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Abstract

These days, smart home devices get more and more popular. They integrate mod-
ern computers into our homes and day-to-day lives. This brings computer tech-
nology closer than ever to the vision of Weiser [1999] that ”the most profound
technologies are those that disappear” and ”weave themselves into the fabric of
everyday life” [1999]. However, the increasing number of smart home devices also
implies an increasing number of interfaces like remote controls, touch panels, or
smartphone apps. A promising approach to combine these interfaces and seam-
lessly integrate them into our homes are so-called shape displays. These displays
can approximate arbitrary 3D shapes and objects in real-time. This makes them
useful for rendering user interfaces that can be touched and explored with haptic
sensations but can also dynamically change and adapt. However, these displays are
rigid, bulky machines and the objects they display are formed from hard metal or
plastic. Thus it is dif�cult to integrate them in soft environments close to humans,
e.g. into a sofa.

To overcome this gap between the hardness of the machine and the softness of the
human body, we present a novel prototype of a shape display featuring a soft and
pliable surface. The prototype is actuated by a set of pneumatically driven silicone
cells. The design of the control systems provides enough �exibility to make the in-
tegration in tight spaces possible. We provide insights into what considerations led
us to the creation of our prototype, describe the implementation process in detail,
share what we learned during the implementation, and evaluate our design with a
user study.
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Überblick

Smarthome Geräte werden heutzutage immer verbreiteter und lassen so moderne
Computer mehr und mehr Teil unserer Wohnungen und unseres Alltags werden.
Damit kommt Computertechnologie der Vision von Weiser [1999] immer n äher,
dass die tiefgreifendsten Technologien die sind, die in den Hintergrund unserer
Wahrnehmung verschwinden und sich nahtlos in unser Leben einf ügen. Jedoch
bringt die steigende Zahl an Smarthome Ger äten auch eine steigende Zahl an
Steuerungsger̈aten mit sich wie z.B. Fernbedienungen, Smartphone Apps oder
Touchpanels. Ein vielversprechender Ansatz, der all diese Steuerungen zusam-
menfassen und subtil in unsere Wohnungen integrieren k önnte sind sogenannte
Shape Displays. Diese Displays können nahezu beliebige dreidimensionale For-
men und Objekte darstellen. So können Benutzerober� ächen kreiert werden, die
angefasst und erfühlt werden k önnen, die aber auch dynamisch veränderbar und
anpassbar sind. Allerdings sind diese Shape Displays starre, klobige Maschinen
und die Objekte, die sie darstellen, sind aus hartem Metall oder Plastik geformt.
Somit ist es schwierig, Shape Displays in weiche Umgebungen zu integrieren, in
denen sich der Mensch in unmittelbarer N ähe be�ndet, wie es zum Beispiel bei
einem Sofa der Fall ist.

Um diese Differenz zwischen den harten, unnachgiebigen Maschinen, die uns
umgeben und unserem eigenen weichen Körper zu überwinden, stellen wir einen
neuartigen Prototypen eines Shape Displays mit einer weichen, nachgiebigen
Ober� äche vor. Der Prototyp wird durch aufblasbare Silikonzellen betrieben.
Unser �exibles Design der Kontrollsysteme macht eine Integration in enge Bereiche
möglich. Zun ächst geben wir einen Einblick in die Überlegungen, die uns zur Er-
stellung des Prototypen bewegt haben. Dann beschreiben wir im Detail den Auf-
bau des Prototypen und was wir w ährend der Konstruktion des Selbigen gelernt
haben. Abschließend evaluieren wird unsere Arbeit mithilfe einer Nutzerstudie.
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Conventions

Throughout this thesis we use the following conventions.

Text conventions

De�nitions of technical terms or short excursus are set off
in coloured boxes.

EXCURSUS:
Excursus are detailed discussions of a particular point in
a book, usually in an appendix, or digressions in a writ-
ten text.

De�nition:

Excursus

Source code and implementation symbols are written in
typewriter-style text.

myClass

The whole thesis is written in American English.

Download links are set off in coloured boxes.

File: myFilea

ahttp://hci.rwth-aachen.de/public/folder/�le number.�le
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Chapter 1

Introduction

Computer technology in our homes becomes more and Interfaces for smart

home devices do not

integrate well into our

everyday lives

more ubiquitous. TVs, music systems, thermostats, dish-
washers, and other smart home devices all include comput-
ers these days. Thanks to silicon technology our comput-
ers became so small and cheap they get integrated into all
kinds of objects of our everyday life and we are already at a
point where we are not actively noticing some of these inte-
grated computers anymore. On normal days, people do not
admire the processing power of their washing machines.
As Weiser [1999] described it ”the most profound technolo-
gies are those that disappear”. However, this vision of
computing technology operating in the background and as-
sisting us without requiring our attention breaks when it
comes to the interfaces we use to control all these smart de-
vices. Most of them need their own separate control. Thus
an increasing number of smart home devices also means an
increasing number of remote controls, touch panels, smart-
phone apps, and other interfaces requiring our attention.

All these common interfaces can be split into two groups. GUIs versus TUIs

Either the interaction is performed via a graphical user in-
terface (GUI) typically displayed on a 2D screen or a tangi-
ble user interface (TUI) like a remote control. Both offer dis-
tinct advantages. GUIs are �exible and can quickly adapt
to the current program state. E.g. if you press a play button
on a touchscreen it can change its appearance to a pause
button. TUIs provide tactile sensations to the user. As Har-
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Figure 1.1: The inFORM Shape Display from Follmer et al.
[2013], showing a math function. The shape is formed by a
grid of square, plastic rods. The height of every single rod is
adjusted so that they all together form a relief of the desired
shape. Additionally, a projector projects a color image on
top of the rods. Image taken from [Follmer et al., 2013]

rison and Hudson [2009] described, the haptic impressions
perceived when touching a physical button make it easier
to locate, it can be operated without looking at it and it even
requires less attention to operate compared to the graphical
counterpart on a touchscreen. As Follmer et al. [2013] men-
tioned, TUIs also provide real physical constraints. E.g. if
you push a volume slider on a sound mixing board to its
maximum, you can feel the physical constraint that pro-
hibits you from pushing the slider further. GUIs often try
to mimic real-world UI Elements such as buttons or sliders
but they can only visually imitate these constraints. Con-
sider e.g. the volume slider on a PC.

However, the fact TUIs consist of real physical objects lim-TUIs are static

its their abilities to be changed. Because of this typically
static nature of TUIs, they are not able to provide much
information about the program state to the user. E.g. the
appearance of a button on a remote control can not change
from a play to a pause button. This can lead to interfaces
having lots of buttons all with speci�c different functional-
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ity. A TV remote control can easily have 40 or 50 buttons
most of them responsible for a speci�c function.

To combine the best of both worlds so-called shape dis- Shape displays

combine the

advantages of GUIs

and TUIs

plays got explored in human-computer interaction (HCI)
research [Poupyrev et al., 2007, Follmer et al., 2013, Siu
et al., 2018]. These shape displays pursuit the vision of
Sutherland [1965] of a display that can manipulate matter
and render any 3D object in space. Although technology is
not on this level yet, today's implementations of such shape
displays can approximate at least the reliefs of arbitrary ob-
jects. A common implementation approach is to build an
array of densely packed rods that can be moved up and
down as seen in Figure 1.1 from Follmer et al. [2013]. Sim-
ilar displays were implemented by Leithinger et al. [2011],
Ishii et al. [2015], Siu et al. [2018]. Each rod functions as a
pixel in 3D space. The top parts of the rods form the relief
of the rendered shape. User input in the form of pressing
down on the rods can be recognized by constantly measur-
ing their position.

These shape displays offer great potential to seamlessly Shape displays could

invisibly integrate

interfaces into our

homes

integrate interfaces into our homes. They can adapt their
interface to the requirements of different smart home de-
vices eliminating the need for separate controls. And as
they are real physical objects they can be integrated into the
surroundings and eventually vanish into the background of
our perception. Ishii et al. [2015] demonstrated that concept
by building a table with three integrated shape displays.

As stated by Weiser [1999] the location of such interfaces The sofa-use-case

is of great importance. As the sofa is an important part of
many living rooms we use this location as an exemplary
use-case throughout this paper. When we think of a classi-
cal setup with a sofa and a TV in front, users could control
the TV and other smart home devices directly from the sofa
where they are sitting. To be easily accessible a shape dis-
play could be integrated into the armrest of the sofa.

However, as far as we know there are two main prob- Problems of shape

displays: size and

rigidity

lems with current implementations of shape displays mak-
ing them unsuitable for the above-described use case. The
�rst one is their size and construction. The inFORM device
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Figure 1.2: The part of our prototype users interact with -
the bubblepad. A ring of six cells is currently in�ated. A
�nger presses down on one of the cells.

from Follmer et al. [2013] is basically a rigid cuboid with
the top face measuring about 0.7 m x 0.7 m and a height of
about 1.1 m. This makes the device in�exible and princi-
pally impossible to integrate into e.g. the armrest of a sofa
or other small furniture. The surface texture poses the sec-
ond problem. The discrepancy between the rigidity of most
technology we use and the softness of the human body led
to a general interest in HCI research to explore more soft
and pliable materials [Gohlke et al., 2016]. The hard and in-
�exible surface of shape displays is no exception and poses
another hurdle integrating them into soft environments like
a sofa or an armchair.

To overcome these two problems we propose a prototypeOur prototype

of an adjustable interface featuring a soft, pliable surface
that can be integrated into tight spaces.
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