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ABSTRACT

We introduce Topobo, a 3D constructive assembly system
embedded with Kkinetic memory, the ability to record
and playback physical motion. Unique among modeling
systems is Topobods coincident physical input and output
behaviors. By snapping together a combination of Passive
(static) and Active (motorized) components, people can
quickly assemble dynamic biomorphic forms like animals
and skeletons with Topobo, animate those forms by
pushing, pulling, and twisting them, and observe the system
repeatedly play back those motions. For example, a dog
can be constructed and then taught to gesture and walk by
twisting its body and legs. The dog will then repeat those
movements and walk repeatedly.

Our evaluation of Topobo in classrooms with children ages
5-13 suggests that children develop affective relationships
with Topobo creations and that their experimentation with
Topobo allows them to learn about movement and animal
locomotion through comparisons of their creations to their
own bodies. Eighth grade science studentsd abilities to
quickly develop various types of walking robots suggests
that a tangible interface can support understanding how
balance, leverage and gravity affect moving structures
because the interface itself responds to the forces of nature
that constrain such systems.
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Figure 1. Topobo system (a) and an animal creation (b).

INTRODUCTION

In an effort to bring systems concepts to younger children, a
new class of 0Digital Manipulativeso is emerging thatembeds
computation in familiar childrends toys to make accessible
concepts that are currently considered 6too advancedo for
children at a certain age [10]. Digital Manipulatives can be
viewed as a convergence of the educational manipulative
tradition [2] and Tangible Interfaces, which are designed
to give physical form to digital information [6]. Digital
Manipulatives are intended to be easy to use and to improve
access to many of the complex and temporal processes
that computers describe well. For example, Resnick
et al. embedded a programmability into a building toy,
synthesizing a scalable physical language (LEGO bricks)
and a scalable computational language (LOGO). This work
led to the development of the LEGO Mindstorms line that is
successful in many schools today [10].

Both computer simulation and manipulative materials can
be seen, in part, as systems for creating models of the world.
Model making is a prevalent activity in education that
ranges from Kkindergartnersi experimentation with wooden
blocks to college physics studentsd computer simulation
of material stress and strain. Model making allows rapid
experimentation with a system to understand its limitations.
Tangible Interfaces present a unique opportunity to create a
computationally augmented physical modeling system that
takes advantage of the editability of computer data and the
physical immediacy of a tangible model. Such an interface
could help increase understanding of physical systems



Figure 2: A bug (a) and programming a horse to walk (b).

because the model is physical and its relationship to its
environment is not simulated.

Topobo is a 3D modeling system akin to building toys such
as LEGOE and ZOOBE. The difference is an introduction
of motorized 0Actived components with embedded Kinetic
memory. Topobo is designed to model both the form and
motion of dynamic structural systems. Topobo includes
Passives (static parts) and Actives (networkable, motorized
parts) that can be snapped together to form models of animals,
regular geometries, or abstract shapes (Figures 2, 4).

To use Topobo, a child builds a creation of their choosing
and connects the Actives with small cables. To record a
movement, the child presses a button on an Active, twists
and moves the creation to program a sequence of behaviors,
and then presses the button again. The creation immediately
goes into playback mode, which repeatedly replays the
childds input until the button is pressed a third time.

Usually Topobo is programmed by direct manipulation,
where each Active synchronously records its own motion.
However, Topobo has special Actives called 0Queenso that
control an entire network of Actives. This introduces the
concept of centralized control and many possibilities.

Our research results with over 80 students ages 5-13 suggest
that Topobo is engaging for children at multiple cognitive
levels. Childrends focused iteration with many surprising
creations suggests that the simplicity of the Topobo interface
encourages playful expression and rapid experimentation with
different kinds of structures and motions. We will report the
details of our experiments in the Evaluations section of this
paper. Since Topobo was designed to introduce new pelds
of knowledge to young children, the paper will begin with a
design overview that includes a set of possible play scenarios
for Topobo to highlight different educational concepts.

THE TOPOBO SYSTEM

Design Principles

Topobo was designed to retain the best qualities of existing
manipulative materials while giving the material a new
identity @ an identity that can both reveal new patterns and
processes to children, and that allows children to creatively

express patterns and processes that can not be expressed
with existing materials. To achieve this goal, we established
6 design principles:

Be accessible, yet Sophisticated 0 be ergonomic and
intuitive for very young children, but support growth
across multiple cognitive levels and into adulthood.

Be robust 8 have a design that would not break or
malfunction so that children dondt fear making omistakes.o

Be meaningiul even if the power is turned off d technology
should add to a toy, without sacripcing the good qualities
inherent to its class of toys.

Be expressive d encourage exploration of a topic without
prescribing orightd and owrongo activities.

Engage multiple senses 8 engage sight, sound, and touch
to provide rich, memorable interactions.

Be scalable & In the spirit of a modular system, every
individual component should be physically and
computationally complete and extensible.

Early Design Studies

Due to the high quality of miniature motors compared to other
actuators we chose rotary motion as a Kinetic constraint, and
initially built dozens of physical prototypes out of plastic and
paper to study spatial geometries with rotary motion. This
led to the development of the current system geometry and
a proof of concept using Cricket microcontrollers and servo
motors (Figure 3). The Cricket prototype was extremely fast to
implement and allowed us to experiment with the capabilities
of the system design. Our prst scalable prototype followed,
made with wood, hobby servos and breadboarded electronics.
Evaluations of this system with kindergartners and second
graders helped guide the design of the current system.

The Current System

Topobo is comprised of 10 different primitives that are
connected with LEGO TechnicsE connectors (Figure 1).
Nine of these primitives are called 0Passived because they
form static connections. One 0Activeo primitive is built with
a motor and electronics. The motorized components are the
only ones that move, so the system is able to faithfully record
and replay every dynamic manipulation to a structure.

Figure 3. Early design sketches and a Cricket prototype.
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We designed nine different Passives to allow a variety of
physical structures to be built. Since Topobo is intended to
model various natural forms like skeletons and interlacing
meshes, the system allows branching and spatial looping.
The Topobo geometry (Figure 4) is based on cubic and
tetrahedral crystals.

The oelbowd (offset 90U) comes in one size. The ostraight,0
0T,0 oL6 (90U), and otetrad (108U) shapes come in two
sizes with a scale ratio 2:3, based on the Fibonacci
ratio that describes scaling in growing systems like
mammalian skeletons. These latter 8 pieces are bisected by
hermaphroditic notches, allowing any two pieces to connect
and branch at a right angle. For example, two straight pieces
will form a 0+0 shape, or two tetras will form a tetrahedron.
This arrangement allows the formation of regular meshes like
a silicon tetrahedral lattice or simple forms like a pentagon
or square (Figure 4). Children notice this regularity quickly
because when a child tries to build large, interconnected
forms, pieces often pt together.

Eaxziw

The Actives are motorized, networkable, egg-shaped plastic
objects with a button and an LED for indicating whether the
systemis in record (red) or playback (green) mode. To record
a movement, the user presses a button on an Active, twists
and moves the Active to program a sequence of behaviors,
and then presses the button again. The Active immediately
goes into playback mode, which repeatedly replays the
user@s input until the button is pressed a third time, which
makes the active stop moving.

In a creation with many Actives, all of the Actives will
record and playback at the same time. For example, if a child
makes a circular ring of Actives, pressing a button on one
of the Actives then sets all of the Actives in the structure to
be in recording mode. The child may then move the circular
structure of actives in the manner of a tank tread rolling across
the yoor, and then press any one of the Activeso buttons to
set the structure into playback mode. At that moment, the
motion that each of the Actives remembers is their local
motion, despite the fact that the child has manipulated the
global structure. In playback mode, the Actives mimic their
local behaviors inspiring the whole system to take on the
global motion imparted to it by the child.
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Figure 4. System geometry (a) and spatial loops (b).

Figure 5. Circle made with a basic Queen and spiral made
with a Decay Queen show motion patterns.

The Active is made of a servo motor and electronics in a
plastic housing. The housing has 6 points of mechanical
connection, three sockets to connect power/communication
cables and a button that is backlit by a red-green LED.
One of the mechanical connectors is connected to the
output shaft of the servo motor and rotates 170U. On board
custom electronics handle power distribution, memory
and processing, and peer-to-peer, multichannel serial
communications. Each Active is identical and autonomous,
and only needs power to function.

The one-button interface was inspired by Curlybot [5] and
chosen because it is extremely easy to use. While the one-
button interface is limited, 3D motion concepts are complex
and the immediacy of the interface design encourages
rapid experimentation with motion. Physical programming
by example also results in natural looking, emotionally
engaging motions because they are the reyection of the
userds own body movements [5].

Ginven~ih Gsrxvso

In recording mode, a user will grasp and wiggle an
individual Active component in a creation. In playback
mode, that same Active component will mimic the motion
that was made to it. The other Actives in the structure have
no motion to mimic. In some situations, it may be desirable
for all Actives in a structure to mimic the motions made to
one individual Active in the structure. To accommodate this
complexity, we introduced the Queen. In both recording
and playback modes, all motions of the Queen are imparted
directly to all Actives connected to the Queen.

For example, suppose that one constructs a linear structure
of actives with a Queen at one end. When the Queen is
recording, all of the other Actives will mimic its angular
position. Thus, increasing rotations to the Queen cause
the entire structure to begin to curl into a circular form.
Eventually, the ends will touch (pgure 5).

Topobo Queens can be used to provide tangible examples
of spatial translation. For example, two facing Actives that
have identical motions will appear to have mirrored motions
if their output shafts are facing each other. This can be used
to construct scissor-like motions in a walking animal.

A Queen does not need to be mechanically attached to
the creation it is programming, so it can also be used as



a remote controller. Remote programming with a Queen
gives a child synchronous input and output feedback during
programming, allowing the child to observe their creationds
motion while they are composing it.

Simple extensions of the function of the Queen enable
dramatically different behaviors of structures of Actives.
To generate these behaviors, we have utilized three
different types of caugmentedo Queens. The prst of these
augmented Queens is the Decay Queen. A sequence of
Actives connected to the Decay Queen is endowed with a
knowledge of how many steps away from the Queen it is.
An active will then scale the Queends motion by a factor
which is proportional to this number of steps. Using a
Decay Queen, a linear string of Actives can gradually curl
into a spiral (pgure 5). Actives connected to the Time Delay
Queen mimics the action of the Queen following a temporal
delay that is proportional to the number of steps away from
Queen that an Active is located. Using a Time Delay Queen,
linear strings of Actives can move with wave-like motions.
Finally, the Faster/Slower Queen speeds up or slows down
Actives as a function of steps away from the Queen. Due
to Topobots looping playback, a linear string of parts can
exhibit harmonic resonance patterns.

EVALUATIONS WITH CHILDREN

We conducted classroom studies with 25 kindergartners
(5-6 years old), 22 second graders, and 32 eighth graders
to evaluate Topobo{s effectiveness as a educational tool for
children at various educational levels.

Kindergarten and Second Grade Studies:

We spent three hours each in a second grade and a
kindergarten class playing with an early Topobo prototype,
evaluating its technical features, design principles and
our educational goals. These classrooms featured many
examples of models, toys and manipulative materials.
While older school children (who are more adept with
abstract manipulation) routinely use a computer lab, these
classrooms had only one computer each, and it was strictly
for teacher use. Two researchers worked with several groups
of approximately 4-5 kids. We started by showing children
two possible models and how they could manipulate them.
Then we assisted them with assembling and programming
their own models.

We introduced Topobo to the second grade group by
comparing a walking creation to ourselves walking. When
Dave, a normally impatient child, came to one of the
tables where we were sitting and manipulating Topobo,
he immediately became engaged. First, Dave started to
manipulate and rearrange the parts in spontaneous and
creative ways but Topobo soon became part of his ongoing
activity and experience. Dave was working to create his own
walking animal with a Queen. When something stopped
functioning as he had expected, Dave drew on the earlier
models that we showed him (Figure 2), and tried to emulate

Figure 6. One 8" grade groupds 0moose6 walked with 2 DOF
rotation. The group programmed it collaboratively.

some of the conpgurations, especially the local-global
interaction and the feedback between parts. He was trying to
run a new creation, but suddenly he realized that the creation
didngt work as he has planned. He broke his focus, stopped
his ongoing activity and then asked: Why? What happened?
Why it is not walking?

This breakdown in the ongoing activity of building a Topobo
model may have produced a certain conceptualization
in Daveds mind [1][4]: he may have started thinking and
manipulating Topobo in new ways in order to produce
movement, feedback, global-local interaction and walking.
The process of physically debugging his creation may have
given Dave new insights to kinematic systems.

Dave played with Topobo for over 45 minutes. Our
guiding and scaffolding certainly helped him to quickly
create and test Topobo models, and it may have helped
him to remain engaged for such a long time. In the future,
teacher guiding may be very helpful for facilitating in-depth
conceptualization and kinematics thinking by comparing
Topobo to natural locomotion. For children such as Dave,
Topobo may support an oeducation of the senseso in which
materials and objects support learning experiences that help
children develop their sensory capabilities, control their own
learning process and learn through personal exploration [9].

Studies with Early Adolescents

Later evaluations with two eighth grade OPhysics by
Designo classes focused on Topobods role supporting design,
experimentation and conceptual abstraction. These students
normally engage in group projects using manipulatives like
LEGO Robolab, so the evaluation was designed to be like
familiar classroom activities. We met with four groups of 8
students twice over two weeks, and students worked in pairs
or groups of three. These sessions included three homework
worksheets and interviews with students.

Our prst evaluation session introduced the system. Using a
preliminary worksheet, students described different types
of motion related to their bodies based on both their pre-
existing conceptual models of motion and then based on
activities we designed. The next day, we explained how to
use Topobo with demonstrations and examples.






