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Abstract

Captain Basile is a robot inspired from the cockroach and built to partici-
pate at the SAE Walking Machine Challenge 2004, an undergraduate com-
petition of walking robots.

The robot weighs 35 kg and is 86 cm long, 58 cm wide and 38 cm tall.
Initially validated by the use of dynamic simulations, this pneumatic actu-
ated hexapod is characterised by specialized legs, passive visco-elastic
elements and a self-stabilizing posture. This mechanical system allows
straight line running at 1.11 m/s and turning at 33.2 degrees per seconds
with a simple feedforward control system.

This paper presents Captain Basile, its design, performances and the re-
sults from speed experiment.
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1 Introduction

Locomotion over uneven ground has aways been a difficult challenge.
Many wheel designs exist but have limited performances on uneven
ground at high speed. Observations on cockroaches [3, 4, 5 and 6] suggest
that legged robots could achieve better performances in this field than they
did in the past.

Thisis why, three years ago, a group of students from the Université de
Sherbrooke (Canada) was created to take up the challenge of designing and
building an insect-like running robot that would perform at the Society of
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Automotive Engineers (SAE) 2004 Walking Machine Challenge (WMC
2004). This paper gives an overview of the robot named Captain Basile,
followed by an analysis of its performances.

2 Problem statement

The SAE Walking Machine Challenge is a competition where the speed,
the force to weight ratio, the autonomy and the all-terrain performances of
walking machines designed by undergraduate students are evaluated.

To complete the competition events, the robot must be able to climb
over 20 cm obstacles, to grasp and carry a 10x10x10 cm dense wood block
and to carry acharge of 10 kg or more over 18 meters. The rules also limit
the overall size to a 1x1x1 meter box.

The fastest robots at the WMC 2002 had a maximum speed of 0.2 m/s
on flat ground and 0.02 m/s at the obstacle challenge [1]. As speed isacri-
terion in all the events of the competition, there is a big opportunity to im-
prove these performances.

3 Design inspiration

Many recent studies on cockroaches [3, 4, 5 and 6] propose a hew ap-
proach to build walking robots that use insects as a source of inspiration to
improve the speed and all-terrain performances. Robots like Sprawlita [6],
Whegs | & 11 [10] and RHex [12] show that rather than just copying the
morphology of a cockroach, the solution is to better understand the way it
dynamically walks and to implement the fundamental characteristics that
explain its performances in afunctional and simple robot.
These studies suggest that insect inspired robots should exhibit:

o Sdf-stabilizing posture: A sdlf-stabilizing posture, provided by a
low center of mass and a large triangle of support where kinetic
energy and leg thrust is used to stabilize the walking pattern [3].

e Specialized legged function: Hind legs propel the robot forward,
front leg are used to go over obstacles while middle do something
in-between [7, 5]. The positioning of the rear foot during climbing
prevents the cockroach from falling on its back [9].

e Compliance: A well chosen visco-€lastic structure provides com-
pliance which is useful to maintain a good contact with the ground
[6] and to absorb the foot impact without any active control.
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e Timed, open-loop/feedforward control: These three characteris-
tics, when embedded in a properly tuned mechanical system, sim-
plify the control system so that only feedforward control is neces-
sary in order to obtain a stable and fast gait.

As awalking machine with less actuators tends to have a better power to
mass ratio [10], effort should be made to reduce their number to the strict
minimum. Thisis also useful as this robot has to be power autonomous.

4 Simulations

In order to validate how each of these observations can be applied to reach
the targeted goals, MSC.visualNastran 4D, a physics-based simulation
package and Matlab/Simulink was used.

A simple model was initially used to test the general concept of insect-
like locomotion. Then, a second model (Fig.1.) was used to select and po-
sition the proper components and to tune the feedforward parameters.

Compressed air Batteries
at 20.7 MPa

Pneumatic
cylinders

Legs with shoulder’s
rotational spring

Fig. 1. Model used in the component-sizing simulations

These simulations confirmed that the robot can behave as insects and
gave afew more insight on the construction:

e Open-loop control is adequate for straight line running with mini-
mal drifting of about 1% [3].

e Compliance, given by the shoulder spring, is enough to passively
produce the proper motion needed by running.

e The position of the center of mass should be between middle and
hind legsto allow proper use of those legs for propulsion [3].

e Leg thrusting force should be approximately three times the
weight of the robot divided by the supporting legs[8].
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e The optimal angles needed by the legs to work are similar to those
of the cockroaches[7].

o The feedforward pattern used for running doesn’'t require any
modificationsto allow climbing of 20 cm high obstacles.

o Alternating tripod gait is better suited for straight line running than
pairs of legs in phase, being more stable. The second method
turned to be better for climbing than tripod gait [11].

5 Mechanical system

The robot (Fig.2.) weighs 35 kg and is 86 cm long, 58 cm wide and 38 cm
tall. Compressed air was chosen as a power source due to its good energy
density and its high discharge rate [9]. The 1.9 cm diameter double-acting
air cylinders are ideal as their linear action is compliant and directly used
to create leg thrusting. Two 2.7 litres air tanks at 20.7 MPa provide,
through aregulator, the 827 kPa needed for the six cylinders.

Pneumatic ~
double-acting <5 Claws
cylinder

Torsion /
spring

Shock
absorbing .
foot

i.thuaI e of Captain Basi Ie an rear view of the front leg subsystem

The robot has 12 degrees of freedom (DOF), two per leg. The six pneu-
matic cylinders controlled with on-off commands represent the active DOF
of the robot. Each leg is linked to the body by a passive rotational spring
(Fig.2.). The ball-bearing linear slides protect the cylinders from radial
stresses caused by the impacts of locomotion. The rubber-coated feet were
designed to absorb impacts and to maximise the friction with the ground
while the claws were used to increase the climbing performances.

The frame of the rabot is made of wood as this affordable and easy to
use materia is strong and light. This frame allows fast modificationsand is
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well suited for a prototype. The robot also uses a sticky trap actuated by a
seventh air cylinder to grasp objects on the floor.

6 Control system

The control system (Fig.3.) is divided into two parts: electronics onboard
the robot and the human control interface. Onboard electronics is consti-
tuted of two nodes communicating via a CAN (Controller Area Network)
protocol; the Power Management Unit (PMU) and the Motion Controller.
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Fig. 3. Control system of the robot. Components in the dashed box are onboard
electronics. Components shaded aren’t installed on the robot yet. The central
busisthe Controller Area Network.

The PMU acts as a charger, a power supply and a monitor of the battery
level and as well of the tanks pressure. This fully configurable unit, pre-
sented in [2], alows the NiMH batteries to be recharged without removing
them from the robot while supplying the other electronics and the valves
with an external source. It uses small battery boards to calculate the num-
ber of charges used, measure battery temperature and store data.

The PIC18F458 based Motion controller receives high level commands
to generate the cyclic commands for the legs. These valve commands are
generated at 3 Hz with aresolution of 2 ms. It allows autonomous actions
to be executed as well as feedback from the optional end-stroke sensors.

The human control interface is implemented in National Instrument’s
LabVIEW to allow an operator to use a game pad or the console to send
commands and analyse feedback from the sensors. Both onboard elec-
tronic units can be autonomous or controlled through the control interface.
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7 Performances

After afew simple tuning through simulations and experimental optimisa-
tion, Captain Basile reaches a top speed of 1.11 m/s (1.25 body length per
second). In straight line running, its two air tanks provide about 2.5 min-
utes of autonomy. Despite its speed, an operator can easily position the ro-
bot with a precision of 1 cm. A turning speed of 33.2 degrees per second is
achieved by pushing only with the legs on one side.
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Fig. 4. a) Speed as a function of the back pressure, with an active pressure of
745 kPa. The leg thrusting period is 0.3 s and the duty cycle is 50 %.
b) Speed as a function of the duty cycle, with an active pressure of 745 kPa.
The leg thrusting period is 0.3 s and the back pressure is 186 kPa.
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Fig.4. a) shows the influence of the pressure that retracts the cylinders on
the speed of the robot. To simplify the pneumatic system, the back pres-
sure is always active. The difference between the back and the thrusting
pressure should be maximized. However, atoo low back pressure can’t re-
tract the legs efficiently, slowing the robot. This experiment showed that
the optimum pressure for the greatest speed is around 180 kPa, but 220
kPa is more appropriate for better stability with less vertical oscillation of
the center of mass.

Fig.4. b) shows the influence of the duty cycle on the speed of the rabot.
The leg duty cycle represents the percentage of time where each cylinder is
commanded to be in extension. A too short duty cycle doesn’t give the legs
the time to push efficiently. With atoo long duty cycle, the legs stay on the
ground even after their useful pushing action and slow the robot. The best
experimental duty cycleis around 58%.

Therobot is also able to grasp a 10x10 cm block or to carry a 10 kg pay-
load, 28% of its own weight, without significant speed loss. Climbing per-
formances aren’t as good as simulated; the actual robot is able to climb ob-
stacles 10 cm high while 20 cm obstacles were climbed in simulation.
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8 Future work

In addition to various ameliorations, further experiments based on the way
insects turn [5] are being done. Climbing and the influence of the claws are
analyzed in order to better understand the difference between simulations
and experimental results and to improve the all-terrain performances. For
now, beacon positioning and inertial guidance are under investigation.

9 Conclusion

There is a new generation of walking robots emerging that, unlike their
slow, complex and heavy predecessors, rely on abstracted biological prin-
ciples to be faster and more agile. There is afeeling that this relatively re-
cent approach could lead to robots with better performances. The current
work relies on studies of an insect, the cockroach, to design an agile and
strong but yet a simple walking machine.

Initially validated by the use of dynamic simulations, this robot includes
specialized-legged functions, passive visco-elastic elements and a self-
stabilizing posture. This mechanical system allows straight line running
with a simple open-loop feedforward control system. It was the fastest ro-
bot at the WMC, and work is underway to further optimize the prototype.
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