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Abstract
Biomorphic robots have become a valuable tool in un-
derstanding neuronal pattern generation, motor control,
interaction with environment, and behavior of animals. We
propose that low-cost robotic devices may also be useful
to teach those concepts. We developed a prototype of an
educational tool in a form of a four-legged robot. The
servomotors of the legs are controlled by a neuronal pattern
generator composed of Integrate-and-Fire neurons con-
nected via integrating synapses, all modeled by RC-circuits.

We successfully delivered hands-on lessons for building
neural networks on breadboards out of discrete electronic
components and subsequently developed a programmable
printed circuit board (PCB) that can serve as a useful ad-
junct to the discrete-components lesson plans. The board
is mounted on the back of the robot and allows students to
investigate the parameter space of bigger neural networks,
and program complicated walking gait patterns. The next
implementation of the PCB will bear sensors permitting the
robot to interact with the environment. The new PCB also
will allow probing of various components of neurons and
synapses, mimicking electrophysiological recording with in-
tracellular electrodes, and studying pattern generation. So
far these tools have been tried at middle- and high-school
level, and trials in college are also underway.

Introduction
Biomorphic robots, or robots inspired by living organisms,
have been used in neuroscience research for years. Robots
are used to investigate the interaction between environment
and behavior (Grasso et al. 2000), motor control (Paul-
son 2004), sensor-driven learning (Geng, Porr, & Worgotter
2006) and biomorphic prosthesis (Wickelgren 2004). Unfor-
tunately, similarly extensive progress has not been made in
adopting robots as a teaching tool in neuroscience. With a
boom of molecular biological and genetic research, incredi-
ble amount of molecular data is being incorporated into the
neuroscience curriculum in college, yet neural bases of be-
havior are still in a black box. Neuroethology does not re-
ceive proper hands-on attention from the students, both be-
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cause of the cost and complexity of experimenting on living
animals. To many educators, presenting the concepts of mo-
tor control, learning and sensory integration in the K-12 en-
vironment in any form other than a lecture is inconceivable,
and thus probably results in more shallow understanding of
the material than could ideally be achieved.

Figure 1: The current SlugBug prototype is a small au-
tonomous robot approximately 10 cm long and 15 cm high.
The two servomotors are mounted with their axes perpendic-
ular to each other. SlugBug’s front legs move in the plane
perpendicular to the ground, helping to overcome obstacles,
and the hindlegs move parallel to the ground, propelling the
body forward.

It is widely accepted that hands-on learning is signifi-
cantly more beneficial than passive learning (Dale 1954).
Constructionist learning has been proposed as a powerful,
visceral kind of learning (Papert & Harel 1991; Resnick,
Bruckman, & Martin 1996) in which robots can be beben-
eficially used (Bers et al. 2002). Robots may help stu-
dents understand the neuroethology of living organisms by
reconstructing their functional parts and tweaking them to
work similarly to those of animals. Silicon neural pattern
generators, artificial muscle and sensors can be used to un-
derstand the three basic steps in generating behavior: per-
ceiving, making the decision, moving. Most importantly,
integrating these functional units in a tangible, working de-
vice may help students understand how behavior emerges
through interaction of these functional units in an organism.
The goal in such instruction is finding the simplest, most
minimal set of tools an organism needs to produce reflexes,



and subsequently adding complexity to it to generate flexible
and adaptive behaviors.

Robots offer additional benefits as a tool for integrat-
ing knowledge across multiple disciplines. Neuroscience is
a multidisciplinary field that requires understanding of the
mathematical equations, electrical circuitry, molecular biol-
ogy, genetics, psychology, physiology, biomechanics, etc.
Knowledge from many of these areas is necessary to build
a working robot, and will be used by students integratively
within the context they can understand and relate to, thus
deepening their understanding.

We have developed a prototype of such an educational
tool in a form of a simple robot, the “SlugBug”. The body is
shaped after a four-legged insect, while the “brain” is repre-
sented by an artificial neural network inspired by the swim
pattern generator of a marine mollusk Tritonia diomedea.
Successfull lessons were delivered to middle school and
high school level in which students made neural networks on
breadboards, constructed robots and achieved proper walk-
ing gate. Based on the results of these trial runs, we sub-
sequently developed a programmable printed circuit board
(PCB), the “Neuron Board”, that can be used in combina-
tion with the discrete-components lesson plans. This small
board is mounted on the back of the robot and allows easy
programming of network with more than 3 neurons, thus
generating complex firing patterns that result in more grace-
ful walking gaits. Students can use probes to investigate
the mechanisms of pattern generation by sampling “mem-
brane voltage” and “synaptic conductances” on the artificial
neurons, receiving the benefit of electrophysiological exper-
iments without the cost and complexities of working on live
animals.

Methods: Neuron Board and robot body
design

The SlugBug robot consists of 3 essential parts: (1) the Neu-
ron Board, (2) the servomotors and (3) the legs and body
parts that connect it all together (Figure 1).

The 3-neuron network with 2 mutually inhibitory neurons
(1 and 2) and an excitatory connector neuron C was used in
the lessons with discrete-components. Neurons N1 and N2
control servomotors. The connector neuron C relays excita-
tion from N1 to N2 with a delay depending on the strengths
and time constants of the synapses. Students can manipulate
this delay to obtain different oscillatory patterns, thus affect-
ing the SlugBug’s walking gait. This network was inspired
by the swim CPG of a marine mollusk Tritonia diomedea,
and was chosen due to its small size and simplicity of find-
ing proper parameters. Further versions of the board will
contain more neurons which will allow the user to program
networks able to produce complex oscillatory patterns.

For simplicity, we used integrate-and-fire (IAF) neurons,
so as to minimize the number of variable parameters with-
out depriving the students of control over the system. IAF
neurons are easily modeled with an RC circuit. Once leak-
age and synaptic currents are introduced, the IAF neuron can
be described by the following equation (Vmem - membrane
voltage, Isyn - synaptic current, other notations as in Figure

2a):

Cmem

dVmem

dt
=

Vsens − Vmem

Rmem

−

Vmem

Rleak

+ Isyn.

Integrating synapses were also modeled with RC circuits
(Figure 2b), and had proper excitatory and inhibitory char-
acteristics mimicking real biological synapses (results not
shown).

The network is controlled by a PIC (peripheral interface
controller, Figure 2a) which receives the analog input from
sensors and detects the membrane voltage of the neuron.
Once the membrane voltage exceeds the threshold (coded
into the PIC), PIC generates a spike, a signal that discharges
the neuronal membrane, and a square pulse sent to the out-
going synapse of that neuron. The PIC also integrates the
spikes into discharge frequencies, and based on that gener-
ates the servomotor command that is frequency-dependent.

Because it does not seem feasible to use networks big-
ger than 3 neurons for hands-on instruction, we designed
a printed circuit board that could bear multiple neurons,
each with a programmable digital potentiometer to adjust
the membrane time constant. The built-in probe posts al-
low students to sample the membrane voltages and synaptic
conductances. This permits investigation of neuronal inter-
actions, and also mimicks the electrophysiological experi-
ments in which the exact network structure is unknown, and
has to be discovered experimentally. This feature could be
used to teach inference skills necessary for electrophysiol-
ogy. In the current version (Figure 1) we reduced the Neu-
ron Board size to 5cm X 8cm. The robot runs autonomously
on four AAA batteries. We are presently designing a version
that includes sensors and a connection to a PC that will allow
the students to record data from the neurons onto a computer
via a USB port for offline analysis.

Results: Slug-Bug trial runs
We designed a “SlugBug unit” lesson plans to test the Slug-
Bug in a real classroom and find the level of instruction ap-
propriate for each age group. The unit was delivered as a
short-term advanced level extracurricular activity, with the
goal of integrating the knowledge students acquire concur-
rently in a variety of disciplines, such as physics, math and
biology. The unit is intended to teach the beginnings of syn-
thesis through a hands-on building of simple components of
a robot. Below is the typical progression in which the con-
cepts were introduced. The extent to which these items were
covered and the speed of progression was adjusted to the stu-
dent’s level. Results of observations during the trial lessons
are summarized in Table 1:

1. Introduction to neuromorphic engineering. Robots for life
and research.

2. Structure and function of neurons.

3. Build SlugBug body. Investigate the effect of body and
leg shape on the robot’s stability.

4. Introduction to resistors and capacitors, breadboard.
Build one neuron on a breadboard, connect to a speaker.



(a) Neuron (b) Synapse

Figure 2: Circuit diagrams of a neuron (a) and synapse (b). PIC - peripheral interface controller; an in - analog input, dig out
- digital output; NMJ - neuromuscular junction; Rmem - membrane resistor, can be variable; Rleak - leakage resistor, can be
variable; Cmem - membrane capacitor, Rdisch - neuronal discharge resistor, controls the rate of discharge after a spike; Vsens
- voltage stimulation due to sensory input.

Investigate how the value of resistance and capacitance
affect spike frequency.

5. Demo of a working SlugBug. Students attach their neu-
rons to a provided Neuron Board and SlugBug and ad-
just their neuron to work well with the existing circuit to
achieve smooth gait.

6. Synapse physiology.

7. Demo of a synapse on a breadboard. Students connect
their neurons via a provided synapse and study their in-
teraction while changing the values of R and C.

8. Build an excitatory synapse. Students connect their neu-
rons using the synapse they built and tweak this network
to achieve a meaningful firing pattern.

9. Build an inhibitory synapse. Connect neurons from 3 stu-
dent groups using their synapses, and connect the result-
ing circuit to the student’s SlugBugs. Adjust the synapses
to achieve neuronal firing that results in a graceful gait.

Edison Middle School In October of 2004 we delivered
a one-week long SlugBug unit in Edison Middle School,
Champaign, IL. The racially diverse test population con-
sisted of 6th grade students, 9 girls and 12 boys, from the
school’s enrichment program. Lessons met 50 minutes daily
for eight consecutive school days. Students were given a
pre- and post-attitudinal test which showed that the attitude
toward learning neuroscience has improved in the course of
the week, especially for girls, regardless of the race.

University High School We presented a similar unit in the
University of Illinois U-C high school, Urbana, IL. The unit
consisted of 4 consecutive days of instruction, each lesson
was 1 hour long. We concluded from this trial run that a unit
like SlugBug was a feasible option at the high school level.
The students were able to independently build the Slug-
Bug brain and body out of loose electronic components, and

some groups were successful in finding the combinations of
values of resistors and capacitors that produced proper gait.

University level We are currently designing an experi-
mental class for the University of Illinois, in which the Slug-
Bug will be further tested and developed. The course will in-
troduce neuromorphic engineering as a tool to study neuro-
biological and biomechanical problems. Students will build
neurons, synapses and neural networks from analog cir-
cuits, modeling after the neuromotor control of insects, crus-
taceans and other invertebrates. Each student will choose his
or her own model organism and attempt to build a simple
robot like the SlugBug based on the information found in
existing literature on neurophysiology of that animal.

Discussion
At the moment much evidence exists to support that the
robotic experience offers students opportunities for higher
order thinking, creative expression and discovery learning
(Wagner 1998; Massey et al. 2000; Garrigan 1993). These
types of learning experiences have been shown to moti-
vate students regardless of location, socioeconomic status,
or gender (Wagner 1998; Noble 2001; N/A 1998). Wein-
berg (2003) reports that “Robotics provides a unique learn-
ing experience (since) robots are a physical embodiment of
computation. The students receive strong, visceral feedback
from physically experiencing their work”. The goal of this
work has been to work out a feasible robotic tool for class-
room use to enhance neuroscience instruction.

After testing the SlugBug, we found that it noticeably en-
hanced the classroom experience. Our lessons offer the op-
portunity for creative expression, problem solving and con-
structionist learning, all things important for better learning.
The sometimes tedious subject of mathematics and com-
puter programming are deeply imbedded in the novelty and



Table 1: Multidisciplinary concepts that students can investigate using SlugBug
Robot part Concepts introduced Level appropriate
“The brain”

breadboard: properties of an RC circuit; middle and high school, college
neurons structure and operation of an Integrate-and-Fire neuron; middle and high school, college
and synapses simple model of an integrating synapse college

breadboard: operation of LEDs and speakers; middle and high school, college
auxiliary items operation of buffers and inverters high school, college

PIC programmable robotic control, with all ensuing implica-
tions

college

neuron board neural network parameter space; middle school
effect of parameter values on the neuronal firing pattern;
interaction of neurons within the network

“The body”

plastic body parts effect of weight distribution, leg shape, robot height and middle and high school
and legs other anatomic parameters on the walking stability and gait

servomotors operation and programming of servomotors high school and college

kinesthetic nature of the robot, and become integrated with
novel biological concepts introduced in the lessons.

We feel encouraged by the present results and hope that
early introduction to neuromorphic robotics will help stu-
dents to retain the integrative systems approach to learning
complex subjects, such as neuroscience. We are presently
designing an educational study to explore the benefits of
this new approach to teaching neuroscience to middle and
high school as well as college students. We expect to find
that students exposed to robotics-enhanced education will be
inspired to study higher level science coursework and then
pursue careers in science and engineering fields. The test
scores in many disciplines related to neuroscience are ex-
pected to improve due to increased motivation and integra-
tive use of concepts in a fun and engaging context.
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