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Abstract 

RHex is a man-packable, six-legged robotic platfrom capable of traversing 

highly varied and rugged terrain, as well as running up to five body lengths 

per second. This thesis describes the development of two gaits for RHex: 

bounding and stair descent. The procedures involved in the development of 

these gaits are the analysis of video footage of experimental operation and 

logged-data analysis. Important elements of the functioning bounding gait 

are proper touchdown detection and energy storage in the compliant legs. For 

stair descent, the important element is control of the sliding motion of the 

robot body on the stair. A description of the platform is also presented. 



Résumé 

RHex est un robot portable à six pattes pouvant traverser divers types de 

terrains raboteux, ainsi que se déplacer a cinq longueurs par seconde. Cette 

thèse décrit le développement de deux types de démarches, le bond et la 

descente d'escaliers. Pour ses recherches l'auteur s'est servi de séquences vidéo 

et d'information enregistré pendant les expériences. Une bonne sensation de 

l'impact avec le sol ainsi que l'entreposage de l'énergie dans les composantes 

flexibles des jambes sont nécessaires au succès du bond. Par ailleurs, il est 

important de bien contrôler la glissade du robot pour descendre les escaliers. 

Une description du robot est aussi présenté. 
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Chapter 1 

Introduction 

1.1 Mobile Robotics Background 

When the term "robot" was coined by Czech playwright Karel Capek in 1921 

it referred to lower class workers, not far removed from slaves. Later, in 

Metropolis, a Fritz Lang film made in 1927, a robot had the role of being used 

to control the masses of lower-class workers. Through the science fiction of the 

fifties, sixties, and seventies they started to be portrayed as something better 

than human, often feared, or at least misunderstood, as was Gort in 1951's 

The Day the Earth Stood Still. In other situations, however, there could be 

no misunderstanding their intentions. In the BBC series Dr. VVho, the doctor 

was repeatedly confronted with the threat of the Daleks and their threats to 

"exterminate" human life. These robots can be seen in Figure 1.1. 

Today robots are more often seen as helpers, enabling people to explore 

new reaches of the ocean, land and space. They go places that such as the 

surface of Mars where people have not yet been able to tread. They take 

on the dangerous tasks and the dirty tasks that people are not weIl suited 

to complete. They do not tire of repetitive operations and can perform the 

same motions endlessly with better precision than people can manage. They 

have also begun to become replacements for pets. Programmable puppies who 

1 



CHAPTER 1. INTRODUCTION 2 

Figure 1.1: The robot from Metropolis[42] (upper-Ieft), Gort, of The Day the 
Earth Stood Still [2] (upper-right), Dr. Who and sorne Daleks [8] 

don't need to be fed or cleaned up after, yet can still provide sorne of the same 

companionship. Sorne examples of such machines can be found in Figure 1.2 

Figure 1.2: JPL's Sojourner, for exploring the surface of Mars [25], a bomb 
disposaI robot [54] and a Sony entertainment robot [58] 

The field of mobile robotics is concerned with the study of robots that 

can move around in various environments. That environment can be the 

factory or lab fioor, where surfaces are fiat and very regular. It can be the 

more general urban environment that encompasses stairwells, sidewalks, paved 

and dirt roads, curbs and slopes. It can also be the completely unstructured 

terrain of the forest, desert, ocean or building rubble. In short, there is a wide 
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range of operating theatres for mobile robots, and the design of the robot 

determines where it will be able to operate. 

1.2 Legged Robots 

While legged robots have been prevalent in science fiction, it is only relatively 

recently that they have begun to be seen in the real world. One of the first 

was the General-Electric quadruped truck built by Mosher in 1968. Shown in 

Figure 1.3, the machine was controlled by a human operator using hydraulic 

controls. The 1300-plus kilogram machine could move at 8 kph and could carry 

a 227 kg payload [55]. The machine was not autonomous, as the operator in 

fact controlled each axis of motion with his own. 

Figure 1.3: The G.E. Quadruped Truck climbing a pile of rail ties, image taken 
from [52] 

Ohio State University created a number of platforms including the Phony 

Pony and the OSU Hexapod, both of which used electronic controls to generate 

patterns of leg motion and were powered through a tether. The Pony was 
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capable of crawling and trotting, but was unable to turn. Its wide feet were 

required for stability in the trotting gait [55]. The Hexapod, on the other hand, 

was much more capable. It could walk, turn and negotiate shaIlow st airs [55]. 

The Adaptive Suspension Vehicle was later developed, similar to the General

Electric truck in that it required a driver. In this instance, however, the task of 

moving the legs was much more automatic and less strenuous for the driver [55] 

since he was there to supervise and direct the motion, rather than command 

leg movements directly. The O.S.U. machines are shown in Figure 1.4. 

Figure 1.4: A number of early walking machines from Ohio State University. 
Images taken from [55] 

The Odetics Functionoid (Figure 1.5) is a hexapod that uses a large 

amount of energy to move, but very little when standing still. motors as 

brakes during certain phases of motion to regain some energy. The battery

powered device locomotes by moving three legs at a time, using the remaining 

three to support the weight of the robot [55]. A number of revisions of the 

machine exist, from Odex-1 through Odex-3, with improvements in power 

consumption, sensor feedback and range of motion through the series. 

In the 1980's Raibert [52] built a number of simple machines that ran 

dynamically using simple, low degree-of-freedom (DOF) legs. Two are shown 

in Figure 1.7. Using simple controllaws, the robots were capable of running, 

walking, hopping in place, bounding, trotting, hopping up steps, jumping over 

obstacles and even performing summersaults. Some were constrained to the 

sagittal plane - a longitudinal plane that divides the body of a bilaterally 

symmetrical animal into left and right sections - by a boom mounted on a 

pivot while others were able to control their motion in aIl three dimensions. 
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Figure 1.5: An early walking hexapod that uses a tripod gait. Image taken 
from [55J 

The Ambulatory Robotics Laboratory, under the supervision of Martin 

Buehler, used similar control laws to control legged robots built with electric, 

rather than hydraulic and pneumatic, actuators. Ov~r a decade of research has 

produced two planar monopods, Monopod l and Monopod II, and a number 

of quadrupeds. Scout l is a small quadruped robot with hobby servos as 

actuators that is power autonomous and uses an off-board computer. Despite 

the use of simple legs with only one degree of freedom each, the robot is able 

ta walk, turn in place, side-step and climb a step one third the height of the 

leg [10]. Scout II is a scaled-up version of Scout l with compliant legs to store 

and release energy during different phases of the motion, and was the first 

robot ta gallop [50]. The compliance was necessary to decrease the impacts 

created while walking with rigid legs. More recent productions are RHex, 

a six-legged cockroach-like robot that navigates broken terrain, and PAW, a 

Platform with Articulated Wheels, a quadruped similar ta Scout II with the 

addition of active wheels at the end of each leg. RHex is the platform used 
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for the research presented here, and is described in detail in Chapter 2, and 

the project that brought it to "life" is described in Section 1.3. A number of 

the lab's creations are shown in Figure 1.8. 

From the research departments of large companies such as Honda and 

Sony and come a number of prototype and production robots. Honda has 

several fully-autonomous biped robots that are capable of walking, balancing, 

climbing st airs and slopes and interacting with the public. Their P3 and Asimo 

humanoids are the latest in their series, Figures 1.6(a) and 1.6(b), though they 

are not available ta the public. Sony, on the other hand, has recently released 

another version of their Dream Robot, the SDR4X (Figure 1.6(c)), a small 

biped robot capable of walking, dancing and climbing up and down small 

steps with a sophisticated embedded control system. Their Aibo series of . 

robots have been popular with both artificial intelligence research groups and 

the public. 

(a) P3 [24] (b) Asimo [23] (c) Sony's 
SDR4x [59] 

Figure 1.6: Power and computation autonomous bipeds from Honda and Sony 

A gait is defined as "a particular way or manner of moving on foot" [4] 

That is to say, a pattern of movement that the legs of a moving system, be it 

man, animal or machine, undergo to achieve locomotion. The motivation be

hind gait development is to improve the mobility of the platform through new, 

more robust or more sophisticated behaviours. The goal of mobile robotics is 

ta build or study robots that have the ability to move around in their environ

ment, and new gaits increase that mobility. AnimaIs are much more mobile 
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Figure 1.'7: The M.I.T. Leg Lab quadruped [34] and 3D biped [33] 

Figure 1.8: The ARL Monopod II [29], Scout l [31] and Scout II [32] robots 

than any robot created to date, it may be sorne time before a robot can climb 

slopes like mountain goat, run like a cheetah or climb like an ape. The animal 

systems have much more evolved control and feedback systems which are far 

beyond the capabilityies of today's sensing, computation and actuator tech

nologies. Many animaIs, especially mammals, also have highly complex leg 

morphologies. 

1.3 The RH ex Project 

The RHex project grew from a Defense Advanced Research Projects Agency 

(DARPA) and Office of Naval Research (ONR) grant to study the locomotion 

of cockroaches. Work done by Dr. Robert Full at the University of California 

at Berkeley showed that cockroaches can run very quickly without nervous 

feedback [9][18], with their legs moving along pre-determined trajectories with 

no inputs from the environment. Despite their ignorance of the obstacles in 
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their environment they are still able to traverse a wide variety of terrain. 

Figure l.9: RHex climbing a slope[30] 

From this insight was born the concept for a mobile robot, a Robotic 

Hexapod, RHex (Figure l.9), a simple robot that would move its simple legs 

according to predetermined trajectories, grouped in two groups of three, called 

tripods, as shown in Figure l.10. Keeping the two motion of the tripods 

completely out of phase leaves at aU times three legs on the ground, forming 

a triangle of support above which the centre of mass is always located. This 

is often referred to as static stability because at any point during the motion 

the system can be stopped without falling over. This leads to a large degree 

of natural stablity and extensive mobility over broken terrain. 

o o 
o o 

Figure 1.10: RHex's tripod stance forms a triangle of support under the centre 
of mass (COM) of the robot. A filled circle indicates that the leg is in contact 
with the ground. Left: tripod A, Right: tripod B 

RHex implements the tripod gait by rotating the leg-trios a full circle 
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in unison. This IS the single most distinguishing feature of RHex compared 

to other robots, and eliminates toe-stubbing problems while allowing a single 

actuator-per-leg design. The motion profile for each leg is parametrized by 

four values: the cycle time, the sweep angle, the offset and the dut y cycle. 

The cycle time is the amount of time one cycle takes, or the period of the 

rotation. The sweep angle is the portion of the rotation for which the leg 

moves at a slower rate, by design while the toe is on the ground. The offset 

controis the angle about which the sweep angle lS centred. Leaning forward, 

for example, can enable better slope climbing. The fraction of the cycle time 

that the leg spends in the sweep angle is the dut y cycle. This parameter 

adjusts the relative speeds of the slow and fast portions of the leg cycle. Sorne 

interpolation is done to blend the two phases of motion. The trajectory used 

for the basic walking gait is shown in Figure 1.11. 

-100 

-150 

-200 ':':0.3:--:::0.3::-5 -::-0.4'--0:-':.45:---:':0.5'--0:-:.55:---:':0.6:--0:-::.65:---:':0.7:--0:-::.75:---:':0 .• -' 
TIme(s) 

Figure 1.11: Tripod gait leg trajectories, soUd blue: tripod A, dashed red: 
tripod B 

The adjustment of these parameters and the use of compliant elements 

in the leg has proven very effective in increasing the mobility in many modes of 

operation while enhancing stability and lowering power consumption in others. 

The compliance allows energy that would otherwise be lost in the impact with 

the ground to be stored for Iater release. An automated adaptation aigorithm 

has been used to tune the four gait parameters to obtain gaits for high-speed 
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or high-endurance. 

The machine can be steered by either a human operator through a joy

stick interface to a laptop or by the on-board wision system, which enables 

line and blob tracking and return-to-home abilities. 

For a further description of the mechanical, electrical and software sys

tems of the robot, see Section 2.1. 

1.4 Motivation 

For the fiat factory fioor, wheeled robots are effective since there is no verti

cal translation of the centre of mass and the environment is weIl controlled. 

More time can be put into developing higher levels of automation such as au

tonomous navigation and mapping. For "real-world" environments, tracked 

and legged robots are better suited due to their increased versatility. They 

are able to climb over obstacles that would leave simpler platforms spinning 

their wheels. Tracked platforms offer stability and speed but encounter high

centring and de-tracking problems. Legs, on the other hand, do not have 

de-tracking issues but are often less stable. 

Perhaps best recognized from fiction are biped droids such as Star Wars' 

C3PO and those from the Terminator film series. Attempts to mimic in de

tail the degrees of freedom of humans have been neither cheap nor practical 

for unstructured environments. Such robots require considerable effort and 

sophistication to be made to balance. Additionally, the number of actuators 

increases the complexity of the system and makes it more difficult to carry the 

power supply. A robot that cannot carry its own power supply is of limited 

use in the field due it its infrastructure requirements. 

The approach in the Ambulatory Robotics Lab (ARL) at McGill Univer

sity, on the other hand, is to make legged robots as simple as possible, often 

using only one actuator per leg. This cuts down greatly on the complexity of 
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the mechanical, electrical and software systems that comprise the robot. It 

follows that less complex systems are less likely to fail and are likely to be less 

expensive to fabricate. 

The bounding gait used by some animaIs, such as dogs and squirrels, 

is characterised by two distinct ground contact phases separated by intervals 

where the robot is not in contact with the ground. This clearance, or fiight 

phase, allows the animal to clear obstacles and save energy because it doesn't 

need to exert force on the ground during the whole motion. The bound is aiso 

currently the gait most used by the ARL's Scout II. 

Stair traversaI, both ascent and descent, is important as the urban envi

ronment abounds with st airs to traverse. Wheeled and tracked vehicles can be 

foiled when it comes to st airs due to their geometry. Stairs were designed for 

legged beings, providing horizontal footholds for vertical displacement, and 

legged robots should therefore have an advantage. The stair traversaI gait 

therefore enhances mobility. 

Many of the possible applications for RHex such as law enforcement, 

bomb disposaI, firefighting, or search and rescue are set in urban areas where 

stairs are a frequent obstacle. The discontinuous nature of stair geometry 

lends itself weIl to legged platforms, whereas wheeled platforms can encounter 

great difficulty in stair negotiation. Tracked vehicles must be large enough to 

span three steps in order to overcome these obstacles in a stable fashion, and 

may still suifer from slipping due to low traction on the edges of the steps. 

The motivation for designing gaits through empirical research is a com

mon thread for robotics in the ARL. Through experimentation, the dynamics 

of the robots are studied. This method involves many experimental "runs," 

testing the gait and tuning the parameters. Video and data analysis are used 

extensively to correlate how the robot is behaving with what the input are 

telling the actuators to do. The alternative to empirical research is the devel

opment of a model for the dynamic system. This task requires a thorough and 

accurate understanding of the system's dynamics. Aiso important to model 
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accurately are the interactions between the robot and the world. The impact 

of the compliant leg with the ground, the friction force between the toe and the 

ground, with the toe subject to wear, the sliding friction of the body against 

the st air , aIl these must be accounted for in a model. The validation of such 

a complex system model would be a thesis of its own. 

Once an accurate model exists, a controller must still be developed and 

tested. The implementation of a controller that is derived from a system 

model is another non-trivial task. In a simulation environment it is easy to 

determine the exact timing of touchdown events and the exact robot's state. 

Often in the real-world environment the machine does not have access to the 

same quantity nor quality of data. Often the sensors may exist for accurately 

measuring the state of the robot, but they cannot be integrated into a mobile 

platform for reasons of size, weight, power consumption or cost. 

1.5 Scope of Thesis 

This thesis contains sever al sections, each pertaining to relevant work. Chap

ter 2 consists of more detailed descriptions of the presented behaviours and 

what other researchers have done to implement similar gaits. The platform 

used for the experimental portion of this work is also described in sorne detail. 

Chapter 3 describes the new contributions of this thesis research: the 

development of stair des cent and bounding algorithms, and their experimental 

validation. Sorne of these results have already been published [11, 12]. 

Chapter 4 consists of conclusions drawn from this work and sorne ideas 

of possible directions for further investigations. 



Chapter 2 

Background 

2.1 RHex Platform Description 

This section describes RHex as a mix of mechanical, electrical and software 

systems. While it is often desirable to use commercial off-the-shelf components 

(COTS) in a design to minimise the design effort, it is not always possible. 

RHex is no exception. Virtually every mechanical component on the machine 

is custom designed, relying on COTS motors, bearings, gears and fasteners for 

the rest. As for the electronics, most parts are COTS, save for the i/o card, 

the motor drive and sorne interface circuitry. The software is of similar origins, 

a custom-written controllibrary running on a commercial operating system. 

Where possible, datasheets for the COTS components, or excerpts thereof, 

are attached in the appendix. The use of custom components frees designers 

from the constraints of what are considered normal applications, stretching 

the limits to obtain high performance. 

2.1.1 Mechanical Description 

The mechanical system of RHex (Figure 2.1) consists of a set of two main rails 

that run the length of the robot. Perpendicular to these and in the same plane 

13 
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as the ground are three crossbeams that hold the two sides together. At each 

end of each of these crossbeams is mounted a motor stack. This assembly 

consists of a quadrature encoder that provides feedback of motor angular 

position, a Maxon DC brushed motor, a Maxon 33:1 planetary gearhead and 

a custom-designed motor shaft support and extension. The batteries that 

power the system mount below the crossbeams, protected from impact by the 

cross-section of the main rails. The PCj104 computer stack that controls the 

robot's limbs is supported at either end by brackets mounting it to the rails. 

Aluminum Crash Frame 

MotorStack -ii---_ pell 04 St.ck 

Battery Crossbeam 

Main Rail 

Aluminum Crash Frame 

M 0101' Stack J 
j f-l f-l 

[ [ 
~ PC/104 Stack [©l 6 IY 'r 

Main Rai! \ \ 
\ \ 

Crossbeam 
Motor Drive Board 

Figure 2.1: RHex's frame in front view (top) and side view (bottom). For 
clarity, the legs and "skin" are not shown 

The legs themselves consist of a semi-circular custom layup of fibreglass, 

manufactured in the Ambulatory Robotics Lab, bolted to a machined hip with 

a hexagonal interface to mate with the shaft extension. A strip of bicycle tire 

is glued to the outside circumference to increase traction. 
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Figure 2.2: The legs used on RHex, thickness exagerated to show lamination 
detail 

An aluminium crash frame extends above the crossbeams to protect the 

sensitive electronics of the robot from the abuse that it incurs in the field. The 

sides of the robot are enclosed within Lexan plates that mount to both the 

main frame as weIl as the crash frame. These also provide attachment points 

for some of the electronics contained within, such as the motor drive board 

and rate gyro. A thin Lexan sheet wraps around the robot as barrier to keep 

out the sticks, stones, and dirt and gives the robot a more sleek appearance. 

A generalized diagram of the robot's geometry can be found in Figure 2.3 

with the values of the indicated dimensions in Table 2.1. 

\-.;: ..... -..... -..... -..... -........... ls ........... __ _..\ 

Back HB Front 
i 

Figure 2.3: Key dimensions of RHex 

2.1.2 Electrical Description 

The electrical hardware can be broken into three basic sections, the power 

system which deals with high power control, st orage and distribution, the 
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Table 2.1: Basic RHex Characteristics 
Parameter Notation Value 

Body Mass M B 7.5kg 
Body Length LB O.5Im 
Body Height HB O.13m 
Leg Mass ML 0.08 kg 
Leg Length (unloaded) LL 0.16m 
Leg Spring Constant (Linear Approximation) K L 1900N/m 
Maximum Hip Torque (intermittent) Tmax 7Nm 
Maximum Hip Speed W max 5rev/s 

computation block, which makes the calculations required for the robot to 

perform a task, and the sensors, which give the robot an ide a of what its 

limbs are doing and sorne information about its state in the world. 

ID 
Power 

~ l 
Computation 

System ......... - Block 
....... II1II"'" 

Figure 2.4: The main electrical systems in RH ex and their interconnections 

Power System 

The first main component of the power system is the battery, which stores 

the energy required to make the robot move. RHex uses nickel-met al hydride 

(NiMH) batteries designed for the radio-controlled car market. These off-the

shelf batteries provide 3 amp-hours (Ah) of capacity at a nominal voltage of 

24 volts. Runtime with a fully charged set of batteries varies depending on the 

gait used and the terrain traversed. It ranges from several hours when merely 

running the computer ta 50 minutes when walking at a speed of roughly 1 m/s 
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to about a haif hour when running bounding experiments. 

The batteries deliver controlled power to the motors through the motor 

drive board. This circuit is based on the SA60 hybrid amplifier chip from 

APEX Microtechnology, and includes filtering to drive the low-inductance 

mot ors and battery current and voltage measurement to be able to sense 

the power consumption of the robot during operation. A large heat sink is 

attached to the six driver chips - one for each motor - to dissipate the heat 

generated in the amplifiers, which can deliver in excess of 200 W to each of 

the motors. 

The mot ors are Maxon 20W, 18 V DC brushed mot ors capable of deliv

ering the high torques required on a small legged platform affected by inter

mittent Ioading of the legs. 

Battery Power to 
Computation 

1--m ........ IBlock 

Figure 2.5: The main electrical systems on RHex and their interconnections 

Computation Block 

The processing on RHex is done by a PC /104 form factor computer stack. 

PC/104 1S a modified version of the standard PC/AT bus for use in more 

compact embedded systems. The CPU is a Lippert CoolRunner II 300 MHz 

Pentium 2 class processor board based on the National Semiconductor Geode 

processor with 256 ME of RAM. It also has many onboard peripherals includ

ing a VGA controUer, 10/100 Ethernet support, 2 RS-232 seriaI ports, and 
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uses a 256 MB Compact-Flash memory device as the hard disk. The system 

runs QNX, a free (for non-commercial use) realtime operating system. GNU's 

GCC compiler is used to develop the application which controls the robot. 

For communication with the robot the stack has an Orinoco Wavelan 

802.11b wireless Ethernet card which is connected to the stack with a Versa

logic PCM-3115B PCMCIA-PCj104 adaptor cardo The card is used in both 

managed (accesspoint) and peer-to-peer (adhoc) modes, depending the avail

ability of a network where the experiments are being conducted. 

A custom-designed analogj digital interface card, RHio, is used to com

municate with the actuators and with many of the sensors on the robot. This 

card was designed by the author during the last year of his undergraduate 

engineering degree, specifically for use in RHex. 

An MSI-P400 quadrature decoder card han dIes the decoding of the leg 

angle sensors mounting on the motors. It provides 6 channels of 16bit eounters 

to accumulate the pulses from the sensors. 

A second staek sharing only the power from the first has been added for 

the purposes of vision processing. It uses an identical Lippert CoolRunner II 

but runs Linux instead of QNX. The second stack includes a Firewire high 

speed seriaI interface card to conne ct to a Sony digital camera onboard. The 

vision and main stacks eommunicate through wired Ethernet. 

Sensors 

A number of things are sensed on RHex. Perhaps the most important of these 

is the angle of the leg. This measurement is made indireetly by measuring 

the rotation of the motof. Sinee the mot or and leg are coupled through a 

gear, leg rotation is a fraction of the motor rotation. Agitent HEDS series 

quadrature angular eneoders provide 2000 counts per revolution of resolution 

when interfaced through the quadrature decoder eard in the stack. Sinee 

the motor rotates 33 times for each rotation of the leg, this yields very good 



CHAPTER 2. BACKGROUND 19 

Wiring Breakout 

Quadrature Decoder Card 

RHio 

Power Supply 

PCMCIA / WaveLan 

CPu 

Power Ethemet 

PC/104 Bus -r::::J;"iI!IlPlIIlum===========::lII"""iI!Il":m,,,,1j!I!l!.~t-- PCIl04+ Bu' 
. Firewire _ 

Figure 2.6: The computation system in RHex 

measurement of the leg angle. Angle changes as small as 0.0054° can be 

resolved. Unfortunately, the reduction ratio also leads to uncertainty in the 

absolute position of the leg. With magnets fixed to the legs, Hall-effect sensors 

mounted on the body can signal when the leg is in a particular position. That 

position can be pre-determined and used to initialize the leg angle sensor from 

the software side. 

Also attached to the motor is a temperature sensor which permits moni

toring situations where the mot ors are in danger of being destroyed due to an 

overtemperature condition. These sensors are interfaced through the custom 

1/0 cardo The case temperature can be used in conjuction with a motor model 

to estimate the core temperature of the winding, which is the temperature that 

dictates when a motor is in risk of failure [41]. 

A Fizoptika fibre-optic gyroscope measures the angular rate of motion 

in three perpendicular axes. Along with software running on the robot these 

rates are integrated to give the pitch, roll and yaw angles of the robot. As 

with the leg angle encoders, this sensor must be initialized during the startup 

routine. In this case, the angles reported for roll, pitch and yaw are simply 

referenced to the starting orientation of the robot. 
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CUITent Measurement 1 

Voltage Measurement 1 

) From Motor Drive Board 

Quadrature Encoder 1 ) 

Temperature Measurement 1 
From Motor 

Fibre-optic Gyroscope 1 

Figure 2.7: The sensing systems in RHex and their interconnections 

2.1.3 Software Description 

20 

The software environment - beyond the operating system as described earlier 

- consists of a C++ library, called RHexLib, providing the framework for low

level motor control, sensor interfaces, timing, gait description, data logging 

and operator interface. Connected with this is a dynamic simulator and a 

Graphical User Interface (GUI), or Operator Control Unit (OCU). RHexLib 

was developed initially by members of the RHex team at the University of 

Michigan and is used on both the robot and the OCU. The dynamic simulator, 

SimSect++, was developed by Uluç Saranli andcan be useful in the early 

stages of gait development. 

The OCU runs on a Linux laptop and uses the communication facilities 

of RHexLib to send commands from the operator such as "forward", "turn 

left" , speed and gait selection. Data flow in the other direction from robot 

to operator - includes such information as mot or temperatures and power 

consumption. The data logger also uses the communication routines to store 

data at the operator end of the link, where there is more storage available on 

the laptop's larger hardrive. Commonly logged variables include, but are not 

limitted to, those presented in Table 2.2. 
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Operator Control Unit 

Linux 

Figure 2.8: The main software components in RHex and their interactions 
with each other 

Table 2.2: Common loggable variables 

Parameter Note 

Leg angle 
Leg angular velocity 

Desired leg angle 
Desired leg velo city 

one per leg 
one per leg 
one per leg, reference input ta PD controUer 
one per leg, reference input to PD controller 

Estimated actuator current one per leg, based on a motor model 
Battery voltage and current one of each for the whole system, used to compute 

power consumption and for the current estimation 

2.2 RHex Behaviours 

RHex's behaviours, or gaits, are specialized motion patterns for the legs that 

allow the robot to negotiate different types of terrain. This section specifically 

discusses the bounding and stair descent gaits that are the focus of this thesis. 

The gaits are described and other robots capable of the same behaviours are 

discussed. RHex's other gaits include walking on even and highly irregular 

terrain [56], stair-climbing [46, 47], flipping [57] and pronking [40], as weIl as 

bipedal running [48]. Two sealed variants of the robot have also swum [1J. 
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2.2.1 Bounding 

A bounding gait is characterized by a pairing of the fore and hind leg pairs 

such that the two act simultaneously, as a single leg. The mass of the robot 

is supported by different pairs of legs throughout the motion. If the legs 

were to be frozen in place during locomotion, the machine would collapse. By 

remaining in motion, the machine stays upright. This is oftern called dynamic 

stability. 

Few groups have produced bounding gaits in robots - Raibert's [52] 

quadruped used the concept of virtual legs, symmetry and partitioned con

trollers to achieve a bounding gait. Simple controllaws governed the place

ment of the foot with respect to the body as a function of desired and actual 

velo city and the leg properties. 

Scout II [62, 15, 7] at Mc Gill made advances in power and computation 

autonomy, and control, with a mechanically simple machine. AIso, Scout II 

was to the best of the author's knowledge the first, and is to date still the only 

existent power autonomous quadruped robot capable of bounding. 

Scamper [20], at the University of Electro-Communications, is a quadruped 

with multiple degrees of freedom per leg. The machine was designed to bound, 

where their previous machine, Colt-3, was too heavy. Shown in Figure 2.9, 

the machine uses body velo city and touchdown events to switch between the 

eight states of the state-machine. That gait acheives roughly lOcm of ground 

clearance. 

Kimura [27] built a small quadruped, Patrush (Figure 2.10), whose 

bounding dynamics are excited by neural oscillator signaIs. The robot uses 

springy legs to store energy for later release, much like RHex. Small changes 

in the input to the neural oscillators change the gait from a level-surface gait 

to a step-climb gait [28]. The machine has no control in the body's roll axis, 

and therefore two struts extend above the robot as part of a planarization 

mechanism. 
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Figure 2.9: Scamper, capable of bounding. Image from [19] 

Figure 2.10: Kimura's Patrush in a dynamic running gait. Image from [28] 

Researehers at Sony and Boston Dynamics Ine. implemented a bounding 

gait on an AIBO entertainment quadruped [66]. Hardware modifications were 

required, including the use of compliant legs and a more powerfulleg actuator. 

Additionally, an external power source was employed to drive the new motors. 

Touehdown events are used to switch between states of the state-maehine 

based eontroller. 

RHex joins these few bounding robots by adding a quadrupedal bounding 

gait, utilizing the front and rear leg pairs of legs, to its already large repertoire 

of gaits. Dynamic running gaits, sueh as bounding and pronking, make explicit 

use of the robot's compliant legs, and have the potential for increased speed 

and energy effieieney, when eompared to static walking tripod gaits. 
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2.2.2 Stair TraversaI 

RHex's stair ascent gait is a metachronal gait where legs opposite each other 

on the body of the robot are paired - that is to say that they follow the same 

trajectory. RHex essentially dimbs stairs one step at a time by advancing one 

set of legs at a time onto the next stair. Generally, two stairs are spanned at 

once, with the front legs touching one stair higher than the back legs. The 

gait relies on a simple synchronization mechanism to en able it to successfully 

negotiate a large range of stairs using a single set of trajectories. The shape 

of the legs also improves performance as the hip undergoes an effective length 

change without requiring a true second degree of freedom. 

Despite the apparent suitability of legged systems to negotiate stairs, 

there are very few robots that successfully do so. Notable exceptions are the 

Honda bipeds - P2, P3 and Asimo, and Raibert's tethered biped, yet no 

specific publications describing the stair climbing algorithms and performance 

seem to be available. As far as the literature reveals, the Honda bipeds and 

RHex are the only untethered legged robots to ascend and descend full size 

stairs. The ability of RHex to ascend a variety of stair geometries reliably has 

been previously published [46][47]. 

Descending st airs can be a more difficult problem, as gravit y accerates 

the robot in the same direction as the desired motion. Sorne mechanism must 

be found that allows the motion to be controlled. \Vïthout this control, the 

machine can destabilise and become darnaged in the faH. For sorne robots the 

interaction with the stair is very similar to that during ascent. 

The Autonomous Systems Lab at l'École Polytechnique Fédérale de Lau

sanne (EPFL) has produced a robot called Shrimp that uses an interesting 

bogey mechanism to enable a wheeled robot to climb stair cases. The f01-

lowing sequence (Figure 2.11) of images from their work illustrates how the 

mechanism allows negotiation of steps larger than the diameter of one of the 

six powered wheels [16]. However, they make no daims about the machine's 

stair descent capabilities. A similar robot (Figure 2.12) from Yujin Robotics 



CHAPTER 2. BACKGROUND 25 

uses three side-by-side pairs of wheels and a four-link mechanism to acheive 

st air climbing. The Yujin robot is shown to descend stairs in the same manner 

as it climbs them; it simply drives down them. 

Figure 2.11: The EPFL Shrimp wheeled platform nogotiating a step [16]. The 
same method is used for stair traversaI 

Figure 2.12: The Six-Wheel Service Robot from Yujin ascend and descends 
stairs [13J. Image from [14] 

Another wheeled platform that uses a novel method ta climb stairs is the 

Deka Independence IBOT Mobility System. The device is mobile wheelchair 
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like no other. It is able to ascend and descend normal sized stairs. It does 

so by balancing upright on two of its four wheels. While the machine and its 

occupant are balanced on one pair of wheels, the other pair flips over to the 

next step. The process continues until the top of the staircase is reached. To 

descend, the same sequence is carried out in reverse. A drawing describing 

this is adapted from [26] and presented in Figure 2.13. 

Figure 2.13: The DEKA Wheel chair climbs stairs by lifting up on two wheels 
while the other pair recirculates over to the next st air 

The Packbot robots from iRobot, are tracked robots with flippers at one 

extremity for increased maneuverability. This tracked platform, much like 

the Shrimp and Six-Wheel, simply drives at the st air to traverse the flight. 

The articulation provided by the flippers allows a better transition from flat 

ground to the stairs and extends the effective body length on the stair. Some 

research used a vision-based system is used to guide the ascent [60]. While 

little information as available about the descent, the symmetry of the system 

makes it reasonable to suppose that the same procedure can be used for stail' 

descent. 

A number of leg-wheel hybrid machines have been created which are 

capable of negotiating smaU steps by changing their configuration. Researchers 

as MITI in Japan have built machines [37, 36] that can climb small steps, and, 

in the case of the latter, stairs. Note that in neither case are the steps full size. 

The Machines operate by rolling along the step to the approprite place and 

then balancing like an inverted pendulum to transfer the contact up to the 
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next st air. .The machine are shawn in Figure 2.14. Stair descent is achieved 

is a similar fashion, executed in reverse. 

Figure 2.14: Variable-structure type four-wheeled robot (left) and biped-type 
leg-wheeled robot (right) from MITI 

The Waseda Leg 12 Refined III (WL12-RIII) [61] is a biped able ta climb 

10 cm steps and descend 5 cm steps, as weIl as walk on slopes up ta 10°. The 

machine has a trunk, or upper body, that is used ta assist with balance. This 

is a refinement of the Waseda Leg 10 Refined Dynamic (WL10-RD), which 

relied on leg motion ta bath balance its body and position the feet ta ascend 

the steps or slope. Bath these machines are shawn in Figure 2.15 

Figure 2.15: Two of the Waseda Leg bipeds, the WL10-RD (left) and WL12-
RHI (right). Images from [64] and [65], respectively 

Legged robots that are able ta climb full-size st airs are few and far 

between. P2 [22], the predecessor ta the Asimo and P3 bipeds from Honda, is 
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specified as being able to both ascend and descend staÎrs 20 cm high and 22 cm 

long. vVhere most of the legged and hybrid platform mentioned previously 

require a priori knowledge of the location and dimensions of the stairs the 

Honda machines do not. 



Chapter 3 

Experimental Development 

This chapter describes the development of two gaits, a quadrupedal bounding 

gait and the stair descent gait. Both are important for legged mobility, as 

described in the previous chapters. The key procedures involved in this devel

opment are the analysis of video of experimental attempts and the analysis of 

logged data. 

Video is used to capture how the robot is interacting with the envi

ronment. Depending on the duration of these interactions, two different ap

proaches are used. For slower-moving gaits, such as the stair descent, cam

corder footage can be watched either frame by frame or in slow motion. For 

higher speed gaits, such as bounding, more sophisticated technology is re

quired - high-speed video capture systems. Through the sequences of images, 

the actual behaviour of the robot can be compared to the intended motion. 

This leads to new insights into what affects the robot and how changing the 

interactions changes the gait. 

The analysis of logged data is made possible thorough the data-logging 

facilities of RHexLib, a software library described in Section 2.1.3. Data such 

as the desired and actual leg angles and velocities, the body pitch, the state 

of the state machines, the desired torque output from the position control 

loop, the estimated motor current and the main battery voltage and current 

29 
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are logged for the bounding gait. By looking at this data, the cause and 

effect of events can be closely investigated, furthering insight into the robot's 

behaviour. 

3.1 Bounding 

In the development of a bounding gait for RHex, several important consider

ations need to be taken. A quadrupedal gait is used because it is not evident 

how to use the middle set of legs of the six-legged RHex robot in a high-pitch 

oscillation gait. It should also be noted that the gait runs in the opposite direc

tion than most of the other gaits on RHex, for which the "Front" and "Back" 

labelling in Figure 2.3 is intended. The reasoning behind this is that the gait 

operates more easily in reverse, which is attributed to the manner in which 

the legs interact with the ground. Sinee the leg is not symmetric about the 

vertical axis neither are its spring properties. In the normal forward direction 

the legs initially make contact at a point on the circumference away from the 

toe. As the leg starts to sweep it loads a torsional spring in the sagittal plane. 

Due to the structure of the leg, the linear and sagittal-rotation components 

of compliance are not independent. A linear compression induces a change in 

angle and likewise, a rotational compression induces a change in leg length. 

This causes the ground force to decrease. From the radial and tangential force 

diagrams in Figure 3.1, it can be seen that the iso-force lines are not at an 

equal radius from the centre. As the leg is compressed by decreasing the 'x' 

co-ordinate, the line of zero force displaces in the 'y' direction. To account for 

the change in convention in the nomenclature, references to front and back 

within Section 3.1 are made with referenee to the intended direction of motion 

for the bounding gait. 

The setup used, shown in Figure 3.3, consists of a laptop, a high speed 

camera system, a remote trigger for the camera, a good surface to run on 

and a floodlight. The laptop runs the graphical user interface for the robot. 

Figure 3.2 shows the panel responsible for the interface to the bounding gait. 
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Figure 3.1: Force as a function of toe position for the half-circle leg [45]. The 
hip is located at the origin and the toe at approximately (0.16,0) 

The eight input boxes allow the operator to change four parameters for each 

pair of legs used in the gait. 
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Figure 3.2: User interface for bounding gait. A typical paramater set is shown 
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The parameters often experimented with are the touchdown angle, the 

sweep limit the sweep speed and the "jump angle," which are described the 

the following sections. By allowing the the parameters to be tuned while the 

robot is running, the effects of changing values on the machine's performance 

can be seen. 

The high speed camera system consists of a desktop computer with an 

acquisition board and a high speed camera. In general a frame rate of 125 

frames/s was used. With such a short exposure, a fioodlight is used to shed 

more light on the scene. The remote trigger allows the experimenter to start 

or stop the acquisition sequence. The trigger was normally used to indicate 

the end of acquisition. The surface on which most of the testing was done is 

the linoleum lab fioor. 
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Figure 3.3: The test setup used for bounding experiments in the lab 

The methodology for experimentation can be outlined as an iterative 

process. The first step is to have a idea of what the desired characteristics 

of the gaït are. Next, a controller - the specifie pattern for leg motion -

is written into the code library for the robot. The code is then tested by 

running it on the robot. The behaviour of the machine is observed, possibly 

with the assistance of a video recorder, to determine whether it performs as 

desired. When it doesn't, and it rarely does the first time, the video and 
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logged data, if available or applicable, are analysed to determine the source 

of the problem. Different parameters are tried, either through the graphical 

interface, or through the run-Ume configuration files, which allow changes 

to the controller to be made without the delay of compilation. A sample 

configuration file for bounding can be found in Appendix A.1. 

Typically, a great deal of time and effort is put into determining whether 

the controller is behaving as designed. The task of determining whether it is 

designed to do the right thing builds from that point. 

3.1.1 Bound Controller 

Inspired by successes of the controllers in the Scout II quadruped that excite 

the robot's passive dynamics [62], the controller used for bounding has two 

different states for each of the front and back pairs of legs. The middle legs are 

kept parallel to the body where they cannot touch the ground for the duration 

of the bounding gait. For this gait there is no notion of an overall body state 

for control, the coupling between the front and rear leg pairs comes from the 

excited natural dynamics of the system. A graphical representation of the 

state machine for one of these pairs of legs is shown in Figure 3.4. 

Touchdown 
Detected 

Stance 

Sweep Leg to Sweep Limit 

at Set Speed 

Flight 

Leg to Touchdown Angle 

Stance Time 
Elapsed 

Figure 3.4: A graphical representation of the state machine controlling the 
bounding behaviour 
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3.1.2 Touchdown Detection 

Written to get the basic motion of the gait working first, the controller expects 

both front and rear pairs of legs to be in fiight initially. Essentially, this re

quires a manual start for the gait. During the fiight phase, the legs are servoed 

via a proportional-derivative (PD) loop to a touchdown angle, cPtd, relative to 

the body's vertical axis as per Figure 3.5. In order for the touchdown event 

to take place, both legs in a pair are required to have made contact with the 

ground. This is done so as to reduce the roll moment that would be created 

if the 1eft or right leg made contact with the ground - initiating the next 

phase - before the other is near enough to the ground to exert force. It may, 

however, cause the same roll moment due to uneven compression of the legs 

at touchdown if the roll angle of the robot is too large. 

Direction of 
Robot Motion 

... 

Figure 3.5: Bounding Leg Angle Notation 

In reference to the state machine illustrated in Figure 3.4, a starting 

point for the gait can be chosen as the detection of the touchdown event. The 

morphology of the leg used on the robot and the fully-recirculating nature of 

sorne of the gaits used on RHex make simple switch or strain-based touchdown 

detection difficult, as any wires connected to the legs would be destroyed in 

normal operation. Instead, a virtual sensor based on an estimate of the motor 

current is used, which was developed for the pronking gait on RHex [40]. By 

thresholding this current the joint error that arises when the toe makes contact 

with the ground can be detected. 
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The current in the motor is given by 

Vmotor - VBackEMF 
imotor = ------

Ra + Rdrive 

35 

(3.1) 

where Vmotor is the terminal voltage applied to the motor, VBackEMF is the 

electro-motive force created by the spinning rotor and given by Ks . w. Ra and 

Rdrive are the resistances of the armature and the drive electronics, respec

tively. While V motor is not measured directly, it can be written as Vmotor = 
D· Ybatt where D is the dut y cycle of the drive and is commanded explieitly by 

the control software. Ybatt is the battery voltage, measured by a sensor on the 

motor-drive board. For more details about the motor model, see McMordie 

et al. [41]. 

Early implementations of the touchdown detector use a state machine 

to keep track of the state of each leg with respect to touchdown [11]. The 

detector responds to noisy data in sorne circustances, while in others it misses 

val id touchdown events. In order to see what is happening with the touchdown 

detection, it is necessary to watch the legs contacting the ground and correlate 

what is known to be happening with what the the robot "thinks" is happening 

based on its sensory input. The technology for the latter has been in place for 

sorne time, in the form of a datalogger that can log any variable at an interval 

as short as 1 ms. For the former, a combination of a high-speed digital camera 

from Redlake and a number of LEDs mounted at strategie locations on the 

robot are used. The LEDs are connected to RHio and driven by the code so as 

to indicate the state of the legs with respect to touchdown. This is the state 

that the state machine for each of the front and rear pairs of legs is presently 

in. By watching high speed video taken at 125 frames per second, missed or 

false touchdown detection events can be seen and their cause found by 100 king 

at the logged data. Corrective measures can be taken to avoid faise triggering 

once the causes are known. 

One major cause of missed touchdown events that was found was the 

requirement that the current drop below a threshold for a certain amount of 

time following the sweep from the sweep limit to the touchdown angle before 

retriggering. If the gait was not getting sufficient clearance for the legs to clear 
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Figure 3.6: A valid touchdown detection. The bright circle is a lit LED that 
indicates that the state machine for the back pair of legs is in the stance phase 
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Figure 3.7: An event that is classified as a false trigger, with the video frame 
and corresponding data plot. The circle encloses the estimated mot or current 
at the time that the image was captured. The dashed horizontal lines are the 
threshold 

the ground during this sweep, the toes would stub against the ground. In so 

doing they do not allow the touchdown detector to re-arm and effectively the 

virtual sens or is "blind" to the touchdown event. By eliminating the threshold 

below which the current must drop, the missing of an event due to toe stubbing 

can be diminished. An extra complication to the triggering mechanism is the 

requirement that the estimated current for both legs in a pair drop below 

the threshold for the specified interval and then both must be triggered. In 

Figure 3.7, the problem that prevents proper triggering is that one of the two 

rear leg touchdown sensors did not reset. 
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Sim ply shortening, or entirely removing, the blanking period is not a so

lution, as false triggering occurs due to the current spikes produced in tracking 

a large step input in desired angle, as shown in Figure 3.8. A modification of 

the trajectory followed to get the legs from the sweep limit to the touchdown 

angle is required, and will be discussed in a later section. 
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Figure 3.8: With the blanking period too small, the legs trigger themselves at 
the end of the flight trajectory 

3.1.3 Stance Trajectory 

In the original controller the desired angle after the touchdown event was a 

fast ramp to a sweep limit. Due to actuator limitations this quickly results 

in saturation. A fast ramp trajectory will saturate the actuators very easily 

but was thought necessary to inject enough energy into the system. The 

original gait, it is believed, is strongly determined by the actuators and natural 

dynamics as opposed to being determined by the trajectories commanded 

along with the actuator limits. 

The new trajectory shape consists of a jump, or step, input followed 

by a slower ramp to the sweep limit. This is done to allow a little more 

flexibility in the energy injection. By increasing the jump height more energy 

is injected into the vertical mode of the gait, while the sweep, if properly 

tracked, influences the forward speed of the robot. With a slower sweep, the 
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trajectory does not saturate the mot ors as easily and thus there is more control 

available to affect the performance of the gait. 

'0 

" 

-5 

-10 

-~·~.7 ---=-=3.71=--=-3.=-72 ---=-=3.73~3.=-74 ---=-=":-5 -=,-=-,.--:c':3.":--:3-=-.,.--:c':3.'=-9 ---,'='=-.8---" 
Tlme(s) 

Figure 3.9: Jump-ramp-limit trajectory used in the enhanced version of con
troller 

3.1.4 Liftoff 

The transition event from stance to fiight cannot be based on whether the 

toes are in contact with the ground using the virtual sensor based on motor 

current. The estimation method and the large current that is commanded 

during this phase make robust "lack-of-ground" detection difficult. Instead, 

a time-driven event is used. A specified amount of time after the touchdown 

event has occurred, it is assumed that the pair of legs is no longer in stance. 

The state-machine returns to the first phase, where a touchdown angle is 

tracked. 

3.1.5 Flight Trajectory 

Instead of a step change trajectory, a fixed acceleration curve trajectory that 

brings the legs to a smooth stop at the touchdown angle is implemented. The 

start point chosen is the mean of the actual angles of the legs in the pair 

at the end of the stance phase. The trajectory continues from that point 
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at a constant acceleration until the haH-time point of the desired trajectory 

time is reached. At that point the constant acceleration reverses direction, 

maintaining the same magnitude, for the second half of the time interval. 

This brings the legs to a complete stop at the desired touchdown angle after 

the desired time has elapsed. The stop is smooth, as the acceleration cancels 

itself out by running for a certain time in one direction followed by an equal 

acceleration in the opposite direction. 

Table 3.1: S-Curve Formulation 
Parameter symbol 0< t < ~ t <t <T 

initial angle 00 sweep limit 
final angle Of touchdown angle 

interval time T T = 1
2(8/;80

) 11/ 2 

acceleration (j -a a 
velo city é -at a(t - T) 
position 0 o - lat2 

o 2 o - aTt + lat2 
o 2 

Because the acceleration is a constant, finite value, the velo city is also 

smooth, and finishes at rest at the desired final angle. Thus the current 

required is likewise smooth and finishes at a low value. This requires only a 

small settling time during which triggering lS inhibited. Early triggers due to 

triggering by the current required to follow the desired trajectory and missed 

triggers due to toe contact before the detector has re-armed are thus avoided. 

3.1.6 Resultant Gait 

With the controller tuned, trials reveal the form that a bounding gait takes on 

RHex. Driven by a simple controller, the robot exhibits a periodic oscillation in 

the pitch axis. Occasional failures (missteps) are recoverable without operator 

intervention. The contact pattern of the legs is illustrated in Figure 3.ll. The 

best view of what the robot does is obtained from the following key frames 

captured with a high speed camera (Figure 3.12). 
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Figure 3.10: Fixed-acceleration trajectory used for a smooth motion return to 
the touchdown angle 
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Figure 3.11: Foot-contact pattern for the Bounding Gait. A solid circle indi
cates ground contact. Robot traveling from left ta right 
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Figure 3.12: Bounding motion in RHex. Frames are 8ms apart. Robot moves 
from left to right 
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3.2 Stair Descent 

Some initial thoughts suggest that stair descending should be easier than 

ascending, after aH, gravit y is helping during the descent. While this is true, 

the difficulty comes in descending the stairs in a controlled, stable fashion, in 

the absence of a sensor-rich robot, and thus without complete knowledge of 

either the st air geometry or information about the robot state with respect 

to the stair geometry. The algorithm for ascending st airs works very well 

over a wide range of stail' geometries and construction materials, due to an 

effective, open-loop, synchronization feature [47]. A simple time reversaI of 

the trajectories seemed like a good starting point for a descent algorithm. 

This approach however was unsuccessful on steep st airs (greater than 30°). 

The robot quickly lost synchronization with the stair, leading to jamming or 

irrecoverable pitch or yaw motion. The aigorithm used for descending stairs 

is instead based on the idea of sliding the robot down the st airs on its belly. 

The robot progresses down the stairs in reverse, with the rear legs leading 

the motion and the front legs higher up the flight. The legs work in contra

lateral pairs, a gait which avoids inducing a yaw moment by left-right leg 

contact imbalance. One of two different sets of trajectories is used depending 

on the slope of the staircase, with the threshold between the two gaits at 

approximately 30°. Synchronization with the step is accomplished differently 

depending on the parameter set used, and is described below. Despite the 

reversed dircetion of motion for this gait the nomenclature is kept as referenced 

in Figure 2.3, unlike the bounding gait. 

The setup used for testing the gait as it is developed consists of a flight of 

stairs upon which ta test the robot, a digital video camera ta film the motion 

of the robot, and when possible, a gracious assistant to keep the camera aimed 

at the legs. This is illustrated in Figure 3.13. Changes to the trajectories are 

not mode as the gait operates, as with the bounding gait. Instead, the gait 

uses parameters from a configuration at run-time. This is attached in the 

appendix for reference. 
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Figure 3.13: The experimental setup used for stair descent testing. For clarity 
the gracious assistant is not shawn 

3.2.1 Steep Stair Gait 

Through video analysis of the failures of the previous stair descent gait, a 

hypothesis was formed that the failures were caused by the robot gaining 

too much kinetic energy while the lower legs were recirculating as the robot 

was not fully supported by either the stair-body or the stair-Ieg interaction. 

The previous gait featured a recirculation phase for the front legs. On sorne 

st air geometries the recirculation introduced additional pitching moment when 

the toes collided with the st air riser. By removing this phase, there is no 

collision ta impart the pit ching moment on the robot. The legs that are now 

held at a fixed angle in front of the robot are also useful for assisting in a 

repetitive placement with respect ta the stair. The repetitive placement was 

found ta be very important in the st air ascent gaits to be able ta consistently 

traverse flights of any number of steps using a single set of parameters. 

descent mode, the same synchronization is important to avoid slipping down 

the stairs in an uncontrolled fashion. While synchronization was attainable for 

the ascent algorithm by pushing the robot against the next stair, the direction 

of the motion during the descent phase prohibits a similarly active method. 

Instead, the front legs slide down the stair, leaving the robot at a similar 
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distance from the edge every step. The role of the rear legs of the robot, at 

the low end of the robot, is to catch and then lower the body of the robot as 

it slides down the stair on its belly. During this phase, as with the ascent gait, 

the shape of the Ieg plays a key role. When the toe of the leg touches the stair 

it is near the greatest extension of the leg and as the hip rotates the distance 

between the hip and the contact point of the leg decreases, effectuating a 

passive leg length change. The middle set of legs is recirculated but does not 

touch the stair during most descents of steep staircases. Occasionally the legs 

touch the vertical riser of the stair, but do not affect the motion of the robot. 

f~~KY 
~ ~ ~ ~ ~ u ~ n ~ 3 

Timo(s) 

Figure 3.14: Trajectories used on steep-sloped stairs. Solid: Actual, Dashed: 
Desired 

3.2.2 Shallow Stair Gait 

The shallow stair gait algorithm closely resembles the algorithm originally 

used to descend a single, fixed stair geometry [46], with all three sets of legs 

recirculating for every step descended. The problem with the steep stair al

gorithm on shallow st airs was that the front legs rubbed on the step instead 
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.00 00. 

.0. o • 
Figure 3.15: Key positions for steep descent gait parameter set. A filled circle 
indicates a leg in contact with the horizontal surface of the st air 

of sliding to position the robot consistently. In addition, the rear and middle 

legs exert a great deal of force in order to drag the robot down the stairs, 

rather than merely catching the robot and gently lowering it (Figure 3.16). 

The recirculation phase for the front set was re-added in or der to circumvent 

this problem. 

When the front legs of the robot recirculate, the toes push the body 

backwards through contact with the vertical riser of the st air . This causes 

the robot to slide farther backwards when the rear legs lower the back of the 

robot and recirculate themselves. The trajectories for the other pairs of legs 

rmnain unchanged, shown in Fig 3.17. 

The shallow and steep stair algorithms depend on two assumptions about 
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Figure 3.16: Robot stuck on a shallow stair, using gait paramters for steep 
st airs 

l , 

71.5 72 72.5 73 73.5 74 74.5 75 75.5 
Timc(s) 

Figure 3.17: Trajectories used on shallow-sloped stairs. Solid: Actual, dashed: 
desired 

the stairs. First, the vertical riser of the stair must be closed. For the shallow 

stair gait this is fairly evident since it relies on the toes pushing off the riser, but 
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Figure 3.18: Key positions for shallow descent gait parameter set. A filled 
circle indicates a leg in contact with the horizontal surface of the stair 

it is also a problem on some steeper stairs as the toes catch on the underside 

of the step. The second assumption is that there is no large ledge on the step. 

This corresponds to dimensions (c) and (d) in Figure 3.19, below. If there is 

a ledge (i.e. (d) is not zero) then the toes may catch and disturb the descent 
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of the robot, just as when there is no riser at aIl. 

3.2.3 Experimental Stair Descent Results 

We tested the descent algorithms on a variety of the stairs found around the 

Mc Gill campus. AH stairs selected as test sets were of the variety that have 

closed risers, though sorne also had smaU ledges. The stairs, described in 

Table 3.2, range in slope from 24 to 35 degrees, and are made of various 

textures of concrete and stone. St airs consisting of only a few steps were 

avoided since there is insufficient space for synchronization errors to build up. 

Untesled 

Figure 3.19: Stair varieties and dimensioning 

Table 3.2: Stairs Tested 

# a (cm) b (cm) c (cm) d (cm) # of steps Slope (0) 

1 36 15.5 0.8 0 9 24 
2 30.8 15.4 0.4 0 12 27 
3 28 17 0.7 0 11 32 
4 29 17.8 2.5 4.3 12 34 
5 29.5 18.9 2.3 4.0 17 35 

For the purposes of these experiments the robot was manually placed on 

the top step in arder to simplify the testing. Further research will include the 

development of a startup algorithm to get the robot into position, similar to 

the startup algorithms for stair ascending [47]. Battery voltage and current 

were measured to determine power consumption of the whole system, not just 

the actuators. During the testing we found that the robot could recover well 

from occasional missteps, as long as the yaw angle was less than about 10 

degrees. Shallow st airs were more difficult to negotiate because the behaviour 
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depends highly on the leg properties and toe positioning. This is due to the 

active nature of forcing the sliding motion on these stairs. The crossover 

point between the shallow and steep gaits occurs at a slope of 30°. Below 

this angle the steep gait had difficulty getting the robot to descend smoothly 

without getting stuck on a stair. On st airs steeper than this angle, the shallow 

gait, with the recirculating front legs, was more prone to causing skipping or 

pitching over backwards. 

Figure 3.20: Flights of st airs on which the descent algorithm was tested 
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3.2.4 Energetics 

The average power consumed over the different stairs ranges from 95 to 135W 

over a small number of full cycles. As a measure of energetic efficiency the 

specific resistance is used [21]. The measure of the energetic cost of locomotion 

is calculated as 

P 
é=--, 

mgv 
(3.2) 

where P is the average electrical power consumed, m is the mass of the 

robot, g is the gravitational constant, and v is the speed of locomotion along 

the stair inclination. Note that this number is somewhat imprecise in our 

application because it does not consider the change in potential energy. 

Table 3.3: Specific resistance for st airs tested 

# Average Electrical Power Specific Resistance 

1 95.9 4.82 
2 120.5 5.31 
3 135.2 7.01 
4 101.8 5.31 
5 105.9 7.45 

Even though stair des cent has the potential for great energy efficiency, 

at present the robot still consumes more power descending stairs than it does 

walking on even terrain (Figure 3.21). However, when compared to ascent, 

descent is roughly twice as efficient. When compared with other gaits, the 

efficiency of the current stair descent gait leaves much room for improvement. 

For example, the bulk of the power consumption takes place during the phase 

when the back of the robot is lowered down the step (Figure 3.22). If this 

phase were sped up, the specifie resistance could be lowered. 
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Figure 3.21: Specifie resistanee of sorne legged platforrns. Nurnbers indicate 
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Figure 3.22: Power Consurnption over four steps of stair #3 with average 
value of 144 W 
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Conclusions 

4.1 Bounding Gait 

A quadruped bounding gait is implemented on RHex that uses the detection 

of leg-ground contact events to co-ordinate the action of the legs. Driven by 

a simple state machine for each pair of legs, body pitching motion is obtained 

through the natural dynamics of the system without forced coupling between 

the two state machines. Upon contact, a quick push loads the compliant legs 

and then a constant angular rate sweep imparts forward energy. After a fixed 

amount of time, the legs sweep forward to the touchdown angle following a 

smooth trajectory. The gentle slope of the trajectory brings the legs to a 

halt with little oscillation, which requires litt le current to control. This, in 

combination with a short delay, results in reliable touchdown detection. From 

this cornes a gait that is able to re-st art itself from stumbling and is not 

extremely sensitive to the initial conditions provided by the operator. The 

analysis of captured video and logged data are useful and important in the 

development of gaits in legged robotics. 

Future enhancements ta the gait could be made through more sophisti

cated feedback schemes. Sorne work was do ne in measuring the time intervals 

between leg pair touchdowns, but no strong control input was found ta steer 

52 
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the motion towards known-good values. Likewise, the amplitude of the pitch 

oscillation was measured but no good input was found to affect it reliably. An

other possible avenue for research is commanding the touchdown and sweep 

limit angles with respect to the floor instead of the body. This, it is hoped, 

would allow the gait to attain some equilibrium trajectory. 

4.2 Stair Descent Gait 

In the pursuit to traverse terrains in the human and urban environments, an 

important gait to complement the previously discussed stair ascent gait has 

been added. Descending stairs is a challenging task that is at first taken for 

granted because of its apparent simplicity compared to ascending stairs. Yet 

descending stairs still requires more complex shallow jsteep stair algorithms, 

compared to the single algorithm for stair ascent. Still, in the end, des pite its 

small size and simple design, the robot is able to accomplish the stair des cent 

repeatedly. 

In the near future, improvements in the range of stairs that can be 

traversed can be made. It is possible that a gait could be designed that would 

automatically select an appropriate parameter set for a particular staircase. 

A further enhancement is the development of an algorithm to automatically 

position the robot on the top step without operator intervention. A more 

complete study of the reliability of the descent algorithm also needs to be 

made, with more trials per st air attempted. 
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Appendix A 

Experiment Notes 

A.l Bound Controller Configuration File 

# config file for bounding 

# not aIl values used at aIl times 

# angles and rates (in DEGREES) 

float front_sweep_angle = 18; 

float front_td_angle = -30; 

float front_sweep_speed = 720; 

float jump_angleF = 10; 

float middle_angle -90; 

float back_sweep_angle = 18; 

float back_td_angle = -30; 

float back_sweep_speed = 720; 

float jump_angleB = 10; 

# startup sequence data 

float startup_time = 1.0; 

float startup_angleF = -36; 
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float startup_angleB = -30; 

# Stance Torque 

float stance_torqueF 

float stance_torqueB 

# control used 

10; 

5; 

# 0: trajectory in stance 

# 1: const torque in stance 

float control_type = 0; 

# Flight Gains Calso middle leg 

float frontKpF 25; 

float frontKdF l' , 

float midKpF = 20; 

float midKdF = 0.2; 

float rearKpF 25; 

float rearKdF l' , 

# Stance Gains 

float frontKpS = 60; 

float frontKdS 1.1 ; 

float rearKpS 60; 

float rearKdS 1.1 ; 

# Wait Gains 

float frontKpW 31; 

float frontKdW = 0.4; 

float rearKpW = 31; 

float rearKdW 0.4; 

# Stance time limits 

float front_stance_time = 0.08; 

gain 
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float back_stance_time = 0.08; 

# TouchDown Detection thresholds 

float SettleTime = 0.01; 

float TouchCurrent 2.5; 

float ReleaseCurrent = 0.8; 

float arming_delay = 0.03; 

# Scaling factor for angle adjusts 

float MaxAngleOffset = 50; 

float aMax_front = -25220; 

float aMax_back = -25280; 
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A.2 Bounding Experimental Values 
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A.3 Stair N egotiation Configuration File 

#- Parameter configuration for stairclimbing (with NewStairMachine) 

#- Note that direction of rotation is forced for the legs 

#- Parameter modification may result in massive chaos 

#- and possible in jury ... 

#- YOU HAVE BEEN WARNED 

#- Stair Ascent Parameters 

struct nstair_up { 

float UStart_time 2.0; 

float UOne_time 0.5; 

float UTwo_time = 0.35; 

float UThree_time 0.4; 

float UFour_time = 0.15; 

float front_kp = 22.0; 

float front_kd = 0.22; 

float mid_kp 22.0; 

float mid_kd = 0.22; 

float rear_kp = 35.0; 

float rear_kd 0.35; 

#- order is 2->3->4->1 

float start_angle 45 -30 -30 -30 -30 -30 

float one_angle -15 65 o -15 65 0 

float two_angle = 45 -5 -40 45 -5 -40 

float three_angle = 45 -65 -50 45 -65 -50 

float four_angle = 45 -65 85 45 -65 85 

} 

#: Special sequence to start stair des cent 

struct nstair_down_start { 

#- mid recirc 

#- front recirc 

#- mid push 

#: rear recirc 
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float DStart_time 2.0; 

float DZeroB_time 6.0; 

float start_angle = -15 55 -40 -15 55 -40 

float zerob_angle = 25 110 20 25 110 20 

} 

# Stair Descent Parameters 

struct nstair_down { 

float DOne_time 0.4; 

float DTwo_time = 0.3; 

float DThree_time 0.3; 

float DFour_time 0.25; 

float DFive time 0.3; 

float DSix_time 0.3; 

float front_kp = 8.0; 

float front_kd = 0.14; 

float mid_kp = 14.0; 

float mid_kd = 0.14; 

float rear_kp = 14.0; 

float rear_kd = 0.14; 

#- order is 6->1->2->3->4->5 

float one_angle 10 -45 15 10 -45 15 , #-

float two_angle 90 15 15 90 0 -30 , 

float three_angle = 90 15 -30 90 0 -30 

float four_angle 90 90 0 90 90 0 #-

float five_angle 10 90 15 10 90 15 

float six_angle = 10 90 15 10 90 15 #-pause phase 

float direction = 0 1 1 0 1 1; 
} 
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struct nstair_swup { 

float time = 0.15; 

float angle = 150 -10 20 150 -10 20 
} 

float nstair_offset_scale = 1.0; 

# The first test is to see if l can have a second parameter set ... 

float nstair_B_params_exist = 1.0; 

struct nstair_downB { 

float DOne_time 0.2; 

float DTwo_time 0.15; 

float DThree_time = 0.2; 

float DFour_time = 0.15; 

float DFive_time = 0.3; 

float DSix_time 0.3; 

# order is 6->1->2->3->4->5 

float one_angle -16 33.75 -145 -16 33.75 -145 , # Rear Recirc 

float two_angle 1 42.5 -28.2 1 42.5 -28.2 

float three_angle 24 95 -11 24 95 -11 

float four_angle = 41 -40 -0.7' 41 -40 -0.7 # Mid Recirc , 

float five_angle = 95 -20 15 95 -20 15 

float six_angle = -51 -10 38 -51 -10 38 ;# front recirc 

} 
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B.I Agilent HEDS Series Encoders [5] 

Quick Assembly 
Two and Three Channel Optical 
Encoders 

Technical Data 

Features 
• Two Channel Quadrature 

Output with Optionallndex 
Pulse 

• Qulck and Easy Assembly 
• No Signal Adjustment 

Required 
• Extemal Mounting Ears 

Available 
.. LowCost 
• Resolutions Up to 1024 

Counts Per Revolution 
• SmallSlze 
• _40°C to 100"C Operating 

Temperature 
• TTL Compatible 
• Single 5 V Supply 

Description 
The HEDS-5500/5540, HEDS-
5600/5640, and HEDM-5500/ 
5uOü are high performance, low 
cost, two and three channel 
optical incrementaJ encoders. 
Thcse encoders emphm,ize high 
reliability, high resolution, and 
ea.."IY assembly. 

Each encoder conlains a lcnscd 
LED source, an integratcd circuit 
with detectors and output 
CÎl'cuitry, and a codewheel which 
rotates betwecn the emitter and 
deteclor lC. The outputs ofthe 

HEDS-5500/5üOO and HEDM-
5500/5600 are two square W'dves 
in quadrature. The HEDS-5540 
and 5640 also have a third chan
nel index output in addition to the 
two channel quadrature. This 
index output is a 90 eledrical 
dogree, high true index pulse 
whlch is generdted once for each 
full rotation of the codewheel. 

The HEDS series utîlizes metal 
cOdewheels, while the HEDM 
series utilizes a film codewheel 
allowing for resolutions tü 1024 
CPR. The HEDM series is nont 
availahle with a tlùrd channel 
index. 

The~e cncoders may be quickly 
and eaboily mOWlted to a motor. 
For larger diameter motors, the 
HEDM-5GOO, and HEDS-5600/ 
5640 feature external mounting 
cars. 

TI,e quadrature signals and the 
index pulse are accessed through 
live 0.025 inch square pins 
locatcd on 0.1 inch centers. 

Standard resolutiolls bet,ween 96 
and 1024 counts pec revolution 
are prescntly available. COfi..<ôiult 
local Agîlent sales rcprcsentatives 
for oUlef resolutions. 

.. /( Agilent Technologies 

HEDM-550x/560x 
HEDS-550x/554x 
HEDS-560x/564x 

Applications 
The HEDS-5500, 5540, 5600, 
5640, and the HEDM-5500, 5600 
provide motion detection at a low 
cost, making thern ideal for high 
volume applications. Typical 
applications include pllnters, 
plotters, tape drives, posîtioning 
tahles, and automa1ic handlers. 

Note: Agilent Teclmologies 
encoders are not reconunended 
for use in safety critical 
applications. Eg. ABS braking 
systems, power t,'teering, life 
support systems and critical care 
medical equipment. Please 
contact sales representative if 
more clarification is needed. 

ESD WARNING, NORMAL HANDUNG PRECAUTIONS SI/OUW BE TAKEN TO_4VOlD STATlC DISCHARGE. 
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B.2 APEX SA60 Power Amplifier [6] 

SA60 
HTTP://WWW.APEXMICROTECH.COM (800) 546-APEX (BOO) 546··2739 

fEATURES 
• LaW COST COMPLETE H-BRIDGE 
• SElf-CONTAlNEO SMART LOWSIDE/HIGHSIDE DRIVE 

CIRCUlTRY 
• WIDE SUPPL y RANGE: UP TO 80V 
• 10A CONTINUOUS OUTPUT 
• ISOLATED CASE AlLOWS DIRECT HEATSINKING 
• FOUR QUADRANT OPERATION, TORQUE 

CONTROL CAPABILITY 
• INTERNAl/PROGRAMMABlE PWM FREQUENCY 

GENERATION 

APPLICATIONS 
• BRUSH TYPE MOTOR CONTROL 
• ClASS D SWITCHMODE AMPLIFIER 
• REACTIVE LOADS 
• MAGNETIC COIlS (MRl) 
• ACTIVE MAGNEnt BEARING 
• VIBRATION CANCELlING 

DESCRIPTION 
The SA60 is a pulse width modulation amplifier that can 

supply 10A continuous current ta the load. The full bridge 
amplifier can be operatcd over a wide range of supply volt·· 
ages. Ali of the drive/control circuitry for the lowside and 
highside switches are internai ta the hybrid. The PWM circuitry 
is internai as weil, leaving the user ta only provide an analog 
signal for the motor speed/direction, or audio signal for 
switchmode audio amplification. The internai PWM frequency 
can be programmed by an external integrator capacitor. Alter
natively, the user may provide an external TTl-compatible 
PWM signal for simultaneous amplitude and direction control 
for four quadrant mode. 

SlOCK DIAGRAM 

H-Bndge 
Drive 

JreO'VS 
1 BOUT 

9 AOUT 

Jy~IS.~.A 
121s9nseS 

,..---(ij) POWER 
J,. - GND 

12-pin Power SIP 
PACKAGE STYLE OP 

TYPICAl APPLICATION 

1~ I---~""""~-ri LOAD 

SA60 

A wide vanety of loads can be driven in either the voltage 
mode orthe current mode. The most common applications use 
three external blacks: a low pass tilter converting pulse width 
data to an analog output, a diHerence amplifier ta monitor 
voitage or current and an error amplifier. Filler inductors must 
be suitable for square waves at the switching frequency 
(Iaminated steel is generally not acceptable). Filter capacitors 
must be low ESR and rated for the expected ripple current. A 
difference amplifier with gain of less than one translates the 
differential output voltage ta a single feedback voltage. Dashed 
line connections and a higher gain difference amplifier would 
be used for current control. The error amplifier integrates the 
difference between the input and feedback voltages ta close 
the loap. 

EXTERNAl CONNECTIONS Package: SIP03 

~lH 
1 CFl , , 

ANALOG: DISABLE 
GND ~ 

PWM ANALOG 
INPUT INPUT 

POWER 
GND 

ISENSEA * 
AOUT +VS 

* Required RC network. See paragraph on 
transient supression. 

+ Protection diodes are recommended for 
applications where +Vs exceeds 50V. 

"" ISENSE 8 

BOUT 

APEX MICROTEOiNOLOGY CORPORATION QI TELEPHONE (S,a) 690··8600.;0 FAX (520) 888-3329 III ORDERS (520) 690-8601 0:1 EMAIl prodlil@apexmkrotech.com 

1 
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B.4 Lippert Cool RoadRunner II [35] 

This HighRel design brlngs Pentium'" class CPU power to Embedded PC applications. where 
compactnes~ low power consumptlon and fan'Iess operation are .ey r.quirements. As PCI 
bus. fast Ethernet and fiat Panel support becomes more and more important for embedded 
system design engine.rs. the Cool Roadrunner Il module is the ftrst real AII-In-one single 
board computer in his class. The module was especially designed to support intern.t appli
ances like Thin CII.nts. WEB-TVs. Car-PCs and Emb.dd.d Servers. 

Gen.rally. in most embedded PC applications the Cool Roadrunner Il single board computer is 
the first choice. A wide range of peripher.1 fundions are support.d: COMl/2.lPT with EPP/EPC. 
EIDE. fDO. PS/2 Mouse. PS/2 Keyboard.lrOA. 2 x USB. Sound-I/O. fast Ethernet loMO Base T. 
VGA. TV-Out and extensive fiat Panel support wlth resolutions up to 1280 x 1024 at 8 bpp .1I0w 
conn.ction of ail kinds of display devices. Th. size of SORAM and the size of the Solid Stat. 
Oisk can b. chosen according to th. application's n .. ds. The on board .atcMog and voltage 
supervisory circuit prevents system malfunctions, A CompactflashTlot socket (type l.IDE corn· 
patible) can b. used for ail Compactflash'" Cards as weil as for IBM's MicreOrive'" hard disks. 
The 44-pin ElOE port can b. used for additional Compactflash'" devices. hard disks and CD
ROM drives in masterlslave configuration. 
Although th. Cool Roadrunner Il has ail peripherals that constitute a PC on board. the module 
can be easily e,tended with the ISA and the PCI bus by addition of extension boards in the 
PC/l04-Plus standard. for example. an extemal PCI bus based fram. grabber module or a 
PCI bus based SCSI module or aniSA bus based field bus tontroller tan b. add.d by simply 
plugging the boards together. 
Ao fDO power connector can be used to pow.r the complete system. wh,n the PC!J04-Plus 
bus connetlors are not available. The Cool Roadrunner Il board is designed for a singl. supply 
voltage of 5 VDC. Allnecessary voltages are generated onboard. 

liPPERT is an independent design house and manufatlurer that develops and builds special 
tustomer specifie solutions. Please ask for a specifie Quotatioo. 

liPPERT GmbH' Hans·Thoma-Str. 11· 0·68163 Mannheim 
Phone +49 62143214-0' fax +49 62143214·30 
sales@lipoert·al.com . www.lippert-at.com 

Mor. FeaI.rH 

'$: TV-Out 

.. Sound 1/0 AC97 compatible 

.. 2 intl.pentl .. t watchdQ9' 
li> Fla.h 8105 
,. Sallery on board 

'4> ["P0.obl. via PC!I04 bus 

72 



APPENDIX B. SELECTED DATASHEETS 

Board rormat PC/104-Plus 

proçe,.o, NSC Geode GX1 

Speed 200 MHz /300 MHz 

Core IOfjI. CS5530A 
Sup.r 1/0: SMSC FDC37B721 

RAM lmax.) 256 Mbvt. SODIMM 

RAMoIook 75 MHz 

Graphie. CT69000.2 MB. 
up ta 1280 x 1024 x B bpp 

CRT Analog VGA 

LeD Disploy TFT. STN. DSTN. El. Plasma 

TV-Oui PAL & NTSC 

Floppy up ta 2.88 Mbyl. 

Seriai 2 x RS232C with hardware handshake 

Infrared IrOA (SIR) with Hllevel ta conn.ct an 
extemal infrared IransmiUer 

use 2 , USB 1.0 complianl 

10/100 BaseT l , Intel B2559ER 
[1II.mel 

Keyboa,d, Mouse PS/1 

Ali mentioned trademarks are the properties of their respective holders. 

liPPERT GmbH' Hans-Thoma-Slr. 11 . D-68163 Mannheim 
Phone .49 62143214-0 -Fax .49 61143114-30 
sales@lippert-al.com-wwwJippert-at.eom 

!.PT Multi-Mode'" bi-direc!ional Parallel-Port 
IEEE 1284 eompliant with EPP/EPC modes 

IDE 1 primarv EIDE port according ta ATM 
with 33 Mbyte/s 

5 ...... 1/0 AC97(Line-in. Lin.-out. Mie-in) 

Comp.ct Flash Header type 2 

RTC Backup Replae.able battery 

IMat.hdOfj VOS 

Po.,er Consumplion -6 W at 300 MHz 

Op.r.IÙI~ iemperalur. -20 oc .,,'60 oC (standard) 
-40 oC ... '85 oC (optional) 

Cooling passîve 

ISA SUs Slandard ISA Bus 

PCIS •• 3.3 V compliant. 
Periphe"ls need Iheir own 3.3 V supply 

Power Supply +5 Vonlv. 
Ali necessary voltages are generaled 
on-board. 

BI05 Award 
BIOS paramelers are also saved in 
FEPROM 

Supported OS Windows. linux 
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B.5 Maxon Motor 117751 [39] 

99-0,1 1,35-0.15 

1,1-11.1 :!:2,75 

12,8~ 1;'1-1.1 

M 1:2 
IlIIIIiSlockptogram 
c::JSt:andard program "Ori.'ferHUmbe~ "", ~ f :0 "'~ ";' " 

Special program (on raquest!) 
~ " ~ , 

. {fi7TïJ1i17~ 11m4 t18755 
l ' 1-

1 AssJgned power ratiog 
2 Nominal voltage 
:3 Noload~d 
4 Stalt!orque 
5 Speed IlOrqu6 gradtsnt 
il No toadClurent 
7 StarlingC1ll'fl'lnl 
8 Terminal resJstance 
9 Max. permissibla spsed 

10 Max. contlnuous current 
11 Max. continuous klrque 
12. Max. power output nt nommai voltage 
13 M3X.atficlency 
14 Torque co~an! 
15 Speoo constant 
16 Mechanlcal Uma 00fIItan1 
17 RolQrJnertia 
1B Terminal Inductance 
19 Thefmal resislance l'lou$ing-s.mbient 
20 Thermal reslslanoo rotor-housing 
21 Thermal time eoostanl Winding 

i@Tfflfjit.ifii!.i.g 

W 202:0202020202020 
Volt 9.0 15.0 1B.0 24.0 30.0 42.0 48.0 46.0 48.0 
rpm 10000 9650 1-0200 9550 9850 111{,)O 10300 8230 5050 

mNm :232 225 220 243 249 283 264 210 129 
rpmlmNm 46.5 44.1 41.9 40:2 40.3 3R7 39.6 39.7 39.7 

mA 110 61 54 37 31 25 20 15 9 
mA 29100 15700 13500 10400 6720. 7940 6030 3810 1440 

Ohm 0,309 0.953 1.33 2.3:2 3.44 5.29 7.96 12.6 33.4 
l'Pm 11000 11000 11000 11000 11000 11000 -11000 11000 11000 
mA 1500 1500 1500 1210 992 800 652 S1g 318 

mNm 11.8 20.6 23.5 26.1 26.1 26.3 26.3 26.3 26.3 
mW 52000 52800 55500 58300 62:200 80400 70200 44400 16800 

'YoT! 82 ea 85 86 81 81 87 64-
mNm 1 A 7.97 14,3 16.3 23.4 28.5 35.7 43.6 55 89.7 

rpm/V 1200 669 586 407 335 268 218 173 106 
ms 5 5 5 4 4 " 4 4 4 

gcm~ 11,3 10,0 9.11 10.9 1{l'.1 10.1 10.0 9,9:6 9.9t 
mH 0.03 0.09 0.12 0.24 0.35 0.55 0.8a 1.31 3.48 

KJW 14 14 14 14 14 14 14 14 14 
K/W 3.1 3.1 3.1 3,1 3.1 3.1 3.1 3.1 3.1 

8 13 12 10 12 12' 12 12 11 11 

•• "Ui" 
• Axiatpiay O.05-0.15mm 
.. Max. bal! bearlng !oads ,;nr;;r,-----------::=c--:.:----)"-' ...... Aecommended opereUng range 

axial {clyrtamlc) 
not preloaded 3.2 N 
preloaded 3.2 N 

radial{5mmfrom1Iange) 16N 
Force for press fils (Slalie) 64 N 
(slatie, shaft supported) 270 N 

• Radiai play b.ill bearlng 0.Q25 mm 
• Ambient temperature range ·20 ... +100°C 
CI Max. rotor temperature +125uC 
• Number of commulalor segmenls 11 
• Welght of molOf 130 9 
• \faIues I~ied ln the !able are nominal. 

For applicable tolerances see pags 43. 
For addiUonal details pleaoo use the malU)O 
selection pmgram on the enclosed CD·Rom. 

AprilZOO3&dilI0l1Isubjecl:tochange 

Planemry G4rarhead 
026 mm 
0.5-2:.QNm 
Details page 193 
Manetary Geamead 
0S2rnm 
O.75-S.GNm 
DetalI9pgge 196 t 197 
Planemy Geameaà 
~lS2mm 
0,4-2.0Nm 
DetaiJ$ page 199 

(:ontlnuoua operatio1'l-
ln obsafV8tton of aboYt1 tIsted thermat resiatanoes 
{linas 19 and aU} tl1& rna.ximum J);}I'rnlssibie rotor 
tompgratulQ will b.e r~ durlng oontlnuous op&
ratiOn e.t 25"(( amblenl. 
.. Thmmallimit 

Short term opefalior\ 
The motor may bi) brtefly ovarloaood (ruçuffl~g). 

Motof With high raGistance Wlndlng 
Motar wtttllOW resistance: Wlndiag 

AMII 'ri" 
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B.6 Maxon Gear 166163 [38] 

Metaî Version 

M1:2 
IIImStockprogram 
[::JStandard program 
~.h;,) Special program (on request!) 

1 Aedumkm 
2. • Re4IJOlIon ~Me:". " 

1 Reduction 
2- RedUction-absolute 

1 Reduction 
2·, 'ROdtJctJ:àn;ilb8oMa v •• 

•• mm:m.!4 
1 Reduction 

2:''''''''''''''_ 
3" :Numbe( of stagœ: .' 
4 Max. conllnuous torque al gear output 5' _ml __ ,sJlj",_ .. ge .. _, 

6 Sense of rotation, drIv6 to output 
7·-..ell<:I_··':';·,..···, 
8 Weighl 
• lIv>_b_hno'9ad" 

10 Masslnertia 

11 n ... _'_tI 

.!III 

Nm 
'Nm 

% 

~ 
9om' mm 

Planetary Gearhead stralght lseth 
Output $haft stainJess sleel 
8eartng at output bail bearlng 
Radial play, S mm from f1ang& max. 0.14 mm 
Axiat play max. 0.4 mm 
Max.. penn. Jadlalload, 1.2 mm rrom !lange 140 N 
Msx.permlssIbtG axlalioad 120 N 
Max, Pfjrmlsslbl& furœ for pre$S lits 120 N 
Recommandee! input spaed < 6000 rpm 
R~nded tempera!ure lange ·15, •. +8O"C 

OrderNvmb:è:r / ::"~; ~ ,\\ r 1 vf «< 

~~~~1ôi;ï"!~~r-::=1'''''';1 '§?"", ---=-_..,.1ÏiDE!!lI 
1 33: 1 

,.~Vfte 

""'1", 

166157~. 
5.8: 1 21:1 
"l, iI!ifI/f4 " 

mîIm 
23: 1 
lI:ro'2S' 

1188162t 
28: 1 

""', 
1 , .. 2 .. 

0.75 2.25 2.25 
'{:,1', 3.4 • 3.<\"' 

,., 75 75 
118 ,., '" •. 7 O .• 0.8 
1.5 0.6 0.8 

26.< 3M . -S6.3 

51 : 1 111: 1 246; 1 492; 1 762: 1 H61: 1 1972: 1 2829; 1 4380; 1 
m~/w' t~/lu... ~·fI7is·llA'.1~m: ~,"44}$·?~_~~~~li1lS'.1C.9$Il}/t!:I 

;&(fjM01! 166170 ~[16{ff8W661Bm66T93TIBi@BJ1662@ 
66:1 1.23:1295:1531:1913:11414:12169:13052;15247:1 
f~/.m. ti/f1J/. t.n,{)N~~~I;I/92b,·;!J&S\"l.ll.ib ~~fl3'~!i~~.44sl~I;!fUS ~/IOO 

~~11661811166186!1'ti1'fUi'FJ 166194!166199[01JiMQfI 
79: 1 132:' 318: 1 589: 1 1093: 1 1526: 12362: 13389: 16285: 1 
1U1/~' ,'»t.2fü '· ~~,m·~31/::J$··l~$lI~fili;.~.&~,.744l"/,4().~«mj1oa.;. 

lWfBJC@I7?lœYiJJ~);,~ ! 166190 1IU'MI.'i 166200 l" 
1694: 1 2548: 13656: 1 

"Jl~.;-'il!'l'~./"'IP~15tl{1:!!I 
86:1 159:1 411:1 636:1 

J6:?fl-{m.:.:,iIt:&1110' ~~t!1W5 ~la 

.116616811661732168178 [Ië61ë3J 
103:1 190:1 456:1 706:1 
$~9$" !.\'!~1I1/lf4t IIt40V~ )S&tT~;ti4 • 

".~,,;,/ ',S ~ ~ • 4.50 4.50 4.50 4.50 
65 as ,' .• $" $-S' 

.7<>. 1" 6IJ Ilf>,' 
194 '94 22. "'6 
U '.<l. 1.0 1.0 
0.7 0.7 0.7 0.7 
4$ .• 0 43',Q 49"1 '''7 

.'{JJB@j]1661961166201 i ' 
1828: 1 2623: 1 4060 : 1 
l',:m:;u:<fl~~IN: ~~"",' 

"'., .5 :.S., 5 
4.50 4.50 4.50 4.50 

·5 
4.50 

.6.~h <\.5 ,'6,5 ' -;,-6".5· " "·6.5 ... ,sor .'50 50 .. •• 2'. ,.6 258 258 256 
',0 1.0". ·;<.1n-: ,1.a t •• 
0.7 0.7 0.7 0.7 0.7 

411,7 56.4 ,56.4 5<lA . 56'4 

.. • 1 
~i~~,~~,~~~~I~~1 ;'-i'~i"g~~'~~~~~~~~~~~~~~"1 kfffuti,fijfhi'l t 

+Malor"1 tJagtl. "-+·.Tad!c/l!incQder-fBrall:e.1"8W ·OveraIIf.OQth.rn:ttn]~Motnrfengn"~~Wf*ltaci'!o··/~fbmk$S}-t~Wrts~· "J.' c
' 

RE 25, 10W 76 81.0 90_9 90_9 97.6 97.6 104.3 104.3 104.3 111.0 111.0 111.0 111.0 
RE25 •. 10W 1&" ',MRE~" . 2f2. " 92.0' ··;HllS 1Q1.9 , 100.6 l-0tt6 .'1111.8<. d15.3Y 1,1,!U' ,,'1&.0 ".1,22,0' 122 .. 0 '122~O 
AE25,10W 76 DIgltaJ Encoder 22 214 95.1 105.0 105.0 111.7 111.7 118.4 118.4 118.4 125.1 125.1 125.1 125.1 
At;:25,lOW 16 DJgItal.&woderHEO_SS_·216121B 101.8 H1,7 1t1.7 H8.4. 1"18:4':.1"25.1 . 12:5.r.' 12&.'1.'< :'t3UJ ·'131.a' 19Lt 13tll: 
RE25,10W 76 DC·Tacho22 224 103.3 113.2 113.2 119.9 119.9 126.6 126.6 126.6 133.3 133.3 133.3 133.3 
RË.25~·~QW n .,'''' , ·"13:t.G . 00.& 9M' a1.ij .9r.6 104;$'. t-04'.3., 1'04,,3- 111.'0 11.t.0·' tit;Q· 111 • .0-
RE25,20W n MREnaodeT 212 92.0 101.9 101-9 108.6 lOB.6 115.3 115.3 115.3 122.0 122.0 122.0 122.0 
A.e-as.'20-W·T1 blgltat,~~ 2:14, {I6";t" lOlUt' 1-05.0· 110' ,'0'1,7 111),~' Jt8;4(',H8A ,12$,1::' 125,t,· J2$,l; 'l.es.1 
RE25,20W n Di!jtaIEncoder HED_55_ 216/218 101.8 111.7 111.7 118.4 118.4 125.1 125.1 125..1 131.8 131.8 131.8 131.8 
RË2&Î~W'Tr DC-)'Sçho:~ ~ .103.S H3.2 U3,2 l111..ff 11'9."9' l~,&::'·j26.tJ. 1?6.6- 1.3$.3: 1~$..3.',·1.s3.::i:, 133.3 
RE25,20W n Brake4() 248 115.1 125.0 125.0 131.7 131.7 138.4- 138.4 138.4 145.1 145.1 145.1 145.1 
RE.2&.lSW 76 B5.a $.2 OO.ti! 101,9-- :1-1)1.9 :,106,e:"1Ç16',6· 108.3 1)!i.3 '115.a" 'il5,:) '1.15.3c 
RE 26, lBW 78 /IJlREnooder 212 sa.3 106.2 106.2 112.9 112.9 119.6 119.6 119.6 126.3 126.3 126.3 128.3 
FlE26,18W 7$ Di';;!lWEnooder:22- 214- 102.1 Wt& 112.6 .HaS U~.3: 1:2g:,0 12Etq 120.0' 132.7. '132.1 132,1 132.'" 
RE26,18W 78 DigitatEnooderHED_55_ 216/218 103.7 113.6 113.6 120.3 120.3 127.0 127.0 127.0 133.7 133.7 133.7 133.7' 
RË2B,.lf1i'W 7a pe·lâdOo2l . 224 l06.S 11-$..2 116.:i/! .122JJ. 122.9, lZ9.6- 129.~ 129.6 1~ .. 3' 136.3 ',$6.3 1a&,3 
A-max2Ei 113-120 71.2 61.1 81.1 87.a SHI 94.5 94.5 94_5 101.2 1012 101_2 101.2 
~$ 1'1,a.,t1~ OjgitRlt~B1Poâet''!:J223 78:3 ea.2 B8.2 94.9 ,M.9 10t,6 to1.6. 101,,6 1:08.3- 1œ.3 wa,s 100.-3 
A-max26 114-120 MREnoodar 212 80.0 89.9 89.9 96.6 96.6 103.3 103.3 103.3 110.0 110.0 110.D 110.0 
A-max2& H+12o.OlQitalErtcooer~ 215 86.a 95.5 95 .. 5 102.2. 102.2 100.9 l08.9 t06.9" 115.6' 115.6 ·1.15.,-6 1fS.e 
A--max.26 114-120 OIgIraJEncoderHEO_55_ 2171219 90.0 99.9 99.9 106.6 106.6 113.3 113.3 113.3 120.0 1200 120.0 120.0 
Re.f'tijJll'~S 143-10$ 11.2: 81.1 bf..1 87..&: w.e· c'94,S 94.-5,' 94.5 ,10U 10'L2: 101.2 1(l:1.2 
RE·max29 1441146 MA Encodsf 212 60.0 B9.9 69.9 96.6 96.6 103.3 103.3 103.3 110.0 110.0 110.0 110.0 

April 2003 arilt;on 1 wo;ecllo changs 

75 



APPENDIX B. SELECTED DATASHEETS 

B.7 Mindready Firewire Card [44] 

Mindrl:lad{s SadNe!~'" 1394.11 and 139400Hei board famHv prc,,4de;!I a CI)lJ"Iplale range uf indlJe!rlal.gr~<,ie !l"Iler!~ (;(lmmunicatfOIl 
adaJ;lwrs Jor the IEEE-1'394,FlreWif.e'" bus, VjJrious fontl lacrors are usf!d in spEtifiç market$., and eadt ha lts unique char.t<rtari:,>"tic$ 
Ml"ldre<ldy supplies El complete port!chfJ to enabkl ail types of reqllirem.mt!> lor aerospaoatde1sttOO, automctlveftm"$pOrt, tf1diJsUIai wd 
mt>dlcal applicallor.15. ThasU' boards meel tM requiremtJnts 01 mlsslon·crHical embedded sys~erns app1i~.a!i()ns \.Ising 1394 o'J$ 
oornponerr.s, 

Key Featu'tls 
~ Fu!.1y ccal(Aiant l'tilh the 011C1 ..,1.0 s~ilica!ion 
~ Avaiiabla in popuwr PCj,1,)ased tofmats sudl as PCI, Compact PCI. PMC and PCt04+, with 13943 or 1394b ~)lial"lt imurle!,.'$" 
• Modea prmr:-de f'lIher leee·l394a or IEEE.·~394b bE.19 Sl.~p<Jft 
~ Tra.rmtl~f1 $paeô up- 10 400 Mbps W1tt1 IEe:e-I394a, and 800 Mbps wtth IEEE-13Mb and suitable oonnecool'l5 
< Support for 8100, S2QO. S400 trar,sfer rat" ma."Klard INilh tEe.e·1S94a a. b, pl"'$ saon Mm IEEE·1S94b 
• PCI hast and flXten~1 p(M'er flffid option ($l'!wcled !1lOàaIS onlY) 
~ E)j.;l~$I'J~ protoctioo IhtQu\lh ~Jith~!i -g8lvanlr. isolatIQI"I or wlth a special tm.113fOfmar iUllatlon clptioo 
• Impl0mentslhe 1081394 Powm Managenlent 6chenli~, Wil!l PCI nom powa' œntl"ol and on-bI:iar(j !f.E.e·1394 b\.iS Si<Jllal detoc.tktn 

logic lOf PCI 
~ Cffl},,-e of SlectflŒlJ and OVtiw. j"tet~'e$, auppcrilng ya>kltJ$ tlît rates 
> F!J!ly t$Sleo for ~patjbUi{y witt! Mindready'g ~Sve. GedNfltt,. 139~ staok and l'ligh-1evel protoool software suite 

• Able te power 6xlemal devJœs via trie 1394 aeble 
~ Full I"$a!-Itme synchromzatlOl"l ~n Bl:l .alfached d$vicl1s 

Jar asynchronoo."i Md 1$OI:hrOnoIJS data tlW'Isfar 

FOfffl Fador 
C<.>f""I>'WC10t Type 

C~J"Jflij:CtOi" At;OCatr.Jll1uf IEEE·l$94t, Ot;WiC'l!lS 
C-onf1ectm AJiocmion ior IEEE·1394b DGVices 
Pmwr G;)\1sumpUQn 
OpllO)! P:")WIl~ OI.up!.;1 

Opl1<lf!al E:d';;I"ell POW!i/;1 Fe<l';(j 
H~!Sf Pqwer Feed 
OpI:!ra!ing Temp<6irtltu~ 
8funjg~1 Tm"f1fXlI"~luœ 

Host !nterface Sl1.lrn:lard 

Pel,. ComlDCt PCI 3U and. SU. PMe single dec~ .. PC1l')4+ 
.. St~ndard IEEE·l394a S-pil"l ClXInŒ..V for IEEE·1394a unB$ 
.. Star.datd IEEE·1394b bilingua! œnni~dufs for IEEE-1394b unis 
.. PlastiC Optiœi Fll)cr ,POF) comee-'.or 
Thr$O standard 1394a ports 
eilingvaJ aM POF çcr1s (:16& (Wei" hlt dctafis) 
4..8 watts !or lh9 ~-d. a;>t2 up kJ 15 watts- if power Il> fed 10 lhe bu3. 
·10d8m 
l? w:llü, OC (wtJetl e<:!uipped wiih lM ~~ltte;ttaI pû\'ref (Iptlori) 
Suppod n! +5 !i()!t and -+3.3 'II't)1I prmar &!lP!)ll(ls 
OC to ",,100 {04032f· te +-1sa.F~ 
400 la ~!i6C {.4{lF 10 +1BSFl 
OHGlv1JJ 
T~m~ lostrumools TSB121. V26 FireWke 
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B.S Microcomputer Systems, Inc. MSI-P400 
Quadrature Decoder [43] 

DESCRIPTION 

The MSI-P400 is a 15-channel quadrature decoderjcounter 
PCfl04 card designed for monitoring up to 15 quadrature 
encoder inputs used in monitoring motor shaft rotations. 
Each channel provides a 16-bit binary up j down counter with 
full 4X decoding using a Hewlett-Packard HCTL-2016 decoder 
IC. This device provides a digital noise filter network, 4X 
decoding logic, a 16-bit counter, and a 16-bit latched output. 
A card ouUine is shown in Figure 1. 

Inputs from quadrature encoders are applied via a 40-pin 
input connector (JI) that requires a frequency and a reference 
signal input for each channel in use. Input signals are TIL 
levels. The dock employed for processing the input signaIs is 
derived from SYSCLK (6 to 8.33 MHz, depending on the 
processor card used) of the PCjl04 bus. This dock signal is 
divided by 4 to provide the dock inputs to the HCTL-2016 
decoder 

"">=~-~--~-~--------------------------. 

Figure 1. OuUine of MSI-P400 Cardo 

Page 1 MSI-P400 Manual 
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B.9 Panasonic HHR=300SCP Battery [49] 

NICKEL METAL HYDRIDE BATTERIES: INDIVIDUAl DATA SHEET 

HH R300SC P Cyllnd,;caD sc sile (HR 23/43) 

Dimensions (with Tube) (mm) 

®,." 
1 (+) 

(-) 

Specifications 

Dismater 

Helght 

ApproXÎmBte 
Weight 

Nominal Voltage 

Discharge Averageu 

Capaclty" Rate. (Min,) 

Approx. Internai Impedance 
at 1000Hz st charged state. 

Charge Standard 

R.plo 

Standard f Charge 

.~~ Rapid 
,QW 

Discharge E "-<ce 
< 2 years ~ Storage 
<6months 

mm inch 

23,0+0/-0,1 0,91 +0/-0,04 

43.0+0/~1.5 1.69+0i~O.06 

Grams Ounces 

55 1,94 

1.2V 

3050 mAh 

2800 mAh 

4mll 

300mA (O.llt) x 16hr$, 

3000mA (lit) , 1,2 ilrs, 

'C 'F 
O'C to 4S'C 32'Fto 113'F 

O'C to 4Q'C 32'F to 104'F 

~10'C to 6S'C 14'Fto 149'F 

·20·C to 35'C -4'F to 9S'F 

·20·C to 45'C -4'F to 113'F 

~ After charging at 0.11t vor 16 heurs, discharging at 0.21t. 
U For rsfsrance only. 
Battery performance and cycle life are strongly affected by how they 
ara used. In order ta maximize battary satety, please consult Panasonic 
when determîning charge 1 discharge specs, warning label contents 
and unit design. 

Note: [I!) was previously expressed as [C). (It] is an lEC slandard expression 
for the amount of charge or discharge currenl and is expressed as: 
II(A) '"' Cn (Ah}/1h. 

5 [!tllS the reference test CUITent in ampres 
• [Cn] is the raled capaClty of the cell or battery in Ampere·hours. 

n " the tlme base [hours) for Yllhich the rated capacity is declared 

Typical Charge Characteristics 

1.7 

;; 1.6 

i 1.5 

~ ~; 
1.2 

"'§§E~:~~ 
Charge nme (minutas) 

Typical Discharge Characteristics 

,;: 

f 1.3 

40 

DlsehargeTlme(mlnl.ltes) 

Otseharg.a TIme (mlnules) 

Pmasom«:t NICKEL METAL HYDRIDE HANDBOOK AUGUST 2003 
This lnrOfmation is generally de$Criplive anly and Is net lnffinded ta make orlmply an)! mplllsenlatlon, guarantae orwarranty wilh respect 10 any ct/Us Md batteries.. CeU ard batteryde5!gr.s'sped~catlons 8f& subjectlo 
modlf.rcatîO!l\\4!hc'..rtnctiœ. Contac:l.Panason!cforthelaleslinIOt'mEilian. 
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B.lO PCl04.org [3] 

'" t:l 
~I 

~ 
,~ 
/l~ 

}i 

~~ 
" ~~i :;t' "" !ll 

~. 

sJ -A, 
,1:, 

·~1 

'fil 
;X "il 

S: :11 m <~:! 

~~ 
,,1 

t:,' 

~~ :;: 
J1 ~; c:..; 

'd hl 
$,j Ji i li~ 
.~ ~ " V 

.;:1 fi 
"" B 
~i 

A-

[! 
J<j; 
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B.11 QNX Neutrino RTOS [51] 

QNX NEUTRINO AT A GtANCE 
MICROKERNEl ARCHITECTURE 

DynamicailyupgradableservlC8sano'applicatiuns 
fine-graineri fault Isoi3tion and recollery 
Message-passing design for Ill(ldular, we!l·formed systems 

DlSTRIBUTED PROCESSING 
Trar:sparantaccesstoremoteresources 
Simp!ffied deslgfloffilult-toierantclusters 

SMP MICROKERNEl 
True SMP lm MIPS, PowerPC, and x36 
AutomaticscalingofmufMhreadedapplicaticns 

INSTRUMENTED MICROKERNEL 
System-vlide pertormance analysis and optimization 
Fast dctection Bftimmgcrlllfticts, hiddcnfauits, etc. 

QNX PHOTON MICRDSU! 
Custâmizab!elook-and-feel 
SOPhisticated mulWayerdisplays 
Extensible multimedIa uamework 

PROTOCOL STACKS 
NirtBSD OPsec, !PliS) and tinyTCPJIP stacks 

FILE SYSTEMS 
Image, RAM, Flash, ONK, Unux. DOS, CO-ROM, DVO, 
NFS, ClfS, Compression, Package 

DEVICE DRIVERS 
Audm,char3ctel, disk, graphies, input, 
ne!working, paraBel. primel, sena!, usa 

HIGH AVAllABILITY MANAGER 
Heartbeatingfurearly1a!J!tdetectiofl 
Intelligentre.startctiau!tycomponents 

JAVA 
Celtifjed Java powered runtime enVlnmment 
Java appkcatwnshëvefullaccf::'ls toOS ser"ices 

PREDiCTABlE REAlTIME PERfORMANCE 
Preemptiveschedu!erwitnchoiceofscheduhngmethods 
Oistributed priQrityinl1eritaflce 

POSIX SUPPORT 
POSiX HlQ3.1-2001. with thraads and realtime extensions 

PROCESSOR SUPPORT 
ARM, MIPS, Pow~rPC, SH-4, StwngARM, XScale, x86 

QNK MOMENTICS DEVElOPMEHT SUITE 
Graph;cai IOE. BS?s, ODKs, and GNU rools 
Multi-host.multi-Ianguage,multi-targetdevelopment 
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B.12 Redlake Motionscope PCI [53] 

IIIIMotlonScope' 

PCI Series 

fhe Redfalœ MASO MotionS<ope PC! system has 

sll'l'lpJif!ed imuge ","cquislti(m for motion -lmalysis. 

Des.lgned as a PC peripheral for capturfng 

hlgJ:l-spe€d di91tallrnag~;, directly ln the PC, the 

MotionSr;:op(' pel system (Q('si!.t, of il high·speed. 

camera, full sir.e 1'(1 (,:IlTIera <tmtro! and rra:me 

store board {onboard m<>.JlloTy},lnstallation and 

user 1nterface software and documentllt!on. 

Sysremcpcfatlon ts eas.y with the ~pol!"lt & dki( 

lIindows based iipplkatioll '!>Oftv,t.ste. R«:ord wtes 

rMg~ ffQltrl60 dlfough 8,000 fra!M& pe~ U)(Qud., 

depending oll1ht, mode!. 

MotionScope PCI-camer.as CM be startec:t or 

stopped If'lnOtely via a h;mdhetd switch or frnm 

dn external trlggf!r !iignal generatl."d by an optln~l, 

i'KOIJStlC, or ele<-tronk sense! (!.taMaYa!i Volt rn. 
$191131, or op te 30 Volt OC signal), Once capturcd,. 

the Images of the event reslde on the Redlake 
MASO MotionScope PCI board in the PC t.mtH 

tran!.ferl"E'd over the <ompllter'5 PC bus for dlsplay 

and anaIYS!:i. PI<lyba(;K rates lndude s!rtg!(!, l, 2, 3, 4, 

5,10, "j 5,1_S, 30, SO,60, 125, 250, 500, 1,000, 2,000, 

4,000 and 8.000 fr"!lTleS per second, forward or 

reverse. Images are archived ln thE;· standard 

for imaglng exœlle:n«!l 
when quaHty COI.m!s 

1:ii$l<Y opluliticn 
"?uJn; 84 Clklr" apl:!ration, ;e.6tn ta ~perr~te ln min~1es.. 

fh~l(ibillll Tri9g~r Opt,ioM 
(r.ttbie-~ rel."orQ and (""p.t\l.r~cl ccntfplled ~r0 jnw.rmit'i~nt 

~ ... enn.. 

Imag<as in: the PC 
MOIk~$ i'l1'ia1y1i1. ofimilges eOlslcr. f<l~ter ~n'; more ac,;:utate, 

Mfcrasoft .AVI flle fotmat.lmages can ire t:onverted 

te other im.age me formats. 

8m:ause application requirements vary widely, 

Motionxape PCI systems are avaHable ln sevel'al 

configuratIons. For customer con"lenlence, Redlake 

MASO offe-s.an a(.Ceswry kit that {".Qota1ns ail the 

equipment nceded for most applications. A complete 

sdectlon of lem. 'eS, Ughts, tripods, ('te. 10 handle nearly 

any sltui!tion ln m~afly any Industry 15 aise avaUi:3ble. 

REDLAKE 
1.800.462.4301 
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/fIlMotionScope' 

MQtlonS'Cnpe pei S9rh~s PO EîOOS,P(f2000S,PCI BIJ()OS,PO l000SC~f;d PO 2000 5C 

Imaglf ReJo.htllcn Up!ç.400){4W~ abitpi1«.";'~X!tfrilmedePi-»'ldirl9QO :\1Qdi;'1 

Jh'u:ortitng-Rate,.\i 
5butt~n Speed 

R'itt:o.rdlng Modll!.' 
M.al'lual 

FtAftW StQoyagft 

Standa,d 

Ma.dmurn 

P!ayback 1Ut~ 

"""nu Dl.splay 

60,125,25(1.500,1.000,1,000,4,000 ilnd a,QOO1rJflJt"$ ~wc"nd dependmg on f1~1 
8t>cttor,lr s;hvtter r:rperates ilt a facto. of 1)1 i': 2'.))( (lf setrltrordu)Ç! l'ares. Banges from 
1/6Olh ~t!({)nds 1\' 10 l'Ilkroseconds d~;Q(ldirft,J upCln fnllf~ Mte 4f~ mode! 

JW.gim recQrding when the record bl.lttw1<: clkked.Contin~to ,i?rord and stOfe 

ml!l.ges in fl'~e[J'lory unri! the ~op b!lt1Or'lI~ cH(kM 
Begin5 rewrding when ~ record button ~ (1Icl«-rl Continues to fE{AW and store 
images ln mernory ut,tll (In e\tl!f't'.altrig9~f 5îgndi Î$ fl!~l!'ived. The adjll~ttlbkJ ;tkJ9~t 
pof>ition tO%· ~iJ(]%} deJ.ermîni:!i hÔWllti'lil}' frIUl"tE'~ iI!t<~to~d wfor~ ~nd i)fter th.:, 
triçgt;.! si9\1a! i'S re(~iVf:Ô {tlme zeN;.l} 

Up to 16,384 fMmes, depe.ndl"9 en loodef 
Up t.o .32',,168 flames. dcpendlng "fi model 
Upto 65536 frames. de~r<tling ~ffi n\{.I\fE-1 
f!laybaCk mede atl,2,3,",5, W, 1~,15,3f),50,6O, 125,250, :;;00,.I,OOI),2.oolJ. 4,OOQal'ld 

8,000 frames per ~1!'r.Ofld, forw .. rrl and tè'/~n;c. SinglP. step m~Jdl'v fO{W;Jrd tJlnd fP,Vl1r.se 
Mad\:! tUve,Rf.(otJ$.Pla)l).frafll~ i, lime off1"'rne {in Ins}.Cal'!'lerii ~.f.\!~t il, F/$ec. 

flp.cord, SIl,IUCI Speed, T (199er Point, f /~C. F'<f)'. Retide Oi5t3r;ce. Vekidty. Data, Load and 
SaV!! filH., Sf1tup,i1f1d Help 

Opeto3ltor Envlr~)!tment P.o/nt & click f;<,Iwilonmeot for Wmdow$ 2"vOO and WifWoWS N1""4.0 wÎth St"rviœ Pel&' 
4iJ.fl05 

Triyset tnput Stand.:.rd1ïJ. 'lign~1 Iljl to JO \iuM DL BNe i:m'1l'lectQ! 
Video Out RS-170 lN'rsc or PAL compmjbkn) output te veR or ex1em<!! monitor 

Pnau,tock; M\,itiplll' KI f'~lIT'l<!fa ,,%tem;; ,,an be Ph.as~1.(Ici:ed 10 ir.$\Jle tha! ftante zelO is identital 
00 iOaJ:;h pO Calne!d !oy~telT' 

1.I!!ns Mount 5tand8rd C""IT'.oorrt 

Power Requlrement +5\f@ 2' AlTIP~+ 12V"'" ,-6Arnppé'1 P(]Sy~t'Jrns {20W~tts totill) 

S'Dard $Ize Fui! size pa boafd r(:{lUites 2 s!ot spa ce. (-0 acco>nmoJa,e memoly 
Climera 5Îu 2.S~Hx7S'W'(4"t(6,.s~6~SJ;(xï(iJ,6mml 

Welght 15!h51.7!o:g) 

PC Minimum Platform Minim .. m ?wtiunl Jl w!th MMX technclogy, 1 024 JI 768 displll)' l'esollltion, 128MB DRAA1. 
~GB Hem:! Drlv~,((}.flOM. Driw.:? Œ more pC! 5!ot~.CD.p,,7.lp Qf Jau drivE' let"tlmmendt:d 

R/f!!U::Il .. AKE 

Red!ake MASD, lnc, 

tel: 800,461..1.307 
te!: 858.481.8182 
f~)(: 858.792.3179 

smail: sal€s~red!ake.com 

www.red!ake.com 
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B.13 VersaLogic PCM-3115 PCMCIA Adapter [63] 

PCMCIA adapter for Type l, Il, and 1/1 
PCMCIA cards. 

Features 
• Two Independent slols (accepts 

separate drivers) 

Supports Type 1 memory cards (Flash, 
SRAM, etc.) 

• Supports Type 111/0 cards (Modem, 
LAN, etc.) 

• Supports Type III cards (ATA mass 
storage) 

• Supports Microsoft's FFS-2 

Description 
The PCM-3115 provides PC/J 04 systems with 
two PCMCIA compatible slots. PCMCIA cards 
were originally designed forthe laptop computer 
market, but have also proven to be very useful 
in industrial systems. A variety of functions 
are avaiJable in these plug-in credit card sized 
cards. These include Flash (non-volatile) 
memory, modems, LAN interface, and 
miniature hard drives. 

Ordenng Infonnation 
PCM-3115 ........... Twa Slat PCMClA Interface 

VL-HDW-IOO ........ StandaffPkg. English Thread 
VL-HDW-IOI. ........ StandaffPkg. Melrie Threa<l 

PCM-3115 
Two Siot PCMCIA Interface 

Specifications 
Specifications are typical al 25c C witb 5.0V supply mùess otherwise 
ooted. 

Board Size: 
3.55" x 3.775" (PC/l04 standard) 

Storage Temperature: 
- 20' ta +85' C 

Free Air Operating Temperature: 
O' ta +60' C 

Power Requirements: 
+5V @ 70 ma typo 

Compatibilily: 
PC/l04 
Type l, Il, and III PCMClA cards 

Specifications are subject 10 change without notice. PO'I04 and the 
POI04 logo are tl'lldernarks of the PCII 04 Consortium. 
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