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Figure 1: Overview of the pneuCNTRL hardware. From left to right: experimenter’s interface, electronic control unit, participant’s

interface.

ABSTRACT

We present pneuCNTRL, a system providing a programmable, pre-
cise air pressure control in a multi-channel setup with interactive
actuated, soft and malleable inflatables which we used for studies
on data physicalization. pneuCNTRL is a compact, easy-to-use, and
affordable solution that allows researchers to quickly and accurately
control shape and haptic properties of inflatable structures in HCI
experimental studies. We describe its design and functionality, and
summarize our experiences with its use in research and teaching.
We also discuss potential benefits of pneuCNTRL, such as its ability
to support a wide range of experimental designs and the exploration
of novel research questions.
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1 INTRODUCTION

Shape-changing inflatable textile structures (short: inflatables) are
a promising approach in human-computer interaction (HCI) for
lightweight, non-rigid interactions [12, 15, 22]. Instead of using
rigid mechanisms for shape-creation and actuation, the underlying
principle to obtain such pliable structures and mechanically com-
pliant actuators leverages fluidic pressure. Inflatables are mainly
discussed as actuators in the field of soft robotics, where ongoing
developments combine pneumatic actuation techniques with pli-
able actuators, to construct robotic grippers, pneumatic-muscles,
or locomotion systems [9, 20], but have also been explored in HCI
contexts [15, 22]. Some of the advantages of inflatables are that they
are inherently mechanically compliant, thus adjusting to the users’
bodies, and that force can be distributed over extended distances
without requiring rigid connections or heavy components at the
end location. Therefore, inflatables are often used in wearables to
provide haptic feedback or to emulate the pressure sensation of
human touch [3, 7, 14, 16], for haptic feedback in VR [5], but have
also been utilized to provide dynamic haptic feedback, for instance
creating a variable physical button layout for virtual keyboards [6].

In our own research, we explore the potential of inflatables to cre-
ate shape-changing artifacts that dynamically represent data in the
physical realm, called data physicalizations [10], which represent
data through material and geometric properties. Previous research
shows that physicalizations support collaboration, reduce cognitive
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load, and seem to elicit more emotional responses [10, 21]. The
latter is especially the case for the haptic modality [8]. Despite this
potential, most physicalizations focus on visual output, possibly
because haptics are often ‘given’ property of the used materials.
If a physicalization is made of wood, it is difficult to dynamically
change its weight or texture. Here we see a potential for inflatables,
which based on pressure, can change their shape, stiffness, and sur-
face texture among others—something we explored in a case study
summarized in Section 4. For this, we utilize airtight membrane
materials such as coated textiles, as these allow for a wide variety
of shapes.

However, due to the complexity of the technology, and the lack
of affordable and versatile control systems, the application of inflat-
ables in data physicalization and user studies towards this has been
limited. Especially for haptics, only subtle changes in shape and/or
texture are needed to be perceivable, which requires precise and
fast sub-Bar pressure control. Although initial work (e.g., [17, 18])
has created pneumatic control systems in an HCI context, no prior
work has created a dedicated and fine-grained system that could
easily be used for studies on haptic interaction with inflatables of
varying material and size.

Therefore, we introduce pneuCNTRL, a control system to drive
the haptic properties of inflatable objects made of coated textiles,
silicone, or other materials. We developed pneuCNTRL to support
our own research on haptics in inflatable physicalization. However,
it can be used in other contexts as well (e.g., for simulating hap-
tic experience in VR applications, for haptic feedback through a
wearable). PneuCNTRL consists of a programmable, precise, and
multi-channel air pressure control for the actuation of inflatables
with three different modes of operation. A manual mode allows for
direct manipulation of the connected inflatables, a sequencer mode
lets the user cycle through predefined pressure levels on all chan-
nels, and a remote mode enables external control from a connected
computer. The entire control system is self-built, open source!, and
low-cost, so we consider our contribution a building block that
others can use to build upon when aiming for user research with
inflatables.

PneuCNTRL was utilized in a lab-study with twelve participants,
with the aim to validate whether people can distinguish the haptic
feedback from 3 different inflatable physicalizations and interact
with them (Figure 4) as well as in an interdisciplinary student
project on inflatables for data physicalization and tangible interac-
tion for the duration of one semester.

2 RELATED WORK

Previous work in HCI explored the design space of inflatables [22],
introduced new fabrication approaches (cf. [15], and has started to
research the haptics of inflatables. For example, milliMorph[12] and
VenousMaterials[13] explore the design space and fabrication of
micro-fluidic structures for haptic interaction. MCPACS is a pneu-
matic control system that offers analog manipulation of pneumatic
wave forms, enabling the creation of pleasant, seemingly contin-
uous, and fine-grained pulses to be felt at the wrist. Pneumatibles
was used to create a pressure sensitive button that provides dif-
ferent types of haptic feedback through “sequential reductions of
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air pressure” [4]. Facilitating shape change, the MorpheesPlug [11]
toolkit allows users to create 6 widgets that can be used for 7 types
of shape change (e.g., fold or spiral). Lastly, FlowIO extended the
idea of a toolkit to a development platform for inflatables [17].

Although these works give insights in (1) how to design and fabri-
cate inflatables, (2) build a control system for inflatables, and (3) how
to generate subtle changes which can be used for haptic feedback,
our work contributes in making haptic inflatables easily applicable
for a user research context—which requires precise control over
timing and pressure values, easy and comfortable interaction on the
user/controller side, and reliable function for repetitive tasks (e.g.,
repeating the same sequence of shape and pressure changes various
times each for numerous study participants), in combination with
high requirements regarding safety of use.

3 THE SYSTEM

For pneuCNTRL we set the following requirements: (1) ability to
control fine-grained state changes of the inflatables at 0.01 bar/step
(preliminary experiments showed this resolution to be appropri-
ate for rich haptic feedback); (2) constant pressure at set point,
compensating for any unwanted pressure loss; (3) a multi-channel
setup for controlling multiple artifacts simultaneously; (4) ability
to store and recall pressure levels; (5) ability to step/cycle through
a predefined data set; (6) support of customized user input devices
such as push buttons; and (7) safety measures to prevent inflatables
from exploding, as our early exploration made us realize that these
could accidentally explode when pressurized too much (just like
a balloon). Thus, to ensure participant safety, the control system
needs to prevent over-pressurizing the inflatables.
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Figure 2: System layout. Dotted frame indicates physically
included units, dashed frames show connected external enti-
ties.

As Fig. 2 shows, the resulting system is designed as a closed
loop pressure regulation (required for maintaining pressure levels),
implemented for 8 separate channels for pneumatic control with
additional input capabilities for interaction. Four Channels are
capable of controlling pressure up to 4 bar (58 psi), where the
other 4 channels control up to 2 bar (29 psi). This split of valve
technology was implemented to reflect different needs for a wide
range of inflatables: electromechanical valves withstand higher
pressure ranges, offer faster air flow, but require external pressure
sensing, while piezo valves are easier to use, offer integrated closed
loop control and CV? feedback, which comes at the cost of slower
air flow and limited pressure ranges. Preliminary testing showed
that all channels operate with an accuracy of +/- 0.02 Bar.

PneuCNTRL combines off-the-shelf parts, such as industry stan-
dard pneumatic valves with custom developed control circuitry
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