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Abstract

Robotics toolkits and physical computing devices have been used in
educational settings for many decades. Based on a techno-historical
analysis of the development of 30 years of development of these devices,
this monograph examines their design principles and presents a frame-
work for the analysis and future design, based on the analytic construct
of “selective exposure,” which examines what is foregrounded or back-
grounded in hardware and software design. Selective exposure has two
sub-dimensions: usability, which examines how the material communi-
cates rules for its use, and power, which looks at how cognitive and
physical operations are mapped to each other, and how the design can
make these connections more explicit. I show how these dimensions
crucially impact what children can achieve with these materials, and
make the case for the design of toolkits in synchrony with the childSs
developmental trajectory.
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Introduction

Archeologists can reconstruct a dinosaur from fragments of a bone,
and biologists can infer the Earth’s temperature millions of years ago
by examining fragments of fossil DNA. Technology historians have also
looked at details of simple machines over the millennia as a proxy for
the technological level of different civilizations. Semiotics, a “science
of detectives,” infers larger meaning by looking at details in language,
gesture, or prosody Blikstein| [1993]. When we do not have access to
the entire object, but need to understand the beast, we create indirect
ways to complete the puzzle. In this monograph, my goal is to histori-
cally and technologically analyze physical computing devices designed
for children, derive categories of design decisions, and create theoret-
ical and design frameworks to guide designers and researchers. This
is timely, given the growing presence of these devices in formal and
informal education.

The presence of several types of physical computing and robotics
devices in educational settings is attributable to many research and
design initiatives of the past 30 years. However, although the design of
such devices has evolved significantly and their popularity has grown
wildly, there is little research that examines this technology taking into



account their history and the theoretical underpinning that guided
their design.

But before delving into these frameworks and devices, it is cru-
cial to understand a few of the educational ideas that guided the pio-
neers in this field. As we will see throughout this monograph, much of
the inspiration and early work came from Seymour Papert’s research
group at the MIT Media Laboratory. Before coming to MIT, Papert
had worked with Jean Piaget, who was the proponent of Construc-
tivism, a very influential theory of human cognition and development.
One of the important ideas in Piaget’s model is that for a child to
abandon a current theory about the world, it takes more than simply
being exposed to a better one. The new theory has to emerge from
students’ complex experiences and actions in the world. Papert added
to this theory the idea that this happens more robustly if the learner
is engaged in building a public, shareable “object,” such as a robot
or a computer program |Papert, [1980] — and called his new variation
“Constructionism.” In other words, Papert was very concerned with not
only how to promote sophisticated ways for children to interact with
the world (for new knowledge to emerge) but also in making sure that
they had at their disposal rich materials and toolkits to build those
sharable objects. Therefore, much of Papert’s group work was about
theorizing about how to create toolkits, programming languages, and
other materials for children.

Papert opens his most influential book, Mindstorms [Papert), [1980],
with an essay about the “gears of his childhood,” in which he talks
about how his own experience playing with gears and differentials as
a young child generated a deep affective connection with multiplica-
tion tables, equations, and mathematics in general: “By the time I
had made a mental gear model of the relation between x and y, fig-
uring how many teeth each gear needed, the equation had become a
comfortable friend.” Papert’s computational toolkits ultimately intend
to create these same connections in new domains such as engineering,
robotics, and cybernetics:

“A modern-day Montessori might propose, if convinced by
my story, to create a gear set for children. But to hope for
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play it back for them, in order to explore kinematic concepts, such as
balance, center of mass, center of gravity, coordination, relative motion,
and relationships between local and global interactions [Raffle et al.,
2004].

Another kit that used a modular design, but made programming
more explicit, was RoboBlocks [Sipitakiat and Nusen, 2012]. Sipitakiat
and Nusen designed a robot that could be programmed with tangible
blocks, following the Logo syntax, and targeted at elementary school
learners. Differing from Topobo and RoBlocks, the robot and the pro-
gramming blocks were separate, thus the system followed the architec-
ture of the original Logo turtle.

One notable kit responded to calls for less gender-biased physical
computing and robotics, allowing for new forms of expression. The Lily-
Pad Arduino'® (Figure 2.11) was a pioneering design that, for the first
time, proposed a hardware platform focused on “soft materials” such as
fabric, providing a new medium to engage a diverse range of students in
engineering and computer science — especially girls. The open-source
construction kit for e-textiles was rooted in Buechley’s earlier work

-
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Figure 2.11: Lilypad Arduino kit, and Leah Buechley, showing some of the
e-textiles built with the toolkit.

Ohttp://lilypadarduino.org/
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on craft-based electronics, which included the production of an elec-
tronic sewing kit, quilt snaps, programmable wearable displays, fabric
printed circuit boards, electronic sequins, and socket buttons [Buech-
ley and Eisenberg, 2007, [Buechley et al.l [2006]. In terms of design, the
LilyPad borrows most of the Arduino’s electronics and software, but
with one fundamental difference. Buechley designed the kit in such a
way that no external electronics were needed, and all the parts (LEDs,
sensors, motors, and battery packs) were mounted on a small printed
circuit board with all the extra components built in. This was a key
usability innovation for the Arduino platform.

The LilyPad Arduino was released as a commercial product in
2007, and it inspired many extensions, including the TeeBoard, Lily-
Padadone, LilyPad XBee, DaisyPIC, and Bling Cricket [Buechley and
Hill, [2010]. Buechley has been studying the efforts of the LilyPad
Arduino community since the platform was released, and her research
has highlighted the need to develop new strategies for broadening par-
ticipation in computing. Buechley urged the design community to shift
its focus. Instead of “unlocking the clubhouse,” or trying to make
traditional computing culture accessible to women, “it may be more
constructive to try to spark new cultures, to build new clubhouses”
[Buechley and Hill, 2010]. Buechley also explored other traditional
materials. One of her projects aims to augment traditional materials
like paper with computational capacity, so that children can engage
in programming in more informal, approachable, and natural ways.
Their flexible pieces (processor, battery, sensors, motors, and so on)
can be attached to specially treated paper to create paper-based work-
ing programs. In another project, Buechley and colleagues challenged
the construction kit paradigm entirely by proposing a new direction.
They noted that while construction kits facilitate the making of tech-
nology, their modularity “constrains what we build and how we think”
[Buechley et al., 2011]. They proposed a “kit-of-no-parts,” or a hand-
crafting approach to learning about electronics and programming, as
opposed to a construction kit approach. “Craft,” they argued, “allows
for rich design exploration that construction kits of pre-manufactured
parts cannot offer” [Buechley et al., 2011]. In their recent designs, they
propose that we should move from assembling electronics to crafting
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them; more recently, they advocated the idea of the “untoolkit” along
those same lines.

Another example of a platform for broadening participation is the
Hummingbird kit, developed as an offshoot of the Robot Diaries project
at Carnegie Mellon University, with the overarching goal to “enable
girls to engage with, change, customize, or otherwise become fluent with
the technology in their lives” [Hamner et al., 2010]. One final entrant in
the category is the Makey Makey toolkit, a modification of the Arduino
platform that allows children to use everyday objects (including fruits
or any mildly conductive object) as sensors, without breadboards or
additional electronics. The Makey Makey became quite popular due to
one clever innovation. It maps sensors to regular keyboard keystrokes
or mouse clicks, so any existing software that is controlled through a
keyboard or mouse can be used: virtual music instruments, animated
characters, games, storytelling environments, and so on. This made the
kit extremely easy to install and use.

The littleBits platforrﬂ (Figure also appeared around the
same time. Similarly to Cubelets and Topobo, it did not require a
computer, and had blocks that would magnetically connect to assemble
circuits. The blocks were color-coded, clearly identifying inputs, out-
puts, logical operators, and power. The physical design made sure that
only functional circuits could be assembled, and a proprietary commu-
nications protocol between the blocks would take care of all data and
power management.

Many other platforms were launched within this generation, but
many were short lived or were restricted to relatively small niches.
Examples of those are the Netduino (Figure left) MAKE Con-
troller (Figure right), NET Gadgeteer, PCduino. More recently, a
plethora of platforms and variations were launched. For space consid-
erations, we will leave these new versions out of this review.

Finally, a different type of platform focused on broadening par-
ticipation by catering to younger audiences. The Tern systemE
designed by Michael Horn at Tufts University, was designed to bring

Hwww . littlebits.cc

2hci.cs.tufts.edu/tern
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Figure 2.13: Netduino (left) and the MAKE Controller (right).
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programming to younger audiences by moving it from the screen to the
tangible realm, using wooden blocks with fiducial codes. Since the sys-
tem was focused on programming, it did not include physical computing
components such as sensors and actuators. However, a new iteration
of the system — first named KIWI and then KIBdEl — developed by
Marina Bers at Tufts University took Horn’s platform to the realm of
physical computing by adding a physical robot to the system, sensors,
and output devices (Figure. One top of Horn’s original innovation

Figure 2.14: The KIWI/KIBO system, designed for children aged 4-7 years old.
It uses wooden blocks without electronics (tagged with optical codes) as a pro-
gramming platform, and a robot base which can read and execute the optical codes
without a computer.

13|kinderlabr0botic:s.com
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