring lights and cameras in an everyday space, and
assembling HIBs into diverse configurations. Our proof-of-concept
implementation was developed based on omnidirectional mobile
robots and a motion tracking system to demonstrate the novel
approach of enriching 3D physical space. Our control software is
designed to manipulate multiple robots to control the position of
HIBs in real time via multiple options ranging from GUI control
and tangible and gesture based controls.
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1 Introduction

Helium-inflated balloons or bodies (HIBs) are uniquely familiar,
magical, and joyful presences in our everyday lives. They play a
special role in elevating human experiences—both literally and
figuratively—by uplifting moments of celebration, from birthday
parties and amusement park adventures to large-scale gatherings
like Comic-Cons. Readily available in grocery stores and party
shops, HIBs are accessible tools for adding delight and wonder to
shared occasions with friends and family, across generations.
What makes HIBs uniquely enchanting are their core physical
phenomenon: the levitating effect of helium, due to its lower den-
sity than the surrounding air. This allows balloon bodies to rise
gracefully, defying gravity in a safe, affordable, and accessible way.
Yet their magic is not only visual or scientific—it’s also tactile. Of-
ten tied to strings, HIBs offer a delightful interaction: floating just
above us, yet anchored, inviting people to grasp, guide, and engage
with them. This dual nature—light and tethered, yet tangible and
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controlled gives HIBs a distinctive, embodied a ordance unlike
any other everyday object, blending whimsy with presence in a
way that's uniquely resonant in human life.

The unique physical property of HIB, providing in atable objects
with buoyant forces, has gained attention in the eld of robotics
to improve the mobility of robotic hardware, such as terrestrial
two-legged robots 19 60, long-bodied robotic armsg5, or quiet
& power-e cient drones [59. The use of HIBs, in this manner, has
advanced robots' abilities to attain 3D locomotion while utilizing
soft, safe, and cheap materials, which is challenging with traditional
“rigid and heavy' robots.

In this paper, we investigate applying HIBs for Swarm 2],
an active HCI research area for building tangible displays and inter-
actions using multi-robot systems on tabletop or ground surfaces.
By equipping individual robots with HIBs, which are controlled by
a reeling-string mechanism, we enable 3D spatial, tangible display
and mid-air interaction, while the robots remain on the ground
(Figure 1la and 1b).

While diverse approaches have been proposed in prior HCI re-
search for 3D spatial, mid-air, levitating tangible Uls (e.g., drones
[4, 20, ceiling rigs [6, 12 61], HIBs with embedded propulsion
[36 59, or acoustic levitation 4, 15,) our proposed approach,
named Buoyancé, opens up unique opportunities for interactivity.
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Overall approach of Buoyancé and its design space present-
ing the actuation and interaction design through HIBs con-
trolled by multi-robot systems with reeling mechanisms.
Proof-of-concept implementation based on omnidirectional
rover robots and HIBs, along with the software design that
allows for a variety of control modes, including three em-
bodied HIB control methods based on “grasp and release!
Technical evaluations of the our proof of concept system.

A range of potential applications, motivating the proposed
approach to be applied for display, interaction, and assembly.
A user study'# = 12, evaluating and comparing three
bodily interaction methods for controlling the 3D positions
of HIBs.

2 Related Work

The concept and design of Buoyancé build upon prior research
in Spatial Actuated Tangible Uls, HIB-based Interactive, Robotic
Systems, and Mid-Air Assembly.

2.1 Spatial Actuated TUIs Levitation,
Multi-Robot and Suspension Systems

Buoyancé's approach features several technical bene ts, such as Research into building actuated spatial tangible interaction has

space instrumentation, safety for touch, scalability, or energy ef-
ciency. These bene ts allow for novel interactivity with unique

a ordances, anchored to how we interact with everyday HIBs (e.g.,
using strings to control).

In our paper, we introduce the generalizable approach of Buoy-
ancé, joining a multi-robot system with HIBs via a comprehensive
design space, which overviews the capabilities of Buoyancé, in-
cluding tangible display, interaction, and assembly. Our proof-of-
concept prototype, based on o -the-shelf omnidirectional ground
robots and an optical 3D tracking system, allows for closed-loop
control of a multi-robot system controlling HIBs mid-air with reel-
ing mechanisms. By tracking markers attached to hands and ngers,

explored various methods to create dynamic, tangible interactions
within a 3D space. For example, researchers have built interfaces
that manipulate objects in mid-air through di erent techniques.
One such approach, drones, is widely utilized to achieve spatial
display and TUl in HCI &, 20 23. Their ability to hover and ma-
neuver in 3D space makes them ideal for creating interactive expe-
riences where objects can be dynamically positioned and moved.
However,42 drones have considerable practical limitations, such as
constant loud noise, safety concerns (prohibiting users from com-
fortably touching and interacting), and high-energy-consuming lev-
itation (resulting in short continuous levitation time). In addition,
other approaches employ techniques such as magnetic levitation

we have also developed hand-based gesture and tangible interac-[27, 29, acoustic levitation L7, 18 37,41, or air jet [49 62. While

tions, developing “grasp and release’-based control methods. In turn,

allowing three distinctive ways to control the HIB's position by nav-
igating the robots (name&tring Tangible Control, Direct Tangible
Control, and Nearby Gesture Contrdhe hardware system is tested

these additional methods address some of the issues from the use of

drones, none are currently suited to achieve room-scale actuation.
On the other hand, researchers have employed string or wire-

based actuation methods to enrich the physical space. For example,

through the technical evaluations, measured speeds of movement ceiling-mounted reeling devices have been used to suspend and

as well as assembly capabilities. With the implemented prototype,
we demonstrate wide potential applications for such a system to be
deployed in the future of physical environments, spanning across
tangible information display, room recon guration, and mid-air

constructive assembly. Additionally, a user study was conducted to
evaluate and compare the three HIB control modalities based on

control physical objects in mid-air, such as kinetic sculptur@sg7]
and a shape display9]. As demonstrated in STRAIDB], actua-
tion has been explored for information display through actuated
rigged elements and for enabling interaction with vertically actu-
ated elements. To enhance the exibility and control of the reeling
mechanisms, AeroRigUB[l] introduced swarm robots to dynam-

‘grasp and release. The study also extracted feedbacks regardingically manage the position of the reeling mechanisms placed on

the unique perception, a ordance and interaction of Buoyancé.
While midair 3D tangible interfaces have been explored in HCI
in diverse technical methods, we wish Buoyancé will inspire this
research realm by employing the unique property and a ordance
of HIBs to defy gravity, enriching or "uplifting' tangible, bodily
interaction within physical space and environments.
List of Contributions:

the ceiling surfaces, improving the control of rigged or suspended
objects. Building on top of the literature of Swarm Ul to manipulate
a cluster of wheeled robotB 32 33, their approach allows for
3D control with a single string and can be extended to 6D control
using multiple strings.

Buoyancé takes inspiration from these existing methods but in-
troduces a unique approach by combining helium-in ated balloons
(HIBs) with on-ground robots equipped with reeling mechanisms.
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As prior research has largely investigated spatially actuated tangi- soft tangible midair interface14, 15. Buoyancé instead aims to

ble Ul that often requires extensive infrastructure (including ceil-
ing instrumentation), our implementation o ers vertically scalable
mid-air spatial interaction through a ground-based setup that is

relatively easier to install. This setup removes concerns of hard-

ware falling from above the head while adding whimsical actuation
throughout entire rooms.
The use of multi-robot systems to develop spatial tangible inter-

employ HIB in conjunction with on-ground robots to achieve multi-
object levitation while expanding the scalability of the interactive
area, and exploring the unique interactive a ordance based on the
con guration of HIB with a tethered string.

2.3 Mid-Air Assembly
Constructive assembly the functionality to exibly assemble prim-

action is also an active research area in HCI. For example, RoomShift jtiye blocks to target arbitrary shapes is one of the features
proposed a way to dynamically con gure physical space to move e explore with Buoyancé, and it has been widely explored in

around furniture with oor-locomotive robots for VR hapticsgQ.

the HCI domain. For example, DynaBlock]] and Kinetic Blocks

In atableBots was also developed to add haptics for VR, but by a [47) explored approaches to assemble magnet-embedded passive

shape-changing in atable mechanism (< 2m) controlled by wheeled
robots on the oor [21]. Onishi et. al's Waddle Walls explored
controlling a vertically actuated partition system (< 1.8m), also
controlled by robots on the oor B§. The robots in these works
are equipped with relatively large actuators to create human- or

blocks with an actuated base. Robotic assembly, employing tabletop
wheeled robots, has been proposed by Zhao et al. for VR haptic
proxy [63, as an extension of Zooid2f. Although our work also
employs wheeled robots for assembly, we exploril-air assembly
To achieve mid-air assembly, the use of drones has been one of the

room-scale transformations. Therefore, the robots need to be rel- major approaches commonly seen in robotid$[39 40, 45. Acous-
atively large (Roomba Vacuum robots or equivalent size - atleast tjc |_evitation is another approach to achieve mid-air assembly, to
300x300mm laterally). In our approach, we use areeling mechanism make non-contact assembly of passive materidl§ [L3, while

(often observed for shape-changing mechanisms in H&2 p4),

scalability is often limited. HIB-based assembly has been explored

which can be compactly stored; Therefore, the base robot (Reel- for |arge-scale passive self-assembly by MIT's Self-Assembly Lab

Bot) can also be compact (approximately 90 x 80 x 110mm without [26 42, which doesn't provide controlled (dis)assembly. In contrast,
marker attachments), YET the maximum height it can reach exceeds g, approach, by using computationally controlled rover robots on

signi cantly beyond the robots in prior work Figure 1c shows
reaching approximately 4m, but we tested it can reach more than
20m as detailed in a later section.

2.2 HIB-based Interactive, Robotic Systems

The buoyant force of Helium has provided a means of research into

HIBs in numerous elds. In robotics, HIBs have been widely utilized

to increase the general mobility, safety, robustness, and overall cost-

e ectiveness of mechanically built terrestrial robot$,[19 35 55
56, 60. Having more versatile robots has increased the applications

and scenarios of land-bound robots. For example, with the vast
array of shapes HIBs can take on, past studies such as Giacometti

Arm utilized skinnier HIBs in conjunction with arti cial muscles
and constant air feeding tubes to explore narrow pathways that
conventional robots could not traverse througb. Additionally,
Mami Nishida utilized fun and sociable shapes to aid in the social
well-being of socially vulnerable peopl¢35. Alternatively, while
add-ons to the HIBs may limit their ability to levitate, they still
enable more robust upright positions and jumping abilities when
combined with actuated reel mechanisms [5, 19, 60].

A few works in HCI have explored employing the buoyant prop-
erties of HIBs for facilitating novel interaction. DIRI and ZerONE
proposed robotic systems that combine HIB and light actuators
to build a safe indoor drone system without blades for human in-
teraction and observation36 59. More recently, Xu et al. have
studied bodily, tangible interaction and a ordance of HIB-based
apping-wind oating robots through a user study, revealing their
unique interactivity and perception, including a highly perceived
level of safety 5§. While these self-propelled HIBs tend to be slow
for the movement control, with the Midair Balloon Interface, the
rubber HIB was used in conjunction with surrounding multiple

the ground to reel HIBs, achieves room-scale mid-air assembly and
disassembly, creating shapes that are overall soft and potentially
safer to touch and interact with, compared to ones using drones
[16, 39, 40, 45].

3 Buoyancé

We introduce the design space of Buoyancé (illustrated in Figure 2)

that aims to de ne its generalizable system architecture, interactiv-
ity, and application space.

3.1 Basic Architecture, Example Con gurations,
and HIB Control

The basic architecture of Buoyancé consists of (1) helium-in ated
balloon (HIB), (2) strings attached to HIB, and (3) robots equipped
with a reeling mechanism (referred to as ReelBot in our paper.)
For HIBs, diverse sizes and geometries can be employed (Figure
3a). For string, threads with di erent visibility can be employed
as an option depending on the use cases: transparent threads, like
shing line, to prioritize for aesthetics, while more visible strings,
like yellow-colored thread, could be employed for users to be better
aware of the string for interaction and safety. While the tethering
string serves to reel HIB, controlling its vertical position, it can
also serve as a medium for users to control the HIBs, following the
a ordance of everyday HIBs (further elaborated in section 3.2).
The HIBs and ReelBots can be con gured in di erent numbers
to achieve di erent functionalities, especially for HIB control. For
example, a single HIB and single ReelBot (1 HIB + 1 ReelBot) can
perform basic functionality of moving the HIB in 3-Dimensions (X,
Y, and Z), though rotations (roll, pitch, and yaw) cannot be con-
trolled. With 1 HIB and 2 ReelBots, the HIB's pitch and yaw can be
controlled. Furthermore, with more than 2 ReelBots, pitch, roll, and

airborne ultrasound phased arrays (AUPAS) to develop a safe and yaw can all be controlled by synchronously controlling the reeling
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