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Abstract

~Iobile rohots are taking an important role in society. They are being used in wany

industries from entertainment to space exploration. McGill University's Ambula

tory Robotics Laboratory recently introduced a new class of quadruped rohots - the

SCOUT series. These robots feature only one actuated degree of freedom per leg.

By keeping the.degrees of freedom to a minimum, this class of robots is simpler, less

expensive and more reliable than most legged robots built ta date. The design and

development of the second of these robots, SCOUT II, is the topic of this thesis.

Unlike its predecessor SCOUT l, SCOUT II has unactuated prismatic knee joints

in addition to the revolute joints, which allow compliant walking, stair-climbing and

running gaits to be explored. SCOUT II is a self-contained, autonomous mobile robot

whose primary purpose is to serve as the testbed for the various gaits that are he

ing developed. This thesis describes the robot's mechanical design, electrical design,

sensors and construction. A preliminary stair-climbing algorithm is developed and

simulated. An attempt, though partially unsuccessful, is made to implement this

algorithm on SCOUT II. The reasons for the discrepancies between the simulations

and the actual system are outlined. This will provide useful insight on modelling pa

rameters, actuator limits and robot dynamics for future stair-climbing, walking and

running algorithms that are developed for SCOUT IL

i
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Résumé

Les robots mobiles jouent un rôle de plus en plus important dans la société. On les

retrouve dans de nombreuses industries, du divertissement à l'exploration spatiale.

Le Laboratoire de Robotique Ambulatoires de l'Université McGill a introduit la série

SCOUT, qui est une nouvelle catégorie de robots quadrupèdes dotés d'un seul degré

de liberté actionné pour chaque jambe. Le maintien au minimum des degrés de liberté

simplifie cette catégorie de robots, en réduit le coût et en augmente la faibilité. La

conception du deuxième de ces robots, SCOUT II, est le sujet de la présente thèse. À

la différence de SCOUT l son prédécesseur, SCOUT II est équipé d'une articulation

de genou prismatique non actionnée en plus d'une articulation rotorde, ce qui per

met l'exploration de la marche souple, de la montée d'escalier et de mouvements de

course. SCOUT II est un robot mobile autonome dont le but principal est de servir

de banc d'essai pour divers types de mouvements qui sont mis au point. La présente

thèse décrit la conception mécanique, la conception électrique, les capteurs et la con

struction du robot. Nous élaborons et simulons ensuite un algorithme préliminaire

de montée d'escalier. Une tentative, quoique partiellement infructueuse, est faite

afin d'appliquer cet algorithme à SCOUT II. Les raisons des divergences entre les

simulations et le système lui-même sont exposées. Ces explications apporteront une

compréhension utile des paramètres de modélisation, des limites des actionneurs et

des forces dynamiques du robot pour les futurs algorithmes de montée d'escalier, de

marche et de course qui sont élaborés pour SCOUT II.

li
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Chapter 1

Introduction

1.1 Motivation

Robots have begun ta take an important raIe in today's society. Wheeled and tracked

robots are being used for space exploration, bomb disposal, surveillance and in forestry

applications. They provide a means of locomotion ta a place or situation that may

be tao dangerous or tao inaccessible to a human. However, wheeled and tracked

vehicles are often limited ta relatively fiat terrain. It is the increased dexterity and

maneuverability of legged robots that make them appealing. They have a potential

ta traverse a wide variety of terrain - bath natural (mountains, forests) and artificial

(stairs, steps, ditches).

fvlost of the research into legged locomotion thus far bas gone towards trying ta

imitate a human or animal. This has lead ta robots with high degrees of freedom wmch

complicates controL In addition, the cost of these complex creatures far exceeded

their economic value. The focus of this work has been to develop a legged robot with

an agility superior to eitber wheeled or tracked vehicles, but less complex and less

expensive than current legged robots.

1
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1.2 Historical Background

2

•

Recently, a tremendous amount of work has gone into developing wheeled, tracked and

legged robots that can negotiate a variety of terrains. Some of the more impressive

andlor revolutionary robots will be presented. They will be divided by locomotion

type: wheeled and tracked robots, and legged robots. Numerous quadrupeds will be

discussed, followed by other multi-Iegged robots that have been successful at climbing

steps and crossing rugged terrain.

Wheeled and Tracked Robots

Wheeled and tracked robots are, to this day, the most popular type of robots used in

the surveillance, bomb disposai, exploration and entertainment industries. Numerous

companies, like Terra Aerospace [68] and IS Robotics [38], and many research insti

tutions are actively developing these types of vehicles. Though these robots are very

easy ta control and maneuver on fiat ground, they have difficulty surpassing obsta

cles like crevices, logs and stairs. Researchers have tried different solutions ta make

wheeled and tracked systems more dextrous.

The HELIOS series of robots developed at the Tokyo Institute of Technology, used

large wheels and tracks ta roll over smaIl obstacles and steps. HELIOS-I (1989) and

HELIOS-II (1989) [25, 23, 26) userl a track system with little nipples that helped

grip the corners of the steps. HELIOS-III (1991) [28] had four custom-made Spring

Wheels - wheels composed of a metal nm covered with a coU spring. HELIOS-IV

(1995) [27] moved away from the custom-made wheels and used four low pressure

tires. Significant improvements were made in the six-wheeled HELIOS-V (1999) [70].

Two centrai high pressure tires allowed for efficient rolling on fiat ground while four low

pressure outside tires aided the vehicle in gripping steps and obstacles. In addition,

the wheels were connected by active links which increased the maximum obstacle

height that the robot could surpass. HELIOS-V successfully negotiated staies with a

cise of 16cm and a run of 30cm. A picture of this robot is provided in Figure LL
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Another wheeled robot that was successful at stair-climbing was the Enhanced

Wheel SYstem (EWS) by Taguchi (1995) [67] that elimbed steps with a cise of 15em

and a run of 35cm (the robot is 110cm long, 57cm high and weighs 35kg). A more

impressive, though more eomplex, example of a wheeled robot is the Amooty [1]. It

is a four-wheeled maintenance vehicle where each wheel consists of three robot arms

each with a small wheel (see Figure 1.2).

Figure 1.1: HELIOS-V, 1999 (70). Figure 1.2: Amooty, 1985 [1].

•

Tracked vehicles were thought ta he better at climbing steps due to the inereased

traction that the tracks provided. Merlin [68] is a simple tracked vehicle that uses its

robotie arm ta get over obstacles and lift itself anto the first step of a staircase (see

Figure 1.3). The Scorpion [68] uses two angled aluminum rads ta get onta the first

step.

Robots like the Variable Configuration Tracked Vehicle (1990) [39] and the entire

Andros series [74J use an articulated track systems ta negotiate obstacles. The Andros

Mark V-A [74], shawn in Figure 1.4, can operate on virtually any surface including

sand, mud, gravel, grass and snow. It can climb stairs and cross ditches as wide as

0.6 meters.

Sorne researchers, like Maeda, Tsutani and Hagihara with the MRV-l [44], used

four independent tracks (see Figure 1.5).
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Figure 1.3: Merlin climbing stairs, 1998 [68].

4
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Figure 1.4: Andros Mark V-A, 1989

[74J•
Figure 1.5: MRV-1, 1985 [44J.
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Legged Robots

M. H. Raibert is considered by many ta be the pioneer of legged locomotion, partie

ularly when it cornes to dynamically stable robots. Sorne of ms robots include two

planar robots (a monopod and a biped) and three 3D robots (a monopod, a biped

and a quadruped) [63]. Though a lot of information has been publisbed about their

running abilities, information on their stair-climbing abilities has been limited [33}.

A pieture of Raibert's quadruped is provided in Figure 1.6. It has three hydraulieally

Figure 1.6: The MIT Quadrnped, 1984 [63}.

aetuated degrees of freedom per leg (revolution and abduction at the hip, and pris

matie at the knee). With a length of l.OSm and a height ofO.95m, it weighs in at just

over 25kg.

Numerous quadrupeds have been developed with a variety of degrees of freedom

per leg. Scamper by Furusho, Sana, Sakaguchi and Koizumi [15], bas two rotational

degrees of freedom per leg each aetuated by DC servo motors and a belt-puUey system

(see Figure 1.7). It was capable ofwalking and running using bounce and gallop gaits.

The Exploratores 1 [7] and Exploratores II [711 are two very lightweight quadrupeds

with three degrees of freedom per leg. Re servo motors are used for actuation. A

photograph of Exploratores l is provided in Figure 1.8.

The Kimura Laboratory from Japan developed the Coille series of robots. Both
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Figure 1.7: Scamper, 1995 [15J. Figure 1.8: Exploratores 1, 1998 [7J.

6

Collie 1 [49] and Collie 2 [41] have legs with three degrees of freedom about the pitch

axis and two about the roll axis. On Collie 1, two pitch axes and one roll axis joints

are powered by a DC servo motor. The pitch and roll axis joints located at the ankle

are unactuated. On Collie 2, ooly the roll axis joint at the ankle is unactuated. Both

robots are approximately 0.42 meters long, 0.38 meters tall and weight under 7 kg.

The slightly larger of the two robots, Collie 2 is shown in Figure 1.9.

Another robot from the Kimura Laboratory is the Patrush [40}.. Simîlar in size to

the Coille robots, the Patrush bas three revolute degrees of freedom about the pitch•
Figure 1.9: Come 2, 1990 [41]. Figure 1.10: Patrush, 1998 [40).
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axis. The two top joints in each leg are actuated by 23W DC serva motors, while the

lower ankle joint is unactuated. A spring loaded limb can be added to the passive foot

to allow for running gaits. A photograph of the Patrush in its walking configuration

is provided in Figure 1.10.

An interesting design was conceived by Cordes, Bems et al. This quadruped's

four degree of freedom legs can be converted between reptile-like and mammal-like

configurations (see Figure 1.11) [10]. The body of the robot has an additional four

degrees of freedom. AIl degrees of freedom are actuated through ball screws and rare

earth OC servo motors. Ta this date, the prototype leg has been built and tested.

Figure 1.11: The two leg configurations oE the Four-Legged Walking AJlachine, 1997

[10J.

Two non-conventional six-legged walkers were developed by Ota, Inagaki, Yoneda

and Hirose. They are called the ParaWalker-S1 and ParaWalker-II [55, 54], and

consist of two three-Iegged platforms connected via a six degree of freedom parallel

manipulator (see Figure 1.12).

As for robots that have proven their ability to traverse rugged terrain, perhaps

the most impressive is the eight-Iegged Dante II [73} robot which descended into the

volcano Mount Spurr in Alaska in July of 1994 (see Figure 1.13).

Bath MELCRAB-l and MELCRAB-2 (1986) [43] hexopods successfully climbed

stairs. The prototype one-third scale MELCRAB-I has six legs each with two degrees

of freedom. These mclude a prismatic knee joint and a revolute four bar linkage which
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Figure 1.12: ParaWalker-II, 1998 [55, 54J.
Figure 1.13: DANTE II descend

ing Mount Spurr, 1994 [73J.

8
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produces an approximate straight line motion at the toe. The full size MELCRAB-II

incorporates an extra degree of freedom in the body to allow for steering. It weighs

440kg, is 1.276m long, O.940m wide and 1.940m high. It successfully climbed stairs

with a rise of 18cm and a depth of 28cm.

Bipeds that successfully negotiated a stairwell include the 80 series robots and,

more recently, the Honda P2 [34]. Zheng and Sias developed the 8D-1 [17] biped with

two degrees of freedom per leg and the SD-2 [76] biped with four degrees of freedom

per leg. The 80-1 has only revolution and abduction at the hip, while the 80-2

aIso has a two degree of freedom ankle joint. These ank1e joints were added to help

stabilize standing and dynamic walking. The Honda P2 [34] humanoid robot stands

over 1.8 meters tall and is capable of walking, turning, climbing stairs, pushing a cart

and tightening a nut. It has a total of thirty degrees of freedom in its arms and legs.

A picture of the robot is provided in Figure 1.14. The P3 robot is a slighter smaller

version of the P2 that makes use of magnesium ta reduce its weight (130 kg versus

210 kg for the P2).
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Figure 1.14: The Honda P2 (left) and P3 (right), 1998 [34J.

Other successful stair-climbing robots include the PV II [22) (see Figure 1.15),

TITAN III (1985) [24], TITAN IV (1989) [31] and TITAN VI (1995) [3D), all of which

have four legs and used a static gait. Figure 1.16 shows the most recent robots in the

TITAN series, TITAN VII [32) and TITAN VIII [29].

Figure 1.15: PV II, 1984 [22].

An original and impressive design, by Matsumoto et al., is called the Biped Type

Leg Wheeled Robot [46} (see Figure 1.17). It is a biped robot with a wheel at each

foot. This design takes advantage of bath wheeled and legged designs. However, not
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Figure 1.16: TITAN VIIt 1997 [32J (left) and TITAN VIII, 1998 [29J (rigbt).

having a fiat foot for support makes stability very difficult. Nonetheless, it successfully

negotiated steps with a rise of 6.3cm and a depth of 20cm.

Figure 1.17: The Biped Type Leg Wheeled Robot, 1998 [46J.
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1.3 Progress at the Ambulatory Robotics Labora

tory

The work at the Ambulatory Robotics Laboratory (ARL) at McGill's Center for

InteUigent Machines (CIM) focuses on developing practical and autonomous legged

robots. It was founded in 1991 by Professor Martin Buehler.

The first such robot was the ARL Monopod [19]. This work was similar to that of

Raibert with the primary difference of using electrie actuation as opposed to hydraulic.

The ARL Monopod II [5], shown in Figure 1.18, aimed at reducing power consumption

primarily by adding compliance at the hip.

The Qompliant Artieulated Robotic Leg (CARL) [47, 18} (see Figure 1.19) was

then developed as a prototype leg that was to form a four-legged robot. However, the

Figure 1.18: The Monopod II, 1996 [5J.
Figure 1.19: CARL, 1995

[47, 18J.

•
high cost, eomplex design and difficulty in eontrolling the high number of degrees of

freedom made a robot with four of these legs unachievable. Renee, the focus turned

towards developing complete autonomous systems with simpler legs.

Late in 1996, the idea behind the SCOUT series was bom. The plan was to develop
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a series of robots with only one actuated degree of freedom per leg. This would reduce

cast and complexity, and increase reliability. The first robot in the series, SCOUT 1

[75, 8], can be seen in Figure 1.20. Even with its inherent simplicity, it was shawn to

be capable of walking, turning, side stepping, sitting and laying down, and step and

stair climbing (refer ta www.cim.mcgill.ca/arlweb for more information and videos).

Figure 1.20: SCOUT I, 1997 [75J.

With the success of SCOUT l, work began on a larger, more robust version that

wouid demonstrate industrial applications. This robot was named SCOUT II and is

the prlmary focus of this thesis. In addition ta the one actuated degree of freedom

per leg, SCOUT II contains an extra unactuated linear degree of freedom at each leg.

This Ieg compliance allows running and compliant walking gaits ta be explored.

Current research at ARL focuses around this robot. Anca Cacosco recentIy devel

oped stiff-legged walking algorithms while Martin de Lasa is working on compliant

walking. Joseph Sarkis and Didier Papadopoulos are working on developing running

gaits. Shervin Talebinejad will investigate compliant stair-climbing. Geoff Hawker is

working on a new leg design for the SCOUT series that has an unactuated rotational

knee joint.
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1.4 Author's Contributions
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The author's contributions come mainly from the design and development of a quadruped

robot that will become a testbed for developing control strategies for walking, running

and stair-climbing. More detailed contributions include:

• Mechanical design of the quadruped robot, SCOUT II (with regular consulta

tions with and recommendatians from Professor Martin Buehler).

• Sourcing and testing of the motors and gearheads (with the help of Jason Fabro

and Graeme Hartlen for the testing).

• Sourcing of nurnerous sensors and electronic components used on seoUT II

including the PC board, RF units, leg potentiometers, batteries, PWM servo

amplifiers, and camera and laser Re servo units.

• Design of the electricallayout and wire routing, and its subsequent implemen

tation (with the help of David McMordie for the high power wiring).

• Development of stair-climbing simulations using Working Model [42).

• Preliminary implementation of these stair-climbing strategies on SCOUT II.

1.5 Organisation of Thesis

The thesis is organised as follows. Chapter 2 discusses the mechanical design and con

struction ofSCOUT II. The sensors and electronics on the robot are discussed in Chap

ter 3. Chapter 4 primarily discusses stair...climbing, but also describes SCOUT lIts

walking and running abilities. Lastly, ehapter 5 presents the conclusions and pro...

posed future work and recommendations. The appendices include: Mechanical Draw

ings (Appendix A), Circuit Diagrams (Appendix B), Stress Analysis (Appendix Cl,

Mass (Appendix 0), Cost (Appendix E) and Data Sheets (Appendix F).
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Chapter 2

Mechanical Design and

Construction

A methodical approach ta SCOUT II's design ensured its success. The design process

used was similar ta the ones outlined in [57, Il, 13] which involve task clarification,

conceptual design and embodiment design. Task clarification (Section 2.1) involves

the collection of information (Chapter 1), the fonnulation of the problem (Section

2.1.1) and the specification of the requirements and constraints (Section 2.1.2). In

conceptual design (Section 2.2), general design issues are addressed which involve the

form and layant of the robot. Embodiment design (Section 2.3) deals with the details

of the robot's design. The construction of the robot and the costs associated with it

are discussed in Section 2.4 and lastly, Section 2.5 summarizes the mechanical design

of seoUT II by listing relevant dimensions and mechanical properties.

2.1 Task Clarification

2.1.1 Problem Formulation

The plan for SCOUT II was ta design and build a larger, more robust version of

SCOUT 1 [75, 8] that could be used ta implement and evaluate control strategies

14
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for walking, running and stair-climbing with the intention for use in industrial ap

plications. Since this robot is to be used for testing and experimentation, it is of

utmost importance that it be adjustable, modular and expandable. The adjustability

of parameters like geometry, mass properties and actuator torque/speed character

istics will ensure that the mechanics of the robot will not limit the implementation

of the control strategies developed. Modularity will allow for quick repairs andlor

replacement of components should they be damaged. It will also allow parts to be

changed in arder ta try new concepts. Lastly, the design should allow for expansion,

say, for the addition of sensors.

Though the problem appears quite simple, it invalves a significant amount of work.

The robot must be light enough to be easily carried (an important feature for commer

cialisation) yet be sturdy enough to withstand the abuse oftesting and experimenting.

It must contain a certain amount of sensors in order ta sense its environment and for

analysis of the experimental rons. Communication through a wireless link with the

operator sending directional commands via a Q.raphical User Interface (GUI) wouId

be advantageous for demonstration purposes.

2.1.2 Specifications

The required specifications for SCOUT II were determined in conjunction with Terra

Aerospace Corporation [68], an Ottawa, Ontario based company which develops and

sells robots for surveillance and bomb disposai purposes. Their vast experience work

ing with robots for this industry proved to be extremely helpful in determining the

specifications for SCOUT II. A summary of the specifications is contained in Table

2.1. Each specification is either listed as an absolute requirement (Demand) or as a

desired requirement (Wisb). The minimum requirements for stair dimensions were

taken from The Canadian Housing Code (1990) [53] and the National Building Code

(1990) [52]t and are provided in Table 2.2. The terminology used is defined in Figure

2.1. The run is the distance between two consecutive steps and the tread width is the
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1 Item

Maximum operationallength of 889mm (35")
Maximum operational width of SOSmm (20")
~Iaximum mass of 25 kg including operating hardware
Capable of carrying a 2.5 kg payload
Simple remote control via directional tele-operator commands
Robot is stable when stationary
Speed of 3.6 km/h (1 mis) on fiat terrain
Capable of operating on sloped ground with +/-20% grade
Capable of changing direction of travel
Capable of negotiating stairs with arise up ta 200mm
Capable of negotiating stairs with a minimum ron of 210 mm
Capable of negotiating spiral staircases
Capable of starting/stapping on stairs
Capable of recovering from falls from the up-side-down position
Minimum of one hour of continuous walking on fiat terrain
Minimum four hour operation in 'surveillance mode t

Capable of climbing stairs continuously for 30 minutes
Quick change 24 V OC on-board power supply
Reliable
Design simplicity
Has room for expansion of electronics and sensors
AlI components protected from impacts
Easy accessibility to all components (for repaîr or replacement)
Easy assembly/ disassembly
Adjustable Ieg length
Adjustable body length
Adjustable body width
Low maintenance
On-board camera

Table 2.1: SCOUT II Specification List.

1 Demand/Wish 1

Demand
Demand
Demand
Demand

Wish
Demand

Wish
Demand
Demand
Demand
Demand

Wish
Demand
Demand
Demand
Demand

Wish
Demand
Demand
Demand
Demand
Demand
Demand
Demand

Wish
Wish
Wish

Demand
Demand
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Figure 2.1: Stair Terminology.

Canadian Howing National Building

Code (1990)[53] Code (1980)[52]

Maximum rise (mm) 200 200·

Minimum ron (mm) 210 210·

Minimum tread width (mm) 235 235

Minimum stair width (mm) 860 860

Table 2.2: Stair dimensions, From [53, 52}. (*Maximum cise and minimum run are

230 and 200 mm respectively (or interior dwelling units ta areas used for storage like

attics and basements.)

2.2 Conceptual Design

•
This section deals with the conceptual design of SCOUT II and is divided into four

sub-sections: SCOUT II geometry and kinematics (Section 2.2.1), actuation (Section

2..2..2),layout (Section 2.2..3) and loading (Section 2.2..4) ..
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2.2.1 Geometry and Kinematics
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The goal of the SCOUT series is design simplicity. SCOUT 1 had only one actu

ated degree of freedom at each of the four legs. This is significantly less than most

quadrupeds that have been built ta date, which typicaIly have three ta four actuated

degrees of freedom per leg. Like seoUT l, seoUT II aIso bas one actuated degree

of freedom per leg. However, it distinguishes itself from its predecessor by baving

a second unactuated degree of freedom at each leg which allows for leg compliance

during walking, running and stair-climbing. Each leg is equipped with a prismatic

spring joint. Other important issues with regard ta the design of SCOUT II are ta

make it possible to operate in either compliant or fixed leg mode and pennit full 360

degree rotation of its legs.

The factor that determined the overall size of SCOUT II was stair-climbing. Pre

liminary stair-climbing simulations on Working Madel [42] were used ta determine

the approximate geometry of SCOUT II. In addition, the leg lengths were kept short

in comparison to the hip length to facilitate SCOUT's ability ta get up from a lying

down position. This required the center of mass to be between the toes when all four

legs were pointed in one direction.

2.2.2 Actuation

The selection of motors suitable for the task of controlling SCOUT II's legs was

the first design task to he addressed. A typical motor's operating characteristics is

shown in Figure 2.2. The figure includes plots of speed, efficiency, power and current

versus torque. The dashed vertical line represents a typical operating point. The

motor efficiency (l1mota:..) , is defined as the ratio of (mechanical) output power over

(electrical) input power.

Pmech T·w
TJmotor = Pelee = V •l'
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where T is the motor torque [Nm}, w is the motar speed [radis], V is the mator voltage

[VI, and 1 is the armature current [Al. The maximum efficiency is given by [37} as,

where 10 is the no load current [Al and lA is the starting current [Al.

TorqueT.mll

l noload~ ........-_-=-- ~ ..
TIlDII

2

ISaarUnl

ro no ICHld

PI11WL

Figure 2.2: Typical !vIotor Operating Characteristics, adapted from [37J.

Due ta power limitations, there is a trade-off between torque and speed availability.

This made it difficult ta determine the requirements for SCOUT II's actuators. The

nominal operating speed of the motor was determined by the robot's speed. specified

to he 1 mis or 3.6 km/h (see Table 2.1). This corresponds ta an operating rotational

speed of approximately 35 RPM hence,

Wop = 3.67 rad/s. (2.1)

•
The ability of SCOUT II ta get up from a lying down position was used as a starting

point ta detennine the required stail torque. Figure 2.3 shows a force diagram of

SCOUT IL The following assumptions were made:

• The legs are massless and inertia-Iess.
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• Bath legs are of equal length, 1.

20

• The entire mass of the robot, M, is concentrated at one point on the body (of

length L) at a distance c from leg 1 (see Figure 2.3).

• The robot will use all four legs in arder ta get up.

• The body remains horizontal hence 81 =82 =().

• For the planar analysis, there are two motors per hip joint since bath left and

right legs contribute torque (hence the factor of 2 that multiplies the torques,

Tl and T2 , in Figure 2.3).

• Friction and slipping between the toes and the ground are neglected hence the

reaction forces Nt and N2 are vertical.

L----..t
..,

Figure 2.3: Force Diagram.

A static force analysis reveals

(2.2)

•
Taking the SUIn of the moments about point At the normal force acting on leg 2 can

be determined as

EMA =0 = LN2 - (-l cos 9 +c)
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N2 =(c-~os8)M9'

Using Equations 2.2 and 2.3 the normal force for leg 1 is calculated as,

N - M (c -l cOS(J) l'Il
1 - 9 - L g.

21

(2.3)

(2.4)

In arder to kcep the robot in a specified position, the torque supplied at the hinge

must balance out the normal force,

2T1 = N
ll cos fJ

and

Substituting for N2 and Nl from equations 2.3 and 2.4 results in

Atlgi
Tl = 2L (L - c + l cos 8) cos 8,

At/gl
T2 = 2L (c -l cos 8) COS 8.

(2.5)

(2.6)

Equations 2.5 and 2.6 determine the required torques at each leg ta hold the robot at

a specifie leg position. When the robot is standing up straight (9 =90°) the required

torque is o. When the robot is lying down (9 = 0°) the required torques are at a

maximum and have values of

Mgl
Tl - 2L (L - c + l) ,

J.\tlgl
T2 = 2L (c - i) .

(2.7)

(2.8)

•

Equations 2.7 and 2.8 determine the maximum stall torques that are required at the

four leg joints ta hold the robot at that position. obviously, more torque will he

required if the robot is ta move.

The fol1owing approximate values were used to obtain a better understanding of

the type and size of motor and transmission system required.

• The mass of the robot (M) was set ta 25.0 kg.
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• The length of the body (L) was set ta 60 cm.

• The length of the legs (1) was set ta 27.5 cm.

• The center of mass was at the midpoint of the body (i.e. c = L/2).

22

The front and rear maximum torques can now be calculated from Equations 2.7 and

2.8 as

Tl - (25.0)2(~~~~t25) (0.60 - 0.275 +0.25) Nm = 29.4Nm,

T2 - (25.0~~~~~t25) (0.275 - 0.25) Nm = 1.3Nm.

(2.9)

The power required was more difficult ta estimate since it depended on the efficiency

of the transmission system. It was known that the power (P) at the leg is the product

of the torque and the rotational speed. Assuming that the system is operating at

the motor's maximum power point, the torque will be approximately half the stall

torque (the motor's maximum power point accurs at this point - see Figure 2.2). The

resulting power required is,

Pop - Top· wap

_ (Ta;lI) Wop

_ C9.~Nm) 3.67rad/s

53.9 W. (2.10)

•

The above analysis resulted in a minimum torque of about 30 Nm (Equation 2.9), a

rotational speed of about 35 RPM (3.67 radIs) (Equation 2.1) and a power of about

55 W (Equation 2.10).

Once these minjmum requirements were determined, it was time ta select the motor

and the mode of transmission of power from motor to Ieg. Three main conceptual

designs were considered and are described below. Initial designs had the legs attached
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directly to the output shaft of the motor or the gearhead. This posed two problems:

(1) most commercially available motors and gearheads did not have outputs shafts that

could readily handle the impact loads that the leg could transmit to it so additional

supporting bearings would have to he added and (2), the motor/gearhead package

had to be along the same axis, resulting in a robot that would be very wide.

Sorne of the options that were ariginally considered will he discussed in brief, while

the final design will be discussed in full afterwards.

Option 1: Using a high torque, low speed motor (direct drive)

Initially a high torque, low speed motor was cansidered because of its simplistic appeal

since no further speed reduction would he required. The leg could be attached directiy

to the output shaft of the motor, though extra hearings would have to be added to

accommodate the impact loads. This design was identical to SCOUT 1which had the

legs attached directly ta RC servas which feature integral gearing (see Figure 2.4).

The problem with this design was that high torque, low speed motars are inevitably

large in diameter. A mator with the required minimum stail torque would have been

about O.25m in diameter and over 15 kg (Inland T-7215 [36], for example). Hence

this option was discarded.

Option 2: USÎDg an in-line mator with planetary gearhead

This option was aiso very intriguing due to its simplicity. The problems were with

the resulting width of the robot and whether or not extra support would have to

he provided to the output shaft. Qnly one package was round that did not require

extra support bearings and at the same time was short enough to comply with the

width constraints. This was to use a Maxon 118776 with a CGI 17PLI000 gearhead.

The problem with this design was threefold. First, the motor and gearhead were not

compatible. The motor would have to be shipped to car to be custom fitted enta the

gearhead. This would have delayed the delivery time (by about 2 weeks) and increased
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Figure 2.4: Picture of SCOUT 1 sbowing the leg attacbed directly ta a Hitec servo.

costs (by about 350 CAN$). Second, the CGI gearhead was veryexpensive (840 US$

each) - more expensive than other planetary gearheads with the same reduction ratio.

The reason for this is because the CGI gearhead had expensive bearings supporting

the output shaft and used two stages to get the required reduction ratio, whereas

other manufacturers used three. Third, given that the leg was attached directly ta

the gearhead, there was still the risk that an unexpected faH could transmit loads to

it that were beyond its rating of 1780N.

Option 3: Using an in-Une motor with an harmonie drive [20, 21)

Harmonie drives are very efficient and are seeing more and more use in robotie appli

cations [47, 66, 34]. The harmonie drive by itself wauld not be able ta support the

impact loads, hence extra bearings would have ta be added ta the output shaft. This,

however, would not have been a problem since the motar, harmonie drive and extra

bearing package was still short enough that the width of the robot was within the

specifications. The main problem with this design was the high cost associated with

the purchase of four harmonie drives (844 US$ each) .
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Due to the problems with the aforementioned designs, the focus changed to coming

up with a design that did not have the motors in-Une. This involved staggering the

two motors and using a toothed pulley and belt system to transmit the power to the

leg (see Figure 2.5). Such a system had the following advantages:

• Since the mators were staggered, the minimum width of the robot is the length

of one matar/ gearhead package as opposed to two.

• The output shaft of the gearhead does not see any of the loads tranferred through

the leg.

• Less expensive three stage gearheads without large output bearings could he

used.

• The helt allowed for sorne complianee which wonld reduce the impact torques

on the gearhead.

• Varying the sprocket size changes the gear ratio, thus allowing for more versa

tility.

The implemented design uses a Maxon 118777 brushed, 90 Watt OC motor and a

Maxon 110404 three-stage planetary gearhead with a 72.38:1 gear ratio (see Figure

2.6). Appendix F contains the data sheet for the 90W Maxon motor and gearhead.

Since SCOUT II was ta operate at 24V, two different nominal voltage windings would

have been suitable, the 15V and the 30V. The 30V winding was chosen because its

higher torque constant (kT) and lower speed constant (kn) required a lower gear ratio.

Figure 2.7(a) shows the torqne-speed eurve specified by the manufacturer. Fig

ure 2.7(c) shows the same torque speed curve but modified to take into account the

gearhead ratio at its maximum rated efficiency of 68% (which, according ta [37}, is

measured at maximum continuons torque and nominal speed). Detailed specifications

are provided in Table 2.3. Table 2.4 and Figure 2.7(d) show the operating specifica

tions of the SCOUT II system limited by voltage (24 V) and current (12 A). More
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Figure 2.5: Hip unit with staggered motor units and belt system.

26

•
Figure 2.6: Maxon 118777 bcushed 90W De motor, the Maxon 110404 gearbead with

72.38:1 ratio and the HP HEDS-5540 encoder.
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(I)Nominal power 90W

(2)Nominal voltage 30 V

(3) No load speed 7220 RPM

(4)Stall torque 0.949 Nm

Motor (5)~laximum permissible speed 8200 RPM

Specs (6) Maximum continuous current 2.74 A

(7) Maximum continuous torque 0.107 Nm

(8) Maximum efficiency 84.1%

(9}Torque constant 0.0389 Nm/A

(IO)Speed constant 246 RPM/V

(Il)Mass 0.340 kg

(12)Gear ratio 72.38:1

(13)Maximum permissible speed 5000 RPM

Gearhead (14)Maximum continuons torque 14.7 Nm

Specs (l5)Maximum intermittent torque 24.5 Nm

(16) Maximum efficiency (17) 68%

(17)Mass 0.720 kg

(IS)No load speed [(3)+(12)} 99.8 RPM

(19)Stall torque [(4)x(12)x16») 46.7 Nm
(assuming T/ge4rhead = 68%)

Package (2°)Maximum continuous torque (6)x(9)x(12)x(16)l 5.27 Nm
Specs (assuming T/gearhead = 68%)

(21)Maximum intermittent torque 24.5 Nm
(limited by gearhead)

(22)Mass 1.060 kg

Table 2.3: Maxon 118777 brusbed 90 Watt DG motor and Maxon 110404 planetary

geacbead technical specifications, taken trom [37J.
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Operating Specifications

(23)Operating voltage 24 V

Motor (24)Maximum current inputt 12 A

(25)Stall torque with 12 A [(24)x(9))* 0.467 Nm

(26)No load speed at 24 V [(23)x(10))* 5904 RPM

(27)Stall torque [(25)x(12)x(16)]- 22.98 Nm

Gearhead (28)Continuous torque [(20)]- 5.27 Nm

(29)No load speed [(26)x(12))- 81.57 RPM

28
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Table 2.4: Motor/gearhead specifications with operating voltage of24 V and operating

current limited to 12 A. •Numbers refer ta values From Table 2.3. t Current limited

by PWA-f Servo ampliliers (see Section 3.3).

details about these electricallimitations will be presented in Section 3.3. The pulley

system consisted of a HTD toothed timing belt (see Figure 2.12). More information

about. this design will be provided in Section 2.3.1.

A dynamometer was designed and built for the purpose of testing the motors by

two undergraduate students, Jason Fabro and Graeme Hartlen. The dynamometer

used a hydraulic Go-Kart brake caliper ta supply a load ta the motor. Figure 2.8

shows a photograph of this dynamometer. The motor and gearhead units were tested

at various operating voltages. Figure 2.9 shows the torque speed curve for a test run

at 24V with the eurrent limited to approximately 12A. The graph has four curves.

The first is the experimental eurve obtained from the dynamometer. The next three

are the theoretical eurves using gearhead efficiencies of 68%, 85% and 100%. The

slight concave shape of the experimental curve confirms that the gearhead efliciency

increases as the speed decreases. The experimental staIl torque of 29NID results in

a gearhead efficieney at staIl close to 85%. Additional data from the testing can be

found in [14}.
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Figure 2.7: SCOUT II transmission system torque.speed curves, adapted From [37J

(a) Maxon 118777 brushed 90W De motor only, (b) Maxon 118776 brusbed 90W

De at operating conditions (24V, 12A max), (c) Maxon 118776 brushed 90W De
with Muon 110404 gearhead with 72.38:1 ratio using a 68% efliciency and (d)

Maxon 118776 brushed 90W De at operating conditions (24V, 12A max) witb

Maxon 1104D4 gearbead with 72.38:1 ratio using a 68% efliciency.
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Figure 2.8: The dynamometer built at ARL for testing motors.

Speed VI Torque. 24V. 12A max

Figure 2.9: Experimental and theoretical torque-speed graphs for the Maxon 118777

motor and Maxon 110404 gearbead package.

Experimental Curve
Theoretical Curve using 680/0 Gearhead Efficiency
Theoretical Curve using 85% Gearhead Efficiency
Theoretical Curve using 100% Gearhead Efficiency ,

50454035

...
....

... ...
.. ~

20 25 30
Torque (Nm)

1510

, , "

, ','
'~, ' ...... '<", "

" .........
..... ,;. , ...., , ...., ...,.', ,

....,
1
1
1

90

80

70

60

~50

140
30

20

10 "

0
0 5

•



• CHAPTER 2. MECHANICAL DESIGN AND CONSTRUCTION

2.2.3 Layout
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In order to keep SCOUT II modular, it is divided into separate sub-systems. Two

hip units (one for the front, one for the rear) contain the motors, transmission units,

batteries, laser units and the camera. These two units are joined together with simple

brackets that also serve as the base for the power and control electronics (see Sections

3.3 and 3.2 respectively). The legs are self-contained units that are fastened to the

hip units with bolts.

2.2.4 Loading

Prior to entering the detailed design phase, it was important ta analyze the loads and

stresses that the robot would encounter. Seeing that this robot's main purpose is to

test experimental control theories and software, it is expected to fall and/or roll over.

As a result, the robot needs ta be capable of withstanding these impacts with little

or no damage. During periods ofhigh use and excessive abuse, padding will he added

for extra protection.

For most of the stress analyses, the impact loads on the toe at touchdown were as

sumed ta be twenty times the static weight (Le. 20Gs or, alternately 20mg). Analyses

with side loads of 250N applied at the toe were aIso performed. Impact loads on the

body due to accidentaI fall or impacts were taken to be between 5 and lOGs. A.ny stress

analysis that required finite element modelling was performed using Pro/~Iechanica

[60] and the results can be found in Appendix C.

2.3 Embodiment Design

Once a good grasp of the concept was achieved, it was time ta begin the detail work.

Most of the detail design for SCOUT il was done using Pro/Engineer [59}t a 3D

CAD/CAM software.
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2.3.1 Transmission Design

32

An exploded view orthe complete transmission design can be seen in Figure 2.10. AlI

Leg 5ha ft

Encoder

•

Figure 2.10: Exploded view of transmission unit.

four units are identical and the entire transmission system attaches to one bracket in

arder to keep the system simpler and modular. A HTD timing belt with 70 grooves

and a 5 mm pitch (Stock Drive Products A6R25lv1070150 [61}) is used. The leg is

attached ta a 48 groove sprocket (Stock Drive Products A 6A25MD48NF1512 [61]),

though larger or smaller sprockets may be used if a different gear ratio is desired. Four

holes were tapped into the sprocket allowing the leg to be attached directIy ante it.

A variety of sprockets ranging from 26 to 34 grooves can he attached to the gearhead

shaft. Table 2.5 shows the various sprocket sizes that can be used, and the resulting

torque and speed characteristics of each. Figure 2.13 shows the resulting torque and

speed using 28 and 34 groove sprockets. Figure 2.11 provides the experimental torque

speed graph for the system with and without the belt transmission system.

The sprockets were modified since they were tao wide ta attach ta the output

shaft. The hub was machined off and the set screw hale retapped through the teeth.

However, in order to minimize damage to the teeth, a small tap was used (M4).
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Number of grooves on small sprocket 34 33 30 28 26

Gear ratio 1.41:1 1.50:1 1.60:1 1.71:1 1.85:1

Efficiency (Approx.) 96

Number of grooves on belt 70

Approx. center to center distance (mm) 71.62 73.90 76.15 78.38 80.60

No load speed (RPM) 57.8 54.4 51.0 47.6 44.2

StaIL Torque (Nm) 31.1 33.1 35.3 37.8 40.7

Continuous Torque (Nm) 7.1 7.6 8.1 8.6 9.3

Table 2.5: Possible gear ratio configurations using a 48 groove sprocket at the leg.

Speed vs Torque. 24V.IPPrax. 12A max

Gearhead only (Experimental Curve)
Gearhead with 48128 sprocket combinatlon (Calculated)
Gearhead with 48134 sprocket combinatlon (Calculated)

"- "-

'\c.,
'"l'~:, ' :.•.

50403520 25 30
Torque(Nm)

15105
o'--_...I....-_...-Io-_~_--I._----I'-- .........._ ........._---.l_---.I

o

Figure 2.11: Experimental torque-speed graph for the Maxon 118777 motor and

Maxon 110404 gearbead package with and without belt transmission system.•



• CHAPTER 2. lvIECHANICAL DESIGN AND CONSTRUCTION

Figure 2.12: Picture of sprockets and belt used on SCOUT II.

34
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•
Figure 2.13: Torque-speed curve of SCOUT II's actuation system using (a) a 48/28

sproclcet combination and (b) a 48/34 sprocket combination (using a l1gearhead =68%

and 116elt = 96%).
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This later tumed out to be a problem because the high torques transmitted from the

gearhead output shah ta the sprocket defonned the set screw and led ta play between

the two. In arder ta alleviate this prablem, a sleeve (see Figure 2.14) which sits on

the gearhead shaft was made to help transmit the torque from the output shaft to

the sprocket.

Figure 2.14: Picture ofgear sleeve made to eliminate sbaft/sprocket slip.

Tensioning the belt involves simply pulling the motor/gearhead unit with one band

and tightening the four motor boits with the other. The belt tension resulting from

this ~hand tightening' procedure was enough to avoid tooth hopping but lowenough

to avoid excessive loads on the shafts.

The leg shaft rotates freely on the motor bracket using two Garlock no-maintenance

flanged bushings (FMB12D9DU) and a thrust bushing (WCIDDU) [16] which can be

seen in Figure 2.15. Though the load capabilities and friction characteristics at high

speed make bearings more suitable, the low speed oscillatory motion involved here is

more suited ta bushings. The leg is attached directly ta the large sprocket with four

~15 x 20 mm long socket head cap screws. This is a more elegant and robust than

using set screws or keys.

AIl components within the transmission unit were checked to withstand the loading

and impacts that would be inflicted upon them. The aoly part in the transmission

unit that was analysed using finite element analysis was the motor bracket because

it was under complex Ioads. The fact that it is such a large component made weight

reduction advantageous. The results of the analysis can be found in Appendix C.l.
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Figure 2.15: Thrust bushing used at the hip and the flanged busbings used for the

bip and legs.

2.3.2 lIip I>esi~

Figure 2.16 shows the front hip unit. Two transmission units are connected together

using angle brackets and stock 3/4" x 3/4" x 1/8" thick aluminium angle. It aIso

houses one of the batteries (see Section 3.3.2) and the laser range finders (see Section

3.1.3). The rear hip unit is identical except that it cloes not contain the camera unit

and is narrower in order ta offset the legs 50 they do not collide.

The laser and camera units are weil protected in case of a faH with bent 3.2 mm

thick aluminium brackets.

2.3.3 Leg Design

The design for the leg was one of the more challenging tasks. The leg had to be

light and compact in order ta minimize its mass and inertia, yet sturdy enough to

withstand repeated impact loads. It had to accommodate bath fixed length operation

(for walking and stair climbing) and compliant operation through the use of latex or

metal springs (for compliant walking, running and stair-climbing).

An expladed view of the leg is shawn in Figure 2.17. Multiple leg lengths are pos

sible by a series of hales on the upper leg that attach to the large sprocket on the
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Figure 2.16: Front hip unit.
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Figure 2.17: Exploded view of leg.
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transmission unit. For even longer legs, an extension like the one shown in Figure 2.18

is attached to the lawer leg. Table 2.6 shows the possible lengths and the correspond

ing mass and inertia. The design is not limited to these values since the leg extension

can he made to any size. The lowest set of holes cannot be used in eompliant leg

mode sinee the leg mounting bolts interfere with the spring bracket bolts.

Figure 2.18: Exploded view of lower leg sbowing extension.

A linear potentiometer, used ta determine the leg length (see Section 3.1.2), is

ineorporated in the leg. The potentiometer housing is held to the lower leg with set

serews and the shaft is attached to the upper leg with a rod end.

The 1" (25.4mm) diameter steellower leg slides on the upper leg with two Garlock

bushings which are shown in Figure 2.15. A 100mm slot was machined in the leg to

allow attachment to the potentiometer rod end.

Leg compliance is provided by either latex or steel springs. The pre-Ioad can he

adjusted by tightening or loosening the screw eye bolts. Clamps (SPAE NAUR part

600-055) are used to hold the lower leg in place (in fixed leg mode) or to limit the travel

of the lower leg to prevent damage to the potentiometer (in compliant leg mode).

A significant amount of work was done in an attempt to source a suitable toe

material. It had ta have the correct damping characteristics to reduce the impact

loads, while not absorbing too much energy which would împede the momentum

transfer during touchdown. In addition, it had to have a suitable surface that would

mioimize slipping. Toy balls from a pet shop turned out ta be the best option due

their damping and friction characteristics as weIl as their low cost.

The upper leg was analysed using finite element modelling and the results are

provided in Appendix C.2..
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1 Mass-I Ley Length 1 Inertia about pivott 1

===1 (kg) 1 (mm) 1 (gmm2
) 1

255.9* 12.94

Without 275.0 14.27

0.920 294.1 16.26

Extension 313.2 18.90

332.3 22.19

380.9* 29.23

With 400.0 32.95

150mm 1.05i 419.1 36.92

Extension 438.2 41.65

457.3 47.14

40
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Table 2.6: Possible leg lengths witb corresponding mass and inertia. r:Actual mea

sured mass. tlnertia values determined using Pro/Engineer. tConfigurations not

possible in compliant leg mode - see Section 2.3.3.)
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2.3.4 Body Design
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The two hip units are held together with four aluminum box extrusions which are

connected ta the hip units with aluminum brackets. Once again, this design keeps the

robot very modular. The aluminum body links can be replaced with longer or shorter

ones thus modifying the overalliength of the rohot. In addition, the hip units can be

attached either with the motors on the inside and leg attachment on the outside or

vice versa (see Figure 2.19). This will give the robot a much larger moment of inertia

which may be advantageous for momentum transfer during leg impact.

Figure 2.19: Two possible hip contigurations resulting in ditferent body inertias.

The four body links also serve ta hold most of the electronics on the robot. Two

Lexan™ plates attached on either side of the robot contain most of the input/output

(10) boards (Figure 2.21). The main electronics plate (Figure 2.20) holds the PWM

servo amplifiers, two SPP/SPI multiplexers, laser controllers, two gyroscopes and the

PC board. The body links also have brackets attached to them that support the RF

unit and the power board (see Chapter 3). A complete exploded view of SCOUT II

is provided in Figure 2.22
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Figure 2.20: Top and bottom view of main electronics assembly.

•

ADIO rOt rron' Pot

TL rot rront [acocler

ADIO For aur Pol
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Figure 2.22: Exploded view ofSCOUT II.
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2.4 Construction and Cost
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Machining of the various components of the robot began in February 1998 and contin

ued through the summer of 1998. The machining was done in the Mechanical Machine

Shop of McGill University either by the experienced staff or the author. Machining

costs were in the order of $8500. Assembly was done mostly by the author with the

aid of numerous other students working in the Ambulatory Robotics Laboratory. The

total cast of the robot was in the arder of $25 000. Appendix E has a complete parts

list showing all costs associated with the project.

2.5 Summary

A. Pro/Engineer drawing of the complete robot is provided in Figure 2.23 and a

picture can be seen in Figure 2.24. Table 2.7 details the mechanical specifications of

the robot. Complete assembly drawings for SCOUT II can he found in Appendix A

while Appendix D bas a parts list complete with the mass of all components.
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Figure 2.23: Isometric view ofSCOUT II.
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Figure 2.24: Photograpb ofSCOUT II.

46
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Body length 837.0 mm

Body height 126.0 mm

Front hip width 498.0 mm

Rear hip width 413.0 mm

Hip-to-hip length 552.0 mm

Total mass· 23.77 kg

Body mass· 20.09 kg

Body inertiat pitch axis 1.091 kgm2

(about body center) roll axis 0.161 kgm2

Center of mass locationt 14.1 mm (in front)

(from body center) 2.4 mm (to the right)

3.1 mm (below)

Leg length 255.9-457.3 mm (see Table 2.6)

Leg mass* 0.920 kg

Leg inertia (see Table 2.6)

No load speed up to 57.8 RPM (see Table 2.5)

Stall torque up to 40.7 Nm (see Table 2.5)

Continuous torque up to 9.3 Nm (see Table 2.5)

47
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Table 2.7: Mechanical specifications {or SCOUT II. (Actual measured mass. tValues

determined using Pro/Engineer.)
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Chapter 3

Sensors and Electronics

SCOUT II is equipped with an electrical system and a number of sensors. Section

3.1 will review all the sensors that are used. Section 3.2 discusses the system used

to communicate with and control the robot. The power supply and its distribution

system will be discussed in Section 3.3 and, in the final section of the chapter (Section

3.4), the electrical system will be summarized.

3.1 Sensors

Numerous sensors are used on seoUT II. The purpose of these sensors is:

• To supply feedhack ta SCOUT 11's computer as ta the current state of the robot.

• To supply the operator with information on the robot's surroundings.

• To keep track and record data that may be used for debugging and optimising

the varions controllers being tested.

Each sensor used on SCOUT II is described in Sections 3.Ll through 3.1.7.

48
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3.1.1 Encoders
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The Maxon 118777 motars are equipped with Hewlett Packard HEDS 5540 Al1 [56]

incremental digital encaders which have 500 cycles per revolutian (2000 caunts per

revolution after quadrature encoding). One such encoder t mounted on the motor,

is shawn in Figure 2.6. The main function of these encoders is ta determine leg

angle. The data can then be differentiated ta obtain angular velocity. One of the

shortcomings of using an incremental digital encoder is that it does not have a zero

position. Hence, when starting a run, the encoders have ta be 'zeroed' so that all

subsequent readings were taken from a calibrated, absolute angle. Hall effect sensors

are used for this purpose (see Section 3.1.5).

3.1.2 Leg Potentiometers

In order to measure varying leg length in compliant leg mode, it was necessary to

put linear potentiometers in the leg. Atlidori LP-100FP 5kn (48) potentiometers are

used because of their small diameter and suitable stroke length (lOOmm). Their 50Gs

shock rating is weB above anticipated shock loads.

These potentiometers tumed out to serve a useful purpose in both fixed and com

pliant leg mode. In fixed leg mode, they are used to detect foot touchdown. This

is accomplished by leaving a few millimeters of play in the leg. When the leg is

compressed these few millimeters, it means that it is in contact with the ground and

therefore in stance. When the leg is Mlyextended, it is in flight. This provides a

second method ofdetermining foot states (the primary method is using the laser range

finders and will he described in Section 3.1.3). In compliant mode, the potentiometers

are used both to measure leg length and to detect touchdown. Figure 3.1 shows a

picture of the potentiometer.
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Figure 3.1: Midori LP-IOOFP 5k!l potentiometer [48J.

3.1.3 Laser Range Finders
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Two Aromat ANR12261 LMI0-250 (6) laser range finders are mounted on SCOUT lI

one at each end. These lasers have a range between 100 and 400 mm with a resolution

ofO.15mm. Figure 3.2 shows one such sensor. In arder to make these lasers even more

Figure 3.2: .4romat ANR12261 LMI0-250 laser range finder [6J.

versatile, they are mounted on a tilting platform that is powered by a Futaba 3003 [69]

RIC serva actuator. Figure 3.3 shows an exploded view of the laser assembly unit.

These servas, which are normally used in radio controlled aircraft, were suitable for

this task because of their simplicity, low cost (under 20 CA.N$) and easy interfacing.

The lasers units serve numerous purposes. These include:

• Scanning the terrain ahead of SCOUT II.

• Determine body angle and body anguiar velocity. This can be achieved using

either the two lasers or one laser and one stance leg.

• Detect foot touchdown.. This is achieved by using the information from the laser

in conjonction with the motor encoders and leg potentiometers.
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Figure 3.3: Exploded view of laser assembly.

• Determine body height and vertical velocity.
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• Determine body horizontal distance and velocity.

The equations for determining the above items were developed by Sarni Obaid. ~Iore

information conceming the laser range finders, their function and performance char

acteristics can be round in [51].

3.1.4 Gyroscopes

Two Murata ENC-05EA [50} solid state gyroscopes (see Figure 3.4) are mounted on

SCOUT Irs body to measure angular velocity - one in the pitch direction, the other

in the roll direction. Although they are rated by the manufacturer to ±80 deg/s, they

were found to be accurate up to ±450 deg/s with an absolute error of less than 9

deg/s at maximum angular velocity. AlI testing on the gyroscopes was performed by

Sarni Obaid. The corresponding pitch and roll angles are determined by integrating

the signal. In order to reduce the effect of drift, the signal is reset when the body
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angle could be determined more accurately (for example, when alilegs are on the

ground) or by using the laser range finders. More information on the gyroscopes can

be round in [51] and on the web at www.cim.mcgill.ca/àrlweb/sensorsfrm.htm.

Figure 3.4: l\IIuxata ENC-05EA solid state gyroscope [50).

3.1.5 Hall Effect Sensors

Since the motor encoders are ooly capable of supplyiog relative position, it was neces

sary ta determine a method of 'zeroing' the leg. The digital hall effect sensors shown

in Figure 3.5 are used for this purpose. They are manufactured by Honeywell (part

number SS21PE MICRO) [35]. A sensor is mounted on each motor bracket and a

Magnet is attached ta the sprocket at each Ieg. The point at which the sensors trigger

was experimentally measured and entered into the run-time code as the calibration

angle for the legs. Upon commencing a run, the legs rotate until the hall effect sensors

are triggered whence the encoders are set to the previously determined angles.

3.1.6 Motor Current Measurement

It was determined that logging the motor current would be advantageous for debug

ging. The Advanced Motion ControIs 12A8E [4} PWM servo amplifier that was used

to control the motors is equipped with current feedback. This information turned out

ta he very useful during testing since it gave the operator valuable information on the

motor performance and, perhaps more importantly, allowed the operator to ensure
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Figure 3.5: Hall effect sensor and magnet [35J.
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that the motor's thermallimit was not surpassed. More information on these servo

amplifiers will be presented in Section 3.3.1.

3.1.7 ~auD1era

In arder to supply the operator of SCOUT II with visual feedhack of the robot's

surroundings, a small black and white digital camera (Marshall Electronics V-X007

PCB (45]) is used. In addition, the camera is mounted on a pan/tilt system using two

Futaba. S3003 [691 R/e servos like the ones used for the lasers. The camera, along

with the TV Genie TR-200 UHF transmitter can be seen in Figure 3.6, while the

pan/tilt unit assembly drawing is shown in Figure 3.7.

3.1.8 Summary

Table 3.1 summarizes aIl of the sensors used on SCOUT II along with their function.
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Figure 3.6: Camera and transmitter.
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Figure 3.7: Isometric view ofSCOUT II's camera pan/tilt unit.
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1 Sensor 1 Qty 1 Function(s)

•

Encoder 4 Measure leg angle and angular velocity

Motar current 4 Measure motor current

Leg pots 4 Measure leg length
Determine foot touchdown

~Ieasure body angle and angular velocity
Determine foot touchdown

Lasers 2 Scan terrain and stairs
Body height and vertical velocity
Body horizontal distance and velocity

Gyroscope 2 Measure pitch velocity and angle
Measure roll velocity and angle

Hall effect 4 Zero legs at startup

Camera 1 Visual feedback for operator

Table 3.1: Sensors used on SCOUT II.

3.2 Control Electronics

3.2.1 The SPP/SPI System

SCOUT II's motoIS, sensors and R/C servas were interfaced using a SPP/SPI (Standard

Parallel Port/Serial Periferal Interface) system. The system was designed by Nadim

El-rata and developed by David McMordie and Kenneth Yamazaki. The system con

sists of a multiplexer which allows up to 8 inputs and 8 outputs to be read and driven

through a standard, bi-directional PC parallel port. Numerous Input/Qutput (1/0)

modules can be connected to the multiplexer with RJ-l1 telephone type connectors.

The different types of 110 modules used include:

• ADIO (Analog to Digital Input Qutput Module): This module was designed ta

read an analog voltage input with 12 bits of resolution and canvert it ta a digital

signal. It is used mainly to read the varions sensolS.
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• HCTL (Digital Encoder Input Module): This module was designed to read

quadrature inputs from a digital encoder. (The acronym HCTL comes from the

main chip on board - a Hewlett Packard HCTL-2016 quadrature decoding le
[56].)

• DAIû (Digital ta Analog Input Output Module); This module was designed

to drive an analog voltage output signal. It is used to drive the PWM servo

amplifiers.

• DIN (Digital INput Module): This module was designed to read up ta ten

high/low digital inputs. It is used ta read the hall effect sensors.

• RCIO (R/C Servo Input Qutput Module)/DOUT (Digital OUTput Module):

This module was developed to drive up ta two R/C servos and eight digital

high/lowoutputs. It is used to control the R/C servos for the camera and laser

units and as a watchdog to enable the motors.

SCOUT II used a total of 24 1/0 modules including 17 inputs and 7 outputs. Table

3.2 summarizes an the 1/0 modules and their function.

The 17 inputs would require three SPP/SPI multiplexers. However, due to limita

tions on the numher of parallel ports available on the on-board PC board (see Section

3.2.2), only two SPP/SPI multiplexers were used. This meant that only 16 out of

the 17 inputs could be read at any one time. This was not a problem since 4 current

inputs were being used mainly for debugging purposes and hence could be removed.

In the case where the current readings were required, the roll gyroscope could be

removed. Figure 3.8 shows the two SPP/SPI multiplexers and 4 DAIO's mounted on

seoUT II. Circuit diagrams for each of the boards can he found in [75).

3.2.2 PC Board

seOUT II is equipped with an Adastra VNS-486 [3] embedded PC board. It is a

self-contained PC with an AMD DX5 motherboard, 133MHz processor speed, 64MB
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Qty1 Module 1 Function

Leg pots 4
ADlü Lasers 2 12

Inputs ~!otor current 4 17
Gyroscopes 2

HCTL Encoders 4 4

DIN Hall effect 1 1

DAIO Servo amplifiers 4 4

Outputs RCIO Camera and laser units 2 2 7

DOUT Watchdog 1 1

Table 3.2: Summary of1/0 modules used on SCOUT II.

• Figure 3.8: SPP/SPI multiplexer boards and 4 DAIOs mounted on SCOUT II.
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of RAM and a 8MB Flash Solid State disk. It also has full ethemet capabilities,

four seriai ports and two enhanced parallel ports (hence the limit of two SPP/SPI

multiplexers). Its small size (146mm x 203mm x 32mm) and low weight (397g) made

it an ideal canditate for SCOUT II. The 8Mbyte solid state disk is large enough for

the operating system and the run-time code, while the 64M of RA~I can be used to

log data.

Figure 3.9: Adastra VNS-486 PC board.

3.2.3 Communications with SCOUT II

Communication with SCOUT II can be done in several ways. Each option is briefly

explained below.

Option 1: Desktop PC only

The method used most often for testing purposes was a desktop PC with parallel ports

connected directly to the SPP/SPI multiplexers on SCOUT II. The PC was a Pen

tium lOOMHz running the QNX realtime operating system [62}. This is the simplest

method ofcommunicating with SCOUT n since it does not require the embedded PC

board or the RF unît. The disadvantage is the two parallel cable tethers between the

computer and SCOUT n that are required.
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Option 2: Desktop PC with ethernet connection to SCOUT II

In this case, a desktop PC is connected to the embedded PC via an ethernet cable.

The embedded board has the ron-time code (once again using QNX) and is connected

to the two SPP/SPI multiplexers. In this case, the desktop PC is reduced to the role

of serving simply as a user interface. This method has the advantage of replacing the

two bulky parallel cables with one ethemet cable.

Option 3: Embedded PC with wireles8 link

The prefered method is through a wireless RF link with the run-time code running on

the embedded PC. The RF unit is a Abacom RTcom-RS232 [2] and is capable of up

to 19200 bps (bits per second) at half duplex with a range of 200 meters. A desktop

or laptop PC acts as the user interface. The RF unit had not been operational at the

time of writing. Martin de Lasa is actively working on getting the system functioning.

Figure 3.10: Abacom RTcom-RS232 radio modem.

Figure 3.11 summarizes the control system including the three methods available

for interfacing. A more detailed diagram is included in Appendix B.
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Figure 3.11: SCOUT lIts control system showing thIee methods of interfacing; (a)

ethernet cable to PC board, (b) wireless RF linkt and (c) two parallel cables ta

Spp18PI multiplexers.
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3.3 Power Electronics

3.3.1 PWM Servo Amplifiers
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SCOUT II uses four .4.dvanced Motion ControIs 12A8E [4} brush type, Pulse Width

lVIodulation (PWM) servo amplifiers. Figure 3.12 is a picture of one such unit. They

have a peak current of 12A (hence the limitation on the motor in Section 2.2.2) and

a maximum continuous current of 6A. They can operate in numerous modes includ

ing open-Ioop, voltage, IR compensation, velocity, current (torque), analog position

loop and digital position loop. SCOUT II normally operated in current (torque)

mode which meant that a reference input voltage to the servo amplifier commanded

a proportional torque output.

Other features of these servo amplifiers include an inhibit pin, which is used to

enable them, and current feedhack pins. ARL 's past experience using these servo

amplifiers made them an easy choice for SCOUT II.

Figure 3.12: Advanced Motion ControIs 12ABE PWM servo amplifier [4J.

3.3.2 Power Supply

When wireless operation is desired, SCOUT II gets its power from on-board batteries.

Two Panasonic LCR 12V7.2P [58} high capacity, 12V batteries are used. Each one
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has a rated capacity of 7.2Ah (at 20 hour discharge rate) and weighs in at just under

2.S kg. During testing, when a wireless connection is not required, a 24 V extemal

power supply can he used.

3.3.3 Power Distribution

The PWM servo amplifiers (and therefore the motors) are directIy connected to the

power supply (whether batteries or external). Aiso connected is the power distribution

board which was designed and built by David Mc~Iordie. Its function is to convert the

incoming 24V ta the necessary voltages and distribute it ta the various components. A

Vicor \t7-JWO-GY [72] OC-OC converter supplies the RF unit, camera and transmitter

with 12V. A Vicor VI-JWI-CY [72} supplies the embedded PC, multiplexers, and

R/C servos with SV. The individual ro modules get their power from the SPP/SPI

multiplexer hence they need Dot be connected to the power distribution board. A

picture of the board is provided in Figure 3.13 and its circuit diagram can be seen

in AppendLx B. A general diagram of the complete power system on SCOUT II is

shawn in Figure 3.14.

Figure 3.13: Power distribution board on SCOUT II (designed and built by David

McMordie).
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Figure 3.14: SCOUT II'8 power netwock.
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3.4 S11mmary

Table 3.3 summaries the electrical specifications of SCOUT II.
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Power Source 2 Panasonic LCR 12V7.2P 12V Lead Acid Batteries

Capacity 7.2 Ah (20hr rate)

Control Source Adastra VNS-486 PC board

Iteration rate 1 kHz

Endurance Continous operation 20 min. (estimated)

Standby mode 1 hr. (estimated)

Table 3.3: SCOUT II's electrical specifications.

As with SCOUT Irs mechanical design, the electrical system was designed to be

modular and allow room for expansion. A variety of sensors are available, some of

whom give redundant data (lasers or gyroscope ta determine body angle, lasers or

potentiometers ta determine touchdown). This allows the different methods ta be

compared and the best one determined Of, at least, determine which method works

better for which instances.
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Chapter 4

Stair-Climbing

This chapter begins by presenting the nomenclature for defining seoUT 11's geometry

(Section 4..1). Section 4.2 reviews the walking and running algorithms that were

implemented on SCOUT II by Anca Cacosco and Joseph Sarkis. Next, Section 4.3

focuses on stair-climbing simulations that were run using Working Madel 2D [42].

The implementation of a stair-climbing algorithm is presented in Section 4.4. Lastly,

Section 4.5 summarizes the results and presents sorne open issues which can be used

as a starting point for future stair-climbing algorithms.

4.1 Nomenclature

Figure 4.1 and Table 4.1 define the nomenclature used for SCOUT II in fixed leg

mode. A description of the nomenclature in compilant mode is provided in [64].

4.2 Walking and R110ning

SCOUT II's main purpose is to serve as an implementation tool ta develop walking,

running and stair-climbing aIgorithms.

This section briefly discusses the walking and running algorithms that have thus

65
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Figure 4.1: SCOUT II nomenclature. (Side viewat the leEt, top viewat the right).

1 Parameter 1 Description

L Hip-to-hip length
c Distance of center of mass !rom rear legs

ll,2,3,4 Leg lengths
8 Body angle wrt horizontal (ccw positive)
4>1,2,3,4 Leg angles wrt body (zero with legs perpendicular to body, ccw positive)

4>14,2cl,3d,4ci Desired leg angles

Table 4.1: SCOUT II nomenclature description.
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far been implemented on SCOUT II. Anca Cocosco developed and successfully im

plemented two types of walking controUers on seoUT II, the "Ramp ControUer"

and the "Saturated Ramp ControUer". Both controllers kept the front legs at a fixed

angle and relied on the momentum transfer when the non-elastic legs hit the ground.

Figure 4.2 shows a picture playback of SCOUT II walking with the Ramp ControUer.

~Iore detailed information on these algorithms can be found in [9).

Figure 4.2: Playback ofSCOUT II taking two steps using the Ramp ControUer [9].

Joseph Sarkis developed a running controller for SCOUT II with compliant legs [64]

based on Raibert's three-part controUer (63). Though the controller has not yet been

successfully implemented on SCOUT II, preliminary runs have proven that SCOUT II

can serve as a useful tool for testing running gaits with compliant legs as weIl.

4.3 Stair-Climbing Simulations

This section outlines the development of a stair-climbing algorithm for SCOUT IL

Both the simulation software and the model will be described, and the results pre

sented.
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4.3.1 The Model

68

•

Stair-climbing simulations were run using the Working lVIadel 2D [42} software pack

age. The advantage of using such a package is that the user need not calculate the

equations of motions. Instead, the software integrates the forces and moments acting

on the bodies over a finite time period and determines the resulting motions. Nurner

ous actuators and constraïnts are available to iDclude in the model. The simulation

can also take properties like friction and elasticity into account, something that is

more difficult to do using classical Newtonian or Lagrangian methods..
Numerous simplifying assumptions were made for the simulations. These include:

1. The motion is planar.

2. Both front and rear legs of the quadruped maye together and are hence modelled

as single bodies with twice the mass and inertia.

3. Though the torques applied at the actuators are limited to the maximum stail

torque available, they do not take into account the torque-speed characteristics

of the actual motars.

4. The hip joints are frictionless.

5. Coefficients of friction are high enough to prevent slip between the toes and

ground.

6. AlI impacts are inelastic.

7. AlI bodies are rigid.

ln hindsight, sorne of these simplifying assumptions, in particular numbers 3 and 5,

contribute to the considerable mismatch between the simulations and experiments 

Section 4.4.1 will address this issue.

The model used for the simulations can be seen in Figure 4.3. The model consists

of three rigid bodies: the body and two legs. Each leg features.& circular toe which
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Figure 4.3: SCOUT II in Working Model 2D [42J.
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was considered as part of the leg rigid body. A torque actuator is placed between the

body and each leg. A PD controller determines the torque based on the error between

the desired and actual angles,

(4.1)

•

where T is the commanded actuator torque, K p is the proportional gain (stance or

flight), Kd is the derivative gain (stance or flight), and e = cP - cPd'

Working Madel parameters that were set include the animation time step, the

integrator error and the integrator type. The animation time step represented the

rate at which the screen was updated. The integrator error defined the accuracy of

the simulation. At each step, the integrations were performed using the animation

time step. If the resulting error was larger than the preset integrator error, the

time step was halved and the integrations repeated. This process continued until the

resulting error is below the values set for the integrator error.

Table 4.2 defines ail of the parameters used for the simulations and their numerical

values. AlI values used in the simulations represented the actual SCOUT II parame

ters.
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Value 1

Physical Properties

Body length (L) 0.552 ID

Body center of mass location (c) 0.262 m
Leg length (1) 0.313 m
Body mass (M) 20.09 kg
Leg mass (m) 1.720· kg
Toe mass 0.12· kg
Body inertia (1) 1.09 kgm2

Leg inertia (wrt center of mass) (i) 0.028· kgm2

Toe inertia (wrt center of mass) 0.0000003* kgm2

Actuator properties

Type Torque
T1,2 Actuator torques
Maximum torque (Tmaz) 75- Nm

PD controller gains

Proportional 8ight gain (Kp/ ) 120 Nm/rad
Derivative flight gain (Kclf ) 6.5 Nm s/rad
Proportional stance gain (Kp.) 1000 Nm/rad
Derivative stance gain (Kd.) 15 Nm s/rad

Body interaction properties

Static friction coefficients for ail bodies 100
Dynamic friction coefficients for all bodies 100
Elasticity coefficient for all bodies 0

Working Madel Parameters

Animation time step 0.005 s
Integrator type 5th order Runge Kutta
Integrator error 0.00001 ID

1 Item

•
Table 4.2: Parameters used on Working Madel. (*Values doubled. ta take into account

a pair of legs..)
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4.3.2 The Aigorithm
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The stairs used for the simulations had a rise of 16.3 cm and a ron of 27.5 cm. To

simplify matters, the tread width was set equal ta the run. These dimensions were

chosen as they are similar ta the actual dimensions of the stairs in the McConnell

Engineering building at McGill University.

The algorithm developed can be seen in Figure 4.4. It was decided to use the corner

of the step in arder ta reduce the possibility of the front toes slipping. This way the

front foot can be wedged into the corner and thus, minimize slipping. The rear foot

landed at approximately the quarter tread width. This was enough ta ensure that the

center of mass of the body was within the support region set by the feet. Numerous

leg lengths were tested and it turned out that using a length of 313.2 mm would be

advantageous. The various phases of the algorithm will be briefly described.

Phase II

Phase S!
,

Phase 31
i

•

Figure 4.4: Stair-climbing algorithm.

Phase 1: Lean back

In this phase the rear leg angle (tP'l) increases thus allowing the body to lean back to

the point where the center of mass is almost over the rear foot. The front leg applies

no torque.
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Phase 2: Launch 1

The rear leg is rotated clockwise launching the body up and forward. The front leg

is rotated clockwise to an angle that will allow it ta land st the corner of the step.

Phase 3: Launch 2

Zero torque is applied at the front leg while the resr leg is rotated c10ckwise until

it is nearly vertical. This allows the body ta gain the required forward and vertical

momentum that will lift off the rear leg.

Phase 4: Lift off

This phase is actually divided into numerous parts. At first, the front leg it rotated

counter-clockwise to help convert the forward momentum of the body into a rotational

momentum that further raises the rear leg. When the rear leg lifts off, it is commanded

to rotate clockwise to an angle where it hits the next step at the quarter tread width

point. When the body reaches its apex, the front torque is reversed ta further help

lift up the body. ShortlyaCter, the front leg is made to rotate clockwise with respect

ta the body ta ensure that the rear leg hits the ground at the correct point and instant.

Phase 5: Lean Corward

Bath legs are rotated clockwise thus allowing the robot to return to the initial condi

tions of phase 1.

The algorithm was compLetely open Ioop, meaning that no feedhack as to the current

and past state of the robot was heing used. The legs were simply being commanded

to angle set-points and given a certain amount of time to get there. The final desired

angles for all the phases, as weIl as the time required to get there, were determined

experimentally. In aU cases, the legs were commanded to the final desired angle using
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a linear trajectory. [ts form was as follows,

A- cPfinal - l/Jinitial ( ) A-
Y't = t t * t - tstart motion - tstart phase + Y'initial

final - start motion
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(4.2)

•

where l/Jt is the desired leg angle at time t, cP final is the final leg angle, cPinitial is the

initialleg angle, tstart phase is the start time for the phase, t'tart motion is the start time

for the motion, and t final is the final time for the phase.

4.3.3 Results/Potential Problems

The algorithm discussed in Section 4.3.2 was coded in Working Madel 20 and the set

points for each phase were tweaked. seoUT II successfully climhed four steps hefore

errors due to the open loop nature of the controller accumulated enough to hamper

its continuation. Though significantly more time could have been spent fine-tuning

the controller (and perhaps aIso making use of sorne feedback), it was decided ta

attempt implementation of the current algorithm. This way, the differences between

the simulations and the real system could he determined. The next section covers the

implementation process.

4.4 Stair-Climbing Implementation

Seeing as the simulations were run using an actuator torque of 75Nm, the 48/28

sprocket combination (which, according ta Table 2.5 produces 37.8Nm of torque per

motor) was used. A PD controller, as defined in Equation 4.1, was used ta control

the legs. Linear trajectories, similar to the ones in Equation 4.2, were used for the

angles.

4.4.1 Data and Results

With minor modifications ta the set-points, SCOUT II successfully achieved phases

l and 2 of the algorithm. One modification was the lean back angle for the rear leg
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( cP2/inal) at the end of phase 1. In the simulations, the leg went from 17° ta 20° in 0.43

seconds. Experimentally, the same change in angle took more time (by appraximately

25%) due ta actuator speed limitations, hence the final angle was adjusted to 25°. In

phase 2, if the final front leg angle was kept at -290° (or, altemately 70° if the angles

are reset at every revolution), the body would bit the step (mainly due ta leg overshoot

caused by gearhead backlash, belt compliance and rubber toe compliance). Hence the

angle was changed ta -305° (55°) and the rear leg angle adjusted accordingly. Table

4.3 provides a comparison between the simulation set-points and the implemented

ones for these two phases.

Phase 1

cPlindiAI
_2° _2°

4>1/inal zero torque zero torque

tl.cart motion Os Os

tlend motion 0.43 S 1.5 S

4>2inlhal 17° 1-;0

c/J2/inal 20° 25°

t2.tort motion Os Os

t2end motion 0.43 s 1.5 s

Phase 2

cPl/inol -290° (70°) -305° (55°)

tl~tClrc motion Os Os

t lend motion 0.23 s 0.23 S

tP2/inrd ~ 20°

t2.tort motion Os Os

t2end motion 0.27 s 0.25 s

1 Parameter 1 Simulation 1 Experimental 1

•
Table 4.3: Set-points (or Phases 1 and 2.

Phases 3 and 4 were significantly more difficuit ta implement. When first attempted

with the simulation set-points, SCOUT II's rear legs barely got off the ground. The
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body had to be held ta allow the rear legs ta complete phase 4. Figure 4.5 displays

the data for the leg angles for both simulation and experimentation. Phase 3, which

Front Leg Angle (.,)
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Figure 4.5: Leg angles during phases 3 and 4.
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took 0.13 seconds in the simulation, took 0.25 seconds with the real system. Phase 4

took 0.2 seconds in the simulation (though it did not have ta take quite that long ta

be successful), while the actual robot took 1.2 seconds. Analysis of the data (through

feedback from the sensors and slow motion video footage) provided the following in

formation as ta the reasons for the discrepancies.
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Toe slip

It was difficult to ensure that the front feet were totally in the corner of the step.

Not being right up against the vertical section allowed the feet to slip during phase

3. This caused a significant amount of delay and lost energy.

Joint friction

As was stated in the assumptions, the simulations did not take joint friction into

account. In phase 3, zero torque is applied to the front legs, while the rear legs rotate

clockwise. Since the real system had friction in the front, a significant amount of

energy was lost in this critical pushing phase. Hence the phase took longer to reach

completion and the resulting body speed at the end was significantly lower than the

simulations had predicted.

Speed limitations

It was originally believed that the leg speed would be a problem in phase 4. However,

it tumed out ta be more of a problem in phase 3. Due to the limited leg speed, by

the end of the phase, the velocity of the body was much lower.

The lack of body momentum by the end of phase 3 can be seen in Figure 4.5. In

the simulations, the body gains enough forward and vertical speed that the front leg

angles (tPl.3) reach -335° (25°). In the actual implementation, the front legs only reach

-315° (45°).

Numerous modifications were made to the algorithm ta try to improve its effec

tiveness. The primary change was to increase tP2 at the beginning of phase 3. This

allowed more time for the rear leg ta sweep which gave the body more momentum.

The initial conditions and set-points were modified until the rear legs reached their

maximum velocity at the end of phase 3. Though the results improved significantly,

SCOUT II was still unsuccessful. About 1.2 seconds was required to give the legs
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enough time ta get onto the next step. At best, the rear feet were in the air for about

0.7 seconds.

Attempts at increasing <P2 at the beginning of phase 3 tao much had adverse effects.

It lead ta SCOUT II having most of its weight over the rear legs resulting in the front

legs lifting off the ground.

Changing the gear ratio from the 48/28 sprocket configuration ta the 48/34 con

figuration was aIso considered. This would have resulted in about 20% more speed.

The loss of torque, however, would then have been a problem.

4.4.2 Improvements ta Aigorithm

Though time limited the amount of work that was done in attempting ta improve the

algorithm, preliminary results from it are quite pessimistic. This aIgorithm has most

of the weight of the robot on the rear legs and relies on torque and speed from the

actuators to get through phases 3 and 4. This may not he the optimal way to achieve

stair-climbing. An algorithm similar to the one implemented on SCOUT 1 (75} may

be more successful. The algorithm gets the rear legs on the next step by rocking the

body onto the front legs. This, however, will require having both feet on one step

which may pose sorne geometric and stability issues.

4.5 Summary

Though implementation of the developed stair-climbing controller was unsuccessful,

it provides useful insight about SCOUT II and its abilities, or, more precisely, its

limitations. It gives an understanding about the importance of the assumptions made

in the simulations. The stair-climbing data received from these experiments allows

for improvements to be made to the simulations. This preliminary information will

undoubtably prave useful ta further stair-climbing research at ARL and subsequent

implementation on SCOUT II.
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Chapter 5

Conclusion

The design and construction of the most recent robot in the SCOUT series, SCOUT II,

was presented. This series of quadrupeds is distinguished by having only one actuated

degree of freedom per leg. This is a substantial reduction from most of quadrupeds

that incorporate three to four degrees of freedom per leg. Unlike SCOUT l, SCOUT II

has a second degree of freedom which is unactuated. This passive joint allows compli

ant walking, mnning and stair-climbing gaits to be explored. SCOUT II was built to

demonstrate that even with a simple design, a high maneuverability can be achieved.

This thesis commenced by detailing the specifications for the robot as weIl as pre

liminary calculations required for the selection of a suitable actuation system. Next, a

complete description of the mechanical design and construction was presented. Chap

ter 3 presented the electronics and sensor systems. The first part of Chapter 4 (Section

4.2) presented information on preliminary walking and running algorithms that were

developed and implemented on SCOUT II by Anca Cocosco and Joseph Sarkis re

spectively. The Collowing sections discussed a preliminary stair-climbing controller

that was developed, simulated on Working Model2D [42] and partially implemented

on SCOUT II.

The result of this work produced a fully autonomous mobile robot with a high level

ofmodularity. This will ensure that the robot's current specifications do not limit the

78
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algorithms developed. AIl of the mechanical and electrical specifications outlined in

Table 2.1 were met. SCOUT II weighs in at under 24kg, is O.837m long and 0.498m

wide. The highly adjustable actuation system can produce torques of up to 40.7Nm

and speeds up to 57.8 RPM. The robot has fully adjustable leg lengths. The body

length and width can be modified by replacing very simple components.

SCOUT II's performance specifications, on the other hand, are still a work in

progress. Though stiff-legged walking was successfully demonstrated, SCOUT II has

yet to run and stair-climb. Even though the stair-climbing algorithm presented in

Chapter 4 was unsuccessful, it highlighted useful information about the robots limi

tations and the modelling parameters used in the simulations.

Even thaugh this small part of this work was not totally successful, the project thus

far has been a great success. The important thing is that the Ambulatory Robotics

Laboratory now has a tool to test the control algorithms being developed.

Future Work

The focus of this work was ta develop the tool for the implementation of various gaits.

Hence, a lot of the work on the development and implementation is yet to be done.

As for the robot itself, very little work remains. Martin de Lasa is actively working

on getting the RF unit operational and Geoff Hawker is ironing out sorne bugs with

the embedded PC board. Once these two items are complete, SCOUT Il will be (ully

autonomous.

The work presented on stair-climbing requires a significant amount of refining for it

to succeed. Perhaps, the primary task is to modify the model used in the simulations

ta account for toe slipping, non-frictionless hip joints and actuator torque-speed char

acteristics. This will produce more realistic simulations that have a greater chance

of being successfully implemented. Using the actual robot as a guide, the Working

Madel parameters can be tuned ta mimic the reallife situation.

As for the stair-climbing algorithm itself, its success is questionable with the current
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actuators. A controller similar to the one developed for SCOUT l, should prove to

be more successful. Shifting the robot's center of mass onto the front legs will make

it significantly easier for the rear legs to move up a step. Obviously, using SCOUT II

in compliant leg mode may also aid in the implementation of an algorithm.

Numerous graduate students from the Ambulatory Robotics Laboratory are devel

oping controllers for seoUT II. Of notable importance is l\Jlartin de Lasa's compliant

walking controller. This algorithm should drastically improve the current stiff-Iegged

walking controller by producing a quicker and smoother walking motion. Didier Pa

padopoulos will attempt to implement a modified version of Joseph Sarkis' running

controller.

The work does not end with successful walking, running and stair-climbing. For

SCOUT II to prove its usefulness, it must he able ta get up From a laying down

position and be able to tum (both while walking and on the spot).

l\JIodifications to the leg design may also improve SCOUT II's maneuverability

and, therefore, its success. Geoff Hawker is looking to replace the unactuated pris

matic knee joints with unactuated revolute joints. This will allow trotting gaits to

be investigated, not to mention the tremendous improvement that it will make to

stair-climbing.

Though the development may take years, the final result should produce a simple,

reliable quadruped robot that is more maneuverable in rugged terrain than wheeled

and tracked robots.
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Appendix C

SCOUT II Stress Analysis

Almost every component of SCOUT II was analysed to ensure that it would resist the

abuse of testing while at the same time he optimized to reduce its weight. Most com

ponents were simple enough that conventional methods were used. Two components,

however, were more complex and required finite element modelling. This included the

motor bracket and the upper leg. Both parts were made out of 6061-T6 aluminum

whose relevant material properties are provided in Table C.I. The analyses were per

fonned using Pro/Mechanica [60}. The results of these analyses is the subject of this

appendix.

Poisson's Ratio (II)
Modulus of Elasticity (E)
Ultimate tensile strength (O'ut)
Yield tensile strength (cryt)
mtimate shear strength (crus)

O.334t
10.3 GPa*

310.5 MPat
276~O MPat

207.0 MPat

•
Table C.l: Mecbanical properties of aluminum 6061-T6. (*Taken From [65]. tTaken

From [12].)

104
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C.I Motor Bracket

105

•

The motar bracket was an important part of the transmission unit. Its function was

ta supply a base of support that the leg and motor were attached ta. It aIso required

slots at the motor mount ta allow it ta slide for the purpose of tensioning the belt.

A picture of the final design is shawn in Figure C.l. It is constructed out of 1/4"

(6.35mm) 6061-T6 aluminum. Though numerous loading situations were examined,

only the the major scenarios will he presented here. The bracket was analysed as a

thin shelI which significantly reduced the analysis time. Because of this, however, the

chamfers were removed from the mode!. In all cases, the 8 boIt hales at the corners

were fully constrained and the load was applied ta a a 48mm diameter surface where

the leg bracket attaches.

Figure C.I: Motor bracket.

Analysis 1: Impact Simulation

In this case a 1226N statie load was applied to the foot simulating a 20G impact load

at the leg (with the leg in the vertical position). In addition, a 70.8Nm moment was

applied ta account for the offset between the leg and hracket. Figure C.2 shows the

Pro/Mechaniea resu1ts with the maximum principal stress at the left and displace

ment at the right. Note that the displacement figure shows exaggerated deformations.

The maximum stress was in the order of 245 MPa with displacements under O.2mm.
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.1.10&-01-
--
--

(mm)

Displacemen~ Mag
Max +1.971SE-Ol
Min +8.7206E-09
Oeformed Original Madel
Max Disp +1.971SE-Ol
Scale 9.3B36E+Ol
Load: impact_lcad

.2.60.01--
~ Displacement

-

--
Stress Max Prin (Maximum)
Max +2.4583E+02
Min -7.S178E-Ol
Original Madel
Load: imp.c~_load

~prinCipalStress IMPel

Figure C.2: Pro/Mechanlca results (or motor bracket. (Analysis 1: 2DG (1226N) Joad

at the Jeg) .

•
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Analysis 2: Side load - verticalleg

In this scenario, a 250N side 1000 was applied to the foot while the leg was in the

vertical position. This resulted in a force of 250N and a moment of 68.8Nm on the

bracket. The resulting stresses and displacements are provided in in Figure C.3. The

maximum stress was in the arder of 271 rvIPa with displacements under O.25mm.

Stress Max Prin (Maximum)
MAx .2.7099E+02
Min +1.5479E-Ol
Original Model
Load: side_load

~inCipal Stress !HPal

Displacement Mag
Max +2.4688E-Ol
Min +7.1789E-23

liliiii Deformed Original Model
~.~~2 Max Disp +2.4688E-Ol

Scale 7.4936E+Ol
Load: side_load

-
.~."...

!~

1 A 1Displacement !mm]

-.2.19.-01-.1.922-01-.1.'51-01-.l.ln-Ol-.1.101t-Ol-"'.231-02-.5.491-02-

•

Figure C.3: Pro/Mechanica resu1ts {or motor bracket. (Analysis 2: 25DN side Joad

witb leg in vertical position.)
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Analysis 3: Side load - extended leg

This final case had the same 250N side load at the foot, except that the leg was now

in the fullyextended position. The results, which can be found in Figure C.4, had

stresses in the arder of 196 MPa and displacements under O.36mm.

Sc.ress Max Prin (Maximum)

Max +1.9589E+02
Min +3.8664E-01
Original Model
Load: side_load_ext

~inCipal Strsss (MPe)

Displacemenc Mag
Max +3.571SE-01
Min +2.2251E-23

liliiii Deformed Original Model
.1.742+02 Max Disp +3. 5715E-01

Scala 5.1799E+01
Load: side_load_ext

+4.3"+01-
:RIo DisplecSIl\snt 1.... )

-.3.1'7E·0l-.Z.1U-01-+2.3R-01-.1.9811-01-+1.5911-01-.1.1911-01-

•

Figure C.4: Pro/Mechanica results {or motor bracket. (Analysis 3: 250N side Joad

with leg in extended position.)
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•

Summary

Although only the maximum principal stresses were presented in the above analyses,

other stresses, like Von Mises and maximum shear, were also verified. Numerous other

loarling scenarios were ron with the legs at various angles and the loads from different

directions. The three analyses described above were the main loading scenarios and

also turned out ta be the most severe.

C.2 Upper Leg

The upper leg served a dual function. First, it provided a support for the bushings

that allowed the lower leg to slide. Second, it attached the leg to the transmission

unit. It was made from a solid block of 6061-T6 aluminum and was machined on a

milling machine. This model was analysed as a 3D solid. The loads were applied

to the two hales that fonn the bushing surfaces. The constraints were the surfaces

fonned by the four washers and the surface that is in contact with the leg sprocket.

Numerous scenarios were analysed using various loads from different angles with the

upper leg constrained from variaus sets of hales. The scenario presented here has a

250N side load at the foot with a leg length of 275mm. Figure C.S shows the principal

stress results and Figure C.6 shows the deformations. Stresses were under l35MPa

and displacements under O.2mm.
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-
~inCipal

-:l.150a.Gl

-6.6a.Gl

.9.432.01

-1.00.03.

--
--

-
--
--

Stress (MPa)

• ••• ••• ••• ••• ••• •

Stress Max Prin (Maximum)
Avq. Max +1.3436E+02
Avg. Min -2.2652S+02
Original Model
Load: load

-1.00+03.

-6.6a+Ol

-1.80+02

-3..60.+01

---
--
-
--

Stress Max Prin (Maximum)
Avq. Max .1.3436S.02
Avq. Min -2.2652E+02
Original Model
Load: load

1~ linCipal Stress (HPe)

Figure C.5: Pro/Mechanica stress results for upper leg (25DN side load on the foot) .

•
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+4.39E-02

+&.7.-02

.2.201-02

.'.59E-02

.1.33-01

--
--
--
--

·1.328-01

.1.10.-01

.6.59.-02

.1.Sd-01

.1.328-01

·8.7U-02

.1.10.-01

·6.59R-02

.1.70-01

+4.391l-02

;=1J:l
~DiSPlacement (mm)

Figure C.6: Pro/Mechanica displacement results (or upper Ieg (250N side load on the

foot) .
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•

Part Name Index Material Item Qty Total
Number Mass Mass

[g] [g]

Transmission Unit (index numbers refer to drawing SCII-A08-A")

Maxon 118777 motor 21 Stock 340 4 1360
Maxon 110404 Gearhead 2 Stock 720 4 2880
HP HEDS 5540 Encoder 22 Stock 45 4 180
Gearhead Sleeve 19 Steel 1 4 4
Motor Spacer 20 AI-6061-T6 9 4 36
Motor Bracket 1 AI-6061-T6 233 4 932
Leg Bracket 3 AI-6061-T6 18 4 72
Leg Shaft 7 Steel 56 4 180
SDP A6R25~I070150Belt Il Neoprene 21 4 84
SDP A6A25M048NF1215 Pulley 6 Al-6061-T6 209 4 836
SDP A6A25M034DF1508 Pulley 9 Al-6061-T6 77 4 308
Garlock FMB1209DU Bushing 4 Stock 4 8 32
Garlock WC10DU Thrust Bushing 5 Stock 4 4 16
M4x20 Hexagonal Cap Screw 14 Stock 2 16 32
M4xIO Socket Head Cap Screw 17 Stock 1 24 24
M6x12 Socket Head Cap Screw 15 Stock 5 4 5
M4x8 Set Screw 10 Stock <1 8 5
M6x12 Set Screw 18 Stock 2 8 16
M4 Split Washer 13 Stock <1 16 4
M4 Washer 12 Stock <1 16 5
rvI6 Washer 8 Stock 2 4 8
f/J1/16"x1/4" long Dowel 16 Stock <1 4 <1

Front Hip Unit (index numbers refer ta drawing SCII-A03-AIf)

Hip Bracket 1 AI-606l-T6 98 4 392
Angle Bracket 3 Al-606l-T6 9 8 72
Battery Bracket 20 Al-6061-T6 45 2 90
Battery Guide 21 Al-6061-T6 1 4 4
Laser/Camera Shield 12 Al-6061-T6 38 3 114
Shield Bracket Il Al-606l-T6 4 6 24
Battery 19 Stock 2470 1 2470
M2xl0 Socket Head Cap Screw 16 Stock <1 20 6
M4xl4 Socket Head CSK Cap Screw 7 Stock 1 16 16

Table 0.1: SCOUT II parts list: l of5. t'Drawings can he found in Appendix A.)
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•

Part Name Index Material Item Qty Total
Number lVlass Mass

[g} [g}

Front Hip Unit - con't (index numbers refer to drawing SCII-A03-A-)

M4x16 Socket Head CSK Cap Screw 4 Stock 1 16 16
M4x16 Socket Head Cap Screw 13 Stock 2 6 12
M5x16 Socket Head Cap Screw 18 Stock 4 8 32
M2 Washer 14 Stock <1 20 <1
M4 Washer 5 Stock <1 32 10
M5 Washer 17 Stock <1 8 4
M2 Nut 15 Stock <1 20 <1
rvI4 Nut 6 Stock <1 32 24

Rear Hip Unit (index numbers refer ta drawing SCII-A04-A-)

Hip Bracket 1 AI-606l-T6 73 4 292
Angle Bracket 3 AI-606l-T6 9 8 72
Battery Bracket 19 AI-606l-T6 45 2 90
Battery Guide 20 .1\1-6061-T6 1 4 4
Laser/Camera Shield Il AI-606l-T6 38 2 76
Shield Bracket 10 AI-606l-T6 4 4 16
Battery 18 Stock 2470 1 2470
M2x10 Socket Head Cap Screw 15 Stock <1 16 5
M4.x14 Socket Head CSK Cap Screw ï Stock 1 16 16
M4x16 Socket Head CSK Cap Screw 4 Stock 1 16 16
M4x16 Socket Head Cap Screw 12 Stock 2 6 12
M5x16 Socket Head Cap Screw 17 Stock 4 8 32
M2 Washer 13 Stock <1 16 <1
M4 Washer 5 Stock <1 32 10
M5 Washer 16 Stock <1 8 4
M2 Nut 14 Stock <1 16 <1
M4 Nut 6 Stock <1 32 24

Laser Unit (index numbers refer to drawing SCII-A05-A*)

Main Laser Bracket 1 Al-606l-TB 47 2 94
Laser Servo Bracket 2 Al-B06l-T6 14 2 28
Laser Bracket 5 Al-606l-T6 23 2 46
Laser Bushing 7 Plastic <1 2 1
Laser Support 8 Plastic 10 2 20

Table D.2: SCOUT II parts Iist: 2 of5. t Drawings cau be found in Appendix A.)
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Part Name Index Material Item Qty Total
Number Mass Mass

[g] [g]

Laser Unit - con't (index numbers refer to drawing SCII-A05-A-)

Aromat L~110..250 Laser Sensor 6 Stock 318 2 636
Futaba S3003 Servo 3 Stock 66 2 132
M2x5 Socket Head Cap Screw 14 Stock <1 4 1
M3x10 Socket Head Cap Screw 10 Stock 1 16 16
M5x16 Socket Head Cap Screw 12 Stock 4 4 16
M2 Washer 13 Stock <1 4 <1
M3 Washer 9 Stock <1 20 2
M5 Washer Il Stock <1 4 2
M3 Nut 15 Stock <1 12 4

Camera Unit (index numbers refer ta drawing SCII..A06-A-)

Main Camera Bracket 1 AI-6061-T6 16 1 16
Camera Servo Bracket 1 AI-606l-T6 14 1 14
Camera Bracket 6 AI-6061-T6 23 1 23
Servo/Servo Bracket 5 Al-6061-T6 13 1 13
Futaba S3003 Servo 3 Stock 66 2 132
Camera 13 Stock 16 1 16
Camera Transmitter 16 Stock 204 1 204
Metrican 56800 3.5x6x5 Spacer 15 Plastic <1 2 1
Metrican 56800 3.5x6x10 Spacer 12 Plastic <1 4 2
M~x6 Socket Head Cap Screw Il Stock <1 4 1
M3x10 Socket Head Cap Screw 8 Stock 1 10 10
M3x20 Socket Head Cap Screw 14 Stock 2 4 8
M3x12 Socket Head CSK Cap Screw 17 Stock 1 2 2
M2 Washer 10 Stock <1 4 <1
M3 Washer 7 Stock <1 8 1
M3 Nut 9 Stock <1 10 4

Main Electronics Unit (index numbers refer ta drawing SCII-A07-A-)

Support Bracket 1 Lexan 293 1 293
A,MC 12A8E PWM Servo Amplifier 2 Stock 284 4 1136
Metrican 56800 3.5x6xlO 3 Plastic <1 14 7
Adastra VNS-486 PC Board 4 Stock 397 1 397
Aromat LMI0-250 Controller 5 Stock 182 2 364

Table 0.3: SCOUT II parts list: 3015. tDrawings cau be lound in Appendix A.)
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Part Name Index Material Item Qty Total
Number Mass Mass

[g] [g)

Main Electronics Unit - con't (index numbers refer ta drawing SCII-A07-A*)

Gyroscope ADIO Board 2 Stock 13 2 26
SPPjSPI Board 14 Stock 81 2 1fi2
Servo Amp DAIO Board 15 Stock 13 4 52
M3x20 Socket Head CSK Cap Screw 16 Stock 2 6 12
M4x12 Socket Head Cap Screw 9 Stock 2 8 1fi
M4x20 Socket Head Cap Screw 6 Stock 3 8 24
#10x5/8" Socket Head Cap Screw Il Stock 4 4 16
M4 Washer 8 Stock <1 8 3
#10 Washer 10 Stock 1 4 4
M4 Nut 7 Stock 1 16 16
#10 Nut 12 Stock 1 4 4

Side Electronics Unit (index numbers refer to drawing SCII-A09-A*)

Support Bracket 1 Lexan 135 2 270
HCTL for Motor Encoders 2 Stock 13 4 52
ADIO for Leg Potentimeters 4 Stock 13 4 52
A.DIO for Current 5 Stock 13 4 52
ADIO for Lasers 6 Stock 13 2 26
Digital In 8 Stock 18 1 18
RCIO for Servas 9 Stock 18 2 36
WatchdogjDigital Out 10 Stock 18 1 18

Leg Unit (index numbers refer to drawing SCII-A02-A*)

Upper Leg 1 AI-fi061-T6 110 4 440
Spring Bracket 3 Al-fi06l-Tfi la 8 80
Spring Support 6 AI-fi061-T6 17 4 68
Leg Cap 8 AI-606l-T6 14 4 56
Lower Leg 9 Steel 328 4 1312
Foot 10 Al-606l-T6 38 4 152
Potentiometer Bushing 12 Steel 2 8 16
Potentiometer Shaft 13 Steel 3 4 12
Potentiometer Clamp 23 Al-606l-T6 4 8 32
Metrican 17420 M4x:15x6 Screw Eye 4 Stock 3 16 48
Latex Rubber Spring 5 Latex 15 8 120

Table 0.4: SCOUT II parts 1ist: 4 of5. rDrawings can be found in Appenclix A.)
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Part Name Index Material Item Qty Total
Number Mass Mass

[g] [g]

Leg Unit - con't (index numbers refer to drawing SCII-A02-A·)

Garlock 16DU08 Bushing 2 Stock 15 8 120
SPAE-NAUR 600-055 Clamp ï Stock 88 8 ï04
Midori LP-100FP Potentiometer Il Al-6061-T6 35 4 140
Rubber BalI 21 Rubber 59 4 236
Aurora CW-M3 Rod End 24 Stock 9 4 36
M4x12 Socket Head Cap Screw 16 Stock 2 16 64
M5x16 Socket Head Cap Screw 19 Stock 4 4 16
M3x3 Set Screw 20 Stock <1 16 2
fjJ3mm Retaining Ring 22 Stock <1 8 <1
M3 Washer 14 Stock <1 8 1
M4 Washer 15 Stock <1 32 10
lV15 Washer 18 Stock <1 4 2
M4 Nut 17 Stock <1 16 12

Main Body (index numbers refer to drawing SCII-A01-A-)

Body Shaft 2 Al-6061-T6 81 4 324
Body Bracket 15 AI-6061-T6 19 8 152
Power Board Bracket 8 AI-G06l-T6 155 1 155
RF Bracket 20 Lexan 54 1 54
Power Board 9 Stock 780 1 780
RF Unit 14 Stock 41 1 41
lVI3x30 Socket Head Cap Screw 12 Stock 2 4 8
lVI4..x10 Socket Head Cap Screw 7 Stock 2 4 8
M4x16 Socket Head Cap Screw 5 Stock 3 16 48
M5x30 Socket Head Cap Screw 17 Stock 6 8 48
M3 Washer 10 Stock <1 4 <1
M4 Washer 4 Stock <1 20 6
M5 Washer 16 Stock <1 8 4
M3 Nut Il Stock <1 4 1
M4Nut 19 Stock <1 16 12
M5Nut 18 Stock <1 8 4
Metrican 56800 3.5x6x10 Spacer 21 Plastic <1 4 1

Wiring and Cabling: ~500

Total SCOUT fi mass: 23.77 kg

Table 0.5: SCOUT II parts list: 5 of5. (*Drawings can be found in Appendix A.)
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•

Assembly Name Drawing Unit Masst Qty Total Masst

Number· [kg] [kg]

Leg Sub-Assembly SCII-A02-A 0.920 4 3.679

Side Electronics Sub-Assembly SCII-A09-A 0.262 2 0.524

~[ain Electronics Sub-Assembly SCII-A07-A 2.532 1 2.532

Laser Sub-Assembly SCII-A05-A 0.499 2 0.998

Camera Sub-Assembly SCII-A06-A 0.447 1 0.447

Transmission Sub-Assembly SCII-A08-A 1.755 4 7.020

Front Hip Sub-Assembly SCII-A03-A 9.580 1 9.580
(ine!. camera and laser units)

Rear Hip Sub-Assembly SCII-A04-A 8.990 1 8.990
(ine!. laser unit)

Scout II Assembly SCII-A01-A 23.271 1 23.271

Table D.6: SCOUT II sub-assembly mass. t'Drawings refered to cau be found in

Appenclix A. t Mass does not iDclude wiring and cabling.)
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•

Item QTY Material Machining
Costs($) Costs

Unit Total Time Cost-($)

LVIaxon 118777 Motor 4 US 182.60 US 730.40 NIA NIA
Maxon 110404 Gearhead 4 US 257.00 US 1028.00 NIA NjA
HP HEDS 5540 Encoder 4 US 81.45 US 325.80 NIA NjA
Gearhead Sleeve 4 + + 5hrs 150
Motor Spacer 4 t t 6hrs 180
Motor Bracket 4 t t 11hrs 330
Leg Bracket 4 t t 8hrs 240
Leg Shaft 4 t + 13hrs 390
SDP A6R25M070150 Belt 4 US 12.45 US 49.80 NjA NjA
SDP A6A25M048NF1215 Pulley 4 US 21.97 US 87.88 12hrs 360
SDP A6A25M034DF1508 Pulley 4 US 15.40 US 61.60 9hrs 270
Garlock F~IB1209DU Bushing 8 3.27 26.16 NIA NjA
Garlock WC10DU Thrust Bushing 4 2.16 8.64 NIA NjA
Front Hip Bracket 4 t t 3hrs 90
Rear Hip Bracket 4 t t 3hrs 90
Angle Bracket 16 t t 11hrs 330
Battery Bracket 4 t t 3hrs 90
Battery Guide 8 t t 1hr 30
Laser1Camera Shield 5 t t 2hrs 60
LaserjCamera Shield Bracket 10 t t 2hrs 60
Battery 2 21.60 43.20 NIA NjA
Main Laser Bracket 2 t t 7hrs 210
Laser Servo Bracket 2 t t 3hrs 90
Laser Bracket 2 t t 14hrs 420
Laser Bushing 2 ~O ~O 2hrs 60
Laser Support 2 ~O ~O 2hrs 60
Aromat LMIO-250 Laser Sensor 2 2754.00 5508.00 NIA NjA
Futaba S3003 Serva 4 17.00 68.00 NIA NjA
Main Camera Bracket 1 t t 2hrs 30
Camera Servo Bracket 1 t t 1hr 30
Camera Bracket 1 t t 5hrs 150
Camera ServojServo Bracket 1 t t 4hrs 120
Camera 1 ~50.00 ~50.00 NIA NjA

Table E.l: SCOUT Il costs dated July 1998: 1 of 4. (Exchange rate: 1 US$ =
1.5 C ANS. Canadian duties on imparts and taxes not încluded. N/ A: Not &>plicable.

*Machining costs $30/br. tAl-6061-T6 material costs inc1uded as a whole. tSteel

material costs included as a whole.)
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•

Item QTY Material Machining
Costs($) Costs

Unit
1

Total Time Cost*($)

Camera Transmitter 1 ~30.00 ~30.00 NIA NIA
Main Electronics Support Bracket 1 10.00 10.00 2hrs 60
AwlC 12A8E P\V~l Servo Amplifier 4 375.00 1500.00 NIA NIA
Adastra VNS-486 PC Board 1 US 985.00 US 985.00 NIA NIA
Side Electronics Support Bracket 2 5.00 10.00 0.5hrs 15
SPPISPI Board 2 206.45 412.90 NIA NIA
ADIO Board 12 104.74 1256.88 NIA NIA
HCTL Board 4 43.26 173.04 NIA NIA

1

DAIO Board 4 97.37 389.48 NIA NIA
RCIO Board 2 60.21 120.42 NIA NIA
Digital In Board 1 60.21 60.21 NIA NIA
Digital Out/Watchdog Board 1 60.21 60.21 NIA NIA
Upper Leg 4 t t 20hrs 600
Spring Bracket 8 t t 7hrs 210
Spring Support 4 t t 4hrs 120
Leg Cap 4 t t 4hrs 120
Lower Leg 4 t t 7hrs 210
Foot 4 t t 4hrs 120
Potentiometer Bushing 8 t t 4hrs 120
Potentiometer Shaft 4 t t 3hrs 90
Potentiometer Clamp 8 t t 4hrs 120
Primeline 211BA Latex Tubing 8 7.53 60.20 NIA NIA
Garlock 16DU08 Bushing 8 3.99 31.92 NIA NIA
SPAE-NAUR 600-055 Clamp 8 12.60 100.80 NIA NIA
Midori LP-100FP Potentiometer 4 134.00 536.00 NIA NIA
Rubber BalI 4 2.00 8.00 1hr 30
Aurora CW-M3 Rod End 4 42.97 171.88 NIA NIA
Body Shaft 4 t t 2hrs 60
Body Bracket 8 t t lOhrs 300
Power Board Bracket 1 t t 1hr 30
RF Bracket 1 3.00 3.00 0.5hrs 15
Power Board 1 300.00 300.00 NIA NIA
RF Units 2 375.60 751.20 NIA NIA

Table E.2: SCOUT II costs dated July 1998: 2 of 4. (Excbange rate: 1 USS =

1.5 C ANS. Canadian duties on imparts and taxes not încluded. N/ A: Not &>pücable.

*Machining costs $30jhr. tAl-6061-T6 material costs inc1uded as a whole. t8teel

material costs included as a wbole.)
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•

Item QTY Material Machining
Costs($) Costs

Unit Total Time Cost*($)

Metrican 17420 M4x15x6 Screw Eye 16 0.32 5.12 NIA NIA
Metrican 56800 3.5x6x5 2 0.15 0.30 NIA NIA
~letrican 56800 3.5x6x10 22 0.18 3.96 NIA. NIA
M2x5 Socket Head Cap Screw 4 0.05 0.20 NIA NIA
M2x6 Socket Head Cap Screw 4 0.05 0.20 NIA NIA
M2xl0 Socket Head Cap Screw 36 0.05 1.80 NIA NIA
M2 Washer 44 0.01 0.44 NIA NIA
M2 Nut 36 0.01 0.36 NIA NIA
M3xl0 Socket Head Cap Screw 36 0.07 2.52 NIA NIA
M3x20 Socket Head Cap Screw 4 0.07 0.28 NIA NIA
M3x30 Socket Head Cap Screw 4 0.07 0.28 NIA NIA
M3x12 Socket Head CSK Cap Screw 2 0.06 0.12 NIA NIA
M3x20 Socket Head CSK Cap Screw 6 0.06 0.36 NIA NIA
M3x3 Set Screw 16 0.19 3.04 NIA NIA
M3 Washer 40 0.01 0.40 NIA NIA
M3 Nut 26 0.01 0.26 NIA NIA
M4x20 Hexagonal Cap Screw 16 0.11 1.76 NIA NIA
M4x10 Socket Head Cap Screw 28 0.08 2.24 NIA NIA
M4x12 Socket Head Cap Screw 24 0.06 1.44 NIA NIA
M4x16 Socket Head Cap Screw 28 0.07 1.96 NIA. NIA
M4x20 Socket Head Cap Screw 8 0.07 0.56 NIA NIA
M4x14 Socket Head CSK Cap Screw 32 0.07 2.24 NIA NIA
M4x16 Socket Head CSK Cap Screw 16 0.07 1.12 NIA NIA
M4x8 Set Scre,v 8 0.06 0.48 NIA NIA
M4 Washer 140 0.02 2.80 NIA NIA
h1I4 Split Washer 16 0.02 0.32 NIA NIA
M4Nut 104 0.02 2.08 NIA NIA
M5x16 Socket Head Cap Screw 24 0.14 3.36 NIA NIA
M5x30 Socket Head Cap Screw 8 0.20 1.60 NIA NIA
M5 Washer 32 0.05 1.60 NIA N/·~
M5 Nut 8 0.02 0.16 NIA NIA
M6x12 Socket Head Cap Screw 4 0.15 0.60 NIA NIA
M6x12 Set Screw 8 0.10 0.80 NIA NIA

Table E.3: SCOUT II costs dated July 1998: 3 of 4. (Exchange rate: 1 US$ =

1.5 C ANS. Canadian duties on imports and taxes Dot included. N/ A: Not Applicable.

•Macbining costs $30fhr. tAl-6061-T6 material costs included as a whole. fSteel

material costs included as a whole.)
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Item QTY Material Machining
Costs($) Costs

Unit Total Time Cost*($)

~I6 Washer 4 0.04 0.16 NIA NIA
#lOx5/8" Socket Head Cap Screw 4 0.07 0.28 NIA NIA
#10 Washer 4 0.01 0.04 NIA NIA
#10 Nut 4 0.01 0.04 NIA NIA
4>3mm Retaining Ring 8 0.04 0.32 NIA. NIA
Al-6061-T6 Assorted Stock 1 ~200.00 ~200.00 NIA NIA
SteeL Assorted Stock 1 ~50.00 ~50.00 NIA NIA
Wiring and Cabling 1 :::::50.00 :::::50.00 NIA NIA

Total 16 938.46 8490.00

1 Total SCOUT II cast 1 ~ $25 428.46 1

Table E.4: SCOUT II costs dated July 1998: 4 of 4. (Exchange rate: 1 US$ =
1.5 C AN$. Canadian duties on imports and taxes not included. N/A: Not $plicable.

•Alachining costs $30/br. tAl-6D61-T6 material costs included as a whole. tSteel

material costs included as a whole.)
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Figure F_1: Maxon 90W motor data sheet, fcom [37J.
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Figure F.2: Maxon planetary gearbead data sbeet, From [37J.
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