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Introduction

We introduce topobo, a constructive assembly system
invented to give children a tangible tool to physically
simulate kinematic systems, and thus develop an intu-
ition about how such systems behave. topobo is embed-
ded with kinetic memory, the ability to record and play-
back physical motion. We discuss some of the system’s
underlying concepts in the context of educational
manipulative materials for young learners and overview
brief interactions between children and topobo.

topobo is a new system in the class of computationally
enhanced “Digital Manipulatives”[13], designed to
allow children ages 5-10 to use direct manipulation to
learn concepts that are currently considered “too
advanced” for children their age. We believe that
topobo can help children understand patterns and
processes common to the fields of kinematics, modular
robotics, system coordination, emergent dynamics
(local vs. global behavior) and locomotion.

Motivation and Design Principles

The potential for using computer simulation in the
classroom has led to the development of a class of GUI-
based programming environments designed to be used
by children. These environments have generally been
successful with children ages 10 and older. In an effort
to bring systems concepts to younger children, we have
built on the tradition of Ishii’s Tangible User Interfaces
[6] that integrate computation and physical systems in
ways that take advantage of skills people already have
with physical objects.

topobo is modeled after building toys like LEGO® and

Fig. 1. topobo: the physical system

Fig. 2. a fopobo creation

ZOOB® that foster learning through play and inven-
tion. topobo was designed to model dynamic systems
like skeletons and molecules, with the added ability to
record and play back physical motion as a form of
physical kinematic simulation.

topobo aims 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 reach this goal, we established specific design criteria:

Be accessible — have an interface that is ergonomic,
intuitive and easy for even very young children.

Be sophisticated — require no new skills, but provide
the possibility for teaching very new concepts.

Have depth — remain intellectually and educationally
exciting to a growing, maturing child.

Be robust — have a design that would not break or
malfunction in any way.

Be meaningful even if “the power is turned off.” — the
technology should add to the toy, without sacrificing
the good qualities inherent to its class of toys.



Be expressive — the material should encourage cre-
ative expression.

Engage multiple senses — supporting our belief that multi-
modal learning is richer than single-mode interaction.

Be scalable — be a truly modular toy, where the com-
putational elements are “leaderless” and extensible.
Every part should be complete on its own.

We chose to embody our system with “kinetic memo-
ry” because kinetics are inherent to many building toys
and are visible and tactile. Furthermore, kinetics are
complex and fun, and we felt they were an intuitive
mapping of computation on to a building toy.

Fig. 3. Direct physical programming of fopobo

Topobo is programmed physically. It can be pro-
grammed Directly, by physically pushing and pulling
the parts, or Indirectly, by turning a special knob that
programs all of the moving parts with the same motion.
To program a topobo creation, the child presses a but-
ton, manipulates the creation directly or indirectly, and
then pushes the button again. The creation then repeat-
edly performs the motion programmed in to it.

Context: Putting topobo in historical perspective

topobo is part of a new trend of artifacts in education
called “digital manipulatives” that combine computa-
tion with familiar physical systems to enhance kids’
learning and thinking. [13]

Although manipulatives are not ubiquitous in formal
education, they have a tradition that can be traced back
to the 19th century, pioneered by educators such as
Pestalozzi, Froebel, Montessori, and Piaget.

Until the 19th century, the core of the educational

process was based upon a theoretical experience, i.e.,
lectures and recitations. In fact, few people believed
that young children were capable of being formally
educated. One of the first supporters for “hands-on
learning” and the education of children was the Swiss
educator Johann Heinrich Pestalozzi who claimed that
students need to learn through their senses and
through physical activity, arguing for “things before
words, concrete before abstract.” [11]

Pestalozzi influenced Friedrich Froebel who created the
first kindergarten by the year 1837. Froebel’s kinder-
garten was filled with objects — “the Kindergarten gifts”
— for children to use and play. These objects were
designed to help children recognize and appreciate the
common patterns, shapes and forms found in nature.[2]

Maria Montessori received and extended Froebel’s
practices, and later inspired networks of schools in
which manipulative materials play a key role.
Montessori tried to develop a framework for an “edu-
cation of the senses,” i.e. materials, objects and learn-
ing experiences that help children develop their senso-
ry capabilities, control their own learning process and
learn through personal exploration. [9]

Piaget continued some of this trend by providing an
epistemological foundation for these educational ideas.
He developed his famous “child’s stages of knowledge
development” by constructing a particular progression
from the concrete to the abstract: children must first con-
struct knowledge through “concrete operations” before
moving on to “formal operations.” [12]

Seymour Papert, who studied with Piaget before com-
ing to MIT, took this research into a new direction by
using computational tools such as LOGO to reevaluate
how concrete operations can open new ways of think-
ing and learning for children at early stages of develop-

Fig. 4.indirect fopobo interface



ment. This perspective gave birth to the construction-
ist theory of the “child as an epistemologist” who can
build his/her own knowledge by playing with certain
programmable environments. [10]

The principles underlying LOGO lead to other digital
environments and manipulatives designed to engage
children in different types of thinking, such as under-
standing the dynamics of leaderless, rule-based systems.
As Resnick argues, “children, by playing and building
with these new manipulatives, can gain a deeper
understanding of how dynamic systems behave ... we
expect that digital manipulatives will make [feedback
and emergence] accessible to even younger students,
enabling students to explore these ideas through direct
manipulation of familiar physical objects.” [13]

Efforts to combine the digital and the material in the
form of computer-aided objects that can be moved,
sensed and manipulated by children is part of a (new)
broader trend within the HCI community. It is only in
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Fig. 5. stafic fopobo components

recent years that HCI researchers have shifted attention
to physical objects because so much of the attention
has been focused on virtual objects and its related
graphical manipulation. Ishii has argued for a new
class of “Tangible User Interfaces” that build on peo-
ple’s existing skills and knowledge with physical
objects. One natural outcome is the convergence of
input (programming) and output (program execu-
tion). topobo builds on this trend and it can be regard-
ed as part of the very manipulative tradition started by
Pestalozzi, Froebel and Montessori and enhanced by
contemporary trends in ubiquitous computing.

Implementation

topobo is a modular building system with embedded,
distributed computation. topobo has two distinct inter-
faces: Direct and Indirect.

The Physical System

Five static components and one active component
were designed with geometries and proportions based
on cubic and tetrahedral crystal forms found in nature.
These wooden components can connect and branch in
numerous ways.

The static parts have notches at their centers and
female t-shaped lego connectors at their ends (Fig. 5).
Notches connect to notches, and ends connect to ends.
Thus, the components can branch or be strung togeth-

er in various configura-
tions. Short, t-shaped,
male “pins” are used to
connect any two compo-
nents’ ends together, and
can be oriented at 90
degree angles. When stat-
ic parts are connected
together, the structure is
rigid. To add movement
to a creation, the user
incorporates active com-
ponents in to the structure.

Fig. 6. active component

The active component (Fig. 6) is made of a hobby
servo, a microcontroller and circuitry. The servo is
housed in a rounded wood shell outfitted with holes
to connect to every other part. A shaft, which can
connect to any other part, protrudes from one side of
the component and rotates through 190 degrees. A
mechanical clutch is outfitted to the output shaft so
that the shaft cannot be broken by applying exces-
sive torque. A long wire extends from the unit to
deliver power and signal lines to the servo.

Direct topobo Interface

Direct topobo has synchronous input and output, and
all motions are coordinated in time. To use Direct
topobo, the user begins by pushing a button on one of
the active components. A red LED lights to signify that
all of the active components are recording their own
local motions (Fig. 7). The user directly manipulates
the creation to program the motion into the active com-
ponents’ microcontrollers. For instance, a horse might
be made to walk by pushing and pulling at its legs (Fig.
3). The same button is pushed again to end the record-
ing sequence. A green LED lights to signify that the pro-
gram is playing back. The program loops until the but-
ton is pushed a third time, which causes the system to
rest. A fourth button press will initiate a new record-
ing sequence. Direct topobo makes complex, natural
looking motions accessible to young learners.

Direct topobo Computation

Identical circuitry, consisting of a PIC microcontroller,
a push button, two LED’s, and supporting analog elec-
tronics, is dedicated to each active component (Fig. 8).
This circuitry records position data of the servo at a
rate of 20 Hz by reading the feedback potentiomter on

Fig. 7. direct fopobo inferface



Fig. 8. direct fopobo electronics

the servo, and (using calibrated scaling) later plays
back that data as positional pulse-streams sent to the
servo driver circuitry.

The active components communicate with each other
over a peer to peer serial network. They use this net-
work to initiate record and playback sequences and
synchronize program duration. In the future, we will
use this network to do more complex processes such as
changing data based on network topography.

Indirect topobo Interface

Indirect topobo uses a remote knob to program all of
the active components to do exactly the same thing at
exactly the same time (Fig. 4). To use Indirect topobo,
the user first pushes a button to initiate recording. A
high pitched beep signifies that recording is taking
place. As the user turns a large knob, all of the active
components perform the motions they are recording.
Because the system plays the motions as they are
recorded, the program can be actively debugged dur-
ing the programming sequence. The user pushes the
same button when he or she is finished recording. A
low pitched note signifies that recording has finished.
Playback automatically begins, and the programmed
motion repeats until the button is pushed again.

Indirect topobo Computation

Indirect topobo was initially built with a single Cricket
programmable brick and multiple servo drivers, and
was programmed with Logoblocks software. The crick-
et architecture allowed us to easily multiplex the servo
motion across many servos because the bus architec-
ture gives the same address to every servo bus device
on the network.

The current version uses the same hardware as Direct
topobo and is initiated by plugging in a special “widg-
et,” consisting of a button and a knob. The presence of
the widget transforms Direct topobo into Indirect topobo,
at which time the network transmits position data seri-
ally in real time to create Indirect topobo functionality.

Related Work

Tactile programming-by-example was inspired by the
educational toy curlybot. Frei et al proposed that curly-
bot was one of a new class of computational manipula-
tives that could use synchronous input and output
devices to introduce programming concepts to very
young children — ages 4 and up.[5] Curlybot built on a
Resnick’s theory of Digital Manipulatives. We chose to
mimic curlybots technique of physical “Programming
by Example” because it is intuitive for young children to
use. It was also an ideal choice to exhibit natural move-
ments in highly complex, interwoven forms; in compar-
ison to traditional inverse kinematic techniques, physi-
cal programming by example is a computationally sim-
ple solution to capture the movements of a highly con-
strained mechanical system because all of the motions
are “proven” to work during the recording phase.

Researchers in the fields of modular robotics and self-
reconfigurable robotics have been working to make a
generalized robotic node that can be used to configure
robots of varying forms and behaviors. They confront
many similar technical issues inherent to topobo, and
many of these examples look to the natural world for
inspiration. Projects like “Real Molecule” [7] and
“PolyBot” [17] aim to develop a generalized robotic
node. Their overarching goal is to develop machines
that can change their own forms and behaviors in
order to navigate hostile environments and accomplish
difficult tasks. In many ways these projects are similar
to topobo, but they differ markedly in intent; reconfig-
urable robots generally aim to be completely
autonomous “smart” machines capable of doing tasks
that people can not do, or do not want to do. topobo
aims to become a material to encourage creativity, dis-
covery and learning through close interaction between
humans and the system.

This kind of close interaction between a modular sys-
tem and people (especially children) is typical of build-
ing toys. Lincoln Logs®, LEGO, K'Nex®, and ZOOB
are a few popular examples from American culture.
These toys reflect different priorities and beliefs and
encourage different kinds of learning. Where LEGO is
based on the stacking of bricks, ZOOB is based on the
movement of skeletons and the folding of proteins.
Like ZOOB, topobo is g
designed to model and
understand organic sys-
tems. In particular, it is
intended to be a tool to
understand the kine- |
matic dynamics of such
systems through physi-
cal simulation of their
motions.

Fig. 9. a closed shape that
expands and contracts



Modeling dynamic systems was investigated at length
by Resnick with his evaluation of the StarLogo model-
ing environment. StarLogo was created to give children
a tool to easily model dynamic systems that exhibit
concepts like feedback and emergence, and thus form
intuitions about such processes. StarLogo has been
extensively tested with kids from 5% grade through
high school. While StarLogo is based on a GUI plat-
form, it also encourages an understanding of system
dynamics by constructing and observing the behavior
of leaderless, parallel networks.

Interaction Design and Conceptual Exploration

topobo allows children to experiment with specific
kinds of leaderlesss, parallel networks. Through phys-
ical simulation of kinematic systems, children can use
topobo to develop intuition about balance, relative
movements, coordination, the relationships between
local and global interactions, time delay, and patterns
of continuity and accretion.

Balance: When objects move, their center of gravity
changes. Topobo draws attention to this fact when chil-
dren make things that fall over. Learning how to control
falling can lead to an understanding of familiar dynamic
processes such as walking.

Relative Movement: A second grader built a long string
of static parts with an active part at each end. He pro-
grammed each end to wiggle back and forth and
observed the ends shaking. Upon suggestion from an
adult, he tried holding a shaking end, and was
amazed to see his entire creation wave wildly back
and forth. This drew his attention to the idea that
movements in a connected system are relative to one’s
frame of reference.

Coordination: When Direct topobo is used, sequential
motions are easy to record. A child might shake his
topobo dog’s head, and then wag his topobo dog’s tail.

Fig. 10. a scorpion made by a second grade girl

Fig. 11. patterns of continuity and accretion

However, shaking the dog’s head and wagging the dog’s
tail at the same time is difficult because the child needs
both hands to do either one of the activities. In order to
coordinate these motions, it is necessary either to coop-
erate with other children (coordinating people) or to
use the Indirect topobo interface (which coordinates
movements in time). The Indirect topobo interface nat-
urally requires developing an understanding of how
coordinated movements can change a whole system.

Relationships between Local and Global Interactions: The
educational value of understanding relationships
between local and global interactions has been investi-
gated at length with object-oriented programming lan-
guages such as AgentSheets and StarLogo. topobo
makes certain systems concepts tangible with the
Indirect topobo interface. Indirect topobo is a physical
example of an object oriented programming language
that has one object and a program loop.

Physics: Indirect topobo synchronizes motions in time,
and requires that they be identical. The interface
invites a child to experiment with the many ways a sin-
gle gestural twist can lead to a recognizable global
motion. One example would be to create a “spring” out
of a helix of parts. A very small local rotational motion,
spread throughout the length of the helix, would cause
it to extend dramatically. Such an exercise might give
students an opportunity to wonder if a real spring is
made of very small parts, and if it is, what happens to
those parts when a real spring extends.

Accretion: By incrementally changing the amplitude of
one’s gesture with Indirect topobo, concepts of accre-
tion and decay can be demonstrated. For instance, if a
long line of parts is built and programmed with
Indirect topobo, it will curl into a circle. However, if
the original input motion grows slightly at each
sequential node in the line, they will curl into a spiral
(Fig. 11). Such an exercise can be used to understand
the equiangular spiral (as seen in snail shells, nautilus
shells and sunflowers).

Phase shift: Indirect topobo can be modified with an
incremental delay to demonstrate concepts related to
phase shift. For instance, if a line of parts is pro-
grammed to do a simple oscillation with a propagation
delay, the line will behave like an oscillating wave.



Learning from the field:
playing with topobo in the classroom

In order to evaluate the technical features, design prin-
ciples and educational goals of topobo we did a prelim-
inary field observation at an elementary school in
Boston. We spent two hours each in a second grade
class and a kindergarten class playing with topobo. The
environments of the classrooms, especially the kinder-
garten, were Montessori-inspired. The classrooms fea-
tured simulations of sea world, sofas, different manip-
ulative toys, a kitchen where kids usually cook, paint-
ings, aquariums, and little playground filled with sand
and dinosaurs, among others things. Only one com-

‘ puter was present in
each classroom and
it was strictly for
teacher use.

Each of us 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 assem-
ke “ bling and program-

Fig. 12. a walking bug ming their own mod-
els. The rest of the classes were doing other activities
with the teachers while we were introducing topobo.

It appeared that all groups of kids had similar initial
experiences of discovery. The children worked first to
figure out what this unknown toy was (or system or
machine or thing, depending on the different vocabu-
laries kids used to refer to topobo). Children then
worked to put together and assemble parts in a coher-
ent way, and finally tried to program their constructions
and test their movement.

The topobo learning experience
(or the blurring between subject & object)

Dave is in second grade and, according to his teachers,
he is usually very distracted with things and other kids
in his environment. He was in one of our groups of
field observation. We introduced topobo to his group by
comparing a walking topobo creation to ourselves
walking. When Dave came to one of the tables where
we were sitting and manipulating topobo, he immedi-
ately got engaged with topobo. First, Dave started to
manipulate and rearrange the parts in spontaneous and
creative ways but, following the epistemological mod-
els [10] that we have presented, topobo soon became
part of his ongoing activity and experience. [8]

Dave was working to create his own walking animal.
While engaging in the activity of assembling there was
no boundary between subject (Dave) and object
(topobo) until something stopped functioning as he
had expected. Drawing on the earlier eamples that we
showed him (Fig. 12), Dave tried to emulate some of
the configurations, especially the local-global interac-
tion and the feedback between parts. He was trying to
run a new creation, but suddenly he realized that
Indirect topobo didn’t work as he has planned. He
broke his focus, stopped his ongoing activity and then
asked: Why? What happened? Why it is not walking?

A breakdown situation took place, that is to say, a situ-
ation in which some unarticulated conflict occurred
between the assumed conditions for the operations on
the one hand, and the actual conditions on the other.
[1][4] Such a breakdown situation in an experience
seems to have an impact on cognition: unforeseen
changes in the material conditions in the specific activ-
ity may cause conceptualization. [1]

Therefore, a breakdown in the ongoing activity of
building a topobo model may have produced a certain
conceptualization in Dave’s mind: he may have started
thinking and manipulating topobo in new ways in order
to produce movement, feedback, global-local interac-
tion and walking. The process of physically “debug-
ging” his creation may have given Dave new insights to
kinematic systems.

A sort of conceptualization and redirecting of the logi-
co-physical manipulation took place in Dave’s experi-
ence. Our guiding and scaffolding was certainly useful
and helped him to
quickly form com-
plex conceptual
topobo models. In the
future, teacher guid-
ing may be very help-
ful for facilitating in-
depth conceptualiza-
tion and kinematics
thinking by compar- _
ing topobo to natural Fig. 13. programming a walking horse
locomotion.

Animals and Machines

It was interesting to notice how second graders and
kindergartens related to topobo models with their
“familiar knowledge” about machines and animals.
Metaphoric allusions to machines (robotics) and espe-
cially to animals (“the elephant,” “the turtle,” “the
scorpion,” “the no-walking man”) were descriptive and
salient. Many students worked to develop animal
behaviors in their creatures, and some made reference
to their own bodies when discussing the movement of



topobo. This preliminary evidence confirms the value
of topobo a material for expressing concepts related to
balance, relative movement and coordination.

The fact that children can grasp and learn about the
mechanical world through play with topobo suggests,
to a certain extent, the potential for body and ego syn-
tonic learning. [10] We believe that programming
topobo is a body syntonic activity because topobo's
movement, feedback, kinematic motion, and global-
local interactions are firmly related to children’s sense
and knowledge about their own bodies. topobo may also
be somewhat ego syntonic because it is coherent with
children’s sense of themselves as people with intentions,
goals, desires, likes, and dislikes. [10]

In Papert’s view, a transitional object allows children to
make sense of tasks in terms of everyday familiar expe-
rience and supports them in moving into the world of
the abstract. As a digital manipulative for understanding
the relationship of the body to other kinematic sys-
tems, topobo could be a transitional object. We hope that
further research will help us evaluate this hypothesis.

Future Research and Conclusions

We are currently working to fully integrate the elec-
tronic and physical systems. Major challenges include
serial distribution of power, establishing a robust, arbi-
trary networking protocol and integrating the mechan-
ical and electrical connectors. We are also refining the
design of the components to make them lighter,
stronger and more ergonomic. Interface developments
include adding further functions to augment Indirect
topobo to make non-linear amplitude and phase related
behaviors visible and tangible.

Further work with children will inform the design of
the system. We hope to develop a robust and valuable
digital manipulative that will support children’s intel-
lectual and social-emotional development.

Drawing on the best traditions of historical manipula-
tives and ubiquitous computing, topobo makes new
domains of kinematics knowledge tangible for young
learners. We are continuing to develop and expand the
conceptual foundation of topobo. Our ongoing
research will address both the design of the system
and its interpretation in the field.
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