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Figure 1. PneuModule and example applications. (a) PneuModule provides a tangible interface platform that allows users to quickly reconﬁgure the
layout of physical controls that support rigid or deformable input. The modularity of the system is achieved through a combination of inﬂatable pin
arrays and pressure-sensitive touch surfaces. We show the versatility of our system with (b) a reconﬁgurable game controller, (c) an interactive toy
character, and (d) an adaptive music controller for sound exploration.

ABSTRACT

Author Keywords

We present PneuModule, a tangible interface platform that
enables users to reconﬁgure physical controls on pressuresensitive touch surfaces using pneumatically-actuated inﬂatable pin arrays. PneuModule consists of a main module and
extension modules. The main module is tracked on the touch
surface and forwards continuous inputs from attached multiple
extension modules to the touch surface. Extension modules
have distinct mechanisms for user input, which pneumatically
actuates the inﬂatable pins at the bottom of the main module
through internal air pipes. The main module accepts multidimensional inputs since each pin is individually inﬂated by
the corresponding air chamber. Also, since the extension
modules are swappable and identiﬁable owing to the marker
design, users can quickly customize the interface layout. We
contribute to design details of inﬂatable pins and diverse pneumatic input control design examples for PneuModule. We also
showcase the feasibility of PneuModule through a series of
evaluations and interactive prototypes.
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CCS Concepts

•Human-centered computing → Human computer interaction (HCI);
INTRODUCTION

The majority of human-computer interface devices have rigid
shapes and do not allow room for end-user adaptation. We
believe that the user experience is improved with a ﬂexible
user interface that adapts its shape and functionality according
to the application. This vision has been proposed by Villar et
al. [42], and several studies have investigated the feasibility of
reconﬁgurable physical interfaces [42, 30, 17, 34, 19, 7]. The
reconﬁgurable physical interfaces are desired to employ passive and untethered physical controls since they allow users to
iterate over various interface designs easily and quickly at low
cost and without worrying about the battery maintenance [15,
34]. However, there are concerns about limited input modality
since most systems usually provide rigid physical controls
such as buttons, knobs.
To address this limitation, recently, a large body of research
in human-computer interaction ﬁeld focuses on the potential
of non-rigid interactions (i.e., deformable user interfaces) [4].
Different from rigid user interfaces, deformable user interfaces
which afford input modalities such as squeezing, bending,

and twisting, allow users to experience richer interactions
for gaming [40] or music performance [39, 38] and so on.
Therefore, we aim to create a reconﬁgurable physical interface
that supports both rigid and deformable input.
One promising way is to employ interactive surfaces that allow
passive tangible objects to accept deformable user input [33,
16]. Because these surfaces can recognize the deformation
state of the tangibles by monitoring their footprints, which are
designed to respond to user input. However, since previous
methods [33, 16] work on the capacitive touch surfaces, the
system’s behavior is 1) signiﬁcantly affected by the grounding
condition which may require a calibration process for individuals, or 2) vulnerable to the surrounding dielectric environment.
In contrast, we focus on pressure-sensitive touch surfaces
that can afford interactions through any non-conductive and
soft tangible objects [32, 22]. Also, such surfaces provide
the possibility to utilize material stiffness to facilitate kinetic
interactions [13].
To push the boundaries of reconﬁgurable physical interfaces,
this paper introduces PneuModule, a platform for reconﬁgurable physical interfaces that support both rigid and deformable user input. PneuModule operates on pressuresensitive touch surfaces by leveraging pneumatically-operated
inﬂatable pin arrays, as shown in Fig 1. PneuModule consists of two types of modules: a main module and extension
modules. The main module can be tracked on the surface
owing to its unique footprint. The extension modules allow
the main module to accept physical input of various modalities.
When an extension module is connected to the main module,
the main module’s internal air pipes link the inﬂatable pins
at the bottom of the main module to the extension module’s
air chambers. With this conﬁguration, physical input can be
forwarded to the touch surface. Since the inﬂatable pins are
isolated from each other, the main module can also accept
multidimensional input. In addition, the pins can be used to
represent the ID of the extension module: This allows users to
reconﬁgure the interface layout instantly.
The main contributions of this work can be summarized as
follows:
1. Design of pneumatic mechanism that effectively transmits
physical input to the pressure-sensitive touch surface, and
supports both rigid and deformable input.
2. Marker and connector designs that realize the modularity
of the system.
3. A variety of example applications implemented by the proposed system.
In the following sections, we will describe related work, design
and implementation details of PneuModule, potential applications, technical evaluations, limitations, and future work.

RELATED WORK

Our work is mainly related to the following research
ﬁelds: 1) reconﬁgurable physical interfaces, 2) tangibles on
interactive surfaces, and 3) deformable interfaces.

Reconﬁgurable Physical Interfaces

Unlike graphical user interfaces (GUI), physical controls like
buttons, knobs, and sliders provide richer tangible experience
through their shapes, motions, and materials [28]. However,
the physicality of such controls makes them difﬁcult to be
customized since physical interfaces often come with a rigid
shape and a ﬁxed layout. To resolve this limitation, several
development tools have been proposed that allow users to
customize physical controls with less time and effort [42, 8,
21, 34].
To enhance customizability, such system requires both 1) quick
reconﬁguration of interface layout and 2) sensing the state
of physical controls without tethered wires. For example,
MagGetz [15] showed that using the embedded magnetometer
to wirelessly analyze magnet-augmented physical controls
around a smartphone. Also, RFIBricks [14] used magnettriggered RFID switches and an RFID reader array to create
interactive building blocks that are aware of their 3D position,
orientation, and applied user input. While these studies allow
users to rapidly conﬁgure physical controls, the input modality
is limited by the use of off-the-shelf physical controls and thus,
cannot support deformable input. In contrast, PneuModule
supports deformable input modalities by using a pneumatic
mechanism, as well as enabling the reconﬁguration of the
modules with a dedicated marker and connector design.
Tangibles on Interactive Surfaces

One of the promising ways to achieve tangible user interfaces
is to employ interactive surfaces that can identify, localize,
and sense tangible objects [45, 6, 48, 44, 9, 43, 3, 11, 24,
23]. Among many interactive surface technologies, capacitive
touch surfaces are most accessible since they are equipped with
most modern devices. Recently, some studies have attempted
to attribute deformable input capabilities to passive tangibles
on capacitive touch surfaces. For example, Flexibles [33] are
3D-printed passive tangibles that support various deformable
inputs by using the geometric change of electrodes inside the
tangibles. Also, Ohmic-Touch [16] uses resistance change of
the on-surface tangibles embedded with force-sensing resistors
to support deformable input. However, as noted above, these
approaches share common limitation of using capacitive touch
sensors that make the system vulnerable to the surrounding
dielectric environment and grounding conditions.
On the other hand, pressure-sensitive touch surfaces have advantages that they can capture the contact of any tangible objects [13, 5, 32, 11, 22, 10]. For example, GravitySpace [5] and
Kickables [32] used frustrated total internal reﬂection (FTIR)based pressure sensing ﬂoors to sense human postures and
footprint of marker-embedded furniture. Also, Geckos presented magnet-augmented ﬁducials that enable various pressure interactions on vertical walls [22]. However, as Branzel
et al. pointed out, pressure sensing through tangible objects
limits the user input capabilities to a manipulation of overall
weight and balance of the objects [5]. PneuModule, on the
other hand, attempts to overcome this limitation by employing
pneumatically-actuated pin arrays on passive tangible objects;
this can easily forward the physical inputs through air pipes,
which will be described in the following section.

Deformable Interfaces

Deformable interfaces are one of intuitive interactions in everyday life and enable users to extend input modalities beyond conventional rigid interfaces (e.g., deformable game
controller) [4]. A body of research has utilized optical [12,
29], resistive [35, 25, 26, 47, 16, 18], capacitive [33, 46, 27],
acoustic [20], or pneumatic system [35, 41] to capture the
deformation of objects. Among them, pneumatic physical
controls have advantages that their behavior can be captured
at a distance via air pipes, and also they can afford various
physical manipulations [41]. Taking advantages of the pneumatic systems, PneUI explored soft composite materials that
can be used for shape-changing interfaces [46]. Slyper et
al. presented a set of pneumatic design to enable various deformable user inputs like squeezing, twisting, bending and so
on [35]. While the work of Vázquez et al. [41] allows users to
3D print customized pneumatic controls, the system requires
complex air tube connections and barometric pressure sensors
for input detection; thus, hinders the reconﬁgurability of the
controls. Building on these researches, PneuModule aims
to build a modular platform that enables instant reconﬁguration of deformable input controls; we create tangible objects
with built-in pneumatic mechanisms that forward user input to
pressure-sensitive touch surfaces.
GENERAL CONCEPT OF PNEUMODULE

Based on the above discussion, there are three requirements
for designing PneuModule:
1. Pneumatic mechanism to effectively transmit user input to
the pressure-sensitive surface.
2. Modular design for instant interface layout reconﬁguration.
3. Module tracking on the touch surface.
To address the ﬁrst requirement, we investigated design parameters of inﬂatable pins to obtain a sufﬁcient amount of inﬂation.
In addition, we analyzed and determined the parameters that
affect pin inﬂation were For the second and third requirements,
we introduced a marker design that allows simultaneous sensing of the connected extension modules and their physical
inputs while tracking the main module.
The remainder of this section describes an overview of the
system design that resolves the aforementioned issues. All of
the resulting implementation details (3D CAD models, materials, software, applications) are made available under the MIT
license1 .
Design Overview

Fig. 2 (a) shows an overview of the PneuModule system. The
system consists of three main components: 1) a main module, 2) extension modules, and 3) a pressure-sensitive touch
surface. At the bottom of the main module, there are dozens
of inﬂatable pins which can be actuated by air pressure applied to the connected air pipes. When an extension module is
connected to the main module, the corresponding pin can be
actuated pneumatically by the pressure increase in the extension module’s air chamber. Therefore, the inﬂated pins make
1 https://github.com/hanchangyo/pneumodule

Figure 2. A system overview of PneuModule. (a) Our system consists
of 1) a main module, 2) extension modules, and 3) a pressure-sensitive
touch surface. Users can customize the function of a main module by
connecting diverse extension modules to the main module. When connected, the pressure change in the extension modules’ air chambers alters the footprint of the main module, thus enabling the touch surface to
recognize user input through the extension modules. (b) Exploded view
of the main module.

contact with the pressure-sensitive touch surface, allowing the
system to capture a continuous pressure input. Also, some pins
in predetermined locations can be used to identify the type of
the connected extension module: This allows users to quickly
customize the functionality of PneuModule. Besides, we arrange a metal plate at the rear of the pressure-sensitive touch
surface to allow the module to stick to the surface, similar to
Geckos [22].
Main module can be made of four independent parts: a main
body, a silicone inﬂation layer, four spherical neodymium magnets, and a bottom lid as shown in Fig. 2 (b). As a prototype,
the main module has a cubic shape, and extension modules can
be connected to one of ﬁve sides of the main module. The silicone inﬂation layer and the magnets are sandwiched between
the bottom of the main body and the bottom lid. The inﬂation
layer is divided into circular inﬂatable pins by the holes on the
main body and the bottom lid. There are number of internal
air pipes that connect extension modules’ air chamber to the
inﬂatable pins. The magnets are used as reference points for
tracking the main module. In addition, the magnets keep the
gap between the inﬂation layer and the surface, which prevents
the main module from ﬂoating off the touch surface due to
repulsion from the inﬂated pins.

MAIN MODULE DESIGN AND IMPLEMENTATION

We show the design of the main module from three aspects:
1) marker design, 2) inﬂatable pin design, and 3) socket and
internal air pipe design. Then, we explain the implementation
process of the main module.
Marker Design

First, we describe the marker design of the main module. The
marker structure allows the pressure-sensitive touch surface
to 1) capture the physical input and the ID of the extension
modules and 2) track the main module on the surface. To
analyze the connected extension modules, we arranged 45
pins at the bottom, as shown in Fig. 3 (a). The pins in the
red-colored area accept inputs from the top side, and greencolored areas correspond to the inputs from front, back, left
and right sides. For each pin, we can assign whether the pin
is used for sensing or for identiﬁcation. As an example, we
assigned the pins at the corner of 3 × 3 grid as identiﬁcation
pins (ID pins), as shown in Fig. 3 (b). The rest of the pins
are assigned for sensing the pressure input from the extension
modules. Based on this pin assignment, we can detect the type
of extension modules up to 15 (=24 − 1) and also sense up to
ﬁve individual pressure inputs for each extension module. The
pin assignment can be rearranged depending on the application
purpose: for example, if we need to identify more number of
extension modules, we can assign more pins for ID.
Next, we explain the tracking approach of the marker attached
to the main module. To allow the system to track the main
module, we arranged the four magnets at the vertices of a
right trapezoid, as shown in Fig. 3 (a); the point asymmetry
of the magnets allows the surface to track the position along
with the orientation of the main module. Fig. 4 explains the
tracking and input recognition process when the four extension
modules are connected to the main module (See Fig. 4 (a)).
At ﬁrst, the system monitors the captured pressure image and
ﬁnds representative points (blobs) which are composed of four
magnets (See Fig. 4 (b)). The edge lengths and the angles are
predetermined for the magnet points, so we can ﬁnd the marker
position from the obtained blobs (See Fig. 4 (c)). After the
marker area is determined, we split the marker region into ﬁve
areas to separate the inputs coming from different sides (See
Fig. 4 (d)). By monitoring the intensity of the pressure image,
continuous pressure values for each pneumatic actuation can
be obtained from the extension modules as shown in Fig. 4 (e).
We can also identify the connection state of the extension
modules by checking the actuated ID pins.
Inﬂatable Pin Design

Important design parameters that determine the dimension of
the main module are illustrated in Fig. 5. Determine the parameters requires investigation of the inﬂatable pins’ inﬂation
characteristics, as they play a role in forwarding physical input
to the surface. The inﬂation characteristics of a ﬂat, inﬂatable
pin are mainly affected by three factors: 1) stiffness, 2) thickness, and 3) diameter. First, to examine how the stiffness
affects the inﬂation, we fabricated a 1 mm-thick silicone layer
with the Ecoﬂex™ 00-302 (Shore hardness 00-30), and set
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Figure 3. An overview of the marker design of the main module. (a)
Isometric view and bottom view of the main module. To enable both
sensing and identiﬁcation of the extension modules, we arranged a 3 ×
3 inﬂatable pin array for each side, and (b) the example conﬁguration
shows that each array has ﬁve pins for sensing (blue-colored circle) and
four pins for identiﬁcation (orange-colored circle).

Figure 4. An overview of the tracking approach of the main module. To
illustrate our tracking approach, we prepared (a) a main module which
has four connected extension modules and (b) the captured pressure
image by the pressure-sensitive touch surface. (c) First, the pressuresensitive touch surface detects the magnet footprint (illustrated as yellow circles). The asymmetric footprint (yellow edges) allows the system
to recognize the orientation of the main module. (d) Then, the detected
marker region is split into ﬁve areas, and we detect the position of the
sensing pins (blue circles) and the ID pins (orange circles). (e) Finally,
the system identiﬁes the extension modules and captures the user inputs
by monitoring the pressure value of the blobs at the location of the sensing pins.

the pin diameter to 3.5 mm. However, since the material was
too elastic, the pin inﬂated 5.6 mm to the axial direction and
7.6 mm to the radial direction even with 1.6 atm of pressure.
This caused the interference between adjacent pins as shown
in Fig. 7 (a); due to this, it is concerned that the pressuresensitive touch surface cannot distinguish the adjacent pins.

Figure 5. Design parameters of the main module. ds : socket diameter,
ls : socket length, d p : pipe diameter, l p : pipe length, di : inﬂatable layer
diameter, ti : inﬂatable layer thickness, tl : bottom lid thickness and g: gap
between the bottom lid the touch surface.
Table 1. Design parameters of the main module.

Parameters

ds

ls

lp

di

ti

tl

g

Value (mm)

8.8

10

30-65

5

1

0.4

0.5

Also, over-inﬂation against axial direction causes shear deformation when the main module slides on the surface (See Fig. 7
(b)), which causes positional misalignment from the magnet
positions and thus, the surface cannot recognize the position
of the pins correctly. To cope with the two problems above,
we use relatively stiffer two-part silicone (HTV-20003 , Shore
hardness 18A).
Next, we conducted experiments to investigate how the thickness and the diameter affect the inﬂation as shown in Fig. 6.
We prepared 3D-printed test rigs of three different hole diameters (3 mm, 4 mm, 5 mm) and two different thickness of cast
silicone layer (0.4 mm and 0.6 mm). We measured the height
of the pin by monitoring the volume markings (See Fig. 6 (a))
and captured sensor output (See Fig. 6 (c)) while applying the
pressure with a syringe. The test rigs in Fig. 6 (c) had three
small feet (height: 0.5 mm) and the thickness of the bottom lid
was 1 mm. Although it is desirable to reduce the gap between
the inﬂatable pins and the touch surface to lower the activation
force, the gap was limited to 1.5 mm since the printed bottom
lid with 0.5 mm thickness was too brittle so broken easily.
As a pressure-sensitive touch surface, we have chosen to use
Sensel Morph4 , an off-the-shelf pressure-sensitive touch surface that provides access to raw pressure image via provided
API. It has a 2D array of 19, 425 (185 columns×105 rows,
1.25 mm pixel spacing, 240 mm×169.5 mm) pressure sensors.
Each touch point has a dynamic range of 30,000 levels and
can measure forces from 0.005 kgf to 5 kgf.
Fig. 6 (b) shows the height of the pin in various thicknessdiameter conditions. Owing to the stiffness of the material, the
pins did not inﬂate much to the radial direction so we measured
3 Engraving
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Figure 6. (a) An experiment setup to measure the height of the inﬂatable
pins. (b) The height of the inﬂatable pin with applied air pressure. We
changed the pressure between 1 atm and 5 atm using a syringe. (c) The
experiment setup to measure the force applied to the pressure-sensitive
touch surface via inﬂated pins, and (d) the results of the relationship
between the compressed pressure and the applied force.

Figure 7. Problems of over-inﬂated pins. (a) The footprints of the pins
are not isolated from adjacent pins since they interfere with each other.
(b) If the main module slides on the surface while the pins are inﬂated,
positional misalignment occurs.

the height only. The pressure values were calculated from the
syringe volume using Boyle’s law (PV = k). We conﬁrmed
that an inﬂatable pin of 5 mm diameter and 0.4 mm thickness
could touch the surface at the lowest pressure than any other
conditions. Also, this design showed the most sensitivity when
captured by the touch surface as shown in Fig. 6 (d). Therefore, we determined to utilize the parameters (See Table. 1,
g: 0.5 mm, tl : 1 mm, ti : 0.4 mm, di : 5 mm) for the inﬂatable
pins in our prototype.
Socket and Internal Air Pipe Design

Next, we explain the design of the internal air pipes which
connect the inﬂatable pins to the air chambers of extension
modules. Inside the main module, as illustrated in Fig. 8 (a), a
thin internal air pipe connects a socket to an inﬂatable pin. The
main module has multiple sockets (3 × 3) on each side except
the bottom. There are two types of plugs that insert into the
main module as shown in Fig. 8 (b). Thru-hole plugs, which

Figure 8. (a) The design of the internal air pipe in the main module. The
pressure change caused by compressed internal volume pneumatically
actuates inﬂatable pins via thin pipes. (b) There are two types of plugs
for connection: thru-hole plugs and actuation plugs. (c) A thru-hole
plug passes the airﬂow from the extension modules’ air chamber (blue).
In contrast, an actuation plug inﬂates ID pins when connected (orange).

have small holes in the center, allow the air from the extension
module’s air chamber to pass through. In contrast, actuation
plugs (no holes) are used to actuate the identiﬁcation pins of
the main module. Inserting the actuation plug compresses
the air in the socket and actuates the corresponding inﬂatable
pin. We determined to use syringe plunger tips (TERUMO
SS-02SZ, tip diameter: 8.8 mm) as plugs since they are inexpensive and readily available for airtight connection. Thus,
the socket diameter ds is determined to 8.8 mm to ﬁt the plug.
There are individual connections realized by internal air pipes
between the sockets and the pins as shown in Fig. 8 (c). When
no extension modules are connected, the inﬂatable pins stay
ﬂat. When the extension module is connected, the actuation
plugs inﬂate the pins representing the ID of the module (annotated as orange in Fig. 8 (c)). Furthermore, when the user
input is applied, the pressure in the air chamber of the extension module activates the corresponding inﬂatable pin via the
thru-hole plug.
Since the inﬂation of a pin is determined by the difference
between the initial volume and the compressed volume, we
can calculate the internal pressure from the volume change.
When an actuation plug is fully inserted into the socket, the
internal pressure P0 can be calculated as
P0 = P

Vs +Vp
,
Vp

(1)

where P is the initial pressure (atmospheric pressure), Vs is the
volume of the socket, and Vp is the volume of the pipe. Since
the pressure can be increased by reducing the volume of the
internal air pipes, we set the diameter of the air pipe as 2 mm,
which is slightly larger than the minimum hole diameter that
the 3D printer can print. The socket length ls was determined
to be 10 mm, to avoid the interference from the sockets on
other sides. The lengths of the routing pipes varied from about

Figure 9. The illustration of the implemented main module. (a) The
parts of the main module: a bottom lid, a silicone inﬂation layer, four
magnets, bolts and nuts, and a main body. (b) The bottom view and (c)
the isometric view of the main module. We implemented 45 (=3 × 3 × 5)
inﬂatable pin arrays at the bottom of the main module and 9 (=3 × 3)
connectors on each of the other sides.

30 mm to 65 mm depending on the position of the corresponding socket: This results in the internal pressure of 3.89 atm
to 5.34 atm, which is enough for the pin to reach the touch
surface with enough force according to the results in Fig. 6.
Based on these experiments and observations, we determined
the design parameters for the main module (See Table 1).
Implementation of Main Module

Fig. 9 shows the implemented prototype of the main module. We constructed the main module using ﬁve parts: a main
body, a bottom lid, a silicone inﬂation layer, four spherical
magnets, and bolts and nuts as shown in Fig. 9 (a). First, to
fabricate rigid parts (the main body and the bottom lid), we
used a stereolithography 3D printer (Formlabs Form 25 ) with
UV curable clear resin, to ensure the parts to be airtight. We
avoided using FDM printers since they are not suitable for
making airtight parts due to gaps between layers. Then, we
attached the silicone layer to the bottom of the main body with
a special adhesive (Cemedine PPX), since the silicone is difﬁcult to adhere to other materials. Also, we put the spherical
magnets to the holes and secured the bottom lid with bolts and
nuts (See Fig. 9 (b)), and also attached cylindrical neodymium
magnets asymmetrically to constrain the orientation of the
extension modules (See Fig. 9 (c)). Based on the above fabrication process, the size and weight of the main module were
60 mm×60 mm×72 mm and 290 g, as shown in Fig. 9 (c).
EXTENSION MODULE DESIGN AND IMPLEMENTATION

To demonstrate the versatility of our design, we implemented
functional prototypes of the extension modules, as shown in
Fig. 10. We categorized and fabricated extension modules
based on the modality of the physical input. Note that the operating pressure range of a pneumatic control can be adjusted by
5 Formlabs

Form 2, https://formlabs.com/

manipulation

printed form
isometric view

digital model
bottom view

isometric view

cross section

thru-hole plug

(a)

press
(ID: 1)
base

(b)

magnet

rotate
(ID: 2)

(c)

squeeze
(ID: 3)

(d)
localized
squeeze
(ID: 4)

(e)

twist
(ID: 5)

(f)

bend
(ID: 6)

(g)

stack
(ID: 7)

Figure 10. Our set of extension modules for prototyping physical inputs. We implement seven extension modules, each of which enables users to
(a) press, (b) rotate, (c) squeeze, (d) localized squeeze, (e) twist, (f) bend, and (g) stack the modules. Each module has both the unique ID and internal
air pipe.

changing the volume of the air chamber. This is an advantage
of pneumatic device controls for prototyping in comparison
to mechanical counterparts [41]. Also, we assigned four pins
at the corners of 3 × 3 grid to represent module IDs, shown in
the bottom view of Fig. 10. To prevent the extension module
from popping out from the main module, we used cylindrical
magnet connectors (NSN in clockwise) to constrain the orientation of connection. Still, a wrong orientation of 180 degrees
cannot be prevented, a possible improvement is to place the
sockets asymmetrically.
The fabrication process of extension modules are described
below. The rigid input modules (i.e., press and rotate module)
consist of a base and rigid input parts, whereas the deformable
input modules are composed of a base and a deformable input
part. The base and rigid input part of the module are 3D
printed (Formlabs Form 2, clear resin), and the deformable
input part is made of cast silicone (HTV-2000). In order to
create the internal air chamber (i.e., deformable input part) by
silicone casting, ﬁrst, we printed a water-soluble mold by an
FDM printer. Then, we poured the two-part silicone mixture
into the mold, and ﬁnally, we dissolved the mold in the water
after curing. After this fabrication process, the deformable
input part was inserted into the barbed ﬁtting on the base,
then zip-tied to keep the chamber airtight. The volume and
geometry of the air chamber can be designed to change the
sensitivity according to Eqn. 1.
Press

A press module has a linear sliding motion, and can be pressed
like a normal button as shown in Fig. 10 (a). This module
consists of a rigid base with an air chamber and a rigid button
cap. When users press the button, the actuation plug equipped
on the button cap compresses the air, and thus inﬂates the
sensing pin at the bottom of the main module. The button
returns to its initial position since the compressed air pushes
the button cap back when users release the button.
Rotate

A rotate module has an air chamber similar to the press module,
but has a threaded handle that ﬁts the base of the module
(Fig. 10 (b)). When the handle rotates clockwise, the actuation
plug goes toward the bottom of the air chamber, pushing out
the air to the corresponding inﬂatable pin. This mechanism
converts the user’s rotation motion to the linear motion while
giving a continuous state of the rotation.
Squeeze

For a basic deformable input, we created a module that accepts
squeeze input (Fig. 10 (c)). This module was designed to
effectively respond to pinch input from a speciﬁc direction by
making the chamber size asymmetric in width and depth.
Localized Squeeze

By using multiple sensing pins, we can also create extension
modules that can accept multidimensional, localized inputs.
As an example, we fabricated a module that accepts squeeze
input from multiple directions, as shown in Fig. 10 (d). It has
four separate air chambers on each side of the handle, so this
module can identify the squeezed direction (See Fig 11).

Figure 11. Operation of the localized squeeze module. (a) It accepts a
single squeeze comes from four different directions, (b) also aware of two
inputs from opposite directions, (c) and four directions.

Twist

A twist module is designed to be easily twisted in only one
direction as shown in Fig. 10 (e). It has an air chamber where
a large air compression occurs when twisted.
Bend

We also fabricated an extension module that can accept a bend
input as shown in Fig. 10 (f). Although it has similar geometry
to the squeeze module, but it has an air chamber where crease
happens when bent. Obviously this module also responds to
both squeeze and bend input, its shape will encourage the bend
motion [35]; we will deal with it by developing the speciﬁc
mechanism which only responds to the bend motion in the
future work.
Stack

A stack module can be inserted between an input extension
module and the main module (See Fig. 10 (g)). It has no input
function, but has an actuation plug for the redundant ID pin
(lower left) to alter the ID of the connected extension module. For other pin positions, there are thru-hole plugs which
can pass the airﬂow from the connected extension modules.
Therefore, the stack module allows users to alter the ID of an
extension module without changing the input function of the
extension module. In addition, we can resolve the physical order of multiple stacked modules by encoding the pipe routing,
bringing another possible interaction [2, 6, 3]. However, there
is a trade-off between the number of stack modules and the
pressure operating range. Multiple stacks increase the initial
volume with additional air pipes. This changes the pressure
operating range and limits the maximum number of stacks.
APPLICATION EXAMPLES
Reconﬁgurable Game Controller

The ﬁrst example is a shooting game with a tangible controller,
inspired by Space Invaders6 . Users can move the spaceship by
sliding the main module horizontally across the touchpad and
ﬁre at the invading aliens by applying input to connected extension modules. The spaceship can equip three distinct weapons
on its front, left and right, which can be done by connecting
different extension modules at the corresponding side of the
6 Our implementation is based on "Space Invaders in Processing 3" by Gabriel: https://gist.github.com/ihavenonickname/

5cc5b9b1d9b912f704061a241bc096ad

Figure 12. A reconﬁgurable game controller. Users can physically swap
the attached weapons: left: a normal shot, middle: a directional multishot, and right: a charge shot.
Figure 15. The experiment setup for our durability test. We used a 3D
printer to inﬂate and deﬂate the inﬂatable pin repeatedly and observed
the moment when the pin breaks using the obtained pressure image.

and alter the motion of the arm by swapping it with another
one (e.g., stretching motion to bending motion).
Adaptive Music Controller
Figure 13. An interactive toy character. Users can interact with virtual
Bugdroid through the tangible avatar by left: pressing the head and middle: pinching the arms. right: Also, the motion of the character can be
changed by replacing the arm part (squeeze) with another one (bend).

Figure 14. An adaptive music controller. left: Users can press the button
to play a clean guitar sound, and middle: the sound can be changed by
inserting a stack module (distortion effect). Right: we can add another
function (volume knob) easily on the other side.

main module. We implemented three different shots which utilize characteristic of the extension module’s input modality, as
shown in Fig. 12. Users can pick the most adequate weapon depending on the gameplay situation. While the reconﬁgurable
game controllers presented in previous work [42] provides
a way to implement deformable inputs (e.g., using pressure
transducers), PneuModule enables users to add deformable
input controls in a much easier way by simply swapping the
extension modules. Future implementations may include cooperative gameplay using a limited number of input modules
to encourage interaction between players.
Interactive Toy Character

Previous studies have shown that toys can be made interactive
when incorporated with deformable input capabilities [25, 37,
26, 33], but by making them instantly reconﬁgurable, users
can explore the interaction design in real-time. To support
such demands, we created an interactive toy character using
PneuModule. This toy not only accepts user input, but also provides different tangible interactions by customization. Fig. 13
shows an example of the interactive toy character, Bugdroid7 .
Users can interact with virtual character on the screen through
the tangible avatar. They can press the head to shrink the neck,
7 "The Android robot is reproduced or modiﬁed from work created
and shared by Google and used according to terms described in the
Creative Commons 3.0 Attribution License."

For musicians who explore sound or do musical improvisations, tabletop tangible interfaces are considered to support
the activity of sketching musical ideas [1]. Building upon
this idea, we created an adaptive music controller that allows
tangible sound manipulation as shown in Fig. 14. Diverse
sound samples or effects can be mapped to different physical
controls, enabling dynamic sound exploration. For example,
we mapped the press button module to playback a clean guitar
sound. The horizontal position of the module changes the center frequency of the envelope ﬁlter. The stack module turns the
clean guitar tone into a distorted sound, providing a tangible
representation of the sound effect. In addition, users can attach
the rotate module for adjusting the sound volume.
EVALUATION

Here, we conducted a series of evaluations to conﬁrm the
performance of PneuModule. First, we evaluated its durability.
Then, we investigated the accuracy of the set of physical input
mechanisms (press, rotate, and twist input).
Durability of Inﬂatable Pins

First, we tested the durability of the inﬂatable pin of the main
module. In this test, we counted the number of times the
inﬂatable pin can be inﬂated and deﬂated without break. As
shown in Fig. 15, we used a 3D printer to inﬂate and deﬂate
the inﬂatable pin repeatedly and observed the moment of the
pin break by monitoring the pressure image obtained by the
touch surface. Here, we examined the durability of the pins
at 6 socket positions considering the point symmetry of the
main module. In one measurement cycle, the pin was inﬂated
for 1 s and then, the pin was deﬂated for 1 s. Under this
condition, we applied about 3.89 atm to 5.34 atm depending
on the pin position, which is necessary at minimum to contact
the inﬂated pin on the surface, as shown in Fig. 6(b). The
result indicates that the pins inﬂated 2392 (mean)±1062 (SD)
times without breaking, which is feasible during prototyping
with PneModule. However, to reach the durability level of
a commercially-available mechanical switches, it may need
to endure more than a few million times of inﬂation. Also,
the relatively large variation of break times might be due to
non-uniformity caused by the manual adhesion process of the
silicone inﬂation layer.

constrain the shape of the module, as for other applications,
other shapes may be more appropriate for interaction. With
concerning that complex shapes might increase the complexity
of routing internal air pipes, we plan to create algorithms that
automatically route them as presented in [31].
Module Scalability

In our prototype, the size of the main module is restricted by
two factors: 1) the resolution of the pressure-sensitive touch
surface and 2) the inﬂation characteristics of the inﬂatble pins.
The major factor was the latter one since the pins should
be inﬂated more than 1.5 mm (the gap between the pins and
the surface) to activate the surface. This requires sufﬁcient
socket volumes which can be inferred from the Eqn. 1 and the
measured inﬂation characteristics. For placing 3×3 sockets on
each side, the side length of the main module had to be about
60 mm, which might not be suitable for some applications (e.g.,
tangible CAD application). By reducing the gap, we expect the
size of the module decreases as well as lowering the required
pressure force for activation.
Surface Friction

Figure 16. We measured the accuracy of the available physical inputs
for PneuModule. We plotted the mean and the standard deviation of the
measured force for (a) press input, (b) rotate input, and (c) twist input.

Accuracy of Physical Inputs

Next, we evaluated the accuracy of press, rotate, and twist inputs; note that we have only evaluated these modules since they
can be measured under relatively controlled conditions than
other modules (squeeze and bend). For a press module, we
measured the relationship between the displacement and the
force applied to the pressure-sensitive touch surface, whereas,
for rotate and twist modules, we measured the relationship between the rotation angle and the force. We measured the force
at randomly selected 10 positions on the pressure-sensitive
touch surfaces and calculated the mean and the standard deviation of the applied force for each input. The measurement
step of the displacement of press motion was 1 mm, whereas,
the step of the rotation angle of rotate or twist input was π or
π/4, respectively. Fig. 16 (a), (b), and (c) respectively show
the measurement result of press, rotate, and twist module. The
results indicate that the measured force values varied according to the manipulated displacement of the physical controls.
However, due to the relatively large standard deviation, a slight
level of pressure change cannot be distinguished. The cause
of the standard deviation is due to the interpolating behavior
of the Sensel Morph; even though this makes it possible to
estimate the force value between force sensor arrays in the
pressure-sensitive touch surface, the values at such areas are
not reliable [36].

The modules only work when they are on the touch surface, so
they cannot be lifted so the surface friction can be a problem.
Although we used spherical magnets to reduce the surface friction, the inﬂated pins increased the surface friction since they
are made of cast silicone. The friction can be mitigated by applying dry lubricants (e.g., talcum powder). On other aspects,
we expect that the friction can also be used for emulating the
weight gain of tangible objects.
Fabrication Process

In the current fabrication process, there are several processes
(e.g., silicone casting and assembly) that need to be performed
manually by human hands. For a simpliﬁed fabrication process, it is desirable to print the assembled parts in a single pass.
We attempted to print small inﬂatable pins merged with rigid
cylinders with a multimaterial 3D printer (Stratasys Objet260
Connex), but the printed pins did not bear as much as cast
silicone. As future work, we anticipate that high-resolution
3D printing technologies that can print precise multimaterial
parts [49] could help the manufacturing process.
CONCLUSION

We have presented PneuModule, a reconﬁgurable tangible
interface platform that accepts both rigid and deformable inputs using pneumatically-actuated inﬂatable pin arrays. We
contributed to the design principle and the fabrication process
of passive tangible modules with built-in pneumatic mechanisms, that operate on pressure-sensitive touch surfaces. In
addition, we demonstrated the feasibility and the versatility of
our system through a wide range of example physical controls
with different input modalities, and a series of example applications. Our future work will include fabrication methods that
leverage computational design and advanced manufacturing
technologies.

LIMITATIONS AND FUTURE WORK
Module Geometry
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