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Abstract. This paper presents the prototype of a reactive tangible surface we call
Sensitive Surface. It is an interactive surface system, built out of individually
controllable actuator cells, which can produce output for different aspects of our
sense of touch. It enables a variety of actuation patterns by overlaying different
actuator combinations and intensities. We explain the concept and motivation
behind its design and discuss possible applications. Originally developed for use
in interactive architecture scenarios, Sensitive Surface also has potential
applications in therapeutic and medical environments. One main line of
investigation we explored with the prototype was the notion of an individual
touch aesthetic, which could be controlled or created through different types of
user feedback.

1.

Introduction

Over the last decades the topic of interactive architecture has received increasing
attention. We have seen the development of a considerable number of
architectural projects that apply interactive technologies. The possibility to
support people in their everyday life with interactive systems - implemented in
their environment - offers very pragmatic functional advantages. Mundane
applications such as automatic garage doors, sensor-operated light switches and
room climate control have become standard features of many homes. But the
employment of sensors and actuators in our environment can go far beyond these
examples of isolated functional gadgets. If thought of systemically, they allow us
to conceive of environments that engage our senses in new ways. We refer to this
potential as augmented architecture.
Current projects in this architectural field demonstrate the strong impact of
interaction design on the human senses and perception. They offer new ways of
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sensing and experiencing architectural space. But the majority of concepts focus
on the visual and auditory output-effects. These two senses are at the moment
dominating the output of the interactive design movement. On the other hand,
gadgets such as touch-screens are becoming ever more common in our everyday
life. The wide range of diverse touch displays and interfaces available today
signals a tendency towards an embodiment of digital data and information.
Yet in architectonic concepts the sense of touch is mostly used simply as an
input generator, thus subordinated to the other senses in its function of stimuli
receiver. There is no longer any reason for this. With all the possibilities of
sensors and micro-devices available nowadays, we can achieve a wider range of
sense responding projects and broaden the horizon of sensitive interaction
concepts [2].
What if architectural surfaces are becoming dynamic and start to interact with
the user ? What if we start activating the normally static tangibility of our
surroundings ? This paper presents a prototype system aimed at answering these
very questions. It introduces the concept of a multilayered interactive touch
surface and its implementation. Besides its possible implications for architecture
and furniture design it also discusses the therapeutic and health-related potential
of such tangible interfaces.

2.

The Impact of touch and interactive technologies

The active and passive exploration of our built environment through our sense of
touch gives us a direct feeling and detailed information of space, a sense of
architecture [15]. Tangency is important as nonverbal communication and
information, hence it coincides with our personal emotions [1] and personal
space.
Touch sensations have a strong impact on our understanding of the built
environment [10], but also the psychological aspects of this sense are used in
various therapeutic fields.
Psychosomatic and emotional disorders are cured with therapies, based on
specific stimulation of the skin. For example in the case of anorectic patients, who
have a disturbed body image of their selves. The psychologist Martin Grunwald
argues that the feeling of the skin constitutes this image of ourselves; hence we
feel our closest space, our body [6]. Grunwald reports on cases where the
distorted bodily feeling of eating disordered persons was cured with the wearing
of a customized diving suit, in combination with psychotherapeutic sessions. The
permanent actuation of the skin provoked the correction and improvement of
bodily feelings, and the persons whose therapy was supported using the suit were
cured faster than those without the suit.
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Applications that concentrate output on touch and skin are not limited to care
and therapies. There are also numerous tools and training devices for surgeons,
which give haptic feedback to them.
Tangible user interfaces have also been tested in design processes, where the
person could feel for example the shape of a digital object. All these systems are
more or less based on force feedback and vibrotactile signals implemented in pens
and joysticks hence concentrated on the area of the hand and arms.
In connection with digital processing and interactive technologies this – per se
interactive – sense can gain a more prominent role in architectural perception and
architectural functions. Hayes Raffle [16] for examples examines in his project
Super Cilia Skin the impact of an interactive membrane on children’s learning
and the interpersonal communication. The tangible output of the membrane can
give architectural surfaces an additional function. In interactive architecture the
concept of tangibility can be associated with the human skins and its qualities.
The research project "Listener CNC Knitting" explores a textile membrane with
the ability to sense and react to the environment. Touch sensors enables the textile
to react hence it becomes a structural performative system.
Developing applications, which work with these special qualities of the human
sense of touch requires at least a basic knowledge about its physiology. The
human sense of touch is not limited to the skin. Beside this cutan sensor system
we are including also the kinesthetic sense, the depth perception by our muscles,
joints and tendons [10]. Concerning the user and its behavior we differ between
passive touch, whereby the person is passive and preceives the stimuli from
outside. Whereas the active touch by the person is a exploratory process [5]. We
are considering the active and the passive acting in our tests, because they
provoke different impressions.
Taking a closer look at the skin, it is of a very high sensitivity, which coheres
with the time of stimuli application and the intensity. Different receptors in the
skin are able to sense different impulses. This sensibility decreases with longer
duration of stimulation.
The skin covers our entire body, but is divided in different sensible zones and
networks of receptors of varying density – a heterogeneous mix of perception
zones (see Figure 1). The concept of the multi-layered interactive surface is
driven by the intention of exploring these different dimensions of our touch
perception.
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Fig. 1. The figure above shows a diagram of the so-called "Homunculus", which indicates
the different sensible zones on our body. The bigger the body part the bigger the
sensibility and the concentration distribution of receptors (Fig. by Ingrid Maria Pohl).

Interactive surfaces which dedicates there output to the sense of touch can alter
the traditional primarily functions and uses of architectonic surfaces and expand
our architectural language also according to aesthetic aspects.
The connection between interactive systems and aesthetics is getting more and
more attention. The interdisciplinary design approach SKIN [7] refers for
example to the connection between interactive surfaces and aesthetic elements
such as material, form and other touch based attributes. Also for us this touch
aesthetic was fundamental for our design concept.
2.1.

The concept of euhaptic

To point out the novel qualities of the touch aesthetics we are investigating, and
in order to differentiate it from established types of aesthetic experiences, we
have introduced the term "Euhaptics" (from Greek ευ = good and άπτω = touch,
finger).
This aesthetic principle is based on the theory of "lymbic aesthetic" by the
psychophysicist Gustav Theodor Fechner [17]. He investigated the effects of
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different sensual stimuli on the feelings and perception of probands. By this
empirical method he analyzed the aesthetic of sensory stimuli. The experiencing
of the world by our senses gives us stimuli, which are triggering neuronal
processes that lead to corporal reactions. Every positive or negative sensory
experience involves a measurable change of body parameters. In the medical field
these reactions are recorded with biofeedback devices.
As with all forms of perception, they are conditioned by our expectations, both
conscious and subconscious. They can be influenced by moods as well as by prior
knowledge. Hence the concept of Euhaptic is based on the very personal process
of tactile and haptic sensations. It is affected by the user preferences and causes
reciprocity between emotional reaction and corporal feedback by changing
body-parameters. These bidirectional factors can be used for information
exchange between user and system. Based on this concept of sensual pleasure,
we took into account the implication of subjective positive evaluation on different
human aspects both corporal and emotional or psychological.
The experiences of users testing our Sensitive Surface system are expected to
be highly individual. Yet since these types of stimuli are novel to most probands
we can also expect their reactions to be more directly corporal and unmitigated
than in the case of say a visual system where the reactions will be far more
influenced by cultural factors such as education, fashions, etc.

3.

Prototype

The prototype consists of a grid of tangible embedded cells, each one combining
three kinds of actuators to produce divergent touch stimuli. By providing a
layering of different combinations and impulse intensities, the grid structure
enables altering patterns of actuation. Thus it can be employed to explore a sort of
individual touch aesthetic.
3.1.

The prototype design

The Sensitive Surface prototype model consists of a box, which contains the
electro technical control system. On its upper side 17 singular actuator cells are
attached. These cells constitute the reactive surface and have the shape of a
hexagon with 12 centimeters in diameter. Each cell contains the same actuators
and sensors; hence they have the identical attributes and potential. They are
similar to pixels of a two dimensional display.
The built prototype we describe here is actually the last in a series of prior
prototypes. During the development of these earlier prototypes we tried to
combine many different kinds of touch relevant actuators, like pneus for soft and
hard simulation, heating pads for temperature, fans for cooling and contact
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simulation, shape memory alloys and different cover materials. At the end we
developed a model with two actuators, which could create three different kinds of
cutaneous stimulations. We decided to start our explorations with a lower number
of actuators, so as to reduce complexity and to get more significant results. In
each cell a Peltier element for cold and warm temperature and a vibration motor
are implemented. Different temperatures are important to recognize object and
materials, but they also can cause a feeling of wellbeing and certain medical
procedures benefit from it. Vibrations are already embedded in many gadgets, but
we want to use different vibration frequencies as they have diverse effects and
advantages on human perception. Depending on the frequency (resp. the
intensity) of the vibration - we can simulate different levels of roughness or
dynamical movements. Also a pressure sensor is integrated to detect which cell is
in contact with the user and is in the range of possible activation (see Figure 2).
The hexagonal shape was chosen, because the cells geometrically have a higher
degree of freedom when they are arranged in a hexagonal pattern – they can move
more smoothly relative to each other. Supported by a two centimeter thick foam
layer, they can adapt to the body of the user and have a smoother appearance. We
could also have used square cells. For experimenting with representations of
patterns or abstracted images a simple rectangular raster would have been more
straightforward. The drawback of the square arrangement is that the adaptation to
different body shapes and thus the transmission of stimuli is reduced. So both
cell designs are possible in future models, depending on which functional
demands they should primarily fulfill.
Because all cells are identical, the arrangement of different actuators on a
surface is not an issue. By constructing a homogeneous grid of overlaid actuators
a superposition of different actuators and intensities leads to a new kind of use of
such interactive touch surfaces.

Fig. 2. Assembly of a cell.

530

SENSITIVE SURFACE. A REACTIVE TANGIBLE SURFACE

All cells are connected to an Arduino board, which can be controlled from a
computer through a USB cable. A program was written in Processing to generate
and evolve patterns of actuations on the prototype. The program provides a
graphical user interface, which shows the activation in three different colours.
Also the precise data of vibration intensity can be shown for every cell. A red
colour indicates warm, blue stands for cold and grey for inactivated peltiers. The
intensity of the colour corresponds to the intensity of the vibration motor.
3.2.

Layering

Mixing a wide range of actuators leads to blending options of touch stimuli. Users
can experience multimodal touch sensations and the expanded perception
spectrum can be exploited by this technically embedded superposition.
This blending enables us to customize the cell actuation, regarding the
divergent personal perception capabilities of users. Beyond these individual
parameters, the system will be able to consider the heterogeneous network of skin
receptors. So the surface is corresponding to the sense and its varying sensibility
zones. It reveals an augmented form of interaction with surfaces and interactive
material structures.
3.3.

Tangible active pattern and communication

Due to the grid structure of the surface it is possible to handle it in a similar
manner as a pixel display and to project different overlapping stimuli on it. We
are using a GUI with certain predefined patterns, to understand the underlying
principles of superposed actuators and intensities. In this prototype we are using
a GUI with special predefined patterns (see Figure 3). Actuator combinations and
intensities are handled separately and in combination. In order to schematically
test receptor actuations, we created a series of altering patterns, which we are
individually testing on diverse sensible body zones by activating the three stimuli
separately, in combination and also with varying intensities. These progressively
shifting cell activations respect the fact that the sensibility decreases with longer
duration of stimulation. There are also some patterns, which can be influenced by
the users themselves by manipulating the values in the GUI. This last pattern type
helps us examine the resulting patterns, when people adjust it deliberately.
We are using more sensory channels, leading to an expanded bandwidth of
possible interaction modes than normal TUI and similar projects.

531

I.M. POHL and U. HIRSCHBERG

Fig. 3. Different forms of alternating patterns, according to the
colour intensity indicates the vibration frequency.

Reactive systems have to get information how they should adapt themselves to
users’ needs. As explained above, this can be done using some type of user
interface by which the user can actively influence the behaviors of the system. As
a second kind of investigation we also intend to use biofeedback as a way to
control the system.
In the medical field corporal reactions are measured by biofeedback devices to
quantify stress relaxation or to make allergy tests. With common biofeedback
devices we can store and process the received data and accordingly automate
system adaptation. Or in other words: We want to use this feedback to make the
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system interactive, adaptive and therefore capable of interpreting the context and
the user.
Beside this, there is yet another relevant aspect in this form of feedback loop
between user and interactive surface: skin stimuli evoke precognitive reactions, of
which the user is not always aware. Biofeedback can thus also work with
subconscious information. The process of adaptation is an approximation to the
individual optimal stimulation, depending on the user and the surrounding
situation.
The pattern and the actuator intensity are adjusted for every user. Using the
biofeedback interface we can achieve a reciprocal intuitive communication
between surface and person as shown in Figure 4.

Fig. 4. Biofeedback loop.

So far we have only implemented the automated and the user-controlled
interface. In future prototypes we plan to embed the biofeedback along with the
user-controlled graphical user interface, so that both types of feedback can be
tested in parallel or in combination.

4.

User Tests

We have done some user tests with the prototype system, but we have to point out
that they don’t constitute any formal or representative studies. At this stage of the
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development, the testing allows us to gain some initial user feedback and some
impressions of how they react to the prototype system.
Fourteen patterns were generated, in order to have an analytical principle in the
stimuli structure. Three of them are activating each possible actuator separately;
eleven are combining all of them by increasing the alternation time and the
intensity. Two kinds of patterns could be interactively adjusted by the users
themselves. In this case, users had the possibility to manipulate all variables in the
GUI according to their own most suitable pattern performance. Adjustable
parameters were the cell ID - which cells should be active - and the kind and
intensity of activation.
The users were invited to explore the surface in two different ways : active and
passive, hence we could see if there were different impacts on the perception
between active and passive stimuli (see Figure 5).
The first session was the stimulation of the back, hence only the surface was
active. Generally strong and fast temperature changes were commented on as
unpleasant and irritating, particularly in alliance with often changing high
vibration frequencies. In summary most people preferred a warm smooth
changing and modestly vibrating pattern, which changes over a period between
one and two minutes.

Fig. 5. The experience of active and passive interaction with the surface were compared.
Here know certain coincidence between the users were detectable, the degree of
active interaction were very variable from user to user.
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Fig. 6. Different sensible skin areas were stimulated with a series of certain patterns.
The user impressions concerning temperature, vibration and
their combinations were similar.

Subsequently the area of the chest was tested. Users were intuitively using their
arms and hands to explore the surface in an active manner. The preferred patterns
differed from those applied on the back. Cooler temperatures and stronger
vibrations were pleasant to most of the users. Also a faster change of activated
cells was appreciated.
Finally we analyzed the interplay between the surface and the hands. Hands are
one of our most sensible parts for touch impressions and in order to the particular
ability to explore object very systematically, they have a great capability to sense.
A significant finding is that each of the test persons performed in a different way.
Some were really active and tried to "catch" the pattern, others relaxed and were
"entertained" by the changing stimuli, thus a sort of playful interaction emerged.
The tested group expressed a positive feedback on the possibility of interacting
with the multilayered interactive surface. Generally they had clear preferences
and favored certain patterns. Figure 7 shows average user designed optimal
patterns for the back with all three actuators. Figure 8 represents equivalent
vibrations preferences without temperature stimulation.
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Fig. 7. Comparing the user-designed patterns for the application on the back, we can
see really similar preferences in temperature and vibration frequency. Red represents
warm, blue cold temperature; the saturation indicates the intensity of the
vibration (strong vibration is equal to intense saturation).

Fig. 8. Average intensity preference and locations of vibration stimuli applied
on the back of the persons. This figure refers exclusively to the
vibration, temperature activators were not active.

As a result from questionnaires made during the tests, it was discovered that
the subjects exhibited similar preferences.
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5.

Conclusion and future work

We have described the current state of an ongoing investigation in the field of
interactive architecture : sensitive Surface, the prototype of a reactive tangible
surface was presented and its concept and motivation explained. The project seeks
to establish a more intensive connection between interactive technologies and the
sense of touch. One of the main features of the presented prototype is the layering
of different types of actuators in each cell of a homogeneous grid. This allows for
the mixing of stimuli and for the interactive adaptation of the system to the needs
of different users, resp. different zones of the body.
Applied on architectonic surfaces it can bring an augmented impression of
space and can become a new element in our architectonic language, in the design
of surfaces and also regarding the functions of our surrounding tectonic elements.
The Sensitive Surface system has now been developed to a point, where we can
gain useful insights from user tests with the prototype. Future work will have to
extend our approach of multiple sensory superpositions by assembling more
actuators in one cell. Additional actuators and software development are
necessary to get more relevant and useful results and prototypes. Also the size of
the cells will have to be minimized to resolve the limitations of low resolution.
While real-world applications in various fields (not only in architecture and
product design, but also in therapeutic and medical settings, or for people with
disabilities) are realistic in the future, at this point we see our investigations very
much as basic research. The project is primarily a way to find out more about how
we can use our sense of touch effectively.
We see the Sensitive Surface project as a contribution towards engaging
information technology not just with our minds, but also with our body, and
towards giving the sense of touch a more prominent role in our interactions with
the digital world. But the project is still in its initial stages. We can only begin to
imagine what the future of tangible reactive surfaces will look – or rather : feel
like.
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