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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.

CCS CONCEPTS

+ Hardware — Emerging interfaces; - Human-centered com-
puting — Human computer interaction (HCI); Visualization sys-
tems and tools.
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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

2control voltage
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(Fig. 5). The control electronics drive four electromechanical valves
and four piezo-electrical valves, and read out their individual output
pressure states, with pressure sensors applied on all channels. Thus,
air-pressure is monitored at all times for a closed-loop control of
the pneumatic channels. Safety measures are implemented in the
hardware, such as pressure regulators and relief valves, as well as
in the control software, to avoid over-pressurizing the artifacts (a
threshold that needs to be carefully set for each new inflatable).

The operator can choose between three modes of operation:
(1) Manual mode: to set each channel to a chosen pressure value
through the integrated interface, built from knobs, switches, and
an LCD display. This mode of operation enables a highly intuitive
and straight forward way to precisely set the individual channels
for experimenting; (2) Sequencer mode: to cycle through stored data
points of a predefined data set. This is especially useful for user
study scenarios. Data for playback can be uploaded as .csv>; and (3)
Remote mode: to control the pneumatic outputs in real time from a
remote machine through a USB connection. This allows for further
integration into existing systems.

At all times, the channel states can be observed on an inte-
grated LCD display. In parallel to the device’s operation through
the screen and interface, pneuCNTRL features a customizable and
programmable input channel with which one can navigate through
a stored data set. In its current version, a simple physical button was
chosen to facilitate navigation through the data set. Bi-directional
communication allows driving, e.g., RGB LEDs inside the button
from the control system. Having an integrated basic display func-
tionality for visual feedback proved useful when deployed in a
user-study. For instance, in our study, a fading light illustrated the
transition between pressure levels: the light went out when the in-
flatables had achieved constant pressure, informing the participant
that it was ready to be explored.

3.1 Electronics

The PneuCNTRL control electronics hardware is a custom designed,
printed circuit board (PCB), implementing the following logical
blocks: logic control unit, electromagnetic valves driver stage, piezo
valves driver stage, pressure sense input stage, power management.
The logic control is based on a teensy3.2 microcontroller board
[19], connecting all system units via I2C, SPL, UART and digital
signal lines. Since two types of valves are installed, two types of
valve controlling units are implemented. The electromechanical
valves are switched through a mosfet diver stage. Proportional
valves are controlled on four channels with a digital-to-analog
conversion fed into an op-amp amplification stage. The pressure
sensor’s control voltages are scaled and converted in the input stage
on eight channels via voltage dividers, followed by an analog-to-
digital conversion. Power conversion (from +24V) is done by an
off the shelf stepdown module for +5V and an additional voltage
regulator circuit for +3V. Finally, there is a small prototyping area for
user add-ons. This hardware is released as open hardware, licensed
under CERN-OHL-W v2[2].
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3.2 Pneumatics

Taking into account the need for multi-channel operation, eight
pneumatic channels are implemented in the device. To cover a wide
range of output pressure and applications, two types of valves are
used to control inflation and deflation of the attached actuators.
Four SMC 5/3 electromechanical valves can switch up to 8 bar, four
Festo proportional piezo-electronic valves can regulate up to 1 bar.
Both types of valves are suited for different needs: while the former
are great for stronger pneumatic actuators or rigid actuators, the lat-
ter are better suited for soft actuators with smaller volume and less
pressure. Electromechanical valves provide larger airflow, pressure,
and strength, but lack the ability to control flow rate and pressure
(beyond binary switching). Piezo-electronic valves allow direct ma-
nipulation of airflow and pressure setpoint at the cost of limited
pressure and airflow. Pressure sensors are implemented on all chan-
nels, either as a plugin parallel to the airflow of electromechanical
valves or as a feature of the proportional valves. Each electrome-
chanical valve is connected in series with two flow regulators, to
manually set the channels fill- and release slope characteristics.
Pneumatic connections utilize industry standard pneumatic hoses
and connectors. Input pressure (4 bar/ 59 psi) must be provided by
an external air compressor (e.g., jun-air 6-25).

3.3 Software

The firmware is written with the Arduino programming language
[1], running on a Teensy3.2 board which features an ARM Cortex-M4
microcontroller[19]. Its functionality centers mainly around the
implementation of a closed loop control of the air pressure on each
pneumatic channel, which is crucial to maintain precise pressure
levels and safety. Therefore, constant polling of the analog-to-digital
converters (for pressure reading) and driving the valves through
the respective circuits is of highest priority. Apart from that, we
tried to facilitate the addition and manipulation of user-defined
content, e.g. adding new inflatable objects to the software, defining
their properties and assigning them to a channel is done through a
standardized interface.

Figure 3: pneuCNTRL with attached inflatable objects for
user testing.
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Figure 4: The three inflatable prototypes controlled with pneuCNTRL. Each represents the data through a different haptic
feedback: Bend (low pressure values are easy and high values difficult to bend); Squeeze represents data through the resistance
felt when squeezing the artifact; for Surface Texture, a texture can be felt at higher pressure values, but it disappears at low

values.

While initial parameters of the connected inflatables (e.g., pres-
sure limits) need to be present in the source at compile time, new
data sets for the sequencer mode can be uploaded and stored in the
device at run-time. See online repository for source code, further
documentation and dependencies. The software is released under
GPL-3.0-or-later.

3.4 Dataimport

To facilitate the setup of a new project and its parameters, new
data sets can be uploaded through a simple comma separated list,
representing the state of all channels (thus the connected inflata-
bles) for any given point in time in rows and columns (e.g., 3 rows
represent three data points, 6 columns carry the data points for
6 actuated channels). The above described sequencer mode allows
straight forward ‘playback’ of the given data.

4 EXPERIENCES WITH USING pneuCNTRL

4.1 Lab Study

PneuCNTRL was deployed in a lab user study with twelve partici-
pants. For the experiment, three inflatable objects (physicalizations),
(Figure 4) were created from airtight TPU coated Nylon textiles.
These were designed to represent data haptically through subtle
changes of their internal pressure. We focused on interactions that
can be performed with inflatables, which result in distinct haptic
feelings: bending, squeezing, and feeling a surface texture. Based
on the internal pressure, the ease with which the user can bend or
squeeze the object or perceive the texture, changes. The aim of the
experiment was to gain insight in how people perceive the different
inflatable states.

The three objects were controlled with pneuCNTRL, changing
pressure levels according to a small data set?. Since participants
would be exploring this data set on their own, changes to the inflat-
ables needed to happen quick and in the background. pneuCNTRL
was triggered via a button push from participants to change the
internal pressure, so participants could loop through the data set
as often as they wanted to and re-experience a state, without in-
tervention of the researchers. As our study involved only a small
data set (six data points), one button sufficed. For larger data sets,

“the data points in their original order: 30%, 60%, 100%, 20%, 10%, 0%

pneuCNTRL can be connected to other input devices, such as a key-
pad or a dial. Moreover, here pneuCNTRL controlled the inflatables
synchronously, meaning that all three physicalizations represented
the same state. However, the system can also be used for asyn-
chronous control of multiple inflatables. PneuCNTRL simplified
the experimental setup and worked reliably throughout the experi-
ments (>=8hrs), allowing us to focus on observing and interviewing,
while the system automated the control. Although the study was
not conducted to evaluate the performance of pneuCNTRL, but
pneuCNTRL was used to run the study, we could observe its per-
formance and gain valuable insight regarding overall reliability,
accuracy and consistency of pressure levels.

Figure 5: System overview, with 1-pneuCNTRL, 2-input de-
vice, 3-inflatables, 4-experimenter, 5-participant, 6-air com-
pressor

4.2 Student Project

pneuCNTRL was also utilized in a 1-semester interdisciplinary stu-
dent project on ‘inflatables for data physicalization’. The groups’
aim was to research, design, and to prototype inflatables by follow-
ing the question how data can be conveyed with dynamic physical
objects and how to design multimodal approaches of representing
data. pneuCNTRL played a crucial role to enable the students to
focus on the overall general concept and design, while they could
rely on the existing implementation of a closed loop pneumatic
control system to run their ideas and projects with, not having to
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deal with these technical details. The results included a table with
pneumatically actuated legs (that extend individually) to display
the balance of a given meal through the angling of its surface (the
plate would slide off when the meal is unbalanced), an interactive
storytelling installation with inflatable props and a ‘hugging ma-
chine’. All of these were built using textile sheet inflatables for
actuation and controlled by pneuCNTRL. We observed that after a
short (1h max.) introduction to the operation of pneuCNTRL, the
students were capable of independently operating and program-
ming the device according to their needs, based on fundamental
knowledge of Arduino programming and pneumatics (additional
help was still available and provided). The groups used pneuCNTRL
for their demos for approx. 8 hrs in total.

5 CONCLUSION

We presented pneuCNTRL a versatile, reliable and accessible control
system for the actuation of inflatable objects from air-tight mem-
brane materials such as coated textiles, silicone, or other materials.
The device combines intuitive hands-on settings for experimenting
with the ability to predefine entire sequences for playback, with
high repeatable precision. Preliminary tests regarding the precision
of pneuCNTRL showed that the system operates with an accuracy
of +/- 0.02 Bar, further testing with calibrated equipment needs
to be done to assess the system’s performance. While our original
intention was to develop a control system for our ongoing research
on shape-variable data physicalization, this setup could also be
used to control further studies focusing on the haptic perception of
inflatables in other contexts, e.g., as wearables (such as a wristband,
or integrated into a jacket), and to control not just levels, but pres-
sure patterns over time or space (e.g., sections of a jacket getting
tighter). The relatively low-threshold entry point into a reliable
pneumatic actuation control, while offering precise and repeatable
actuation, indicates further potential of our approach for use in re-
search, educational formats and even prototyping scenarios. Early
observations made during the user study and teaching sessions
support this notion.
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