Guest Editors’ Introduction

A Revolution
in the Making

W

e’re currently witnessing a
revolution in the way pervasive computing hardware is
designed, prototyped, and
manufactured. A broad set
of researchers and users now have access to a
host of digital fabrication tools and techniques
that empower them to creSteve Hodges
ate new devices and realize
new concepts more quickly,
Microsoft Research
cheaply, and easily.
Björn Hartmann
Advances in both additive
University of California, Berkeley
and subtractive physical fabrication processes, such as
Hans Gellersen
3D printing and laser cutLancaster University
ting, have dramatically inAlbrecht Schmidt
creased the fidelity, quality
University of Stuttgart
and speed of prototyping for
a variety of mechanisms and
enclosures for pervasive computing devices. At the same
time, these digital fabrication tools have become cheaper and easier to use, thereby increasing accessibility. Similarly, a plethora of
electronic hardware toolkits and platforms
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are available to support the construction of
electronic devices. Some of the latest developments include machines that print conductors, transistors, organic LED pixels, and
even batteries, promising a future where digital functionality will ultimately be “printed
into” physical objects.
In parallel with the development of mechanical and electronic fabrication technologies, a
wide range of software tools and online services that support the design, development,
and deployment of pervasive computing hardware have become available. For example,
Web-based integrated software development
environments integrate extensive and easyto-use programming libraries, example code,
and online documentation. These present a
low barrier to entry for less experienced developers while providing headroom to support
advanced use and even mechanisms to “graduate” projects to fully featured tools. Online
communities provide an unrivalled support
network for learning and troubleshooting. The
diversity and sophistication of these software
tools continue to grow.
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Related Work in Physical Fabrication

L

ike a great many people who fabricate pervasive computing devices, David Mellis makes extensive use of 3D printing and laser cutting. There are a number of creative ways to
leverage these tools—for example, creating foldable cardboard
enclosures for electronic devices or integrating with existing
construction blocks.1 Others in the research community, who
aren’t content with these approaches, are exploring ways of repurposing and extending the capabilities of rapid prototyping
machines.
Frustrated with the time taken to produce a typical 3D print,
Stefanie Mueller and her colleagues at the Hasso Plattner Institute have developed a way to integrate pre-manufactured elements such as Lego blocks into a 3D design so that the structural
elements of a design can be assembled quickly and only the
remaining “details” need be 3D printed.2 Earlier work led by the
same author extended the purely 2D fabrication capabilities of
laser cutters into the third dimension by enabling gravity-powered folding of sheet acrylic following localized heating of bend
regions using an out-of-focus laser beam, an approach called
Laser Origami.3 Another interesting technique, which this time
involves using a 3D printer in an unorthodox manner, is that of
printed optics. Here, a transparent material is used to incorporate

Building Electronic Devices
In this special issue, we’ve brought
together four articles that describe recent research in this space of printing
and fabrication for pervasive computing. The first article, “Do-It-Yourself
Fabrication of Electronic Devices,” is
by David Mellis, a PhD student at the
MIT Media Lab who is well known
as one of the inventors of the Arduino electronics prototyping platform.
Mellis discusses ways in which the
growing number of digital fabrication
technologies has made it possible for
non-experts to design and produce
their own working electronic devices.
He presents a number of devices he
has built—such as a radio, a mouse,
and several cell phones—and shares
insights he has gleaned from running
workshops where he has led people
through the process of assembling
these electronic devices.
Despite all the benefits that modern
fabrication tools and techniques bring,
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light pathways within a prototype, enabling a variety of interesting applications.4,5
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Mellis draws from his own experiences
to highlight some of the difficulties that
remain. He also discusses the meaning
of DIY fabrication—why people are
motivated to fabricate and customize
their own devices rather than buy the
mass-produced equivalent. The article
concludes with some thoughts about
the future of digital fabrication. (Also
see the “Related Work in Physical Fabrication” sidebar for a discussion of
other approaches for repurposing and
extending the capabilities of rapid prototyping machines.)

Printed Conductors
and Sensors
A fabrication technology that’s starting to emerge as an option to complement established tools is the process of
digitally printing arbitrary conductive
patterns. A number of variations of
this basic idea have been explored by
researchers, but an interesting recent
development is the use of n
 anoparticle

inks that can be ink-jet printed. The
second article in this special issue,
“Building Functional Prototypes Using Conductive Inkjet Printing,” comes
from Yoshihiro Kawahara at the University of Tokyo and his collaborators
in Europe and the US—Steve Hodges
(a coauthor here), Nan-Wei Gong, Simon Olberding, and Jürgen Steimle.
The article shows how silver nanoparticle ink can be deposited using an offthe-shelf domestic inkjet printer. This
allows single-layer electric circuits to be
printed much more quickly, easily, and
cheaply than the established alternative—printed circuit board fabrication.
The authors bring together and extend previous work that explores the
conductive inkjet printing process and
a variety of techniques that leverage the
resulting flexible circuits and applications. They also provide practical information so others can replicate and
build on their work. It’s easy to imagine future conductive inks that can be
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Bendy. They describe the techniques
they developed while fabricating Bendy
and offer practical advice that should
help others who want to leverage silicone casting, flexible circuit etching,
and bend sensing.
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The FreeD smart milling device can empower
novice users to create compelling 3D sculptures.
ink-jet printed onto 3D structures,1
with the ultimate goal of fabricating
enclosures with the wiring needed to
connect a small number of electronic
modules and an embedded power
source.
Although printed conductors introduce a lot of new possibilities for the
fabrication of pervasive computing
devices, they’re fundamentally limited
to interconnection and basic sensing
applications. Making more sophisticated devices requires integrating additional electronic functionality. In
addition to the self-adhesive “circuit
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stickers” described by Kawahara
and his colleagues, 2 Valkyrie Savage
at Berkeley has been exploring this
in her PhD work. Her Midas system
supports capacitive sensing 3 and,
more recently, the Sauron system integrates a camera into a 3D-printed
prototype to detect various forms of
interaction.4
In a similar vein, in our third special issue article, Jessica Lo and Audrey
Girouard from Carleton University in
Canada describe how they integrated
bend sensors into a deformable arcade game prototype, which they call

The final article, “The Wise Chisel:
The Rise of the Smart Handheld
Tool,” takes a very different approach to digital fabrication. Rather
than striving to produce a high-
fidelity physical rendition of a digital
CAD model, Amit Zoran, Roy Shilkrot, Pragun Goyal, Pattie Maes, and
Joseph A. Paradiso describe a class
of fabrication tools where the human
operator is fundamentally in control,
albeit in conjunction with a digital
sensing-and-control system that can
guide and constrain them as necessary. The authors start by describing
and categorizing a variety of previous research projects and commercial
products that meet their criteria for
“smart handheld tools.” The second
part of the article focusses on handheld tools specifically designed to help
inexperienced users. The authors describe their own work in this space:
the FreeD smart milling device can
empower novice users to create compelling 3D sculptures, and a smart
airbrush constrains the painting process to ensure a recognizable result.
They also review other research in
this area.
Others have taken the smart “assistive” tool concept in different directions. For example, Stefanie Mueller
and her colleagues have developed
a way of using a handheld laser
pointer to direct the operation of a
laser cutter, creating a highly interactive computer mediated experience. 5
Christian Weichel, a PhD student at
Lancaster University, has built two
different tools that help users match
their 3D design with the components
that will fit inside it or with other
objects with which it’s designed to
work. 6,7
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A

s we look to the future,
there’s no doubt that the
wide variety of printing
and fabrication technologies will continue to evolve, enabling
an even broader spectrum of users to
design and construct custom artifacts.
We hope that this special issue provides
insight into several areas of active research in this domain, but we also encourage the interested reader to explore
this fascinating and fast-moving field
more deeply.
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