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Abstract This paper explores technical
possibilities for the convergence of smart matsriand
computation. It describeBulp-Based ComputingSprout 1/0
and Shutters with particularly emphasis on hoveraft,
collocated input/outputand material intelligencecan provide
the framework for extending computation and intevég into
our everyday objects and spaces. By leveragingdjfmamic
properties of smart materials, these systems apabta of
realizing the vision of Ubiquitous Computing to ifsll
potential, while creating richer and more persanéractive
experiences.
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1 Introduction

In the last decade, developments in Material Seen

fabrication processes and electronic miniaturizatibave
dramatically altered the kinds of objects and esrvinents we
can design and construct.
(Microelectromechanical Systems) are paving the feaythe
extreme miniaturization of fully integrated sensoand
actuators, expanding the limits of where computattan be

found and reshaping the ways in which we interactl a

communicate. On the other hand, smart materialprangding
the material foundation for the design of open-ehdbjects

and aesthg

Fig 1 Paper and conductive yarn composite

input, output, processing, communication, powetritistion

@nd storage, while being capable of spanning throug an

artifact’s composition, structure and mechanicsl extending
invisibly across different scales of function amshtext [3].

On the one hand. MEMs ©One example of such a design approach is the aepla

currently in development at NASA which attemptssimulate
the precise and intricate motions of a bird’s wiliysusing a
combination of solid-state mechanics, solar celld mcalized
actuation [4]. Another, more aesthetically interegst
interpretation of the same ideas is accomplishedPater
Vogel's interactive sound sculptures, which usértakectronic

and spaces that are reconfigurable and can dynwnicepomponents as the basis for their form, physicaicttre and

respond to use or context [1].

More recently,
researchers have been taking the next logical $i@messing
the possibilities of smart materials and computatio create
hybrid composites that realize the potential ofytubiquitous
and embedded interactivity [2]. TheS$eansitive Materials
are characterized by a design approach that seslyntsuples

Marcelo Coelho

MIT Media Lab

20 Ames St., E15-320B, Cambridge, MA 02139, USA
Tel.: +1-617-452-5695

E-mail: marcelo@media.mit.edu

a growing number of designers an

interactive behavior.

d This paper discusses the production of three distin
projects that investigate material and computationa
methodologies for the development ®fansitive Materials.
Their design rejects strategies which consider agatpn as
an independent add-on operational layer, capabldefg
separable from the nature of its physical instéiotia On the
contrary, it emphasizes the integration of novetamals and
fabrication technologies that can operate in unidminging
into fruition objects and spaces that can gendgatgibly rich
aesthetic experiences, while conveying digital infation.



2 Pulp-Based Computing: Paper Electronics

Pulp-Based Computing is an exploration

into th&udimentary

handmade alternative is a laborious and time comsum
activity which requires practice and firsthand eigrce with
tools and natural materials. Nonetlseles

fabrication of paper composites, which combine s$maP@P€rmaking and other equivalent crafts, such aginge

materials and traditional papermaking techniquescreate
sensors, actuators and circuit boards that behaske, and feel
like paper [5].

Fig 2 Flexible paper display

During the papermaking process, a physical objent lze
permanently embedded in-between two individual papeets,
which are then compressed, drained and set tcoduptil they

resemble the paper sheets we commonly know. By s

screening and encapsulating electrically actives,inkmart
materials and electronics components in betweeptshé is
possible to create an electronic paper "sandwichichv is
resilient and inseparable from its embedded oljict

Through this fabrication process, it becomes pdessio
develop paper speakers, touch and bend sensors;bhEE
displays and kinetic sheets that can deform andiscaqew
shapes, while carrying the logic, communication giver
distributing circuitry to control its sensing, resise and overall
behavior.

Since this approach amalgamates an object's stebstith
its internal electronic components, it can leverdge physical
and tactile qualities of paper outside of the statind
predefined domain of paper-based objects. Thisn&olyy not
only deploys computation through the use of a tgadiailable
and recyclable material, but also has the potetttiagbawn new

weaving and glass blowing, can open the possibildy
aesthetic and technical explorations capable ofjiqda a
significant role in the development ®fansitive Materials

Creative craft practices are largely defined by the
production of functional and utilitarian artifacterough the
manipulation of natural materials, such as woody,chlass,
fibers, and metal. They are directly born from th&insic
human need and desire to harness and manipulate the
immediate environment and, therefore, are tightbven into
our social and cultural structures and represemtsyfi
catalyzing years of knowledge about materials’ afs
properties, supply and environmental impact.

Since composite materials rely on the tight couplin
between materials and forms with disparate progerand
behaviors, they can find in craft a sophisticatezt sf
fabrication processes and technologies developed
optimized over hundreds of years to conform to lioenan
body and its relationship with the environment [@]he
techniques refined for the manipulation of a certaiaterial
domain, such as the use of weaving and sewingrd and
control the softness of textiles, can provide naggbortunities
in other presumably unrelated fields.

Finally, computer-aided design and manufacturing
(CAD/CAM) technologies often neglect the specificypical
properties of the materials they work with, in excbe for
multi-purpose functionality and rapid productioncies. This
approach neglects smart material’s broad range hysigal
properties and, most importantly, the transientireabf their
physical and chemical states, which is at the cufreheir
mgrsatility. For instance, laser cutting (LC) or ngouter
numerical control (CNC) milling are impractical fathe
manipulation of thermally controlled shape-memorioys
(SMAs), since the heat generated by these processakl
cause the material to change phase and move whi#eeing
cut.

This seamless coupling between smart materialsceaut
form the basis for the shape-changing mechanissthetic
quality and interaction achieved 8prout I/OandShutters

an

4 Sprout 1/0O: Texturally Rich Interfaces

Sprout I/O is a collocated tactile display and sepsnatrix
which combines different textile techniques and SMA is
composed of a grid of spun wool strands embedded thie
SMA Nitinol and designed to exhibit the overall koand feel

and unexpected application domains in ubiquitoud amf a shaggy carpet, which can naturally ‘recordiicto or

pervasive computing at extremely affordable costs.

3 Craft and Smart Materials

Whereas industrial papermaking processes are hig

mechanized and produce large quantities of papey,

footsteps by reorienting its threads and chandmegresulting
light reflection.

Nitinol is an SMA, made of nickel and titanium thance
treated to acquire a specific shape, has themliindefinitely
remember its geometry. After suffering a physiceflodmation,

Nitinol wire can be heated to its final transfation

mperature (Af) and regain its original shape. oligh
resistive heating, it is possible to electronicadigntrol the



consequence of this simplification is the posdipito deploy
denser sensing and actuation grids [8], which eansform
every surface into potential computational devices.

Dense overlaying of input and output also drambyica
increases the granularity of interruption and iatéon of a
system, since every ‘grain’ of its constituency guaially
becomes a point of entry into its overall functilityaand
behavior. This feature becomes even more relevéeinvwwe
consider that smart materials are not granularesyst but
continuous sensing and actuation substrates thatbeacut,
spliced and melded together. Their flexibility sops the
vision of interactive systems that do not needddalissociated
from their electronic control, but can become ind¢gesthetic
and structural elements. This approach takes iotsideration
the unique properties and aesthetic qualities ofiaterial in
order to render its interaction affordances: aamalted 1/O
textile, regardless of its digital mappings, shastitl drape and

temperature of a Nitinol strand and generate endagte to conform to the body like a regular textile would.
control the shape and movement of a textile [7f BMA, in
this case, plays the double role of actuating ewémgle fur
strand and concomitantly sensing touch and proyithitough 6 Shutters: Soft Kinetic Membranes
capacitive sensing, creating a dense and texturialy matrix
that truly collocates input/output.
Every fur strand in Sprout /O is spun with firdarelant
Kevlar-based wool which insulates and protects 8MA,
while allowing enough flexibility for continuous @@tion. The
result is a fuzzy and kinetic textile display whishcompletely
silent, non-emissive and can capture, mediate epthy the
physical impressions we leave in our environment. .
Future applications envisioned for this technolog
include: carpets that can display and sense patfruse |
and activity or provide ambient information; taetdisplays
for visually impaired users with soft haptic feedkaand |
skins for robotic pets which can support a much eno
nuanced human-machine interaction.
By developing a composite material that collocdtiestic
I/O, while preserving the expectations that we radlynhave
from interacting with physical things, we can meeamlessly
embed and harness the power of computation in ©
surrounding environments to create more meaningihodl
aesthetically interesting interfaces for our pesdand social
activities.

Fig 3 Strands of SMA and Kevlar wool as they curl

5 Collocated Input/Output Substrates

The core technical challenge in the developmente-of
textiles lies in finding the appropriate methodsl aechniques
for overcoming the idiosyncratic coupling betweeasit and
hard materials. While textiles are traditionallfftsesmooth and
malleable surfaces which can easily reside on thdyb
electronic devices are enclosed in hard cases fzlts svhich
need to maintain a certain degree of rigidity tesgrve the
electrical and structural integrity necessary nawit design.

Technologies that collocate input and output have t  ghutters is a kinetic e-textile membrane for envinental
potential to circumvent these interface and coe80D control and communication within an architecturahtext. It
problems by physically approximating input and eiitand  consists of a curtain composed of a grid of actulifavers that
simplifying  their electrical connections. The prima can be individually addressed for precise contfalemtilation,

Fig 4 Shutters and control circuitry for 25 individualiers



shading and information display. Every louver camve

inwards and outwards at varying degrees by balgntie

strength of actuation from two SMA strands attachedboth

sides of the fabric. This permits the louvers tocklincoming

daylight, while kinetically displaying images oms #gurface and
through shadows cast on the ground.

In this case, the SMA is a shape set and optimiaeldy
flat against the fabric and to over compensateHerresilience
of the textile, preserving the louvers positioneafaictuation
and considerably reducing the power necessary tiatepand
maintain the displayed image. This permits Shutierdsold an
image even when completely powered-off.

The technical innovations in Shutters open the ipditg
for three important functionalities: (1) preciseotdimensional
control of shading, so that the daylight can illoate certain
parts of a space while blocking others; (2) dynacuntrol of
the ventilation between different parts of a sphgeopening
and closing the specific shutters necessary totergand
tunnels, and finally; (3) use of a curtain as aiguitous and
unobtrusive display.

By combining smart materials, textiles and compoitat
Shutters can create living environments and wodcep that
are more energy efficient, while attending to tlcévéties and
needs of every inhabitant.

7 The Mechanisms of Material Intelligence

One of the more overlooked characteristics of SM#\s
their capacity to remember more than a single mgrstate.
Similarly to how fabric deforms to adapt to the phaand

task at hand and, finally, sustain more open-endesign
practices, where the user plays the definitivetoreaole.

8 Conclusion

This paper presents three projects that explotenteal and
aesthetic possibilities for the convergence of $maaterials
and computation. It places particular emphasis ow lthe
design of physical objects and spaces can bemefit the use
of craft, collocated input/outputand the future possibilities
emerging frommaterial intelligence

We are crossing a threshold in design where phljtsida
becoming information and where computational preees
such as feedback, loops or ‘undos’, play an inénghs
formative role in the behavior and appearance ¢gatb, akin
in magnitude to those played by fabrication techgigs, such
as casting, milling or weaving .
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movements of the body, SMAs can be thermomechayical

‘trained’ to realign their crystal structure andqate new
shapes by undergoing repetitive cycles of stredscantrolled
actuation [9].

This process imbues the alloy with two distinct nogyn
states: one that is pre-established during thegdeprocess
through shape setting and can be triggered at twitbugh
changes in temperature, and another which devetmpsigh
use, slowly forcing the material to physically adap that it
can better respond to its conditions of use.

Supported by the haptic feedback inherent in catied 1/0
interfaces, this unique combination of a preprogred

behavior andraining through usean serve as the basis for thet.

design of objects which kinetically learn and eelWost
importantly, their material constituency and medbsincan
become the program which dictates this evolution.
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