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PART ONE: THE THESIS

Preface
I'm opposed to the idea that my work constitutes some
contrived theory. I think it's better to use a substitute than
a clear-cut theory. That's why my pieces are always
fragmentary. Otherwise I could just as well have written a
book where I could say: it's like this or like that. It takes
longer this way but I end up achieving more. Unanswered
questions are better than questions directly understood.
Joseph Beuys in conversation with Lieneke van Schaardenburg, 1968
(Captured from the permanent Beuys exhibition at Hamburger Banhof,
Berlin 2009)

The work presented in this dissertation would perhaps have been better
approached using the ways of Joseph Beuys. Instead of writing out the
questions and investigations, I should have continued to work with the
materials and let that work express the material potential of
computational technology. My academic background and the context of
my work (including the limited time), however, require a written
account of my thoughts on the matter. The work is not finished—it
cannot be. Incompleteness is a premise when doing research for design.
The goal of this line of work is not to find truth, but to open new spaces
for design. It is to explore new opportunities with the materials at hand,
to develop the technological potential, and to build examples that
populate the new design space. The dissertation is thus an account of
work-in-progress.
The problem addressed in the dissertation is generally shaped by a
sensation that something is amiss within the area of Ubiquitous
Computing. Ubiquitous Computing as a vision—as a program—sets out
to challenge the idea of the computer as a desktop computer as means
to explore the potential of the new microprocessors and network
technologies. However, the understanding of the computer represented
within this program poses a challenge for its intentions. The computer is
understood as a multitude of invisible intelligent information devices;
this confines the computer to a tool that solves well-defined problems
within specified contexts—something that rarely exists in practice.
Nonetheless, the computer will continue to grow more ubiquitous as
Moore's Law still applies and as its components become ever cheaper.

Preface

The question is how, and for what we will use it? How will it, for
instance, be implemented in design and architecture? In what new
directions will we take new technological developments? We need a
new understanding of the computer to guide these developments, as
none of the previous understandings apply to these new conditions and
new oppertunities.
I propose that we begin to understand the computer as a material like
any other material we would use for design—like wood, aluminum, or
plastic. That as soon as the computer forms a composition with other
materials it becomes just as approachable and inspiring as other smart
materials.
I present a series of investigations of what this understanding could
entail in terms of developing new expressional appearances of
computational technology, new ways of working with it, and new
technological possibilities. The investigations are carried out in relation
to, or as part of, three experiments with computers and materials, later
referred to as PLANKS, Copper Computational Composite, and Telltale.
Through the investigations, I show how the computer can be
understood as a material and how it partakes in a new strand of
materials whose expressions come to be in context. I uncover some of
their essential material properties and potential expressions. I develop a
way of working with them in a design process despite their complexity
and non a priori existence, and finally I argue that these investigations
form both valid and valuable research results within the context of
design research.
The dissertation comprises an introduction over two chapters
developing the argument for the investigations and describing the
foundation they build upon; a third chapter summarizing the
investigations; a final part containing five papers, each addressing
specific investigations. The first paper delineates the idea of the
computer as a material for design, the subsequent three each explores
different aspects of the aesthetic potential and how to work with the
computer as a material, and the last paper accounts for the work’s
credibility in a context of design research. Three of the five papers are
published, and two are in review. In three of the five papers, I have
been the primary, if not the only, author. However, the work on which
the papers are based has all been done in collaboration with others.
By seeking to work together with a range of people whose backgrounds
are in art, design, architecture, computer science, physics, and
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Part One

electronics, I have tried to challenge and explore the material potential
of computational technology from a wide set of perspectives. I have
been the primus motor on the overall project and deliberately sought
collaborations that would enable me to investigate the material
understanding of computers from the perspectives, which I deemed
interesting and necessary. Each person I collaborated with brought new
insights, new pressing questions, and paths to explore—all of which has
been part of forming the overall project.
The idea of computational composites was conceived in discussions
with Johan Redström who has a background in philosophy and
interaction design. The PLANKS are conceived together with sculpture
artist Henrik Menné and developed in collaboration with 1Scale1 and
David Cuartielles, who is part of the trio behind developing the Arduino
board. Telltale and the notion of Becoming Materials were developed in
relation to the Switch project at the Interactive Institute in Stockholm,
where trained designers, architects, and computer scientists took part.
The Computational Copper Composite and the conception of the
material strategy are developed with Tomas Sokoler, who has a
background in computer science and physics. Finally, the argument that
operationalizing materials can form the ground for a valid and valuable
research contribution was developed with architect Cecilie Bedixen. My
own background is in computer science from University of
Copenhagen. I graduated from a program that included building a
kernel, designing a network protocol, and implementing a simulation of
a pipelined processor. In combination, these backgrounds form the
main strains of inspirations throughout my work.
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Understanding Computers
Every object made by man is the embodiment of what is at
once thinkable and possible
Ezio Manzini in “The Material of Invention” (1989, p. 17)

What is a computer? To this question there is no single answer. A
computer is something or someone that computes, but beyond that it is
impossible to provide a general definition. However, the question is still
important because our understanding of what a computer is shapes our
imagination of what we can do with it and what it can become (as Ezio
Manzini says). Indeed, if we wish to continually explore the potential of
the computer, we are forced to continually challenge our understanding
of its power and its limitations—of its expressions and boundaries.
Developing computers is thus not done independent of how we
understand them just as our understanding of them is not developed
independent of what they can do and how they appears to us. Indeed, if
we take a look at the five most significant understandings of computers
that have formed their development and vice-versa, we will see exactly
how important it is.
THE COMPUTER AS A WORKFORCE
When the Astronomical Society in the late 1600s endeavored to predict
the return of comets, they had to figure out the comets’ trajectory and
realize how the planets’ gravitational forces would affect them (cf., Grier,
2005). Once this was done in theory, a massive amount of computations
were needed to produce a date for the return of a comet. The first
prediction was about Halley’s Comet. In 1757, it took two men and a
woman (see Figure 1) every day from June until November to compute
that date. They were sitting around a table in Palais Luxemburg
presumably dressed in the formal court dress of the time including
powdered wigs and writing with goose-quill pens on heavy linen paper.
They had organized their work so that two of them would produce tables
with an intermediate result, and the third would check the accuracy of
the result, as even tiny errors could amount to significant deviations in
the final result. Their final prediction was that it would reach its
perihelion between March 15th and May 15th 1758, but the comet
reached it on March 13th: a couple of days outside the computed interval
(cf., Ibid.).
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Figure 1 These are the expressional appearances of some of the first computers. AlexisClaude Clairaut, Nicole-Reine Lepaute, and Josheph-Jérôme Lalande were the three human
computers behind the first predictions of Halley’s return in 1757.

The organization of work devised for the computations of Halley’s
Comet’s return marks one of the first examples of division of labor within
scientific knowledge work. In 1765, the British Navy institutionalized this
organization. They established a special department of human computers
to produce the Nautical Almanac (a table with the stellar and lunar
positions to assist navigation at sea) (cf., Ibid.). These computers were
primarily mathematical scholars earning money for their studies and
experience for their future mathematical careers.
With the French Revolution and the fall of the wig-wearing aristocracy,
Gaspard de Prony found a new use for the former servants and wig
dressers. He was appointed as leader of the Bureau du Cadastre
commissioned to produce the trigonometric tables for the decimal grade
system of angle measure (cf., Ibid.; Agar, 2001). de Prony lacked a
sufficient number of mathematicians as they had been scattered all over
the country by the revolutionaries and he was forced to find alternative
methods. He realized that by breaking down the instructions to simple
calculations even the uneducated women could compute the tables. This
work, of course, had to be monitored by a fairly large staff of
mathematical scholars who would instruct the computers and check for
mistakes. Yet, they were able to produce tables at a much faster rate than
ever seen before (cf., Agar, 2001; Grier, 2005).
In 1819 two mathematicians, Charles Babbage and his friend John
Herschel, traveled to Paris to visit de Prony. Babbage was especially
concerned with all the computed tables needed in the increasingly
industrialized society and how the errors often found in the tables could
15
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have dire consequences (cf., Ibid.). The general trend in society was to
devise machines for every possible task and as de Prony had shown that
no particular skills were necessary if only the instructions were
sufficiently simple Babbage decided to figure out how to design a steam
engine that could produce computed tables without errors. His first
proposal was for the Difference Engine, which seemed to work in theory
and Babbage with help from engineers undertook the task of building it,
but they ran into problems with achieving the sufficient precision using
the rather coarse machinery (cf., Grier, 2005). Twelve years and £30,000
later the endeavor was finally abandoned1 (cf., Agar, 2001). Instead,
Babbage devised the layout of a new computational machine called the
Analytical Engine. This machine was inspired by the Jacquard Loom’s
cloth-making machine, which would weave patterns according to a
program read from a card with certain patterns of holes. Babbage’s
Analytical Engine would with one program become a Difference Engine,
but with other programs compute the various tables needed in society.
This machine was, however, not built until four decades after Babbage
died in 1871. After the Analytical Engine, there would pass yet another
four decades with several machines of different designs and abilities and
not until 1951 would the world see a machine architecture which
resembles the computers in use today (cf., Ibid.).
Realizing that calculations could be separated into an intellectually
demanding task of devising the procedures or algorithms, and a
mechanical2 task of executing the algorithms changed the organization of
scientific work entirely. Automation was no longer limited to manual
labor, and non-human computers would gradually become a valuable
tool in managing activities in society and at locations like factories. Their
operators would grow in number and change from being specialized
engineers or mathematicians to clerks and secretaries. This change
demanded more from the design of the machines both in terms of direct
interaction with them but also in terms of what it meant to the
organization of the workplace. So in a sense the understanding of
computers as a workforce—human or not—is the foundation for research
disciplines such as human-computer interaction (HCI) and computer
supported cooperative work (CSCW).

1
It has retrospectively been built for the London Science Museum and it is confirmed that it
would have worked with the technology available at that time.
2
“Mechanical” is here used here in the general sense as an “unthinking process,” and is not
limited to the executions of a machine.
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THE COMPUTER AS A MODEL FOR MATHEMATICAL LOGIC
In the beginning of the 20th century and from another corner of scientific
development (albeit not entirely disconnected), David Hilbert formulates
a set of research questions around the fundamental logic of mathematics
(cf., Ibid.). One of the central questions was whether, given a set of
axioms, the derived systems of theorems could be proven complete,
consistent, and decidable. A system is complete if a proof can be found if
one exists, a system is consistent if a proof never exists for both P and not
P, and a system is decidable if a method can be found to decide its
completeness (the last is also known as the ‘decision problem’) (cf., Ibid.).
As a response to this question, Kurt Gödel proved in 1931 that no system
of axioms for arithmetic can be both consistent and complete and
thereby that mathematics based on similar sets of axioms must also be
either incomplete or inconsistent (cf., Hodges, 1988). Gödel used the
mathematical subset of arithmetic, which enabled him to treat both
axioms and theorems as natural numbers thus by ascribing a unique id to
each derived statement he allowed statements to be self-referential (cf.,
Agar, 2001). He could then examine these self-referential statements and
find that some of them were logically consistent but not decidable within
that formal system (cf., Davis, 1988). The statements can be compared to
the self-referential philosophical paradox: a Cretan says, “All Cretans are
liars” –is he then telling the truth? It is a grammatically consistent
statement, but we cannot decide whether it is true or false (cf., Agar,
2001).
Two concepts from these findings are relevant for the story of computers
as a model for mathematical logic: first, the idea of treating both axioms
and theorems alike and as numbers (also known as Gödel numbers),
thereby allowing for self-referential statements; second, a confirmation of
the relevance of finding a procedure/algorithm on the basis of a
description of a formal language and a mathematical statement in that
language can decide whether the statement is true or false.
Using this line of thought combined with examining the limitations of
purely mechanical operations, Turing showed in 1936 that the ‘decision
problem’ has no solution—meaning that no algorithm can be devised to
determine any given system’s completeness (Turing, 1936). He did that
by devising a computing machine—today known as a Turing machine:
We may compare a man in the process of computing a real number
to a machine which is only capable of a finite number of conditions
q , q , …, q which will be called “m-configurations”. The machine is
1

2

R
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supplied with a “tape” (the analogue of paper) running through it,
and divided into sections (called “squares”) each capable of bearing
a “symbol”. At any moment there is just one square, say the r-th,
bearing the symbol T(r) which is “in the machine”. We may call this
square the “scanned square”. The symbol on the scanned square
may be called the “scanned symbol”. The “scanned symbol” is the
only one of which the machine is, so to speak, “directly aware”.
However, by altering its m-configuration the machine can effectively
remember some of the symbols which it has “seen” (scanned)
previously. The possible behaviour of the machine at any moment is
determined by the m-configuration q and the scanned symbol T(r).
This pair q , T(r) will be called the “configuration”: thus the
configuration determines the possible behaviour of the machine. In
some of the configurations in which the scanned square is blank (i.e.
bears no symbol) the machine writes down a new symbol on the
scanned square: in other configurations it erases the scanned symbol.
The machine may also change the square which is being scanned,
but only by shifting it one place to right or left. In addition to any of
these operations the m-configuration may be changed. Some of the
symbols written down will form the sequence of figures which is the
decimal of the real number which is being computed. The others are
just rough notes to “assist the memory“. It will only be these rough
notes which will be liable to erasure.
n

n

It is my contention that these operations include all those which are
used in the computation of a number.

(Ibid., pp., 231-232)

Figure 2 Schematic illustration of a Turing Machine
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Research programs aimed at developing computational machines took on
the idea of the universal machine proposed by Turing in his work of
providing an answer to the ‘decision problem’. Thus, the mental
contraption conceived in an endeavor to prove the limits of
mechanization as means to answer a mathematical problem turned out to
hold valuable ideas for building electronic computers for a wide variety
of purposes. Computers hereafter took the leap from being an advanced
calculator to becoming multipurpose machines, which, as we shall see
below, even led to other understandings of the computer.
The Turing Machine is still referred to as the ideal of computational
technology, but it remains an abstraction, and hence it has no
expressional appearance. Its aesthetics are purely an abstract (or
mathematical) aesthetics.
THE COMPUTER AS AN INTELLIGENT BEING
When the digital electronic universal computer was finally built in
Manchester in 1951 a new range of research programs were born. The
computer was no longer just about calculating tables for society or
astronomical trajectories, but it had become capable of generating poetry
and playing tunes (cf., Agar, 2001). Turing, and others, had recently
begun to explore the possibility of developing a computer capable of
intelligent behavior in line with the activities of the human brain and
Turing formulated a test (in 1950) through which the computer’s
intelligence could be evaluated (Turing, 1950). It is known today as the
Turing test.
Parallel advances in theories of neural networks and behavioral
psychology, however, quickly found use of the new powerful
computational machines and more systematic studies of both human
intelligence and computational models of the same began (M., 2002). In
1955 and 1956 Alan Newell, Herbert Simon, and Cliff Shaw developed
the first program designed to mimic the problem solving skills of a human
being. It was called Logic Theorist and could prove 38 out of the first 52
theorems in Alfred North Whitehead and Bertrand Russell's Principia
Mathematica (cf., Crevier, 1993). Later, Simon also contributed with
empirical founded models of human problem solving and decisionmaking.
Artificial Intelligence (AI) was coined by John McCarthy and formulated
as a research program at a famous conference at Dartmouth College in

19

Chapter One Part One

1956 where, besides Simon and Newell, notabilities like Marvin Minsky,
Claude Shannon, Nathaniel Rochester, and John McCarthy participated
(Ibid.). The exact wording from the organizers of the conference was:
“very aspect of learning or any other feature of intelligence can in
principle be so precisely described that a machine can be made to
simulate it”(as quoted in Ibid., p. 48).

Figure 3 The top left corner shows a sketch of Vaucanson’s digesting duck. Next is Sony’s
AIBO a robot pet dog from 1999 capable of learning some behavior. The right side shows
the IBM RS/6000 SP2, which contained the Deep Blue chess program that in 1996 beat the
chess champion Kaparov for the first time. Finally, the bottom left corner shows Kismet,
which is capable of responding to and learning human emotions through facial expressions.

The field gradually spawned into diverse areas such as planning, leaning,
language processing, motion, perception, social intelligence, and
creativity always with a double-sided interest: one in studying humans
and one in computational imitation—either following the same principles
as humans or by using alternative methods (cf., Crevier, 1993; M., 2002).
Mechanical robots had flourished for centuries, but more often as
entertainment devises (e.g., Jacques de Vaucanson’s digesting duck from
1739 or The Mechanical Trumpeter by Friedrich Kaufmann in 1810) or as
flat out science fiction literature (e.g., in the authorship of Jules Verne and
Isaac Asimov, and The Wonderful Wizard of Oz by L. Frank Baum
20
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published in 1900) than actual scientific attempts of designing an
intelligent machine (cf., Buchanan, 2005). With the advances in
computational technology robotics became a significant scientific
research field, which in parallel to and in collaboration with AI would
mimic the physical behavior of humans and animals (See Figure 4).
Today, the Artificial Intelligence program in the strong version, as
described above, only has a few proponents left but the results produced
in many of the derived research programs have had, and still have,
significant impact both scientifically and on our society (e.g., the
advances in algorithms or the use of robots to replace humans in
dangerous work situations)
THE COMPUTER AS A MEDIUM FOR INFORMATION
In the fall of 1969, the first message was sent between two computers
one at UCLA and the other at Stanford University. The message was “lo”
and was supposed to be “login,” but the system crashed in one end
before the rest of the word was transmitted (cf., Banks, 2008). The
network was called ARPANET (Advanced Research Projects Agency
Network) and was developed as a means for researchers around the
world to share computer facilities, as they were still scarce. But, just as
importantly to share information in order to advance research. The
researchers used the net to send e-mails, access data, post messages on
bulletin boards, and play games (cf., Ibid.).
In 1970 the copier manufacturer Xerox decided to enter the computer
market and formed the Palo Alto Research Center (PARC) (cf., Allan,
2001). They began developing “Alto,” a computer based on visions of a
portable notebook articulated by Alan Kay in his doctoral thesis from
1969. Ivan Sutherland and Douglas Engelbart also contributed with
significant ideas of how the interface between the computer, and the
human should be (e.g., the computer mouse). Their ideas were
continuously developed as the work on Alto progressed, and by 1976 the
first graphical environment with overlapping windows, pop-up menus,
and icons was developed under the guiding metaphor “he Desktop” (cf.,
Ibid.).
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Figure 4. Left: the Alto computer, fully equipped with a cathode ray tube (CRT) monitor,
keyboard, and mouse. Right: the floating windows system with icons at the top right corner
(Courtesy of Xerox PARC).

The proliferation of personal computers, however, did not take off until
Apple II was launched in 1977 providing support for a color monitor. In
1979 the spreadsheet program VisiCalc was introduced by Personal
Software Inc. only to run on Apple II, which increased sales even further
(cf., Ibid.). Still, it would take some years before computers were
generally accessible and affordable.
Three other important events would also help form the coming of the
Information Age. One was Intel’s launch of the 4-bit 4004
microprocessor in 1971, followed by the 8-bit 8008 microprocessor one
year later (cf., Ibid.). The other was the software development that
provided word processing, desktop publishing, and advanced drawing
programs—giving professionals as well as laymen the opportunity to
develop and deploy their creative skills at relatively small costs.
The third important event was Tim Berners-Lee’s invention of the World
Wide Web (WWW) in 1989 while employed at CERN (Berners-Lee,
1989). The WWW was, and is, a set of interlinked text documents,
images, audio, video, and various web services. WWW makes use of the
network originated from ARPANET but in a shape that has undergone
some changes (e.g. in terms of the TCP/IP package protocol) and is today
referred to as the Internet. The content of the WWW is located at servers
around the world; hyperlinks in the shape of Uniform Resource Locators
(URL) enable access to information from any computer with Internet
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access using the Hypertext Transfer Protocol (HTTP) (cf., Schell, 2007;
Banks, 2008).
The role of the computer might still be a workforce used for research and
at high-end industry, but the early use of the ARPANET showed how
information storage and exchange gradually gained footing as the
purpose of the computer. The personal computer was at first used for
accounting and the spreadsheet and was a huge revolution in that
respect; gradually, information applications such as word processing,
desktop publishing, drawing tools, music players and composers, and
video editors and viewers were incorporated. Today the computer is used
and understood as a medium for information—not only fostering
improvements within that area, but also giving rise to research programs
concerning the consequences of all the information production and
sharing (e.g., new media studies, information psychology, and digital
culture).
When presented with a desktop computer, we immediately realize that it
is about text and images. Indeed, it is difficult to imagine information
technology looking much different exactly because the graphical display
is such a strong platform to convey this kind of information. Hence, when
computers are embedded in our kitchen appliances, the understanding of
them as an information technology has also entailed a range of screens
where levers and knobs used to be. Indeed, the strong focus on
functionality within the Information Technology paradigm is probably
due to the largely fixed form-language. The “display-keyboard” form sets
confinements on the imagination of the computers’ potential so much so,
that even the possibility of shaping the display layout has been reduced
to a mere question of functionality (cf., Bertelsen and Pold, 2004; Udsen
and Jørgensen, 2005).
THE COMPUTER AS A MULTITUDE OF INVISIBLE INTELLIGENT
INFORMATION DEVICES
In the late 1980s, Mark Weiser (1991) proposed to break with the
confinements of the desktop-form language through implementing a
multitude of different scales of computers throughout our environment.
This latest3 addition to our understandings of the computer was further

3

Since Ubiquitous Computing is the most recent understanding of computers, it marks the
offset for the work in this dissertation. It will therefore be treated and critiqued more
thoroughly than the others.
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developed as a research program at Xerox PARC throughout the first part
of the 1990s.
Ubiquitous Computing was a vision of how our everyday lives would
change with networked microprocessors embedded everywhere
providing us access to any information anytime anywhere. The vision
was that computers would aid our everyday activities by blending
seamlessly into the fabric of our lives—that they would become as
common and as unnoticed as electrical motors or paper. The vision is
mainly captured in a scenario of a woman named Sal and her everyday
morning activities at home, on her way to work, and at work.
“Sal awakens; she smells coffee. A few minutes ago her alarm clock,
alerted by her restless rolling before waking, had quietly asked,
“Coffee?” and she had mumbled, “Yes.” “Yes” and “no” are the only
words it knows. […]
Glancing at the windows to her kids’ rooms, she can see that they
got up 15 and 20 minutes ago and are already in the kitchen.
Noticing that she is up, they start making more noise. […]
On the way to work Sal glances in the foreview mirror to check the
traffic. She spots a slowdown ahead and also notices on a side street
the telltale green in the foreview of a food shop, and a new one at
that. She decides to take the next exit and get a cup of coffee while
avoiding the jam. […]
The telltale by the door that Sal programmed her first day on the job
is blinking: fresh coffee. She heads for the coffee machine.”

(Weiser, 1991, p. 102)
Xerox PARC developed three devices in the shape of rectangular touch
screens mounted on top of the computers at three different scales: the
inch-scale (pads), the foot-scale (tabs), and the yard-scale (boards) (Ibid.;
Want et al., 1995). These devices would serve different functions
throughout the environment; for instance, the pads could function as IDbadges, whereas building doors would respond by only opening when
the ID-badge granted access.
The vision has since been manifested in a series of projects where the
computer takes on different roles. For instance, it becomes the perfect
discrete personal butler who knows its master’s every quirk and
preference (cf., Gellersen et al., 1999; Kidd et al., 1999), the physician
telling us to workout more or remind us to take our pills (cf., Agarawala
et al., 2004; Consolvo et al., 2006; Lo et al., 2007), the father teaching us
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how to cook (cf., Terrenghi et al., 2006), or the object that relieves our
bad conscience of not visiting our parents often enough by enabling us to
monitor their mood, weight loss, medicine intake, if they have fallen, etc.
(cf., Mynatt and Rowan, 2000; Morris et al., 2004).
These projects all build upon and contribute to models of measurable
events chosen to signify certain user actions or needs. The models, also
called context-models, constitutes the intelligent dimension of
Ubiquitous Computing and as research program it is referred to as
context-aware computing (cf., Abowd et al., 1997; Schmidt et al., 1998;
Bauer et al., 2001; Dey et al., 2001; Chalmers, 2004; Dourish, 2004).
In other words, the computer is now thought of as a multitude of invisible
or seamless intelligent information devices designed to aid our actions—
to help us lead a more worry-free and correct everyday life.
Aesthetics4 in Ubiquitous Computing
While the initial program or vision contained little in terms of how to
break with the form-language of the desktop computer and the pads,
tabs, and boards arguably were not radical enough, Weiser and John
Seely Brown later formulated the Calm Technology5 program to
specifically address this (Weiser and Brown, 1995, 1996). They proposed
to design the technology in ways that would encalm and inform. The
idea was to let the technology perform in the periphery of the attention
span and only demand the center of attention when something was amiss
or when it was needed for something. While in the center of attention,
the user would be in control and able to manipulate the technology, but
afterwards it would slide back to the periphery. The technology “must be
attuned to but not attended to” (Weiser and Brown, 1995, p. 2). The
program, however, remains rather vague in terms of describing how to
achieve the calming and informing expressions. Only through The
Dangling String by artist Natalie Jeremijenko do we get a sense of the

4
Throughout the first part of this dissertation, aesthetics are used in the sense of the logic
behind the expressional appearance of a design (see Hallnäs and Redström, 2006 for similar
use). The concept is used less stringently throughout the papers, but the intention is the
same.
5
Calm technology was part of a broader trend at the time where several programs had
explored the peripheral attention space or the use of ambience to convey information (cf.,
Dourish and Bly, 1992; Buxton, 1995; Pedersen and Sokoler, 1997; Ishii et al., 1998;
Wisneski et al., 1998). However, I have chosen this version as it is a direct continuation of
Weiser’s own visions.
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potential expressional appearance of computational technology post
desktop computers (see Figure 5).

Figure 5. The Dangling String by Natalie Jeremijenko. The two pictures show a quiet and a
busy red string representing the activity on a local area network.

The Dangling String is an 8-foot plastic wire, which hangs from a small
motor attached to the ceiling. The motor is connected to an Ethernet
cable and with every bit of data passing through the cable the motor
twitches a bit. A busy cable causes the wire to whirl where little or no
network activity lets it hang quietly (Weiser and Brown, 1996). The
peripheral way of providing information of network activity could easily
replace the screen display of network traffic and only demand attention
when the string, for instance, became uncharacteristically calm.
Tangible Bits is another program formulated by Hiroshi Ishii and Brygg
Ullmer (1997) to address the expressional appearance of computational
technology post desktop computing. Tangible Bits is about representing
digital information with physical tangible forms. The program combines
the gist of Calm Technology with the ideas behind graspable user
interfaces (cf., Fitzmaurice et al., 1995; Fitzmaurice and Buxton, 1997)
and Durell Bishop’s Marble Answering Machine (cf., Abrams, 2000).
They propose three areas for developing the expressional appearance of
computational technology: one is through creating interactive surfaces,
another is the mapping of bits to graspable physical objects, and the third
is ambient media for background awareness.
“To make computing truly ubiquitous and invisible, we seek to establish
a new type of HCI that we call ‘Tangible User Interfaces’ (TUIs). TUIs will
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augment the real physical world by coupling digital information to
everyday physical objects and environments” (Ishii and Ullmer, 1997, p.
235). TUIs become the graspable equivalent to the prevailing Graphical
User Interface (GUI). Where, for instance, an icon becomes a phicon
with some significant shape, or a graphical handle becomes a phandle in
shape of a brick or a block on a surface which would permit a threedimensional manipulation. The program maintains a sharp distinction
between bits and atoms—between the physical and the virtual. The
virtual remains inside a computer of sorts, but the interface is now a
tangible representation of the virtual instead of being a graphical
representation. For instance, the form of the bricks (Fitzmaurice et al.,
1995) or the musical bottles (Ishii, 2004) both represent a function that
just as well could just as well have had a completely different
expressional appearance. Oddly enough, however, they use the abacus
as an example of a tangible interface even though its form is its function
and not a representation thereof.
Critique of Ubiquitous Computing
Computers today are by and large ubiquitous (cf., Greenfield, 2006; Bell
and Dourish, 2007). The pads, tabs, and boards are in some variation all
around us in the form of objects such as mobile phones, smart phones,
laptops, notebooks, advertising boards, and virtual blackboards. The way
we use the computer, however, has remained fairly the same as the way
we use a desktop computer—they are used as information technology
devices conveying text, images, video, music, etc.
Computers are not really embedded into our environment as envisioned
in the Sal scenario; although research projects developed computers that
reduce the frictions in our everyday lives, they have not ventured into the
broader market—perhaps because the premise was mistaken. The Sal
scenario may in itself hold an idea of the good life that does not really
coincide with reality in terms of desires (cf., Rogers, 2006).
Another reason may be that “we’re just not very good at doing ‘smart’”
(Greenfield, 2006, p. 3) in the way envisioned by Weiser—meaning that
the computers’ context sensitivity persistently deviates from the users
own perception of their context (cf., Benford et al., 2004). The task of
modeling the measurable parameters so they would correspond to our
perception of what is going on has, in many ways, turned out to be equal
to modeling the human mind as attempted within AI (cf., Rogers, 2006).
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The understanding of the computer that prevails within Ubiquitous
Computing was by and large been inherited from the two preceding
programs: Information Technology and Artificial Intelligence.
Consequently, it becomes difficult to break out from the traditions within
those understandings. They, and especially Information Technology,
carry a function-driven tradition where aesthetics, meant as the formal
reasons behind it expressional appearance, play only a minor role (cf.,
Bertelsen and Pold, 2004; Udsen and Jørgensen, 2005). This causes
problems for the aesthetic programs within Ubiquitous Computing (Calm
Technology and Tangible Bits), whose primary goal was to develop a
new form-language for computational technology. As long as it remains
Information Technology, the display-keyboard expression will prevail.
Furthermore, the Tangible Bits program runs into other problems when it
proposes that we map bits on to atoms—or, let form follow function. The
disproportions in complexity and scale between the computer and the
physical matter that the human sensory apparatus can apprehend cannot
easily be circumvented (cf., Djajadiningrat et al., 2004; Redström, 2008),
or as John Maeda argues (2000, p. 24):
Prior to the development of modern technology, artifacts produced
by humans obeyed an intuitive relationship between size and
complexity. A small object corresponded to a simple function,
whereas a larger object was associated with a proportionally more
complex function. This simple relationship arouses from the
macroscopic nature of technology at the time and is significant
because it extended two sacred promises, one to the user and one to
the industrial designer. The first is that the user would be able to
construct a priori impressions of an object before actually using it,
that is, literally sizing up the nature of the object at first glance. The
second is that industrial designers would have a suitable amount of
visual and tactile design space […] to express that functionality.

Neither of these promises withstands today—at least not for the same
reasons. We have to discover—or perhaps rather create—new relations
between form and function and, more importantly, we cannot expect
computational things to be readily understood—they require
interpretation. The problems that Ubiquitous Computing faces regarding
the expressional appearances are by no means trivial or easily fixed, but
the challenge must be met. We cannot continue to develop the
technological potential if we keep pouring new wine in old bottles.
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UNDERSTANDING AND IMAGINATION
As argued in the beginning of this chapter, developing computers is done
within the understanding of their purpose, what they can do, and how
they appear to us—just as the understanding is formed by, albeit not
limited to, those aspects.
The computer, in its basic principles, has stayed the same since the
Turing Machine. It has remained a digital multipurpose computer, a
situation which has been called into question by MIT Professor Neil
Gershenfeld, who claimed in a TED talk that “Computer Science is one of
the worst things that ever happened to either computers or to science
because […] the cannon of computer science prematurely froze the
model of computation based on technology available in the 1950s, and
nature is a much more powerful computer than that” (Gershenfeld, 2006,
my transcript). His point is that by maintaining the notion of computer
science, we have failed to question our understanding of what a
computer is in terms of its constituents and design. Humans or Babbage’s
steam-driven analytical engine might not be better in terms of correctness
or scope of complexity, but their constituents tied them to different
contexts—particularly different physical surroundings. In other words: if
we put our minds to it, we could probably develop other kinds of
computers (e.g., analog computers) to better suit certain functions than
digital computers do, or apply them to entirely new contexts. In order not
to throw everything up in the air at once, I will continue to build upon
the notion of the electrical digital computer and also question everything
else around them.
Even though we maintain the notion of the electric digital computer,
there still is room for novelty since the understanding of computers has
changed so dramatically. Artificial Intelligence, Information Technology,
and Ubiquitous Computing have all contributed with significantly
different applications and technological innovations albeit they have
inspired and influenced each other too. The reason these multiple
understandings of the same basic technology is possible is explained by
Peter-Paul Verbeek and Petran Kockelkoren as the technology’s lack of
essence: “ technological artifact doesn't have an ‘essence,’ no identity ‘in
itself.’ It is, as Idhe calls it, ‘multistable.’ It depends on the context in
which a technology finds itself, what that technology ‘is.’” (1998, p. 36,
see also; (Verbeek, 2001).
With a multistable technology, with an obligation to seek new
boundaries for what is thinkable and possible, and with a technology that
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continues to grow smaller and faster (cf., Moore, 1965; Larus, 2009) and
continues to proliferate, the question remains: where do we go from
here? What will we use the computer for in the future, and in which
directions will we take its development?
I argue that Ubiquitous Computing’s problems cannot be solved within
the understanding of the computer as a multitude of invisible or seamless
intelligent information devices. To truly break away from the desktop
computer demands that we break with the computer as an information
medium, as they are inextricably linked. To escape from the
misconception that human intelligence can be revealed to a degree that
enables us to put it on formulae, we need to abandon the understanding
of the computer as an intelligent being. And to find a way to bridge the
discrepancy between the computational complexity in time and space
with the human action space, we need to develop new aesthetics of
computational technology.
In other words, we need a new understanding of the computer.
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Function resides in the expression of things
Leitmotif by Lars Hallnäs & Johan Redström (2002b, p. 107)

Developing a new understanding of the computer is in it self not done
out of context—nor is it done from scratch. Every new understanding
builds on tendencies, reaction against previous constraints, or the
opening of new opportunities. For instance, the idea of a multitude of
invisible information devices was largely formed on the basis of the new
opportunities afforded by developments in microprocessors and
network technologies as well as being a reaction against the constrains
of the desktop computer.
Likewise, when the computer in both understanding and practice went
beyond the desktop, it also transcended the usual domain of
computational technology (i.e., computer science) and into the realms
of design and architecture. Here new perceptions of the computational
potential have emerged—new understandings, of what a computer is
and can be, have taken form. Over the last decade design research has
proved a particular valuable scene for seeking new ways of working
with computational technology. Just as the development of cheap
electronics has resulted in the fact that computational development is
no longer confined to doings of experts. An obvious place to start would
therefore be to look at what these non-technological scholars have
created from the technological possibilities.
COMPUTATIONAL TECHNOLOGY WITHIN DESIGN RESEARCH
There have been a vast number of design programs and individual
projects which have challenged our understanding of computers (cf.,
Smets et al., 1994; Goulthorpe et al., 1998; Gaver and Dunne, 1999;
Gaver and Martin, 2000; Gaver, 2002; Oosterhuis et al., 2003; Sterk,
2003; Eyl and Green, 2004; Kennedy, 2004; Berzowska and Coelho,
2005; Miranda and Runberger, 2006; Moloney, 2006; Mazé, 2007;
Roosegaarde, 2007). However, three groups of design researchers have
devised especially strong programs6 for developing new ways of using

6

Program is here used in accordance with the understanding presented by Hallnäs and
Redström (2006) in which the program constitutes the general design intentions, the basic
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computational technology. Anthony Dunne and Fiona Raby lead the
first group, working within their general program of Critical Design. The
second is what appears to be a recurring collaboration between
researchers at the Department of Industrial Design at Eindhoven
University of Technology and the Mads Clausen Institute at University
of Southern Denmark, who follow a general program 7 of what we could
call Aesthetics of Interaction. And third, the collaborations of Hallnäs
and Redström in collaboration with others at the Interactive Institute,
Chalmers University of Technology, and the Swedish School of Textiles;
University College of Borås, their overall program could be referred to
as Computational Technology as a Material for Design. The three
programs overlap to some extent in methods and philosophy. They all
adhere to the experimental traditions of design research—meaning they
explore the potential of computational technology through building
various stages of conceptual design. The physical outcomes of their
programs could generally be described as computational things, which
by Hallnäs and Redström’s definition (Ibid.) refer to artifacts in which
computations partake in creating the expressional appearance and
function. Yet, each group introduces important aspects of the potential
of computational technology.
Critical Design
Dunne and Raby from the Royal College of Art in London (RCA) have
introduced the Critical Design program, which is about “raising
awareness, exposing assumptions, provoking action, sparking debate,
even entertaining in an intellectual sort of way, like literature or film”
(Dunne and Raby, 2007a). In other words, they challenge cultural
references as means of exploring new aesthetics—new ways of
gestalting design. Computational technology is not a prerequisite in their
design practice but used as a means to challenge the expressions and
functionality of preexisting things and sometimes to be scrutinized itself
in new constellations of computational things (cf., Dunne and Raby,
2001; Dunne, 2005).
In one of their latest projects, for example, they set out to challenge the
existing normal (Dunne and Raby, 2007b). One of the designs is The

approaches, and the ways of understanding the designed things. The program is the norm
from which the designs are developed.
7
This is my interpretation of their work, as they do not explicitly formulate programs
themselves.
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Statistical Clock which tells the number of fatalities reported on the BBC
website by speaking the incremental number aloud, one, two, three,
etc. (See Figure 6). Here, not only has the information technology
gained a new form, but also the information has been reshaped,
reduced, and re-contextualized. In a similar vein is The Risk Watch,
which reports on the stability of the country you are currently in through
a calculated number. When you hold the watch to your ear, the rubber
nipple deflates and lets you listen to the number (See Figure 6).

Figure 6. The picture on the left shows The Statistical Clock and the picture on the right
shows The Risk Watch (With courtesy of Dunne & Raby).

The critical design program manages to question both functionality and
expressional appearance of computational things. Dunne and Raby
design to make us reflect upon the designs we encounter in our
everyday lives and the cultural value they embed. The strangely familiar
(see also Blauvelt, 2003) makes the need for interpretation explicit and
breaks with the notion of immediate seamlessness of interaction with
complex functionality.
Aesthetics of Interaction
Another interesting program, or series of programs, is carried out at the
TU/Eindhoven and MCI Sønderborg. Generally, their strategy is to play
with how humans behave in the world and let that form the aesthetics
of interaction. An aesthetics—a logic behind the expressional
appearances, which then becomes the first step in developing new
forms and functions of the computational things (cf., Djajadiningrat et
al., 2000; Overbeeke et al., 2002; Frens et al., 2003, 2003; Buur et al.,
2004; Djajadiningrat et al., 2004; Jensen et al., 2005; Djajadiningrat et
al., 2007).
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The program is in opposition to the tendency of separating form and
interaction as two distinct aspects of design, where a subject like
product design primarily focuses on form, and computational design
primarily focuses on interactions (cf., Ibid.; Djajadiningrat et al., 2007).

Figure 7. An example of a formgiving study from a class at Delft University 1995 where
students had to create form that expressed each others’ opposite on one dimension while
remaining the same on two others. Above they show many/inaccessible/slow-fast and
below they show few/inaccessible/light-heavy (Djajadiningrat et al., 2004). Even if these
objects are not computational things, they exemplify the importance of knowing the
expressiveness of material form also when designing with computational technology.

They argue that since the human action space is more complex than is
currently revealed in interaction with computational things, there is
room for improvement. Thus, through various techniques such as
acting-out scenarios (e.g., hands only (Buur et al., 2004)) or diving into
historic ways of interacting with objects (e.g., machine cowboy
(Djajadiningrat et al., 2007)), they seek a sensibility towards the human
action space which they then use to develop the action-potentials of
computational things (Djajadiningrat et al., 2004).
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Furthermore, they turn to material or formgiving8 studies to explore the
richness of the material world, which beyond visual appearance also
has weight, texture, sound, and shapes to guide our actions (see Figure
7) (Ibid.). The point here is that to meet the complexity of the human
action space, designs must surpass textual representations and enter the
material realm. And for the designer to combine interaction and form,
both must be understood and acknowledged.
In summary, they aim at “redressing the balance between appearance
and action” (Ibid., p. 294) to compensate for the narrow path that
computational things otherwise tend to follow.
Computational Technology as a Material for Design
The third, and maybe the most significant, series of programs for the
work presented in this dissertation, is developed by Hallnäs and
Redström with various colleagues (cf., Hallnäs and Redström, 2001,
2002a, b; Hallnäs et al., 2002; Mazé and Redström, 2005; Redström et
al., 2005; Hallnäs and Redström, 2006). Their overall strategy or
ambition is to explore the aesthetics of computational things by seeking
the boundaries of the design space laid out by each program. This is
probably best described through a closer look at three of their programs:
Slow Technology, Abstract Information Appliances, and IT + Textile.
Slow Technology is formulated as a program to slow down the
expressions of computations enough to let us experience them (cf.,
Hallnäs and Redström, 2001, 2006). The purpose is to change the focus
in use—to enable that the traditional “basic concern for efficiency in
use turns into a basic concern for reflection in use” (Ibid., p. 154). The
inspiration is taken from art; the ambition is not to make tiresome and
time-consuming artifacts, but to use the technology to prolong a
moment and slow things down. One example of a slow technology
project is SoundMirror, which records sound bites and plays them back
with delay. “The time series of fragments and delays have a certain
structure that is possible to understand through careful reflection of
what happens over a long period of time” (Hallnäs and Redström, 2001,
p. 206). This program is probably the first to explicitly explore the
temporal property of computational technology.

8

Formgiving exists in the Scandinavian languages as formgivning, in Dutch as
vormgeving, and in German as Gestaltung and is traditionally used to denote the specific
practice of giving form to materials as done in, for instance, the practice of craft.
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Abstract Information Appliances is a program about making the
aesthetics explicit in designing computational things (cf., Hallnäs et al.,
2001; Hallnäs and Redström, 2002b, 2006). The aesthetics are defined
as “the formal reasons explaining and describing the appearance of
given things” (Hallnäs and Redström, 2002b, p. 105). The program
addresses the function-expression-circle in which “the expression of
things in use seems to define functionality just as much as functionality
seems to explain design expressions” (Ibid., p. 106). As a method to
become aware of the aesthetic choices in the design process, they
articulate the leitmotif “function resides in the expression of things”
(Ibid., p. 107) as an alternative to the prevailing principle of formfollows-function we, for instance, saw in Ubiquitous Computing.
Another central element in this program is to think of the computer as a
design material. By doing this, the aesthetics of executing programs are
revealed as temporal forms. Thus, executing programs is no longer
thought of as merely functional—but the expression they entail becomes
explicit.
The conceptual designs within this program either start as “discovering
functionality in a given expression” (Ibid., p. 108) or as “discovering
expressionals in appliances” (Ibid., p. 111). An example of the first is
described as a 2m long tube open in both ends. It is to be held
horizontally to balance the marble inside, making sure it will not fall
out. The exercise is then to imagine what it could be used for. They
propose it to be a waiting tube where keeping the marble in constant
motion, but without losing it, indicates that one is waiting for
information. When the marble stops, either by perfect equilibrium or by
falling out, the waiting stops. The sound of the marble in motion is
picked up by small microphones and transmitted over a wireless
network to indicate that one is in the mode of waiting for the desktop
computer to provide information. This changes waiting from being a
passive situation—an annoying void in the workflow—into a moment of
high concentration.
Indeed, by thinking computational technology as a material for design
they change it from being primarily functional to something that
explicitly holds an aesthetic dimension.
The IT + Textile program is about exposing the “transformation everyday
things undergo as we embed new information and computation
technologies” (Hallnäs and Redström, 2006, p. 190, see also; (Redström
et al., 2005). As opposed to using metaphors or familiar objects as
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conveyers of new computational functionality, here they seek to
develop a framework of understandings and methods to assist in
explicitly challenging the expressions of the new computational things.
They explore the expressions of textiles through weaving techniques
and through embedding computational technology. Generally, they take
the idea of the computer as a design material even further than in the
previous program. Instead of merely seeing materiality as an abstract
understanding of computational technology, they make it concrete by
both comparing and combining the computations with textiles.
The materiality, however, is only one dimension of the program. The
other dimension is how these expressions are interpreted in a context of
use and how they are “adopted, customized, adapted, hacked and
reconfigured by a spectrum of users including individuals, families and
communities in relation to intricate practices and evolving activities”
(Ibid., p. 33).

Figure 8. Interactive Pillows (Courtesy of Interactive Institute and Linda Worbin).

One example of an experiment within the program is The Interactive
Pillows. This set of pillows is meant as a subtle way of communicating
with your loved ones. When one pillow is hugged for a while, the other
lights up in a gentle glow and turns warm and vice versa. The light may
attract attention, and the warmth is used because it is generally
associated with closeness. It is not an instant message rather it takes
some time for the pillows to sense and react. The pillows are made from
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a textile woven with traditional as well as electroluminescent threads.
While the computational technology here is embedded in a pillow, a
widely familiar object, they are explicitly changing the expression of the
object indeed; the expression is inextricably linked to the function, thus,
the users are given some premises on which to interpret the new
functionality.
Hallnäs & Redström’s notion of the computer as a material for design
introduces a new understanding computers. It is an understanding that
has enabled them to focus on the temporal expressions of
computational technology and to place aesthetic considerations at the
center of their work. Their notion of material, however, largely remains
metaphorical or rhetorical in the sense that they have not yet addressed
how the technology is a material. Even when computers are embedded
in the textile their presence is compared to that of a musical piece (cf.,
Ibid.; Redström, 2005). The temporal form, which computers enable, is
taken as their prime, if not their only, expressional contribution to the
overall appearance of computational things. Yet, the computer is
physical through and through and the material understanding of
computers may have more to offer than what is enabled by a mere
metaphorical maneuver. A trend in this direction is called physical
computing.
PHYSICAL COMPUTING
Physical computing was developed within the do-it-yourself (DIY)
movement of microelectronics (cf., Dougherty, 2005; Haque and
Somlai-Fischer, 2005; Igoe, 2007). While the community is not
unaffected by the thoughts of Ubiquitous Computing, their primary
motivator is the flood of cheap microelectronics and the tinker
opportunities it has afforded. Computers did not become tangible by
representational artifacts, but through sensors, motors, and micro
switches. Corporations and groups within the DIY community further
developed the accessibility of microcontrollers by placing them on
circuit boards with a range of preconfigured digital and analog input
and output just as communication with the microcontroller and the
programming environments became extremely easy to work with (cf.,
BASIC-Stamp, 1992; Arduino, 2005).
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Figure 9. An Arduino board with an ATMEGA8 microcontroller, 14 digital and five analog
input/ output options, and serial communication for uploading software (Photo courtesy of
Arduino).

According to Dan O’Sullivan and Tom Igoe, who both teach at the
Interactive Telecommunications Program (ITP) at Tisch School of Arts at
New York University, physical computing is about building Intelligence
Amplification and empowering everyone to build their own tools by
spreading knowledge on how the technology works (O'Sullivan and
Igoe, 2004).
Physical computing is about using the relative limited computational
power of the microcontroller to make connections between input and
output of almost any material in all shapes and sizes. Thus, one of the
key concepts is to understand the energy flow and the power of
transduction. Objects like microphones, motors, and LEDs transduce
one form of energy into another and thereby enable a host of possible
forms and colors controlled by the computations. And it is “best
understood by doing it rather than talking about it” (Ibid., p. xxii).
Within physical computing, the computer is in a sense reduced to a
bridge between an input and an output. Doing that, however,
emphasizes the rich potential of the expressional appearances it can
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generate—the function becomes the expression. The purpose of the
computer is no longer just to convey information in traditional formats
(e.g., text, images, and sound) but to affect the material world around
us. Indeed, in what may seem like a paradox, the reduction of
computational power and simplification of input and output apparently
inspires a whole new world of expressional appearances and functions
(cf., Dougherty, 2005).
COMPUTATIONAL COMPOSITES
By combining Hallnäs and Redström's notion of the computer as a
design material with the hands-on practice of physical computing, we
arrive at a fundamentally new understanding of computers. The
computer can now be understood as a material like any other
material—as a physical substance that shows specific properties of its
kind that can be proportioned in desired quantities, and that can be
manipulated into a form. But, how precisely is the computer a material?
What kind of material is it? How can we work with it as a material?
What are its material properties? What does this understanding entail in
terms of practice? How can we use it to develop new aesthetics of
computational things? In this section, I will present the first steps
towards understanding the computer as a material, where the following
chapter is dedicated to a specific investigation targeted at answering
some of the questions.
Computational Composites
While the electrical digital computer promises a world of computations,
it is organized as inaccessible patterns of energy. It has no form, color,
or texture perceivable to the human sensory apparatus. In and by itself it
has no expression. Yet, our understanding of the computer and its
purpose cannot be separated from the way it appears to us—just as
developing computational technology is inextricably linked to the
expressional appearances it can assume.
To apprehend this apparent discrepancy between the formlessness and
the necessity of form, we need to realize that the computer in practice
never appears by itself—at least not when it has research beyond the
mathematicians’ sketchpad. It is always part of a composition with other
constituents capable of providing form, color, and texture to the
computations. Take, for instance, the current epitome of an information
technology: the laptop computer. It has a shiny colorful display capable
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of rapidly displaying new images, a keyboard and a touchpad through
which the computations can be manipulated, and all is encapsulated in
a smooth aluminum case.
If we hereby have established that we cannot perceive a computer in
and by itself, then computers cannot immediately be materials like
wood or stone. Diving into the world of readily accepted materials,
however, we find other examples of materials that need to undergo
some kind of transformation before we can utilize their potential. In
metallurgy, for instance, it is commonly known that most metals require
purification and some even require the composition of an alloy for their
properties to come to use. Take aluminum, for example9: from its
naturally occurring state as bauxite, it can be refined to show properties
such as corrosion resistance and light weight, but it remains a weak and
seemingly useless material (cf., Doordan, 1993). Only after blending it
with other metals in an alloy does aluminum receive the strength and
flexible form it is commonly known for (cf., Ibid.).
In that light, computers can be seen as a potential material, which
shows some desirable properties that we only have to refine and bring
forward through combining it with other appropriate materials. Since
the computer is no metal, those material combinations would be
composites rather than alloys. Hence, the material form of a computer
would be a computational composite.
Giving Form to Computational Composites
Understanding the computer as a material immediately places it in a
context of a crafting or formgiving practice with an anchor in the rich
sensory experiences that materials afford. Think, for instance, of a
cabinetmaker’s sensibility to the finesse of the wood before her: the
hardness, the coarseness of the grain, the size and number of knots, the
smell, the smoothness of the surface, and how it reacts when she
planes, grinds, and saws. Her work demands training, and substantial
knowledge of the type of wood she uses. But, once skilled, she can
gradually form a chair or a dresser through meticulous labor. Her work
becomes a balanced negotiation between developing the form and the
function—between aesthetics and utility.

9

This example recurred in several of the papers, and I realize this is somewhat annoying.
However, the example was key in my realization of how the computer is a material and
why this may be a fruitful understanding of them.

42

Chapter Two Part One

Indeed, the ability to balance form and function seems promising as a
strategy to escape the functional supremacy present in the practice and
understanding of Ubiquitous Computing. In both the chair and the
abacus, the function resides in the form—it cannot be made
independent of it, just as the graphical display is the expressional
appearance of the computer handling images. They have been
developed together—the form and the function follow each other, or as
Hallnäs and Redström proposed, “function resides in the expression of
things.” This leitmotif invites us explicitly to play with the expression of
things as a means to find new functions. Indeed, it almost suggests that
something may reside in the expression that we have not yet
discovered—not because it is hidden, but because we need to interpret
the expression. As argued in the previous chapter, the complexity and
novelty of most computational things and the functions they fulfill imply
that we cannot expect to immediately understand every new thing that
we encounter. However, that is not unique to computational things.
While the abacus may immediately afford that we move the wooden
pearls back and forth on the strings, it surely requires interpretation to
discover that the abacus can be used to assist calculations.

Figure 10. An abacus.

To be able to work with computational composites as the cabinetmaker
with wood would correspond beautifully with the emphasis on our rich
sensory apparatus put forward by Tom Djajadiningrat et al. (2004) and
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also with the tinkering practices of physical computing as described
above. Or as Redström express it: “When working with a material, we
find ourselves within a framework that does not necessarily depend on
‘functions’ in the rationalistic sense, but where questions of form,
expressions and aesthetics provide a basis for exploring possibilities and
characteristics of the materials at hand.” (Redström, 2005, p. 37)
Before we can engage in a similar practice with computational
composites, however, there are important aspects to be addressed; for
instance, what kind of material is it? What are its properties, its
potential, and limitations? How can we work with it? What new
opportunities does it afford?
The Division of Labor and the Scales of Materials
When studying development and use of more traditional materials such
as wood, steel, or aluminum it becomes clear that different types of
access to a material are necessary because a chemist's approach to any
given material is different from that of an architect. A difference caused
by the need of minimizing the level of complexity. The matters focal to
the chemist, such as the molecular structure and responsiveness with
other chemicals, are circumferential to the architect, just as aesthetics
and structural abilities are to the chemist. If they were both to know
every matter concerning the material, they would probably become too
entangled in technicalities on the wrong scale to achieve anything.
Hence, a material, while being the same physical entity, can be
understood and treated different depending on the eye of the beholder.
Computational composite can be seen as a new layer in-between the
engineering/ programming and the design of the computational thing—a
layer, which is largely about composing material properties that the
designer can find inspiration in.
Examples of Computers used as Materials
The aesthetic disciplines of art, design, and architecture have for some
time incorporated computers in their work. Not merely as a tool for
drawing as in computer aided design (CAD), as climate and
infrastructure regulators or stress monitors in architecture, or as support
for the main function in ovens, vacuum cleaners, electrical
toothbrushes, food processors etc., but as an essential element in
creating new expressions.
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For example, the responsive and interactive architecture assembled by
Lucy Bullivant (cf., 2005; Bullivant, 2006), exemplified by the Tower of
Winds by Toyo Ito (See Figure 13) or the digital and interactive art and
design (cf., Paul, 2003; Lovejoy, 2004; Freyer et al., 2008) exemplified
by the Mirrors by Daniel Rozin (See Figure 11) all explore the potential
aesthetics that computers can partake in generating.
Some have even developed material compositions that we in the current
light could rename as computational composites. Living Glass (see
Figure 12), for instance, which responds to human presence by opening
thin splices in the glass letting through fresh air (Brownell, 2006), or
Super Cilia Skin (see Figure 15 and Figure 14) which responds to touch
and can sense and simulate movement such as wind flow of human
touch (Raffle et al., 2003; Brownell, 2008).

Figure 11. Three different mirrors by Daniel Rozin. Left: The Shiny Ball Mirror. Middle:
The Wooden Mirror. Right: The Wave Mirror. All build form different materials but with
the same kind of technology and functionality (Photos with courtesy of Daniel Rozin).

Figure 12. Living Glass is a polymer glass substitute that opens and closes in response to
human presence to control the air quality in the room. (Courtesy of The Living)
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Figure 13. The Tower of Wind by Toyo Ito is a sculpture completed in Tokyo in 1986. The
tower is a metaphorical representation of Tokyo with its ever-changing never-ceasing
winds. The tower changes expression in response to winds’ speed and directions (Photos
with courtesy of Shinkenchiku-sha).

Figure 14 Super Cilia Skin pictured as a building façade and close-up (Courtesy of Mitchell
Joachim).
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Figure 15. Super Cilia Skin is a touch sensitive surface made of orange felt and actuators
(Courtesy of Mitchell Joachim).

Furthermore, there are other programs to highlighting the potential of
combining computers and other materials. Marcelo Coelho et al. (2007,
2009) have, for instance, arranged two workshops on Transitive
Materials in 2007 and 2009 as well as a special issue on Material
Computing in the Journal for Personal Ubiquitous Computing to be
published during 2009.
These projects not only hint at what can be done if we wholeheartedly
take on this understanding of computers, but also if we manage to
develop both the accessibility of technology as a material and provide
methods to create prototypes and experiments with different
expressions. Indeed, if this section forms the first steps towards
understanding the computer as a material—if it constitutes the
preliminary exercises to soften the ground—in the next chapter I will
present a series of investigations that will shed light on its potential in
different ways.

47

Investigating the Potential of Computational
Composites
This island would generally be considered as very
uninteresting; but to anyone accustomed only to an
English landscape, the novel aspect of an utterly sterile
land possesses a grandeur which more vegetation might
spoil.
One of Darwin’s first observations during his voyage on the Beagle
uttered upon anchoring at Porto Praya in St Jago (1997, p. 5-6)

As alluded to in the preface, this voyage is barely begun. The
understanding of the ‘computer as a material’ is investigated from
several angles in order to develop our notion of what the material
understanding entails and to explore its potential. My intention has been
to take a small step in several directions rather than to go further in
depth in one direction. This is done because proposing something as
fundamental as a new understanding of the computer involves a range
of concerns, such as: What kind of material is it? How do we work with
it? What new sides of computations can it afford? To learn whether it
does help in expanding what is thinkable and possible, we need to learn
about all these aspects.
I have divided the investigations into four tracks: a theoretical, an
aesthetic, a practical, and a methodological. The overall methodology
has been to conduct design experiments in terms of developing physical
prototypes as is common within design research (Seago and Dunne,
1999; Binder and Redström, 2006; Hallnäs and Redström, 2006; Brandt
and Binder, 2007; Koskinen et al., 2008). This basically means that the
purpose of the experiments is to explore the space of possibilities
unfolded out by the program. Where the program denotes the design
intentions—the visions the questions, and the methods. The role of the
experiments is to feed back to the program and thereby to help relating
the program to the broader picture of design possibilities (i.e., did it
bring anything new to the table?). Design research is not about a search
for the truth but about a search for new possibilities. The four
investigations can thus be seen as inquirers into different aspects of the
experiments. The theoretical track is concerned with formulating and
developing the program. The aesthetic track is both the experiments and
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the physical and theoretical outcomes. The practical track contains the
contemplations of the techniques used for building the prototypes.
Lastly, the methodological track is concerned with how the outcome of
the experiments constitutes valid and valuable knowledge.
Through these investigations, I have shown how the computer can be
understood as a material and how it partake in a new material strand of
materials whose expressions come to be in context. I have developed
material samples to form an experiential foundation of computational
composites, and I have uncovered some of their essential material
properties. I have developed a way of working with them in a design
process despite their complexity and non a priori existence, and finally I
have argued how these operationalizations of materials constitute both
valid and valuable results within the context of design research.
The investigations have been carried out in collaborations with a range
of others who have a background in art, design, architecture,
electronics, and computer science in order to complement my own
background in computer science. I have led the course of the overall
project, and the collaborations have been deliberately sought as means
to carry out the investigations I deemed interesting and necessary.
THE THEORETICAL INVESTIGATIONS
The theoretical investigations are divided in two parts. The first
addresses the shift from a metaphorical to a literal understanding by
answering the question of how a computer is a material. This also
constitutes the foundation on which all the subsequent investigations
are formulated. The second investigation turns the question around and
asks what kind of material the computer (or the computational
composite) is in the broader spectrum of materials.
How is the Computer as Material?
As argued in the previous chapter the understanding of the computer as
a material for design has an immediate appeal, as it will help placing
aesthetic considerations at the center and to use that as a strategy to
push computational innovation forward. Yet, there is a long way form a
metaphorical exercise, to truly understanding the computer as a
material.
This investigation is crucial to understand how the computer, which we
are so used to understanding as information technology contains
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representations, can also be understood as a material. We need to know
whether we can remain faithful to the general category of materials and
to the digital computer at the same time. If corners have to be cut the
understanding will remain metaphorical. The result of the investigation
enables us to grasp the new understanding, at least in theory, and to
begin to contemplate how we can work with the computational
material—develop it, and design with it.
The investigation was carried out in collaboration with Johan Redström
and Tomas Sokoler, and it is primarily described in the first paper
(Vallgårda and Redström, 2007). The energy flow in computational
composites through transducers is elaborated in the fourth paper
(Vallgårda and Sokoler, 2010).

Figure 16. These are four examples of how the same material can be seen at different
scales: the fibers, the threads, the fabric, or the as the surface of a building (here as the
Zenith music hall in Strasbourg by Massimiliano and Doriana Fuksas)

We studied several accounts of both traditional and functional or
“smart” materials and we did this from both a material science and a
design point of view to get a sense of materials at both levels of
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abstraction (see Figure 16) (cf., Gregor, 1960; Smith, 1968; Lundsten,
1974; Manzini, 1989; Doordan, 1993; Everett, 1994; Hull and Clyne,
1996; Hoadley, 2000; Kennedy and Grunenberg, 2001; Mori, 2002;
Doordan, 2003; Addington and Schodek, 2005; Beylerian and Dent,
2005; de Ruiter et al., 2005; Braddock-Clarke and O'Mahony, 2006;
Brownell, 2006; Gordon, 2006; Ritter, 2007; Brownell, 2008). Materials
are generally a somewhat elusive category when put under scrutiny.
What seems to unite what we generally think of as material is that they
are a physical substance, which shows specific properties for its kind, a
substance that can be shaped according to skills and proportioned in
volumes according to needs.
Materials are all structures at a molecular scale but even at larger scales
it can be difficult to make clear distinctions between materials and
structures (e.g., in textiles as shown in Figure 16) (cf., Gordon, 2006).
This is crucial for understanding how the computational structure can
be a material, here the computational structure refers both to the
hardware and the program that in combination confines the flow of
energy and thus constitutes the computations. The computational
structure is like the cell structure in wood. The cell-structure is there,
and it is certainly complex, but our interaction with wood concerns
only the inner structure when we intent to study it or to improve some
of its properties—either by direct manipulation (e.g., making it more
flexible by punctuating the cells) or by combining it with other materials
in a composite (e.g., plywood or MDF) (cf., Ibid.; Hoadley, 2000).
Otherwise, we work with wood at a larger scale of abstraction—as
when the cabinetmaker gives form to wood through planing, grinding,
and sawing. The same goes for computers—the inner structure only
concerns us when we wish to form the computations.
When zooming out on computers, however, they do not give us much
in terms of expressional appearance. As argued in the previous chapter,
a computer is never by itself it is always part of a composition with
other materials—a computational composite.
In material science when composing material composites the exercise is
to find combinations of properties that will compliment or enhance
each other, but it is also about joining them together in ways that bring
out the properties properly (e.g., to find an adhesive that is strong
enough but does not deteriorate the material properties through
chemical reactions). Composing a composite is about both physically
and chemically balancing the energies that constitutes the material
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properties and holds the materials together (cf., Hull and Clyne, 1996;
Gordon, 2006). In a computational composite the other materials must
be capable of responding to the changes that are the computations (i.e.,
be able to change color, form, strength, degree of transparency etc.). For
the other materials to respond to the electrical energy from the
computer it must be transduced into other energy forms (e.g., thermal,
kinetic, chemical). Sometimes this transductive property is immediately
present in a material (e.g. shape memory alloys) but other times the
transducer will be a separate element in the overall composition (e.g.,
heat emitting electrical wires, motors, Peltier elements).
A traditional struggle within material science has been to minimize the
materials’ interactions with the environmental conditions around it (e.g.,
to prevent it from deterioration, oxidation, or patination). This has
changed with the invention of smart materials, which are explicitly
fashioned to be capable of responding to their surroundings (e.g., the
heat sensitive shape memory alloy or the thermo chromatic ink) (cf.,
Addington and Schodek, 2005; Ritter, 2007). Where the border—the
surface—of the material is something we tend to experience as welldefined, it is in both traditional and smart materials something that
could be considered an active zone of exchange of various kinds of
energies (cf., Addington and Schodek, 2005). In computational
composites, this contextual sensitivity can be made to play a central
role and the flexibility of computations creates a substantial scope of
possible interpretations of contextual factors. As long as transducers can
be found to translate between the various kinds of energy the
computational composites can be made sensitive to any event in its
surroundings.
In other words, it is not wholly unreasonable to understand the
computer as a material and to work with it in that way both as a
material scientist and as a designer.
What Kind of Material is the Computational Composite?
The purpose of the second theoretical investigation was to see whether
including computers in the general category of materials would demand
changes to the category—which would indicate that computers could
not really be included—or whether they, with their properties and
behavior, would resemble other already generally accepted materials. In
the latter, the purpose was also to further examine what kind of material
computational composites is. The investigation is most thoroughly
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described in the first part of the fourth paper: Becoming Materials:
Material Forms and Forms of Practice (Bergström et al., 2009).
The investigation was not conducted as a focused study; rather, the
question was present throughout all of the practical experiments. Large
parts of the reflections, however, were carried out in conversation with
textile designer Jenny Bergström, architect Ramia Mazé, and interaction
designer Johan Redström. By experiencing the samples of computational
composites created, we were able to comprehend some overall
characteristics not realized beforehand. To assist the investigation and
the analysis of these characteristics, we used a combination of recent
accounts of smart materials (cf., Addington and Schodek, 2005;
Brownell, 2006; Ritter, 2007; Brownell, 2008) and Manzini’s (1989)
analysis of the material marked in the late 1980’s, where he made a
distinction between traditional and functional materials.
Traditional materials are those we all have direct experience with, and
which has been around, if not since the beginning of time, then at least
for centuries (e.g. wood, clay, textile, metal). Functional materials, on
the other hand, are the designed materials that flooded the market after
chemistry, physics, and engineering joined together in studying and
improving materials (e.g. plastic, fiberglass, electroluminescent film) in
what was to be called materials science. The distinction became
perceptible as the new materials generally were designed to be
particularly good at something, and as they became too numerous for
designers to be able to know them all by experience. Instead, designers
had to discern one from another in terms of various accounts of their
properties—what they could do. Manzini thus argued that the
traditional materials are understood in terms of “what they are” where
the functional materials are understood in terms of “what they do.” Our
argument is that more recent material developments have pushed the
understanding of what materials are and how we handle them even
further. The new smart or intelligent materials are by most accounts
defined as materials that are capable of assuming two or more states
with state changes triggered by specific environmental events and that
these state changes are reversible (e.g., shape memory alloys or thermo
chromatic ink) (cf., Addington and Schodek, 2005; Ritter, 2007). By this
definition, it is not difficult to include computational composites based
on our previous account of what they are and how they behave.
Furthermore, by the distinction Manzini made, they would belong to the
group of doing materials, however, even if we can describe their
functionality (e.g., if the temperature raises above a certain threshold the
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shape will change) it is not the same kind of functionality we refer to
when we, for instance, talk of fiberglass, and Living Glass (see Figure
12). The temporal behavior of state changes makes a significant
difference when understanding these smart and computational
materials. Thus, we propose an addition to Manzini’s two groups of
materials by adding a group where materials are understood in terms of
“what they come to be.” This understanding is what best captures the
experience of the materials in their constant change according to
environmental factors and use. Some of these materials may have a high
degree of precision in achieving the same expression every time a
condition is met, others may have a more complex relation between
conditions and state changes, or the overall expression can become less
distinct—less functional—and perhaps more poetic. Computational
composites are materials that come to be—they are becoming.
THE AESTHETIC INVESTIGATIONS
The aesthetic investigations are carried out to see whether the material
understanding of computers—specifically the computational
composites—is indeed a viable foundation for creating new
expressional appearances. Obviously, the aim is not to reach a “yes” or
“no” conclusion; rather, it is to start developing individual material
samples that explore design space aspects that the material
understanding delineates, and to analyze whether these samples bring
new expressions to the table.
Two sets of experiments10 are carried out: one as the first deliberate
attempt of putting the understanding into practice, and the second as a
more specific study of the properties—or potential properties—of
computational composites.
The First Computational Composite
The purpose of the first experiment was somewhat diffuse in terms of
expected outcome except that it would provide a stepping-stone into
the material realm—since materials cannot be understood through
theory alone. While the examples in the previous section can be
reinterpreted as computational composites this experiment was the first
to deliberately design from the material understanding of computers.
10

Experiments in the sense used within design research and not science; see “The
investigation into research methodology” for further elaboration.
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The composite was conceived in collaboration with sculptural artist
Henrik Menné who, through his own work, has explored the aesthetics
of machines, materials, and automatized creation. See “The
investigations into practice” below for elaborations on the development
process and additional collaborators on the project. The experiment is
most thoroughly described in the second paper (Vallgårda, 2008).
The design-brief or intentions behind the experiment took its departure
in the apparent discrepancy of suspending disbelief and creating
disbelief. To convincingly introduce the computer as a material in a
computational composite requires that we not only believe the result to
be a material, but to also demonstrate the potential for new expressions.
The latter requires that the result be different from other materials, as
well as different from the computational expressions that we already
know.
As a means to meet this challenge, we used the concept of Parafunctionality that Dunne (2005) introduced in early days of the Critical
Design program. Para-functionality is a strategy to “design within the
realms of utility but attempts to go beyond conventional definitions of
functionalism to include the poetic” (Dunne, 2005, p. 43). In other
words, we chose to use a traditional material as the other primary
element of the composite to accommodate the suspense of disbelief.
And as a strategy to demonstrate the larger potential, we aimed for a
poetic expression that played on other strings than the most common
expressionals used with computational technology (i.e., beyond visual
appearance).
The first computational composite became a wooden plank, or a series
called PLANKS. Each PLANK is sensitive to sonic activity and responds
to sounds of a certain volume by flexing outwards. The longer the sound
continues the more the PLANKS flex, until they reach their maximum
position. For example, when you talk to the PLANKS, they respond by
flexing towards you.
Each PLANK comprises an 8mm pine plank, an Arduino board with an
ATmega168 microcontroller and a program to execute the events, a
microphone to transduce the pressure from the sound wave into
electrical energy, and a servomotor to transduce electrical energy into
kinetic energy. All nine PLANKS can run on the same 5V power supply.
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Figure 17. Nine PLANKS in action hanging on a steel stand.
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Figure 18. The PLANKS in a silent and in a noisy environment—though not sufficient to
excite all the PLANKS. The microphones are directional with individually-adjustable
sensitivities, making it possible to differentiate the expressional appearance in the
apparently identical PLANKS.
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Figure 19.Left: the computational layer with a reset button and a potentiometer to adjust
the sensitivity. Right: the servomotor turns the rod in the middle to contract the blocks,
thereby flexing the PLANKS.

Figure 20. The microphone embedded in the PLANK.
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The PLANKS were the main outcome of this investigation. Their
physical existence marks the transition from metaphor to material, and
they form the first example of what can be done—they embody a spot
in the design space formed by the material understanding of computers.
Furthermore, the PLANKS are not representations of anything—they are
not displays of something either inside or outside. The PLANKS are their
expressional appearance. They can be used as displays by a designer or
an architect who, for example, could use one PLANK to display the
level of noise in that area of a room (e.g., in a kindergarten) whereas
using several PLANKS together creates an expressional appearance
stronger than merely mediating information—it alters the space; it
changes its volume. Hence, to use the PLANKS for a design is to make
use of computational technology without being able to distinguish
function from form. Thereby the PLANKS mark a first step towards a
strategy that enables us to give form to computational technology—and
through that, to develop new functionality.
Additionally, the process of designing the PLANKS made us realize the
need for better understanding the computer’s properties—to be able to
articulate and discern the space of possibilities. What are the handles?
What are the constraints? What are the strengths and what are the
weaknesses of computational composites?
Exploring Potential Properties of Computational Composites
The second aesthetic investigation was thus designed to satisfy the need
for a better understanding of the computer as a material. The purpose
was to study the computer in a material context and to discern potential
properties of computational composites. Since the only known material
of the general category of computational composites is the computer, it
posseses an open-endedness, only allowing us to address their potential
properties.
The work is carried out in collaboration with interaction designer Tomas
Sokoler, who has a background in computer science and physics and
who began working with Ubiquitous Computing and awareness in the
mid-1990s (Sokoler, 2004). The work is presented in the third paper
(Vallgårda and Sokoler, 2010).
Properties are the characteristics of materials that help us distinguish
one from another. Properties are important instruments in
communicating between the layers of expertise when dealing with
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materials. The designer and the architect are primarily concerned with
the experience of the properties (e.g., how does the material feel and
look, and what can it withstand in terms of pressure and weather?),
whereas the material scientist endeavors to understand and explain the
properties and possibly develop new combinations. In this investigation,
we aim to describe the experience of some properties of computational
composites as an aid for future designers and architects. To do that, we
need to take the perspective of the materials scientist and study the
computer as a material. Yet, as computers are only available to us in
composition with other materials, the study will be a combination of
theoretical contemplations of the computer’s properties and a study of
computational composites par exemple.
From Hallnäs and Redström we learned that the execution of programs
means that computations are inherently temporal and thus, any
computational composite exhibits temporality (i.e., they will happen
over time). The temporal property means that computational composites
can, for instance, happen slow or fast, with delays, in sync with
something, or follow a rhythm. That something happens over time
means that something changes. The computational changes must
somehow be reflected in the composite material simply to be a
computational composite. The change may not be in a one-to-one
relation, meaning that not every computation may result in a change in
the overall composite. Indeed, the relation between the computer and
the other materials can be complex and in itself prone to changes. The
changes in the composite can be experienced as reversible, or
accumulative, if not completely arbitrary.
The program is the outline for the computations—the confinements on
the energy flow—and consequently it is the structure controlling the
changes in the overall composite. The program thereby defines the
causality of the computational changes in the composite—it dictates the
cause and effects of the changes. Furthermore, the program may take
input during execution and thus update the basis for the computations.
The computer can thus let the composite be responsive to change in the
surroundings. The combination of input and computed causality means
that the overall composite may exhibit almost any cause-and-effect
relation (as long as transducers exist to transform the energies in both
input and output). The computer can moderate, exaggerate or
completely transform any causality we have grown accustomed to in
our traditional material world.
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Furthermore, the computational composite’s sensitivity to its
surroundings is not confined to its immediate vicinity because the
computer is capable of receiving and transmitting impulses over various
types of radio or cabled networks. This connectability can also be used
by the computational composite to share computations with other
computational composites. This means, for instance, that two
computational composites can behave as one even though they are
physically separated.
We built two composite material samples that could be programmed to
exhibit one of the properties more explicitly than the other. This was
done as a method to subject each property to more direct scrutiny. The
properties can, however never be completely singled out as the
computer inevitably will exhibit several at the time. The two properties
we chose to focus on in our first study were computed causality and
connectability.
To maintain the ambition of demonstrating the new aesthetic potential
while still keeping strong references to more traditional materials, we
again chose a traditional material as the other part of the composite,
and stayed within traditional material behaviors while using the
computations to dramatically change the expressions of those
behaviors. We chose to play with heat in a copper computational
composite. Copper is a metal with a high coefficient of heat transfer
which makes it possible to generate relatively fast thermal effects, and
Peltier elements (as transducers) can easily heat up or cool down the
copper (See Figure 21 and Figure 22).
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Figure 21. The two Copper Computational Composites in the formation of tiles.

Figure 22. The composition of the Copper Computational Composite. The copper plate
and blocks consume the excess heat form the white Peltier elements, the round LilyPad
with the Atmeg168 microcontroller controls the events, the XBee module following the
Zigbee radio standard enables radio communication, and a temperature sensor provides
input to the computer.
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Figure 23. The heat from a hand is enough to turn the composite cold within few seconds.

In the first version of the sample, we studied computed causality. What
appears to be a normal copper tile is made to exhibit a reverse thermal
effect, meaning that when it is heated up it turns cold. In the next
iteration of this sample, it will also be able to turn warm when cooled
down. This is possible since Peltier elements can reverse their effect.
The experience of the reverse thermal effect is difficult to convey
through text and images, but it is quite strong. The heat from a hand is
enough to turn the tile cold within a few seconds (See Figure 23).
In the second version of the sample, what appears to be two separate
copper tiles are, in fact, one—at least when it comes to thermal
behavior. Ideally, when one of the tiles is cooled down, the other will
drop to the same temperature and vice versa, and they will thereby
always maintain a thermodynamic equilibrium as if they were one tile.
In the current sample, they maintain the reversed causality from the
previous case; when one is heated, both will cool down. Thus for the
next iteration to achieve the ideal material sample, we need to change a
component for the Peltier element to be able to repeatedly reverse its
effect as well as devise a program to administer the negotiation of
temperatures.
The two versions of the samples had two purposes: One was as a tool
for gaining insight into the relationship between computers and the
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potential properties they offer computational composites. This is
because direct experience is impossible, and theorizing on how the
computer’s traits become properties in a computational composite is
difficult without actually placing it in a material context. The samples
played the role as a physical thinking tool in a similar way as models
are used in areas like medicine, physics, chemistry, and architecture to
understand a matter of high complexity or at a different scale (cf., de
Chadarevian and Hopwood, 2004). Second, as the samples were not
only models, but also life-scale composites, they also served as a
foundation for experiencing the effect of at least this interpretation of the
properties. Working with potential properties is rather abstract for a
future designer or architect and there is still only little upon which an
experience can be built. Thus, the tiles (and the PLANKS) serve to
inspire their imagination.
This investigation is far from finished. While computed causality and
connectability have been the subjects of this study—and we thereby
have implicitly demonstrated reversibility and both immediate and
remote context sensibility—there are most likely to be several properties
of the computer yet to be articulated and explored in a material context.
This work constitutes the foundation that will, at some point, make it
possible to practice formgiving in a way that will resemble the practice
of the cabinetmaker.
THE INVESTIGATIONS INTO PRACTICE
The investigations into practice are concerned with how to give form to
becoming materials and the oftentimes yet-to-be-designed
computational composites and how the division of labor may play out
in practice in terms of communicating between, for instance, the
computer scientists, the material scientists, and the designers. The
investigations took the form of conscious considerations of methods and
strategies both during the design of the two material samples and of
Telltale, a piece of furniture responsive to the energy consumption in a
household.
As it turns out, the same method that can assist explorations in the
becoming of expressional appearances also enables the division of labor
in practice. The method can generally be described as the development
of lo-fi, large-scale prototypes.
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A Study of Designing with Becoming Materials
We conceptualized Telltale as part of a project on sustainability and
raising awareness on energy consumption in urban neighborhoods
carried out at Interactive Institute Stockholm.Telltale is a transitional
object in the sense that it continually transforms in accordance with the
energy consumption in a household, provoking household members to
consider their energy habits. It is a multipurpose piece of furniture in the
shape of a box. The rigidity of the box depends on the energy
consumption: the lower the consumption the more rigid and vice versa.
Moreover, Telltale only stays at a household for about one month at a
time; everywhere it goes, it gathers permanent traces of how it has been
treated.
The concept of Telltale was developed in collaboration between a
textile designer, an architect, an interaction designer, and myself. The
studies leading up to the conceptualization involved an extensive study
of materials with a transitional property, meaning that they could
assume two or more states depending on external factors—or what we
began to understand as becoming materials.

Figure 24. Material pre-study: analyzing and cataloguing expressions of becoming
materials based on pictures and descriptions.

The outset of the study was an interest in the possibility of expressing
energy consumption directly through changes in a material’s
expressional appearance. We collected a large catalog with descriptions
and pictures of becoming materials (see Figure 24). Upon returning to
the catalog, when developing Telltale, we soon realized that a more
hands-on direct experience was needed in order to grasp the effect of
changing expressions. None of us were material scientists, and our
interest in this phase was to develop the expressional appearance. Thus,
with our knowledge from the pre-study of the vast potential that science
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(or at least computer science) would lend us in realizing almost any
expression, we decided to explore the expressions through a series of
lo-fi, large-scale prototypes.
As the Telltale was to be a sort of furniture, we readily chose to limit our
study to textiles or textile-like materials as means to accommodate the
general materiality of living room furniture.
We were looking for an expression that would evolve in two tempi.
One was the immediate response to a household’s current
consumption—an expression that by and large should to be reversible.
The other was an accumulation of traces from the “misuse” of energy in
all the households combined. In other words, we were looking for a
reversible and an accumulative expression combined in one material.
The flexibility of textiles soon gave us the idea of crumpling as the
reversible expression, and the accumulative expression would then be
created from the abrasions caused by the crumpling.
We collected a heap of different kinds of textiles and various sorts of
rubber plates to form the basis of each sample. We then treated them
with various qualities of paint, glue, soap, foil, etc. to either create a
layer that would abrade and gradually reveal the layer below, or to give
the textile stiffness that in itself would abrade. For example, we treated a
piece of canvas with whipped soap flakes to create the expression of
fake-leather, but with a much more sensitive surface. This method is
often used for theater costumes and props (see Figure 26). Each sample
was then exposed to various degrees of crumpling as a way to examine
how it would change expression over time (see Figure 27, Figure 28,
and Figure 29).

Figure 25. Textile samples in the making and textile samples drying.
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Figure 26. Fake-leather in the making.

Figure 27. Green felt soaked in soap with almost invisible abrasions.
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Figure 28. Black felt coated with three layers of gold paint with dramatic abrasions.

Figure 29. Black cloth coated with three layers of wood glue with well balanced
abrasions.
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Figure 30. The lo-fi full-scale Telltale mock-up on which we, for instance, were able to
text the abrasions around the edges.

Based on a cloth sample soaked in wood glue that exhibited beautiful
and sufficient abrasions (see Figure 29), we made a full-scale box to
further test the expression (see Figure 30). From that we carried on
building a construction, which inflates and deflates on demand. For
further details see the fourth paper (Bergström et al., 2009).
The point here is that when working with complex and technological
compositions, it is easy to get entangled in time-consuming functional
details and thereby lose touch with the overall expression. Through this
fairly banal method, it is possible to explore different expressional
appearances and to expose them to different situations to experiment
with the expression over time. The explorations can then serve as a
guide throughout the remaining development process.
A Study of the Division of Labor
The concept of the PLANKS was conceived with artist Henrik Menné.
We began by building a lo-fi, large-scale prototype to gain a sense of
the expression of moving planks (see Figure 31). The prototype was then
used to communicate the ideas to David Cuartielles from 1Scale1 and
Malmö School of Arts and Communication (K3) and a group of his
students/employees11, commissioning them to develop the

11

Marcus Eriksson, James Haliburton, Tony Olsson, Donghoo Kim, David Sjunnesson,
Fernando Barrajon, Andreas Goransson, Mattias Nordberg, Keongook Seok
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computational and electronic (transducers) part of the composite.
Developing the computational side of the composite could not,
however, be done independently of the planks and the overall structure.
Thus, they also took on developing a full prototype as they had access
to a wood workshop at K3. Several iterations and technical problems
later, we saw the first working PLANK. With one working prototype we
asked them to make ten, and they ordered special circuit boards
designed to accommodate the PLANKS’ needs.

Figure 31. The first lo-fi large-scale prototype of PLANKS conceptualizing the idea.

Upon delivery of the PLANKS, two problems arose. First, the structure
carrying the planks was not accurate enough to avoid friction causing
the small servomotors to overheat, and we commissioned an engineer
to redesign that part. Second, the PLANKS worked fine when connected
to the laptop monitoring the microphone measurements, but failed
when disconnected. It turned out there was an error in the printing of
the circuit boards, causing them to erase the boot loader upon
disconnection, and we therefore switched back to regular Arduino
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boards. This invisible, yet physical, error at the boards took more than
40 man-hours to discover.
The problems that arose during this project each exemplified the need
for collaboration between people with several types of expertise. In
order to develop computational composites, we need to cross current
divides between art/design/architecture, computer science,
microelectronics, materials science, and engineering. On the other
hand, the project proved that the various PLANKS states served as valid
instruments of communicating the intentions between the various
disciplines—none of the problems were caused by misunderstandings of
the tasks to be carried out. Rather, the problems were caused by the
lack of right expertise at the right places (and different views on
deadlines). The PLANKS project took approximately a year and a half
from start to finish.
Despite hundreds of man-hours and layers of expertise involved in
development, PLANKS still only exhibits what could be called a rough
prototype in terms of being planks that could be used in a setting like
architecture.
These investigations into practice through practice show that formgiving
with computational composites is a layered process both in the sense of
expertise domains as well as technical developments. The lo-fi, largescale prototypes proved helpful, both in creating a sense of the
expressional appearances, as well as bridging the transitions between
the layers.
THE INVESTIGATION INTO RESEARCH METHODOLOGY
The value of proposing a new understanding of computers as a means
to developing new aesthetics for computational things is not something
that is easily investigated within the confinements of a Ph.D. project.
The real value can only really be determined in the long term, and even
then it is influenced by a number of social and societal circumstances
not related to the actual ideas. We could arrange workshop sessions
with designers and architects to gain their reaction to the proposed
understanding of computers as a design material and watch what they
would make of it, but the result would hardly provide us with an insight
beyond what these particular designers and architects made of the
proposal. Furthermore, the variables that could influence the result (e.g.,
the way it is communicated, the practical setup for the session, the
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open-mindedness, and experience of the participants) are too
numerable and too weighty to leave much certainty in the evaluation of
the proposal. Hence, we cannot in practice determine the value of the
proposal but only recommend it through delineating the perspectives it
opens, and exemplify what it can entail. Or, to paraphrase the leitmotif,
“the value resides in the expression of the materials.”
The investigation into the research methodology thus had the purpose of
understanding how an open-ended proposal like this can be sustained
by valid and valuable research. How can developing these experimental
material samples be part of an academic research tradition?
This investigation was done in collaborations with architect Cecilie
Bendixen from Danish School of Design. She studies how acoustic and
aesthetic considerations can weigh equally when forming and situating
textiles in an architectonic context. In other words, her research
questions are parallel to the ones presented in this dissertation with
respect to finding the appropriate research methodology. The
investigation is presented in the last paper (Vallgårda and Bendixen,
2009).
Both of us had set out on our investigations following the traditions of
experimental design research in which a program sets the principles for
a design space, and the experiments serve to explore various facets and
edges of the program (cf., Seago and Dunne, 1999; Rendell, 2000;
Binder and Redström, 2006; Hallnäs and Redström, 2006; Brandt and
Binder, 2007; Koskinen et al., 2008). Traditionally these experiments
engage the future context (i.e., the use situation) as a means to evaluate
the outcome and on occasion assess the reaction of a gallery audience.
However, we found those measures inadequate or inappropriate for the
purpose of our experiments. Our projects were aimed at developing
new expressional appearances from known materials used in new
contexts, and in that sense did not address any situation of use or any
social or societal concerns. In our case, we found that the value of the
experiments was grounded in the material resistance and that the
scientific validity was grounded in the way we approached the
materials.
In neither case was the knowledge we sought readily available,
meaning that we had to subject it to different kinds of testing to obtain
it—an act, which we refer to as operationalizing the material. An
example could be that to learn about the flexibility of a plastic
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composition we need to bend it until it breaks, and to learn what we
can use it for we need to try an give different forms to it.
Another example is the Pratt chairs by Gaetano Pesce who is an Italian
artist, architect, and industrial designer based in New York. In 1992, he
developed a series of nine chairs by injecting varying resolutions of
polychrome urethane resin into molds (cf., Pesce, 2004). It is a study of
both the material properties and aesthetic potential of urethane
polymers as a material for design.

Figure 32. Four of the nine Pratt chairs that Gaetano Pesce made to explore the effect of
different densities of urethane resin.

As said, design research is not about searching for truth: it is about
expanding the horizons for what is thinkable and possible, to form the
basis for innovation. In other words, it is about rendering new spaces for
design, about obtaining new knowledge of the materials with which we
build, or simply about developing new materials, forms, and structures.
It is an exploratory voyage into the unknown.
The key result of this investigation was that by operationalizing our
respective materials (textiles and computers) as response to our research
questions, we were able to use the resistance from the materials as the
ground on which we later could build our arguments. The validity of
our research is found in the materials and their physical relations to the
world around them.
REFLECTIONS
The material understanding of computers cast the computer in a new
light. It accentuates its expressive potential and tones down the focus on
functionality as well as on its technical complexity. It may even appear
as if the full computational potential will not be exploited in
computational composites. For instance, the computational power of
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the microcontrollers used in the PLANKS and the Copper
Computational Composite is substantially limited in comparison with
the processors found in information technology. On the other hand, the
expressive diversity will probably become larger within the material
understanding. Indeed, this understanding may implicate that the future
innovations of computational technology do not lie in bigger-fastermore developments, but in finding alternative uses for the
computational power we already posses.
The material understanding will not suit all contexts of computational
design. Information Technology, for instance, will rightfully dominate
the area where computers are used for semantic purposes. The
investigations presented above indicate that it will be a suitable
understanding when designing from an aesthetic point of view. Thus, it
will possibly be an understanding that enables designers, artists, and
architects to develop new computational things and to invigorate the
expressional appearances of our environment.
The material understanding may not always be materialized in the form
of independent computational composites, but instead in how we
understand the relationship between computers and other materials in
our design tasks. The computational composites may form an
experiential foundation, meaning that we may find inspirations in the
expressions of the computational composites we encounter and use that
to form the aesthetics of our designs as we did with the Telltale. The
computational composites may also be a tool to push the engineering
developments necessary for, for instance, the PLANKS or the Copper
Computational Composite to be ready to use beyond demonstration
purposes.
The material understanding may empower designers, artists, and
architects to use computers in their design. But like any other new
material, it will take some practice before they become skillful enough
to balance aesthetics with technical complexity. It may, for instance,
take experiments like the ones Pesce did with the polychrome urethane.
Indeed, this understanding hosts a plethora of possibilities, some of
which we cannot yet imagine, and they may unfold quite differently
than proposed in this dissertation, but the idea did not come out of
nowhere. The work within design research and especially within
physical computing has already demonstrated a different take on
computers that cannot be captured by either Ubiquitous Computing or
Information Technology. Computational composites, and the material
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understanding, is a compilation of these trends but taken a step further
by being demonstrated in both practice and theory as a coherent
alternative to Information Technology and Ubiquitous Computing.
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