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Abstract

The Ambulatory Robotics Laboratory (ARL) bas been pursuing an agenda of developing

low cost, simple legged robots, with the bopes of increasing the usefulness of legged

robots by reducing their price and increasing their reliability. Currently, ARL is

developing the Scout class of robots. These are electrically powered quadruped robots

with only one actuated degree of freedom per leg. Previous work with these robots

developed bounding gaits, in which the front and back legs operate together as pairs. The

topic of tbis research is to design and implement trotting gaits by using a passive knee. A

passive lenee has no motor, but relies on natura! dynamics and the dyoamic coupling with

the upper leg for lenee angle control. A trot is a walking gait in which the diagonal legs

operate together as pairs. In tbis research, a new passive lenee is designed and bullt. It is

interfaced with Scout II, the larger of the two Scout robots at ARL. Models of it are

developed and simulations are performed to develop and verify walking controllers.

Experiments are performed and two types of trotting gaits are successfully achieved.
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Résumé

À l'ARL (Ambulatory Robotics Laboratory), notre but est le dévelopement de

plateformes robotiques qui se caractérisent par un mécanisme simple et un faible coût,

avec l'espoir d'augmenter leur utilité, tout en reduisant leur prix et augmentant leur

fiabilité. Présentement, r ARL est entrain de développer la série de robots Scout. Ces

derniers sont des robots quadrupèdes actionnés par l'énérgie électrique, et ayant un seul

degré de liberté par jambe. Des travaux antécédants ont porté sur la réalisation d'une

démarche où les paires de jambes antérieures et postérieures fonctionnent ensemble. Le

sujet de cette thèse porte sur la conception et la mise en œuvre d'une démarche au trot, en

utilisant des genoux passifs. Un genou passü n'a pas de moteur, mais dépend du

dynamisme naturel ainsi que de l'interaction avec la jambe supérieure pour le contrôle de

l'orientation du genou. Un trot est une démarche durant laquelle les jambes diagonales

fonctionnent paraIèllement. Pour cette recherche, un nouveau genou passif est conçu, et

monté sur Scout II, qui est le plus grand des deux modèles de robots Scout à l'ARL. Un

modèle semblable fut dévelopé et simulé sur logiciel, afin de vérifier les différentes

stratégies de marche. Des expériences sont implementées et deux sortes de trot sont

accomplies avec succès.
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Chapter 1 Introduction

1.1 Background

The field of mobile robotics has reacbed a maturity that bas resulted in an increased

number ofapplications. Sorne curreot uses include surveillance of bazardous or

dangerous environments sucb as volcanoes or chemical accident sites, delivery tasks in

bospitals or factones, minefieId clearance" or bomb disposai. The majority of these

devices are wheeled or traeked. Tbeir inherent static stability bas made them an

attractive first step for practical applications. However" wheels and tracks have

limitations when it comes to negotiating uneven terrain or climbing stairs. Biology has

shawn tbat legs are an excellent means of traversing varied envrronments. Consequently"

many researchers, including the members of the Ambulatory Rohatics Laboratory (ARL)

of McGill University, have been investigating legged robotic locomotion.

The previous work al ARL bas been ta develop quadrupedal robots with limited

mechanical complexity to reduce their cost and their weight, to decrease their power

consumption, and to increase their reliability. Thus far, two robots have successfully

been built. 80th ofthese robots have only one actuated degree offreedom (DOf) per

leg, and one of them bas an additional passive tinear prismatic joint in each leg. The

focus of the current research has been to modify the existing legs to permit the study of

different gaits than were previously possible, but under the same philosophy of low cast,

low mechanical complexity, and reduced power consumption.

This chapter is organized as follows. Section 1.2 reviews sorne of the previous work

done at ARL. The motivation for the current work is discussed in Section 1.3, and the

author's contnoutions are outlined in Section 1.4. Finally, the organization of the thesis

is presented in Section 1.5.

1
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1.2 Previous Work at ARL

ARL bas been studying legged locomotion for many years. Some of its initial work

involved the design of a ligbtweight compliant robotic leg called CARL (Compliant

Articulated Robot Leg) with a unique knee actuation system involving a novel

ligbtweight transmission called LADD (Linear to Angular Displacement Deviee)

[31 J[32] (Figure L.l).

2

Figure 1.1 - CARL • Compliant Articulated Robot Leg [31]

lnspired by Raiben's work in hydraulically and/or pneumatically actuated, dynamically

stable legged robots [39], ARL aIso investigated the energetics in two different single

legged hopping robots, the Monopod 1and Monopod II (Figure 1.2 and Figure 1.3). The

Monopod l was electrically actuated, and achieved running speeds up ta 1.2 mis with an

average power consumption of 125 W [21], which at the time was extremely energy

efficient as compared to other legged robots. The Monopod 1used a spring in the leg, but

bad no eompliance in the hip. The Monopod n added compliance in the hip joint which

reduced its average power consumption to 48 Wat a speed of 1.25 mis [1], which at the

time held the record for the highest efficiency among aIl published legged robots.

The experimentaI part of the current research was performed on ARL's Scout cIass of

robots.. These are electrically actuated quadruped robots that were designed under a

philosophy ofcomplete autonomy and reduced mechanicaI complexity. The tirst
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prototype of this class was Scout 1(Figure 1.4). This robot bas only one actuated degree

of freedom per leg, and the legs are rigid sticks. In addition, the robot bas limited

sensing, measuring ooly the leg angle with respect to the body, and using two touchdown

sensors to detect when the front and back legs are on the ground or in the air. Despite the

Figure 1.2 • ARL Mooopod 1[4] Figure 1.3 • ARL Monopod n [4]

Fipre 1.4 • Scout 1[44]

simple sensing and limited actuation. the robot successfully waIks, tums, sits down, and

can climb a step with a height of45% of its leg length [14][15][44]. The robot walks

using a bound type gait. Figure 1.5 shows the bound gait for the rigid leg case. It can he

seen that the front legs operate together as a pair, and the rear legs do the same. In the

figure, the robot is moving from left ta right, and individual frames of the motion are

presented. The motion involves sweeping the legs asynchronously in such a way as to
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rock the body back and forth. As the body rocks up on the front legs~ the rear legs swing

forward, using the higher height of the rear of the robot ta clear its rear toes. A similar

effect is achieved with the front legs when the robot rocks back on the rear legs~ though it

is possible to achieve this type ofbound motion with no front leg swinging at all.

.1l..1l.1l...n...nit
Figure 1.5 • General bound pit for Scout class of robots (stilT.leg)

Using the lessons learned with the single legged Monopod l and Monopod n~ ARL made

a second Scout robott Scout II (Figure L6)~ tbat had an additional prismatic leg joint

connected to the hips with springs [8]. This leg compliance permits an additional flight

phase during bounding, which enables it to move forward more quickly - the difference is

the same as that between human walking and running. Scout II can aIso he operated in

the rigid leg mode (tbat ofScout 1) by using simple leg clamps ta lock the prismatic joint.

Figure 1.6 • Scout n[17]

1.3 Motivation

This research involved putting knees onto the Scout II robot at ARL and investigating

new walking behaviours. This section will explain the motivation for putting knees on
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the robot by examining sorne previous work by various researchers. Prior to tbis, it is

important to descnèe the new gait studied for this research. the trot. Figure 1.7 shows a

gait diagram for the trot. During this gait, the diagonal legs are used in pairs. One pair

operates as the support legs while the others swing forward. The motion that the legs of a

biped follow is similar to the front pair or the back pair of legs ofa trotting quadruped. It

can he seen tbat the swing legs' toes would bit the ground were it not for the hending at

the lenee. Consequently, it can he seen that knees are critical for quadruped trotting.

Figure 1.7 • General Trot Gait

1.3.1 Biological Motivation

At fml glance, quadruped walking with knees appears to he a difficult task. At the very

least, each leg has 2 joints to controL the hip and the lenee, and these motions must both

he coordinated with the other legs ta produee effective and stable walking. However,

Alexander reviewed severa! models ofhuman movement andconeluded tbat:

"The realization tbat waIking may he inherently stable makes the problem of

neuromuscular coordination presented by walking seem mueh less formidable

tban physialogists bad supposed it ta be."[2]

Furthermore, Machon and McMahon state that by using an electramyograpb, it ean he

shown that the muscles of the swing Ieg ofa wallcing human are not used signifieantly

during waJking [34], whieh shows that the motion the swing legs follow is a natura! ane.

This assertion is supported by Goswami et al. where they elaim that the hypothesis that a

majority ofthe swing state afhuman bipedallocomotion is passive is supported in the

Iiterature [20]. Renee, with minimal hip actuatio~ the swing leg can mave from hehind
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the person to the front of the person, while bending the knee enough to prevent toe

stubbing? expending almast no muscle energy until impact. This hints at one of the major

points of this research which is to design a lenee that bas no motor, referred to as a

passive knee. The motivation for using a passive lenee is discussed in more detail in

Section 2.3.1, but suffice it ta say that a knee without a motor is lighter in weight and

simpler in complexity than a lenee that does use a motor. If it can he shawn that it is

possible to effectively control an unactuated lenee, then the savings in weight and

complexity may make it a very attractive pos5ibility for mobile, autonomous, legged

robots.

1.3.2 Passive Kneed Walking

Several researchers have investigated robotic walking with passive lenees. The seminal

work in this area is McGeer's gravitYpowered biped [29]. In bis initial work, he

experimented with a rigid leg biped that had a powered foot retraction method to avoid

toe stubbing (Figure 1.8). Each leg had two widely spaced ground contact points to

Figure 1.8 - McGeers pYity powered. walter (no kaees) [29]

provide lateraI stability and to keep the motion ooly in the saggittal plane. Under the right

initial conditions, this machine would reach a stable wa1king cycle while waIking down a

slight decline. He did a parametric study to determine the effects of5uch parameters as

the foot radius, the Ieg inertias and locations ofthe centres of mass, the mass of the hip?

and athers. In this initial work, he a1so demonstraled in simulation that a similar stable
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cycle (thaugh with a slower period) could he acbieved by using passive knees instead of

the actuated foot retraetion device of the original biped. He followed up this work with a

study that examined the passive knee problem specifically [30]. In this study~ he

simulated a passive kneed biped system as a system of dynamical equations~ and he

tested for stability and toe clearance for a variety of initial conditions. He showed that

the system does indeed reach a stable cycle~ and in additian~ he showed tbat the system is

somewhat robust ta perturbations. His work was a key motivation for the current

research: knawing that machines could walk down slopes powered ooly by gravity using

passive knees ta clear the ground~ would it not he possible ta attach passive knees ta an

existing actuated quadruped robot and control it to walk on level ground?

Jerry and Gill Pratt used a similar concept in the design and control oftheir Spring

Flamingo biPed robot [38] (Figure 1.9). In their case~ all the joints were actuated~ but the

hip and the knee joint took advantage of the naturaI dynamics of a walking cycle ta

significantly reduce the power consumption by these actuators and ta dramatically

simplify the control aIgorithms. Their controller did not specify the forward velocity~ but

they found that their robot did seule ioto the same velocity in every experiment~ the result

of the naturaI cycle frequency of the system. In other words~ the system was self

stabilizing, much as McGeer had predicted.

figure 1.9-SPI'ÎDI FlaDlingo [38]
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Garci~ Chatterjee~ and Ruina built a prototype of McGeert s passive kneed walking

model and performed experiments on it [18]. They showed that at Iow speeds~ there exist

two different waIking cycles~ a short-step cycle and a long-step cycle~ and they

determined a relation between the energy loss at each step and the velocity of the robot.

They confll1Iled many ofMcGeer~s predictions from bis passive kneed waIking mode!.

Espiaut Guigest and Pissard-Gibollet developed a single [eg with a compliant passive

knee [17]. Their lenee had no actuatort but it did have a spring-damper to assist in

straightening the leg during the swing phase. Altbough their research was intended to

improve human [eg orthoses ("knee-pOO" devices which assist people to walk as a

rehabilitation device following operations)~ their work does show tbat passive dynamicaI

[eg systems can indeed achieve stable waIking cycles.

1.3.3 Passive Dynamics

[n addition to studying legged robots with lenees. there bas been considerable research

iota the more general study ofcontrolling underactuated systems. Arai and Tachi

performed a detailed dynamical analysis ofgeneral underactuated systems with a certain

number of active and passive joints [6]. They considered tbe situation where sorne of the

passive joints have holding brakes. They developed the general system equations and

proved tbat in order for tbe system to he controllable~ the number of passive joints must

he (ess than or equal to the number ofactuated joints. For the case where all the passive

joints have holding brakes~ they developed a two-part controller in which they frrst

control the desired angle of the passive joints through the dynamic coupling with the

active jointst at which point these joints are locked. Theo, they position all the active

joints to their desired angles. They tested their controller with a two degree of freedom

manipulator with one active joint and one passive joint with a holding brake in [7], and

achieved repeatable, precise~ point-to-point control (Figure l.10).
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Figure 1.10 - Ani and Tacbi's underactuated manipulator [7]

Berge~, Lee, and Xu defined adynamie coupling index to help determine which

active and passive joint configurations are controllable [9], and they proposed a way to

use tms index to assist in the design, analysis, and control of underactuated systems.

They aIso used their analysis to design a robust controller which tbey successfully tested

experimentally [10]. Finally, Bergerman and Xu used their dynamic coupling index to

optimize the control sequence for underactuated systems with more than 2 joints, and

tbey tested their controller with a tbree DOF manipulator with only one actuator [Il].

Furthermore, they studied in detail the issue ofcontrolling actuators with more passive

joints tban active joints in [12] (Figure 1.11). Please note tbat this is not contrary to

Araï's conclusion that for controllability, the number ofpassive joints must he less than

or equal to the number of active joints. In this case, all but one of the passive joints were

locked while the remaining one was controlled to its setpoint, at which point it was

locked and the sequence continued. Their control algorithm used the dynamic coupling

index to determine the quickest way to bring alljoints to their setpoints (ie: the order in

wbich to control the passive joints).

Figure 1.11-Bergerman and XIa's underactuated manipulator lU]



CHAPTER 1 -INTRODUCTION 10

Shin and Lee developed a control strategy for underactuated systems in which the passive

joints do not have a braking mechanism [42]. They explained how in their syste~

dynamic singularities exist which must he avoided in the trajectory planning of the

passive jointes).

1.4 Author's Contribution

The author's contributions come trom the design and control of passive kneed legs that

were used on the Scout II quadruped robot to achieve various walking gaits. The explicit

contributions are the following:

• Modeling and simulation ofa single leg and the complete quadruped robot in

Matlab™ and Working Model™ respectively.

• Design and coordination ofconstruction of the unactuated kneesy including the

locking mechanisms.

• Design and construction of locking mechanism electronics.

• Integration ofImee hardware and electronics onto existing Scout II platform.

• Design and testing ofcontrol algorithms in simulation and in experiment for two

walking (trotting) controllers.

• Experimental implementation of two trotting controllers.

1.5 Organization of Thesis

The thesis is organized as follows. Chapter 2 descn"bes the mechanical and electrical

design of the passive knee, including an overview ofthe mechanical and electrical

systems ofScout il with which it had to interface.. Chapter 3 outlines the models used to

analyze and simulate the waIking behavioury and descn'bes the controllers that were

developed. In addition, the results of the trotting simulations are presented. Chapter 4

descnëes the experimental results of passive kneed trotting with Scout I1y and Chapter 5

provides the conclusions and suggestions for future wodc.



Chapter 2 Mechanical and Electrical
Design

2.1 Overview

As descnbed in Chapter l, the ultimate goal of tbis research was to implement trotting

gaits on the Scout n robot at ARL. Ta achieve this, a robotic lenee had to he added to the

Scout fi platform, which involved designing it 50 that it interfaced with the existing

mechanical, electrical. and signal input/output architectures of the robot. Furthermore,

analytical. simulation. and experimental studies were done to determine how to use the

entire system to achieve the trot gaits. This chapter is organized as follows: frrst, Section

2.2 describes the existing Scout II platform with reference to the existing mechanicaI,

electrical, and signal input/output architectures which affected the overall design; second,

in Section 2.3, the task is clarified in generaI terms descn"bing the minimum

specifications which the overall design had to satisfy, as weIl as sorne additional features

which were added to increase the total behaviours tbat the knee and the robot could

achieve; in Section 2.4, various potential knee locking designs are explored; Section 2.5

descn"bes the overall mechanical design9 including sorne stress analyses; fmally, Section

2.6 introduces the electrical design.

2.2 The Scout n platform

Prior to this researc~ the Ambulatory Robotics Laboratory (ARL) had developed the

Scout II robot. This robot is a quadruped with ooly one actuated degree of freedom per

leg. Chapter 1describes the two modes ofoperation oftbis robot, rigid and compliant.

The goal ofdesigning the robotie knee used in this research was to involve no major

changes ta the existing robot. IdeallYt the Imee and assoeiated lower leg could simply he

mounted onto the bottom of the exisiting legs in its rigid leg mode, and the existing

electrical (bath power and control) systems could he used with the only changes being in

Il
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software. This section will present these existing mechanical and electrical feamres. A

more in depth explanation of all ofthese detaiIs can he found in [8].

2.2.1 Mechanical Specifications of Scout n Without Knees

Figure 2.1 shows the Scout II robot in its compliant leg mode without knees, Table 2.1

shows its mechanical properties, and Figure 2.2 shows its dimensions. Where

appropriate, these values were used in the simulations and analyses ofChapter 3 and they

were used to determine the loading requirements of the knee in Section 2.5.2.

Of particular interest for interfacing the knee with the existing Scout II platform is the leg

geometry, particularly at the foot. The legs ofScout II are made of 1tt outer diameter

stock thin waIled steel tube. Figure 2.3 shows an exploded view of the Scout II leg.

Figure 1.1 • Scout n top view and 1sGmetric viewas rendered in ProEngineernl [8][36]

2.2.2 Electrical Specifications of Scout n
Scout n, in aIl its configurations, operates as an autonomous mobile robot. It uses

electric actuators, it bas an on-board computer, many sensors, and a communications

system tbat enables the software to interpret sensor data and to apply control torques ta

the actuators. In addition, it bas wireless network capability which enables it to

communicate with user-Ievel protocols for teleoperation. AlI of these systems are
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Body length 837.0 mm
Bodybeight 126.0 mm
Front bip width 498.0 mm
Rear hip width 413.0 mm
Hip-to-hip width 552.0 mm
Total mass 23.77 kg
Body mass 20.09 kg
Body inertia rpitch axis 1.091 kg·m2

(about body centre) 1 roll axis 0.161 kg·af
Centre of mass location 14.1 mm (in front)
(from body centre) 2.4 mm (to the rigbt)

3.1 mm (below)
Leg Ien2tb 255.9-457.3 mm
Leg mass 0.920 kg
Leg inertia (about hip) Leg length Inertia

(mm) (g·mm2
)

255.9 12.94
275.0 14.27
294.1 16.26
313.2 18.90
332.3 22.19

Table 2.1 • Mecbanica1 specifications ofScout nwitbout kDees [8] (mer to Figure 2.2)

powered with on-board batteries. Important considerations in the design of the robotic

knee were the available electric power, sensor input ports ta the computer, and control

signal output ports frOID the computer.

14

Scout n uses a variety ofsensors to determine information about itself and ils

surroundings. Among them are optical encoders to measure the leg angles with respect

to the body, laser range finders to measure the rohat's height above the ground, linear

potentiometers to measure the leg lerigtb and hence the spring deflection in the legs

during its compliant legs mode, hall effect sensors to home the encoders, and gyroscopes

to determine the robot's pitch and roll. In addition, there are four servo-amplifiers tbat

receive control inputs from the computer ta provide the corrent (and hence the torque) of

the electric actuators. Fmally, the laser range finders are mounted on small Re servo

motors ta keep the lasers pointed straight down (using information from the gyroscopes),

1 ., or ta scan the terrain in its rorward path.
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The sensors and the motor output signais communicate with Scout lIts on-board

computer using the Standard Parallel Port/Seriai Peripheral Interface (SPPSpn system

developed at ARL. One SPPSPI permits up to 8 inputs and 8 outputs which interface

with the computer through one bi-directional parallel port. Each input and output

connects to a separate module which converts the seosor or the desired output signal to

the seriai signal used by the SPPSPI. The following modules are used on board Scout II:

• ADlO: Analog ta Digital Input Output - each module has 12 bits ofresolution

• DAIO: Digital to Analog Input Output - used to send an analog output voltage

signal to the servo amplifiers

• RCIO: RlC servo Input Output - used to drive the RlC servo motors, or as 8

digital output signais, or as a watchdog for motor enabling

• HCTL: Encoder input module for measuring leg angle with respect to the body

• DIN: Digital INput - can read up to 10 digital inputs

The on-board computer has two parallel ports, and cansequently, two SPPSPI systems

are used, far a total of 16 inputs and 16 outputs. Table 2.2 shows a summary of the

inputs and outputs used on the two SPPSPI systems ofScout ll. It shows that 13 of 16

available inputs are used, and 7 of 16 outputs are used.

Module Function Quantity
Inputs ADIO Leg Potentiometers 4

Lasers 2 8
Gyroscopes 2 13

HCTL Encoders 4 4
DIN Hall effect sensors 1 1

Outputs DAIO Servo amplifiers 4 4
ReIO Servo motors 2 2 7
DOUT Watchdog l 1

Table 2.1- Input and Output signais OB Scout D without knee [8]

FmaIlY9 it shouId he noted that the batteries provide 24 Volts to the syste~ and a power

distribution board was built which has outputs of249 129 and 5 Volts.
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2.3 Task Clarification

17

The goal of the current research is to develop the hardware~ electronics~ and control

software to make the Scout II robot exhtbit trotting gaits~ and to provide a novel legged

system for which future work can explore different behaviours. To achieve this, a knee

was needed. As with biological systems~ the mee is used primarily for toe clearance

during the swing phase ofa waJking cycle. In the case ofa quadruped~ tbis is especially

necessary for a trot gait~ in which the legs operate in diagonal pairs (Section 1.3). In tbis

section~ the basic requirements that motivated the final design of the knee are diseussed,

and the torque requirements of the locked knee are explained.

2.3.1 Basic Requirements of Knee

The primary funetions of a knee are to relate through a minimum angle as to he useful

during the swing phase, but to lock in the straight or the near straight-leg configuration

for the support phase of a walking cycle. Therefore, the minimum requirements of the

robotic mee are tbat it he a revolute joint with a certain angular range~ and tbat it lock in

at least one position, the straight-Ieg configuration. Furthermore, it is required that if

external power is required for the knee tbat it he electric power. The use ofhydraulics or

pneumaties would not interface with the existing Scout II architecture.

The fact that Scout II is a mobile and autonomous robot aIso imposed certain restrictions

on the design of the knee. Maximizing the operational time ofa single battery charge is

very important. Ta do tbis, the amount ofelectrical current drawn by the knee must he

minimized. Furthermore, the battery power required to move the entire rabotic system is

reduced as the overall weight of the robot is decreased. Consequently, reducing the

weight of the mee was important- Table 2.1 shows that Scout fi's Ieg mass (without

lenees) is 0.92 kg. It was decided to set an upper bound on the locking mechanism's mass

to 1.0 kg, in order to keep the locking mecbanism in line with the rest of the sile of the

robot
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For these reasons, it was decided to investigate using a passive lenee - that is, a lenee with

no actuator. Previous research outlined in the introduction to tbis thesis showed that it is

possible to control two robatic joints with one actuator (Section L3.3). Furthermore, it

was aIso shown that the angular trajectory cycles that the hip and the lenee follow during

a typical trot gait are naturaI motions that involve very üttle (if any) knee actuation.

Finally, since a passive Ienee is bath lighter and draws significantly less electrical current

than a motor, it was decided to design the system with a passive lenee.

Bergerman et aL [9] defined a coupling index that is a quantitative measure of the effect

the dynamics ofthe active joints in a system witb both passive and active joints have on

the passive joints (Section 1.3.3). In other words, tbey determined a way ta measure the

amount ofcontrollability of the passive joint. Furthermore, they showed that tbis amount

can he increased or decreased in response to changes in the geometry and mass

distributions of the system. Consequently, a requirement for the design was that the

geometry and the mass distributions of the upper and lower legs, especially the location

of the centres ofmass and the relative lengths of the upper and lower legs, could he

modified.

During a trot cycle, the knee must he locked when the leg is in the support phase. Sînce a

passive knee bas no motor which could he used as a brake or a lock, sorne sort of locking

mechanism had to he implemented in the design ofthe lenee. Preferably, the knee could

he locked at any angle througbout its range of motion, to permit the most versatility in

implementing various behaviours.

Finally, some additional functionality was desired to maximize the use of the money and

time investment put into this robot for future research. It was felt that by enabling the

knee to rotale through 360Q that more potentiaI bebaviours couId he studied. Of

particular mterest would he for the leg to he able to lock in the 1800 position and to use

its mees as feet in a rigid leg mode. By doing thist the system could dynamically he

converted from kneed to non-kneed.
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2.3.2 Torque Requirement of Knee

In order to determine the torque requirement of the knee, the worst case loarling

condition(s) had to he determined. It was assumed that the worst situation was ifooly

one of the locked legs, at some shallow angle, hit the ground while the the hip actuator

was commanding the leg ta he still. Effectively, this would represent a situation where

the upper leg was flXed, and a large impact force was put on the toe. Figure 2.4 shows a

diagram of tbis situation.

__Scout n Body

Figure 2.4 • Worst case loading condition orknee

Using the diagram as a guide, the following relation can be developed.

r = F ·L'owcos8 (2.1)

To fmd a fmal value for the holding torque requirement at the knee (t), reasonable values

have to be used in (2.1). A reasonable assumption for the shallowest angle at which the

leg strikes the grouod (9) is 30°. Please note that the torque is maximized as 9 is

minimized. Furthermore, based on the no-knee mode ofScout II operation, an upper

limit on the total leg leogth is 40 c~ which makes 20 cm a reasonable assumption for the

longest lower leg length. Finally, the impact force, F, is taken to he 2.5 times Scout U's

weight. In [8}, Robert Battaglia used 20 times the weight ofScout II as the estimate for

the worst case impact load experienced by the hip.. The Scout fi robot bas been used for

severa! months and has oot suffered any plastic deformatioos.. Consequently, it can he

concluded that Battaglia's estimate was at least sufficient~ if oot too conservative. Under

any difficult loading situation at the knee~ the beit and the transmission of the mator will

have a certain flexibility which will significantly reduce the effect of any impact load.
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Furthermore, Battaglia did not account for the rubber toes, which aIso offer sorne

protection. His reasoning was sound since bis goal for the hip design was not only to

protect against impact loads at the toe, but to proteet the whole robot in the case of a

catastrophic faIl from a certain height, such as falling down a flight of stairs. In the case

of the knee design, tbis was not an issue. As a result of these factors, and to reduce the

overall weight of the knee, this estimate was dropped to 2.5 times the weight of the robot.

The mass orthe Scout II robot is 23.77 kg (see Table 2.1), but to account for any

additional mass due to the addition of the knees and the control electronics, it is taken as

30 kg for the torque requirement calculations.

F = 2.5mg = 2.5·30 kg ·9.8 ms-2 = 735 N (2.2)

r = (735 NXO.2 m) cos(30o)= 127.4 Nm

Ta conclude, the torque requirement of the lenee is 127.4 Nm.

2.4 Knee Locking Designs

(2.3)

As descnbed in the previous section, it was critical that the knee he able to lock in at least

the straight or the near-straight leg position, and it was desired that the lenee he able to

lock in ail or many positions throughout its range of motion. This section presents

severa! alternative knee locking scenarios.

2.4.1 Mecbanical Stop

In biologicallocomotion, the knee can only lock in the straight leg configuration.

McGeer showed that it is possible to build a passive bipedal system with knees that can

waJk down a shallow slope powered ooly by gravity [29][30}. In bis model, the knee did

not have an active locking mechanis~ but bad a mecbanical stop, as in the biological

case. He showed that a simple stop couId work as long as the contact point of the foot

was placed in front of the knee, thereby inducing a positive moment throughout the
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support phase ofa leg holding the lower leg against the stop. Figure 2.5 shows a

schematic of the mechanical stop knee lockmg mecbanism. Furthermore. Garcia et al.

[181 did a stability and efficiency study ofMcGeer's passive kneed-walker mode1. and

tbey bullt an experimental prototype (Figure 2.6) which successfully walked down

shallow slopes using the mechanical stop locking mechanism approacb.

DiRction ofMotit

21

Figure 25 • Mechanical stop knee lockiDg
mecbaDism

Figure 2.6 • Pbysical Model of2·0 Passive
Dynamic Bipedal Walker [l8]

This approach bas good success for studying walking behaviours, but is somewhat

limited for practical applications with quadrupedal robots. FICSt of aIl. the direction of

motion is flXed because the locking mechanism is directionaL Secondly, the robot cannat

provide a stable platfonn without leaning backwards on aIl of its legs. Many scenarios in

which it is desired for the robot to walk backwards or to lean forwards or backwards can

he imagined. Furthermore, tbis design does not satisfy the basic design wishes of tbis

project ta permit the study ofa variety ofgaits, for the knee ta lock in any position, and

for the knee ta retate through 360°. For these reasons, this design possibility was ruled

out.

2.4.2 Electric Drakes and Clutches

An obviaus starting point for a locking mechanism was to use electric brakes or cIutches.

Generally, brakes and clutches are very similar devices, the primary distinction being that

brakes lock when energized (referred to as ItPower On1t devices)t and clutches unlock
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when eoergized (referred to as nPower Off' devices). There aIso exists a class of

electromecbanical brakes and clutcbes that are referred to as Itlatching" - that is, tbey

require only short pulses ofcurrent to lock or to unlock them. and they remain locked or

unlocked with no additional energy input. A market survey was performed to determine

the availability of appropriate commercial brakes and clutches. This section will discuss

the market searches for bath the latching brakes and clutches, and the traditional, noo­

latching kind, and it will also explain why ultimately tbey were not considered for tbis

application.

LATCHING BRAKES AND CLUTCHES

Latching clutches and brakes are very attractive for mobile robotics applications. First

and foremost is that tbey require only short pulses ofcurrent ta either lock or unIock

them, and then no power to hold them in either of their extreme positions. An extensive

market survey was done using online resources 5uch as the Thomas Register [43], and by

searching through catalogues and cootacting distnoutors. Qnly one latching brake was

found: part B58-35 manufactured by the Electroid company [16]. Table 2.3 list5 the

relevant specifications of this latching brake. Unfortunately, it was bath tao heavy and

not strong enougb to he of use in tbis application.

Company Madel Mass Rated Torque
(kg) (Nm)

Electroid 858-35 1.9 lbs 4.0

Table 1.3 • CommerclaDy avaitahle latcldng electric brake [16]

POWER ON/OFF 8RAKES AND CLUTCHES

A market searcb was done ta try to find electric brakes that wouId satisfy the

requirements ofSection 2.3, and is presented in Table 2.4. In all cases, it was found tbat

the rated torque was never stroog enough (refer to Section 2.3.2) and the masses were too

large (see Section 2.3). ConsequentlYt power on and offbrakes and clutches were

discarded as design possibilities.
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Company Mode1 Power Mass Rated Torque
On/Off (kg) (Nm)

Eleetroid [161 EC-56B On 1.3 67.9

API Deltran [5] SB-50 Off 3.0 39.6

Roekwell FB42 On 1.7 28.3
Automation [40]
Lenze [25] 14.105.16.1.3 Off 5.49 120.0

Table 2.4 • CommerciaUy available power on and olte1ectric dukbes and brakes

2.4.3 Locking Dises and Pins

23

After diseovering that tbere were no eommereially available eleetrie brakes or clutehes

tbat would fit tbis application, it beeame clear tbat sorne sort ofdiscretized loeking

mechanism would need to he used. A discretized loeking mechanism is one in whieh the

knee angle ean he loeked in severa! different positions, but unlike a brake or a clutcb, the

knee angular ve10city cannat he smoothly siowed. The Most obvious example is a pin

being pushed in and out of hales on a dise: when the pin is pushed into the hale, the knee

is Ioeked, and when the pin is retraeted, the knee-joint is free to turo. Figure 2.7 shows a

schematic of the loeking pin and dise discretized locking mechanism. In this figure, the

loeking disc is rigidly attaehed to the Iower leg, and the shaft is rigidly attached to the

upper leg. Since the distance between the locking hole and the knee-joint axis cao he

made quite large, very large holding torques for the knee can he achieved with relatively

small sized pins. Although other possibilities ofdiscretized Iocking mechanisms exist, it

was felt tbat a device with one or more loeking pins and a mating dise offered the Most

design simplieitY(and therefore the most reliability) while still meeting aIl of the design

requirements and wishes.

For the dise-pin locking mechanism to wode, an actuator is needed to push and pull the

locking pin into place. It was felt that a small servo-mator with sorne sort of rack and

pinion gearing for the linear motion would he too heavy, complieated, and slow.
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Consequently, direct linear actuators were considered. In addition. solenoids (both non­

latching and latching) were investigated.

Loc k1n
14ec/laft' sm

pper Leg

ock Il\g Di st

onr Leg

Loc k IIUJ Pi"

nu S/lart

Figure 2.7 • Discrelized locldng mecbanism scllematic

LINEAR AcruATORS

Two typeS of linear actuator were examined: ball screws and lead screws. Ball screws

aCten require the addition ofa motar. though sorne come with prepackaged motors and

position sensing. In generaL it was round that ball screws were quite expensive options,

and would require sorne sort of position sensing to correctly position the pin in the

extended or retraeted position. Lead screws attached to stepper motors provided a

simpler alternative ta the ball screws as the length ofextension of the locking pin could

he inferred frOID the number ofsteps tbat were sent to the stepper motor. Nevertheless,

tbis possibility a1so seemed ta he complicated compared to using a simple solenoid. For

bath the case of the ball screw and the [ead screw, the locking pin would he attached

directIy to the actuator, which would require the careful design of support bushings or

bearings for the lacking pin to prevent the actuator from being damaged by transmitted

10OOs. In the case ofa solenoid, the pin is not rigidly anached to the coiI housing. which

helps to proteet the solenoid body from any transmitted loads. Furthermore. since
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solenoids are much less expeosive than the linear actuators, it was decided to use these in

the design.

NON-LATCHING LINEAR SOLENOmS

Impr
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The traditional type ofsolenoid is oon-latching. It is composed ofan inductive coll

which when energized pulls a ferro-magnetic plunger ioto itself. When the coiI is oot

energized, a retum spriog pushes the plunger out They can aIso he found in the reverse

directions where energizing the coiI pushes the plunger out. The former are referred to as

"pull-type solenoids", and the latter "push-type". Figure 2.8 shows schematics of a pull­

type oon-Iatching solenoid with a retum spring (left figure), and a latching solenoid (right

figure), which is descnbed below.
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Figure 1.8 - LatcldDg and Don-Iatcbing soIenoid sdlematics

Although many non-latching solenoids could bave satisfied the requirements of tbis

design, they did bave the drawback that in arder to keep the plunger in its energized state,

electric corrent bas to he continuously supplied to the solenoid. The size ofsoienoid that

would he needed for this application would draw on the arder of0.5 to 1.0 amperes of

current, which would he a significant draw on the on-board batteries of the Scout n
robot. It was ultimately decided to use latching solenoids for this application since they
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aIso satisfied the design requirements, but had a significantly reduced power

consumption than the non-latching solenoids.

26

LATCHING LINEAR SOLENOIOS

Latching solenoids behave in the same manner as the non-latching kind, with the addition

ofa permanent magnet to hold the plunger in one of the extreme positions, while the

return spring holds it in the other extreme position. In the case of the more common pull­

type solenoid, a current pulse ofone polarity is applied ta retract the plunger, and the

permanent magnet holds it in place once the CUITent is no longer appLied. A reverse

polarity current pulse is applied ta counter the effect of the permanent magnet and the

spring extends the plunger until it bits its stop. The permanent magnet's force drops very

quickly in a non-linear manner as a function of the extension distance, so at its extreme

extension the spring force can prevent the magnet from pulling the plunger back in. In

tbis manner, only short current pulses are needed to both extend and retract the solenoid.

Figure 2.8 shows a schematic of the latching solenoid (rigbt figure).

Table 2.5 shows the results of a market survey for latching solenoids. The mass for the

Bicron solenoid was not available from the literature, but it is a very small solenoid

which was not suitable for tbis application. Both the Guardian and the Dormeyer

solenoids are of the right sae. Ultimately the Dormeyer solenoid was chosen because of

its [ower holding force: in arder to speed up the locking or unlocking time of the knee, it

was desired ta minimize the total stroke of the plunger. The larger magnet in the

Guardian solenoid (hence the larger holding force) means that the force exerted on the

pIuager by the magnet is stronger when the plunger is in its extended position. This

could cause accidentai retraetions of the plunger when a leg bits the ground.

In experiments, it was found that the Donneyer soIenoid requires 0.5 Amperes ofcorrent

to lock or to unlock il. It was also round that it takes 150 to 200 ms ta change the

solenoid's state when it is used to lockor unlock the mee.
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Company Madel Mass Stroke Holding Force at Stroke
(kg) (mm) Force (N) Distance (N)

Bicron [131 SCL1330 - 0.8 9.5 3.9

Guardian [221 l1L-C-24 0.152 6.35 44.5 9.7

Dormeyer [261 C34-2036 0.207 6.35 18.4 7.8

Table 25 • CommerciaDy avanable lakhing soIenoids

2.5 Mechanical Design
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This section descn"bes the final mechanical design orthe passive knee system. First~ the

overall component [ayout is explained; second, the stress analyses orthe locking pin and

disc are presented.

2.5.1 Component Layout

Figure 2.11 shows an assembly drawing of the complete Scout II robot with the passive

knee syste~ Figure 2.12 shows assembly drawings of the knee in two different

configurations, Figure 2.13 shows an exploded view of the lenee, and Figure 2.14 shows a

photograph ofone of the lenee assemblies. AlI of the mecbanical design was done using

the ProEngineer™ CAO software [36]. Figure 2.13 shows that the lenee is divided into

three main parts: the upper lenee assembly, the lower lenee assembly, and the existing

upper [eg and upper knee box of the Scout II robot in the no lenee configuration. The

knee shaft is rigidly attached to the lower leg assembly, and it rotates through teflon

coated bushings in the upper lenee block (Figure 2.9).. It is beld in place axially with a

step in the shaft on the upper knee assembly side, and a machine screw and large washer

on the lower knee assembly side. The bushings are press fit into the upper knee black.

They are made by Garlock Bearing Inc.~ pan number 08FDU04 (Figure 2.9) [19]. In

addition, a teflon coated thrust washer was used between the teflon caated flange and the

locking dise ta reduce friction. The tbrust washer was aIso made by Garlock, pan

number G06DU. A smaller teflon coated bearing, also made by Garlock (part number

04TH04) was used to support the solenoid plunger/pin through the upper knee black.
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In addition, the knec shaft bas a small cylindrical protrusion al the upper lenee assembly

end which is connected to a precision POtentiolœter through a fleXIble helical coupling

for lenee angle sensing. The coupling serves to proteet the potentiometer from any

misalignmeots of the upper and lower knees. It is made by Helic~ part number ACR­

OSQ-4-4 (Figure 2.10) [23}.

Figure 2.9 - Garloc:k Oanged bœbin& Fleure 2.10 • Helical coupling

In refereoce to Figure 2.1 and Figure 2.11, it can he seen that the passive lenee system

simply mounts ooto the lower legs of the Scout Il robot in its no-Ienee configuration.

Figure 2.13 shows the manner in wbich the upper leg of the passive kneed Scout Il

(whieh is the lower leg of the no-lenee configuration) is mounted to the knee assembLy

using the leg mouot cylinder (Figure 2.15). This cyLinder is made with a locational

interference fit with respect to the inner diameter of the leg shaft [35], and it is held in

place with set screws. The tight fit and Iength of the cylinder that extends inside the leg

shaft are sufficient to prevent any bending moments from being applied to the set screws,

and the bottom of the Ieg shaft rests on top of the upper knee black (Figure 2.15) to

prevent any sbear stresses from affecting the set screws wben the toe is on the ground. In

this manner, the set screws are only responsible for preventing rotations of the lenee with

respect to the upper Ieg, and for connecting the lenee to the upper leg when it is in the air.

Both of these conditions transmit only minor sbear stresses to the set screws. Indee~ this

technique ofattaching the Ieg components to the knee was sa simple and effective tbat it

was used throughout this design.
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Figure 2.12 and Figure 2.13 shows bow the upper leg was attached to the existing upper

leg block of the robot using two leg clamps. This was a very simple manner of attaching

the upper leg to the robot, and aIso to adjust the heigbt of the upper leg. Adjusting the

heigbt ofthe upper leg was important to equaIize the leg heights, and to permit the

adjustment of the leg's geometry, mass distnDUtiOns, and relative leg lengths. The latter

is a requirement of the design as specified in Section 2.3.1.

Figure 2.15 shows an exploded view of the upper knee assembly. It cao he seen how the

flanged bushings are press-fit into the upper knee block, and bow the shaft is passed

through them. Furthermore, the manner in which the potentiometer is mounted to the

upper knee block, and coupled to the sbaft is a1so shown. Figure 2.16 and Figure 2.17

show the upper knee block assembly and a scbematic of the Dormeyer latching solenoid.

Finally, Figure 2.18 shows an exploded view of the lower knee assembly.

Figure 2.19 shows a photograph of the entire Scout fi robot with the knees installed.

Figure 2.20 is similar, but it shows the bip articulation. Figure 2.22 shows Scout Il with

the lower legs rotated 1800 and locked, demonstraling the manner in which Scout II with

the passive mees can he operated as if it had shorter, rigid legs - a design requirement

specified in Section 2.3.1.

Most of the analysis ofCoopter 3 is done assuming planar operation in the direction of

motion. It was necessary to mount the robot to ARL's treadmill using the planarizer, a

device of Iinear and rotational bearings which restricts motion to the sagittal plane. A

mounting bracket was designed and bullt for this purpose. Figure 2.23 shows a

photograph of the treadmill, the planarizer, and the mounting bracket7 and Figure 2.24

shows Scout II attached to the planarizerwith the bracket. Fmally, Figure 2.21 shows a

clifferent view of the robot mounted on the treadmilJ.
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Leg 4

Figure 2.11 • Scout fi assembly drawiog

•

• •

Figure 2.11. Knee assembly iD 10lIl ancl sItort upper leg(.gth conftpratioos
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Figure 2.13 • ExpIoded view orImee Figure 2.14 • Knee assembly
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Figure 2.15 • Upper Imee exploded view

Plunger/Pln

Solenold Mountrng Plate
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eturn Sprlng
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Figure 2.16 • Upper Imee assembIy Figure 2.17 • Dormeyer soIeDOid assembly
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Flpre 2.19 • Scout n with stnIabtknees Flpre 2.20 • Scout D with nees on tloor

Fipre 2.21 • Scout fi with locked Imees, longer Figure 2.22 • Scout n with locked Imea, sborter
leg configuradon, on trudmDI lee coafIgundOll

Figure 2.23 - Planarizer and treadmiIl Fiaure 2.Z4 • Scout fi mounted. to plaDal"izer on
treadmil



CHAPTER 2 - MECHANfCAL AND ELECTRICAL DESIGN

2.5.2 Stress ADalysis of Pin and Dise

Stress analyses were donc for the locking pin and the locking dise to rninimize their

weight (especially in the case of the locking dise) while ensuring that they would not

plastically deform or fail under impact loads. This section will tirst explain the stress

calculations done on the pin, and then the stress analysis on the locking dise.

35

Potentiometer:

Couplin

Locking o·

DETAIL

. gOise

Upper Knee BI

lockingO"

BOTTOMVIEW
(Solenoid and Solenoid
Mounting Plate omitted)

Figure %.%5 • Loddag pin loadiDl dlagram

Figure 2.25 shows the loading scenario ofthe Iocking pin. The pin is supported by the

bushing and extends into one of the hoIes of the locking dise. Any force put on the foot

will result in a torque al the knee which must he countered by the locking pin and dise. A

gap ofdistance d is located between the upper knee black and the locking dise to prevent

the dise from rubbing against the upper mee block when it rotates. This distance is

rnioirnized to reduce the bending moment in the pin during loading, but must he

suffieiently large to prevent rubbing. Dy using a tefton coated thrust washer between the

dise and the upper knee bloek around the knec shaft, a clearance ofd = 0.59 mm is

obtained and disc rubbing is prevented..
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The distance between the knee shaft and the locking disc hales (and hence the locking

pin) is taken as R =59.0 mm. This distance should he maximized to reduce the loading

on the pin, but minilnized ta decrease the overall weight of the disco It was decided to

select the size of the dise based on reasonable proportions with respect ta the rest of the

robot and to design the size of the pin based on tbis selection.

The force on the pin during the worst case loading scenario can he calculated using the

simple torque equation. The worst case scenario is a torque, T, of 127.4 Nm (Section

2.3.2). Therefore, the force on the pin, Ft can he calculated as follows (see Figure 2.25):

F=~= 127.4Nm =2160N (2.4)
R O.059m

From Figure 2.25, it can he seen that the part of the locking pin that extends into the

locking dise experiences both a shear stress and a hending moment due to the force F.

The locking pin is made ofsteel. A lower bound for the tensile strength ofsteel is 300

MPa [41]. Furthermore, a common standard for the yield strength in shear is 0.6 times

the tensile strength [41]. Using this relatian~ a lower hound for the yield strength in shear

for steel can he calculated as:

Shear yield strength =0.6· tensile strength =0.6·300 MPa = 180 MPa

Furthermore, in bendingt the largest stresses ofa shaft are tensile and compressive

stresses experienced at the largest radius away from the centre. Sînce steel is much

stronger in compression than in tension, the yield ümit in hending for the pin is the

tensile strength, 300 MPa.

(2.5)

To minirnize the angular distance between successive hales on the lacking disc, the

diameter of the locking pin must he minimized. It was initially desired to peMÜt the knee

to lock every 5°, which corresponds ta a pin diameter of3.175 mm (118"). Please note

that this dimension had ta he chosen sa tbat a corresponding bushing could he purchased.

The busbings can he bought in standard imperial increments of 118", 114" t 112", etc•...
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The cross-sectional area for a pin with a diameter of 3.175 mm is 7.9 X 10-6 m2
• The

shear stress, O'shear is calculated as:

37

F 2160N
a =-= 273.4MPa

s/rlar A 7.9x 10-6 m2

(2.6)

This is above the 180 MPa limit ofequation (2.5), and sa this diameter is tao small. The

next diameter chosen was 6.35 mm (1/4"), which cOrresPOnds to the lenee locking every

10°. Its area is 3.17 x 10·s m2
• The shear stress is calculated again as:

2i60N -68.1MPa
3.17x10·5 ml

(2.7)

This is weIl helow the 180 MPa shear stress limit. The tensile stress due to bending is

now checked. The moment, M, in the pin can he calculated as:

M =F·d =(2160 NXO.OOO59 m)=1.27 Nm

The bending tension stress, <1bendingt is calculated as:

M . pin radius
ab~rtIÜIIJ = 1

(2.8)

(2.9)

where l is the cross-section inertia of the pin. For a cylinder, the inertia is calculated as:

(2.10)

Finally, the moment, radius, and inertia are substituted ioto (2.9) ta determine the tensile

stress due ta bending:

(J =1.27 Nm·3.175xlO-
1

m 50.4MPa
btrrdûl, 8.0xlO-n m4

(2.11)

The bending stress is below the tensile strength o~steel of 300 MPa. and consequently, a

pin diameter of6.35 mm is sufficient ta prevent plastic defonnation.
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The stress on the locking dise was analyzed using the ProMechanicaTM program of the

ProEngineer™ CAO package [37]. Ofparticular interest was minimizing the thickness

oftbe dise ta mioimize its mass. Figure 2.26 show the results of four of the analyses

performed. Two loading scenarios were considered, and two tbicknesses were compared.

Thicknesses of 118" and 3/1619 were examined. These thicknesses were chosen because

the stainless steel sheet tbat was used to fahricate the locking dises can be purchased in

these sizes. Laads were separately considered at the top hole and a side hale. A force of

2160 N was used as the force input, as descnëed in equation (2.4). The dise was held in

place by placing no translation and no rotation constraints on the 8 mounting hales that

surround the central hole. The results initially showed stress concentrations on the

corners orthe spokes cIosest to the centre orthe disco Ta reduce these, the radius at these

corners was increased.

..... IISrISll •

d.-­~.a.02---a•.-.o1...
• ......... ur-.astI •

........ IIIr ........
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The results from Figure 2.26 show tbat the largest maximum principal stresses occur in

the side hole laading condition (see Table 2.6). Sïnce the maximum stress for the 118"

thick dise is quite close to the limit of300 MP~ a thickness of3/16" was used in the final

design.

1/8" Thickness 3/16" Thickness

Side Hale Loadof2160 N 258 MPa 172 MPa

Top Hale Load of216O N 214MPa 143 MPa

Table 2.6 • Matrix of maximum principal stress for loadiDg condition and tbickness of loddng dise

2.5.3 Mecbanical Properties of Knee

This section will provide a summary of the mechanical properties of the knee. including

the parts used, their masses, and the upper and lower leg inertias. Table 2.7 shows a list

af al1 the parts used in the knee, the manufacturer or designer, the fasteners used. and aIl

the masses. Please note that the mechanical drawings are provided in the Appendix. The

total mass ofone knee without the upper and lower legs is 1.3 kg, somewhat above the

l.0 kg limit set in section 2.3.1. The added weight can he attnbuted ta increasing the

thickness of the locking disc as a result ofthe stress analysis in Section 2.5.2 and to an

initial underestimate of the weight of the upper knee black. Nevertheless, simulations in

Chapter 3 show that the bip actuators can handle the additional weigbt, and so the design

was not modified any further ta reduce more weight.

Using the modeling features ofProEngineer™, the inertias and locations of the centres of

mass of the upper and Iower leg assemblies were determined. These values are needed

for the analytical and simulatio~ studies ofChapter 3. Please recall that the length ofthe

upper Ieg can change (Figure 2.12), which in turn changes the inertia and the location of

the centre of tnaSS. Three configurations were analyzed9 corresponding to Ieg lengths of

0.1,0.15, and 0.2 mettes. Table 2.8 and Table 2.9 show these results.
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Part Manufictura' Pan' Mat. Maa QTY Fasb:ncrs for Mas QTY MIss (g) Unit
CI) mounting surfaces 1 fstnr fstnrJknee system (one knee)

LegMouftt CiH PK04 Al 7.98 12 23.94
Cylinder
Upper Knec CiH PK09 Al 289.6 4 M3 x 30 mm Hex CS 2.219 4 313.028904
Black

M3 wasber 0.119 4

MSx 16 mm Hex CS 4.250 3

MSwuber 0.442 3

ICnceSbaft OH PK02 S·Ic:ss 48.8 4 MSx 12mmHexCS 3.6 1 52.842

MS Iargc wasber 0.442 1

Locking OH PK08 S·less 212.7 4 M3x 10mmHexCS 1.1 8 236.5
Dise

M4x 10 mm HexCS 2.2 6

M4Wasbcr 0.3 6

Lowcr OH PKOI Al 35.1 4 MSx6nunSS 0.9 1 36
Knee Black
Donneyer OH PK03 Zinc 41.l 4
Ptunger PI.

Steel
Dormeyer OH PK06 Al 16 4 M4x8mmHex 1 2 18
Sol. Mtg. CSUNK
P1ale
Knee FOQ( OH PKOS Al 29.2 8 MSx 16mmHexCS 4.250 3 86552
Mount

MS waber 0.442 3

Knee FOQ( OH PKIO Steel 21.8 4 M3x6 nunSS 0.3 4 n
Mount
Tube
lCnee Pot OH PK07 Al 8.7 4 M2..S x S mm Hex CS 0.5 2 9.7
PIalc

M2..S wasber 0.1 2

Lower Leg OH PK12 Steel 89.8 4 M3x6nunSS 0.3 4 107.76

UpperLeg OH PKll Steel 265 4 M3x6nunSS 0.3 2 265.6

Foot RB SCII-017·A Al 37.7 8 301.6

Dormeyer Dormeyer 04-2036 163 4 11).32 x 318 inch 1.6 2 166.2
Solenoid CSUNK
Pin Garfock 020U03 0.4 4 0.4
Busfûn2
Sbaft Garfock 08FDU04 3.8 8 7.6
Busfûng
Shaft Oarlock G06DU 3 4 3
Tbrust
Wasbct
Potentio- Midori CP-2FK 12 4 12
rnder

ParaSbaft Helical ACROS0.4- S 4 1 S
eauoling 4
Par Plarc MSC • Unicorp 6771090S Zinc 4.3 16 4 17.2
Spaœr PL

Steel
Toc Pet Store 23 8 46

M&u 1... with lep <al: 1731.92

Mau 1 bee DO lep <al: 1316.42

Table 1.7· Part numbers, quantities, and masses oflmee



CHAPTER 2 - MECHANfCAL AND ELECTRICAL DESIGN 41

Upper Leg Assembly:
upper leg, upper lenee assembly, upper knec box ... see Figure 2.13

Inmia about Centre ofMass Offset
Centre ofMass (down from hip joint)

(kg·mI
) (m)

Len2th = 0.1 m 0.0124 0.0585
Len2th =0.15 m 0.0135 0.103
Length = 0.2 m 0.0151 0.148
Mass (kg) 1.03

Table 2.8 • Lengtbs, inertias, and centres of mass of upper Ieg assembly

Lower Leg Assembly:
lower leg, lower knee assembly- see Fi2ure 2.18

Mass (kg) I..ength (m) Inmia about Centre ofMass Centre of Mass Offset
(kg.ml) (down from knec joint)

(m)
0.782 0.2 0.006 0.0204

Table 2.9 • Lengtb. inertia, aacI centre of mass oC lower leg assembly

2.6 Electrical Design

The two new electrical components of the knee design are the rotary poteotiometers used

to measure the knee angle, and the solenoids used to actuate the locking pins. This

section will fust discuss the use of the potentiometers, and tben the electronics used to

control and power the solenoids will he explained.

The decision to use precision potentiometers instead ofencoders was two-fold. First of

ail, encoders are not precise enough when measuring the rotational output directIy - they

are usually mounted ooto a motor sbaft which is then geared, providing increased

resolution in the angle sensing. In this case, it was simpler to attach the POtentiometer

directly to the knee shaft. Secondly, as descnèed in Table 2.2, 13 of 16 inputs to the

SPPSPI system are taken by other sensing needs, wbich leaves only three available

inputs. This is not enough to provide the four encoder inputs needed for the four knees.

However, four of the 13 used inputs are for the linear potentiometers for measuring the
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leg length in the compliant reg mode ofScout D. Since the upper legs are not compliant

in the passive lenee mode, the inputs for these potentiometers could he used. Since the

linear potentiometers of the leg use exactly the same three connections as the rotary

potentiometers (5 Volt power, sign~ ground), it was a simple malterto use tbese inputs

for the lenee angle sensing. The potentiometers used are made by the Midori Company,

part number CP-2FK (Figure 2.27) [33].

Figure 2.21 • M1doro CP·2FK poIentiometer

As discussed in Section 2.4.3, the solenoids used are magnetically latching. They require

shon bi-directional corrent pulses to lock and to unJock them. Funbermore, control

signaIs must he sent to indicate the enabling time, and the current direction. H-Bridge

circuits are weil suited for tbis task. They are composed of four transitors set up in a

bridge. By tuming 00 and offopposite pairs ofthe transistors, bi-directiooal current flow

can he achieved. Often, diodes are placed in parallel with each transistor to protect

against inductive loads.

Figure 2.28 shows a schematic ofan H-Bridge circuit. If transistors A and D are turned

on, and B and C are turned oft: the corrent will travel through the solenoid from left to

right, along Path AD. Similarly, if transistors B and C are turned on, and A and D are

turned off, corrent will tlow through the solenoid from right to left. By controlling the

switching on and offof the transistors, corrent can flow in either direction through the

solenoid.

Many H-Bridge circuits can he hought as small chips. A search was done to find an

appropriate H-Bridge chip that met the following characteristics. First ofail, the

maximum voltage available on the robot is 24 Volts. Sïnce the linear force in the
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solenoid is maximized with increasing corrent (and hence increasing voltage), the chip

bad to he rated ta at least 24 Volts. Second, it bad to bave digital control inputs for bath

the direction of the current flow, and for tuming the current on and off. The latter is

required because the goal ofusing the latching solenoids is to tum the current off when

the solenoid is in either of its extreme positions, tbereby reducing the power consumption

of the knee.

PllIhAD

Transistor
A

Transistor
8

llIhBC

Transistor
D

Figure 1.28 • H.Bridge scbemadc

The Allegro 2917 dual full bridge PWM motor driver fit aIl of the required specifications

[3]. It houses two H-Bridge circuits in one chip, and has enable (current on) and phase

(direction) inputs. It aIso bas PWM inputs for motor speed contro4 but in tbis case, the

PWM input was simply tied to a lagic high for a maximum curreot output. The chip

itself fits into a PLee socket which makes it very convenient to replace the chips should

tbey hecome damaged.

Sînce each chip has two H-Bridge circuits, and since there are four solenoids that need ta

he cootrolled, a circuit was designed and built around two ofthe chips. A schematic of

the circuit is provided with Figure 2.29. The whole circuit is powered by one 24 Volt

input, which is taken directly from the on-board batteries ofthe robot. Two 7805 voltage

regulators provide the 5 Volt references need for each chip.. The phase and eoable signais
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are provided from an RCIO Module operating in the digital output mode, which in turn is

connected to the SPPSPI (Section 2.2.2). Please recall that each RCIO module can

provide 10 digital output signais: each knee requires one phase and one enable signal for

a total of 8 digital output signais, hence only one RCIO module is needed.

The RCIO module is protected with an optical isolator. Consequently, the output side of

the module requires a 5 Volt source for it to operate. Pull-up resistors were added

between the output of the 7805 regulator and the outputs ta solve tbis problem.

Figure 2.30 shows the pin out map of the actual circuit boar~ and an isometric view

rendered in ProEngineer™. It is a relatively small circuit board (94.0 mm long, 71.0 mm

wide, and 30.0 mm deep) and the only connections it bas with the existing electronics of

the robot are the 24 Volt power and the connections to the ReIO module. It was

positianed inside the protective frame of the robot ta protect it in case the robot feU

during operation. Figure 2.31 and Figure 2.32 show isometric and top views of the H­

Bridge circuit, and Figure 2.31 shows the H-Bridge circuit with the RaO module

mounted on top.

2.7 Sommary

The mechanical and electrical systems of the Scout II quadruped were discussed, and

were used as motivation for the design ofa passive knee for the robol The requirements

and the design of the knee were presented, and a stress analysis was performed. The

electrical systems used for its control were also explained. Ultimately, the mechanical

and electrical designs were boilt and used ta implement various walking controllers on

the Scout II quadruped at ARL. The design was a success - successful walking was

achieved with no mechanical or electrieal failures. Furthermore, aIl ofthe design

objectives were met, which opens the door for further experimentation and research iota

a variety of related tapies.
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45

i J!~:
1

Figure 1.19 - Circuit diagram orB-Hri. soIenoid clrcuit
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Figure 2.30 • PIn out and dimensioas~R-Bridge soIeaoid circuit (lncbes [mm])
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Figure 2.31 • a-Bridie dmdt isometrk view

Flpre 132 • H.Bridgedmdt top fiew

47
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Figure 1.33 - ft-Bridie circuit with RCIO module mounted on top
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Chapter 3 Analysis

3.1 Overview

As described in the introduction, the goal of adding passive knees to the Scout II robot is

to enable new walking behaviours which could not he achieved with the previous leg

configurations.

Prior to the current research, the Scout n robot operated without lenees. Its legs were

operated in one of two modes. The tirst is the rigid mode, in which the legs are a fixed

length. The second is the compliant mode, in which the legs have an additional

unactuated, spring-Ioaded linear joint. In bath cases, the bound is the primary gait which

bas successfully been achieved. Please cefer to Chapter l for a more detailed discussion

of the bound gait of the Scout class of robots, and to Chapter 2 for a detailed discussion

of the mecbanical characteristics of the Scout II robot

Characteristic ofboth the rigid and the compliant bound is that there is significant

pitching ofthe robot and tbere are somewhat severe impacts with the ground at each step

(Figure 1.5). For these reasons, and to explore new behaviours, unactuated lenees are

added for tbis research.

In this researc~ the trotting gait is examined. Figure 3.1 shows a gait diagram of the trot.

The trot is defmed as the gait in which the front-right and the rear-left legs are in ground

contact while the athers swing forward, and vice versa. When a leg pair is in ground

contact (front-rightlrear-Ieft or front-leftlrear-right), it is said to he in the support state.

Wheo a Ieg pair is in the air, it is said to be in the swing phase or state. During a tro~ the

knees are used to shonen the overallleg length of the swing-legs so that their toes do oot

49



CHAPTER 3 - ANALYSIS 50

• Legs 2 and 3 sweep towards rear
of robot propelling it forward

• Upper legs 1 and 4 sweep
towards front of robot

• Knees 3 and 4 deflect lower legs
3 and 4 back to raise tee above
ground

3 12

hit the ground (stub) while they swing Corward. In addition, the swing legs must have the

appropriate final positive angle with respect ta the vertical immediately prior to touch­

down ta permit the legs to switch states - in the case of the swing legs, from the swing

state ta the support state. During the leg swing, the support-Ieg knees are locked in the

Staleff
• Legs 2 and 3 are support legs
• Knees 1 and 4 are unlocked

• Legs 2 and 3 continue te sweep
toward rear of robot

• Once the ground has been
cleared by legs 1 and 4, knees 1
and 4 straighten legs

Statef!
• Legs 2 and 3 continue to sweep

toward rear of robot
• Once fower legs 1 and 4 are in

line with their upper legs. knees 1
and 4 lock, and legs 1 and 4
sweep to desired touchdown
angle

State21
• Once legs 1 and 4 touch down.

knees 2 and 3 unlock, and the
cycle repeats with exchanged
roles for leg pairs 1-4 and 2-3

• State 22 is the equivalent of state
12 with switched leg pairs

Figure 3.1 • General tr:ot pitstates for' Scautn robot • robot moYeS from left to rigbt
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zero angle position with respect to the upper legs, and the support-legs sweep froID some

positive angle with respect to the vertical ta a negative angle, thereby lDOving the body

forward. After swing-Ieg touchdoWD, the legs change state and the cycle continues.

By comparing the bound and the trot gaits ofFigure 1.5 and Figure 3.1 respectively, it

can he seen tbat knees are required for trotting. In the case ofthe current researcb, the

knees are unactuated. The lenee angle is affected ooly by natura! dynamics, resulting from

gravity, inertia, body motion, and upper leg motion. Unactuated knees are investigated

because of the reduction in weight and mechanical complexity that the elimination of an

actuator provides. Furthermore, by reducing the weight and by not having an actuator,

the battery life of the robot is increased. Please refer to Chapter 2 for a detailed

discussion of the motivation of using passive knees, and of the passive knee design used

in this research.

The goal of tbis analysis is ta develop an algorithm that adequately contrais the swing-leg

from some negative angle to an appropriate positive angle during the cycle tinte, while

achieving toe clearance. In Section 3.2, the nomenclature ofthe models studied is

discussed, and Sections 3.3 and 3.4 present the leg trajectories for the trotting gait. A

model of a single leg-lenee system is developed in Section 3.5, and certain model

assumptions are verified in Section 3.6. The equations of motion of tbis model are

developed in Section 3.7, and theyare verified in Section 3.8. This model is used to

search through trajectory and geometric variables to determine optimal configurations for

passive-knee trotting for a step-trot in Sections 3.9 and 3.11. and these configurations are

simulated in Sections 3.10 and 3.12. A controlled velocity trot is studied in Section 3.13

and simulated in Section 3.14.

3.2 Nomenclature

Figure 2.11 shows the drawing of the complete Scout n robot, as rendered in the

ProEngineer™ CAO package, with the leg numbers defined. In the simulation and the
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analysis, the robot was treated as being planar in the direction of motion. Figure 3.2

shows the planar model and Table 3.1 descnlx:s the nOIœnclature used througbout the

simulation. the implementation, and the analysis. In Figure 3.2, legs 3 and 4 are omitted

for clarity.

3.3 Trotting A1gorithm: Support-Leg Trajectories

It is the motion of the support-legs that mave the body. To propel the body forward, the

support-legs must sweep from a positive' angle to a negative one, but the trajectories

that they follow can vary. In reference to Figure 3.1, the support legs are legs 2 and 3

during states Il and 12, and legs 1 and 4 during states 21 and 22. Two different support­

leg trajectories are examined for the trot gait of the passive knee quadruped system:

stepping and controlled forward velocity.

3.3.1 Stepping Support-Leg Trajectory

In tbis trajectory, the support legs follow a cosinc type trajectory with zero initial and

[mal angular velocity. The leg starts al a positive angle. ~, and ends at a negative angle,

~r,after sorne time tf. This is referred to as stepping because the body cames to rest at the

beginning and end ofeach cycle. Consequently, it could he used to move forward one

step al a time. Figure 3.3 shows this tyPe oftrajectory. [t is defined by the following

equations:

(3.1)

(3.2)

where t is the time from the start orthe trajectory.
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Figure 3.2 - Planar model orScout fi (legs 3 and 4omitted)
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L:
c:
lup:
llow:
Icg:

9:
q,1.2.3.4:

Yl,2J.4:

al.2.3.4:

Total body length
Distance ofcentre of mass from rear ofrobot
Length of upper leg
Length of lower leg
Distance ofcentre of mass of lower leg from the
knee
Bodypitch
Upper leg angle with respect to the body
Upper leg angle with respect to the vertical
Knee angle - angle of lower leg with respect to
upperleg

Table 3.1 - PIaDar modelllOllleDClature
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Figure 3.3 - Stepping support leg trajectory

3.3.2 ControUed Forward Body Velocity Support-Leg Trajectory

54

The problem with the stepping support leg trajectory ofSection 3.3.1 is tbat the forward

body velocity is not constant. In order to control the forward body velocity, the

following trajectory was derived:

tPsup(t) =sin -1 {Sin tPo -( v JI}
lup +l,ow

3.4 Trotting A1gorithm: Swïng-Leg Trajectory

(3.3)

(3.4)

The mechanical design of the knee permits it to he locked every ten degrees (including

the zero degree, straight position), or to rotate fteely under the influence of gravity and

other dynamical effects. The leg will he in the zero angle position at the start and the end
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ofeach swing cycle. At the start of the swing cycle, the lenee will he unlocked and the

leg will he free swinging. Arai and Tachi [6] [7] studied this type ofsystem, but in the

absence ofgravity, and developed a control approach which involved locking the lenee at

some angle, swinging the upper limb to provide bath Iimbs with sorne angular velocity

(momentum), and tben releasing the brake ta get the lower limb ta swing into position.

Although Arai had good success with this approach, it was difficult to mimic in tbis

situation because the lenee bas ta start al zero degrees.

A simpler approach is used in tbis research. The upper leg angle is controlled using

feedhack on the lenee angle, with the desired knee angle (ŒdesirccÙ being a cosine-type

curve with initial and final angular velocities ofzero, and a maximum negative value

(3.6)

(3.5)
O<t<Tump.a

(<Xamp) at sorne point (Tamp,cJ through its cycle, and with a cycle time ofTLSa. The lenee

angular velocity is set ta zero al the start and end ofeach lenee sweep trajectory ta

facilitate locking and unJocking. Chapter 2 descnbes the mechanical design of the

passive knee locking mecbanism. Since the locking mecbanism is a solenoid plunger

being pushed into holes on a locking dise, locking will he ensured if the knee angular

velocity is zero or near-zero al the time of lenee-Iock. This trajectory is shown in Figure

3.4, and is defined by the following equations:

a(t)=Œamp
_ aamp co{-.!!.-t)

2 2 Tamp.a

a(t)= aamp + aamp co{r. te )(r-Tamp,a)) Tamp,a <t<Tua
2 2 \TUa -Tamp,a

When Tamp.a is one half ofTLSa, this trajectory reduces to a simple cosine trajectory and

is referred to as the alpha cosine trajectory. It can he descnbed by the simpler equation:

a_ (t)= a-;: [l-Cos(T:.. t)] (3.7)

When the trajectory is taken as show~ with TarDp.Cl not equal to one halfofTLSCh it is

referred to as the two-part cosine trajectory.
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Figure 3.4 - eosine-type swing-lea Imee angle trajectory

This type of trajectory is similar to the trajectory that a buman lenee foUows during the

swing phase of a walking cycle. The knee bas a maximum negative value roughly

halfway through its cycle (<Xsmp), around the time that the support leg is perpendicular ta

the ground. Mochon and McMahon developed a model ofhuman walking using

anthropometric data which shows these types oftrajectories [34]. Figure 3.5 shows sorne

of their results. It can he seen that the lenee (K) reaches a maximum angle (their knee

angle is the negative of the current defmition), when the support-Ieg (8) is oear

perpendicular, and that tbis is at roughly the midpoint of the cycle. An important

difference between the eosine-type knee angle trajectory defined in (3.5), (3.6), and (3.7)

is tbat in Mochon's model, the knee bas a non-zero angle at toe-off.

Figure 35 - Koee and thigh angles fot a walldng c.yde of Mocboo and
McMabon's lIIOdei [34]
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Since the distance from hip to toe is shortest al maximum lenee angle, toe clearance is

ensured as long as the upper swing-leg trajectory follows a roughly forward sweeping

motion. Although it is impossible to actively control both the lenee and the upper swing­

leg trajectories simultaneously, a theoretical analysis of the system in the following

sections shows that with the appropriate selection of various geometric and trajectory

parameters, the desired eosine-type lenee angle trajectory can he achieved while having a

forward sweeping upper swing-leg trajectory.

Since the upper swing-leg trajectory is not controUable during the unlocked knee phase,

the lenee trajectory cycle time is chosen to he ooly the tirst 75% of the support cycle time,

thereby providing 25% of the cycle time to position the now locked swing-Ieg ta the

desired touchdown angle. In other words, the cycle time for the lenee cosine trajectory,

TLSa, is taken ta he 75% of the total swing-Ieg cycle-time, TLS.

3.5 Single Swing-Leg Model

As discussed in the introduction ta this cbaptert the primary problem with achieving

trotting gaits is sweeping the swing-leg forward during the swing state without stubbing

the toe. For this purpose, passive lenees were added to the existing Scout Il robot. Ta

better understand the dynamics of the toe clearance proble~ a simplified system ofa

single swing-Ieg is developed.

Figure 3.6 shows the single leg mode~ and Table 3.2 shows the nomenclature used. The

goal of this model is to determine the swing leg toc height (bJ and the upper swing-Ieg

angle trajectory (CPficc) for a given support-leg trajectory ('sup) and swing-leg knee angle

trajectory (a) during a trot cycle. ~sup is in turn defined by the type of trot being stlldied:

either a step-trot or a controlled forward body velocity trot (refee ta Section 3.3). 'supis
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aIso defined by the cycle time (TLS - Time for Leg Swing) and the initial support-Ieg

angle (~Osup). The following assumptions and simplifications were made:

v
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Yb
1

1

1

Xb:

Yb:

Iup:

Ilow:

Ieg:

epfiee:
epsup:
oc
m:
1:

\
\

\
\

Figure 3.6 - Single leg model

horizontal position of hip
vertical position ofhip
upper Ieg length
lower leg length
distance ofcentre of mass of lower lcg from
lenee joint
swing leg angle with respect to the vertical
support leg angle with resPeCt ta the vertical
lenee angle with respect to upper leg
mass of lower teg
moment of inertia of lower Ieg about centre of
mass
height oftoe from ground
angular velocity of lower swing-Ieg
velocity ofcentre of mass of lower swing-Ieg
velocity ofhip

Table 3.2 - SiDgIe Ieg model DOIIIeDCIature
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• The cartesian caardinates of the hip (Xb and Yb), and the swing-Ieg hip angle are

assumed ta he perfect inputs ta the system. Tbrough previous work al ARL, it was

found that with a well-tuned PD torque cantroller, both support and swing-Ieg angles

are very accurately controlled. In other words, it is assumed tbat the legs can track

the desired reference trajectories during the support phase. The cartesian coordinates

of the hip are detined as functions of the support-Ieg sweep trajectories (cftsup). By

including tbese terms, the effect of the dynamics of the body motion on the lower leg

can he accurately represented, and trot gaits with clifferent support-leg trajectories can

he examined.

• The upper swing-Ieg is rigid and massless. Agam, because it is known tbat the hip

motors can provide very accurate tracking, il is assumed that the upper swing-leg

trajectory can he commanded at will.

• The friction in the knee joint is neglected.

• In the complete model system, there is a distinction made between the leg angle with

resPect to the vertical (11.2.3.4) and the leg angles perpendicular to the body (cftl.2.3.4).

From Figure 3.2, the following relation between the pitch (9), cft, and ycan he seen:

y =tP+O (3.8)

In the case of the trot, il is assumed tbat front and rear support-legs follow the same

hip trajectories, which results in a constant pitch of zero degrees. Tberefore, 1 will

equal ct-. Since it is the bip angle, «ft, which is actuated on the robot, it was decided ta

use this parameter in the single-Ieg analysis and simulation to most cIosely mimic the

real system, despite the fact that in the presence ofa non-zero pitch, it is r which

should he used to evaluate the potential energy term of the Lagrangian.
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3.6 Validation of Perfeet Position Input Assumption of

Single Leg Model

To verify the validity of assuming that the hip position and the upper swing-leg positions

can he commanded at will, a Working Model™ simulation of the entire system is used

[24}. Working Model™ is a graphical, dynamic mechanical system simuIator in which

models are constructed as rigid bodies, constraints, and inputs. The software integrates

the system at a user-gpecified time step. The quadruped system was modeled using the

mass, inertia, and geometric properties of the actual Scout II robot (Table 2.1, Table 2.7,

Table 2.8, Table 2.9). In addition, a mator model was implemented, and the time step

was chosen to he the same as the experimentally determined time step of 1.5 ms in the

actual system. Figure 3.1 shows a series of frames from the Working Model™

simulation.

40..
1 20

1
- 0t

·20
0 0.1 0.2 Q.3 0.4 Q.S o.e 0.1 0.8 o.a

lIme(.)

lo.s
•
1 0

'-o.s
·1

0 0.1 0.2 Q.3 0.4 Q.S a.e 0.7 0.8 o.a
lIme(')

soo

[1 0 " " !il " Il ! " " 11\111 • ]1
-500

.«J -30 -20 -10 0 10 20 3D 40
Tarq&a(Nm)

YIpI'e 3.7 - Plots ofch actual (-) and desired (-.) '5 tinte, dqree error between~ actual
andd~ and Torque YS Speed for hip 1 with the Torque/Speed modellimit shown
for states Il and 11 of the stePPÎIII trot pit (lep 1 and 3 ÎD support pbase)
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Figure 3.8 - Worldng MoeIeln« simulation to verify
perfed hlp and upper SWÎDg-leg position iDput
assomption

The first plot of Figure 3.7 shows the actual vs the desired «h trajectory during the

support sweep of a stepping cycle and the second plot shows that the degree error

between them is always less than 1degree. Furtber, a motor model is implemented in the

simulation which timits the torque applied at any joint to remain within the limits

provided by the manufacturer. This motor mode! was developed by Didier Papadopoulos

and Martin de Lasa at ARL, and was verified experimentally by Robert Battaglia. The

third plot shows the torque/speed curve from the Working Model™ simulation, with the

model's torque speed limit shown as a bounding parallelogram. Figure 3.8 shows the

Working Model™ simulation from which the data was obtained. The plots show that

while maintaining realistic torque and speed curves, the desired support-Ieg trajectory can

he achieved with less than 1degree errer, thereby verifying the perfect input assumption.

Furthermore, since the support trajectory is a much tougher loading condition than the

upper swing-Ieg trajectory, these plots aIso verify the assomption that the upper swing­

Ieg trajectory can he commanded at will..

3.7 Development of the Equations of Motion of the

Single-Leg System

The equations of motion of the single-leg system are developed using the Lagrangian

approach. From the accurate motor traeking assumption ofSection 3.5, the hip position
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(Xb, Yb) and the upper swing-Ieg angle (<<I»tne) can he considered as perfect inputs to the

system. The relation between the support leg angle and the hip position is as follows,

were ~osup is the initial support-Ieg angle (at which point Xb =0 - Figure 3.6).

xit)=Vtow +1.,J sin.::" -VlDw +lup) sinq,sup(t) (3.9)

xit) = ~sup(t)Vtaw +lllp) costPsupft) (3.10)

(3.11)

(3.12)

(3.13)

(3.14)

Byexamining Figure 3.6, it can he seen tbat the only degree of freedom is the lenee angle,

a. For this syste~ the Lagrangian equation can he wriUen as:

!!.-{aL}_ aL =0
dt ad aa

wbere the Lagrangian, L, is:

L=T-U

(3.15)

(3.16)

T =Kinetic energy ofthe system

li =Potential energy of the system

Since the support-Ieg and upper swing-Ieg trajectories are considered to he perfect

position inputs, they can he included in the potential and kinetic energy terms on the left

band side of the Lagrangian teem instead ofas a force input term on the right band side.

The potentiaI and kinetic energy terms are developed separately, and then the cotice

system is differentiated as in (3.15).
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3.7.1 Potential Energy

The only potential energy term comes from gravitational potential energy of the lower

swing-Ieg. It is written as:
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(3.17)

3.7.2 Kinetic Energy

The kinetic energy is determined with the velocity and angular velocity terms of the

lower swing-leg as follows:

(3.18)

The squared velocity term of (3.18) can he written as:

The horizontal velocity orthe centre ofmass of the lower swing-leg is:

V,g...r = xb + lup~In~ cos tPIn~ + leI~Irr~ +li)cos(,frr~ +ex)
The vertical velocity of the centre of mass of the lower swing-Ieg is:

V'R., =Yb + l/lp~frr~ sin tPIrr~ + l" (~/rre +à ~in(,Ine +li)

The angular velocity of the lower swing-Ieg is:

(J) =~frre +â

(3.19)

(3.20)

(3.21)

(3.22)

Substituting equations (3.19), (3.20), (3.21), and (3.22) iota (3.18) gives the following

complete expression for the kinetic energy:

T =!m{~b +lup~frr~cos(tPfnJ+l"(~frr~ +a~os{tplrr~ +a)]2 }
2 + &b + lllp~frr~ sin(,frr.J+ lcg~frr~ +ci~os (tp/ne +a )]

2

+.!.((~frrr +âr
2

(3.23)
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3.7.3 Equations of Motion
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(3.24)

The kinetic energy term ofequation (3.23) and the potential energy term of

(3.17) are substituted ioto (3.16) to rorm the Lagrangian. Fmally, the equation of motion

is determined by substituting the Lagrangian into (3.15) and performing the

differentiations. The result is as follows:

xb cos(t/»/rrr +a)+ Yb sin(;[ru +a)+[/lpi/ne cosa -lllp~fnii sin a

=0

To obtain this system equation in state space fo~ the following transformation is used:

Xl =t/J[nr

X1 =t/J[nr

The state space fomt of the system is then written as:

(3.25)

(3.26)

3.8 Validation of Equation of Motion for Single-Leg

Model

To verify the equation of motion, the system is simulated in Working Model™, and the

resuIts are compared to those from integrating the equation of motion in Matlab™ [28}.

In the Matlab™ simulation, a desired (l trajectory as in Section 3.4 is input as a function
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of tinte into the state space fonn of the equation ofmotio~ as in equations (3.26). The

system is integrated using the ode45 function to solve for the upper swing-Ieg trajectory

needed to achieve the desired a trajectory. In the Working Model™ simulation, the

desired a trajectory is used as the feedback for the following PID hip torque controller:
,

r =-Kpa (ad -a )-Koc (ad -a )-K'a f(ad-a}lt
'-

(3.27)

where t5Wt is the start time for a particular state.

The dynamic coupling between the upper leg and the lower leg (the hip and the knee) is

5uch tbat a positive torque in the hip actuator will cause a negaüve torque in the knee.

Consequently, (3.27) is simply the negative of the standard PlO controller wbere the

actuator is directly coupled ta the joint. Furthermore, the integral term is reset ta zero at

the start ofeach swing cycle (states Il and 21).

Figure 3.9 - WorkiDl Model™ simulation to
verify the EOM for the sinate swing-Ieg model

The two simulations are set up with the same initial conditions and physical parameters.

The pb.ysical parameters such as mass, ine~ leg lengths, and location of the centre of

mass are the ones of the actual Scout n robot (Section 2.5.3). Ta simplify the situation

for the purpose ofverifying the equation of motion, the body trajectory is taken to he

zero velocity. Ta achieve this in the Working Model™ simulation, the body is anchored

in the air far enough above the ground to avoid toe stubbing. Figure 3.9 shows a frame

from the Working Model™ simulation, and Figure 3.10 shows the plots of the data. The

top two plots show~ from both the Warking Model™ simulation and from integrating

the equation of motion in MatlabTM, and the error in degrees between the two. It cao he
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seen that the error is always less tban 0.002 degrees. The bottom two plots show the a

trajectories from the Working Model™ and the Matlab™ simulations, and the degree

error between them. Agam, the error is always less than 0.002 degrees. The conclusion

is tbat the a trajectories input ioto the equation of motion in MatlabTM, and the a

trajectory obtained by torque control of the hip motor in Working Model™ agree very

closely, as do the resultant hip angle trajectories, and therefore, the equation of motion is

verified and validated.
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Figure 3.10 • Verification of equatioo~motion. The Ont plot shows 4trne vs time for the Working
Model™ simulation and for the inteention of the equation of motion in MadabTM. The second plot
shows the degree error betweeD ",,'or the WorIdng Model™ and MatlabTM simulations. ne tbird
plot shows the a angle that W8S acbieved through PID torque control in 4lrne in the Working Mode!TM

simulati~ and the a angle tbat wu iDput iBto the Madab™ SÙDulatioo to determine what the upper
SWÜlg·leg trajectory (9rnJ needed to be ta achieve tbis desired a trajectoI'y. The rourtb plot shows
the degree error between the two a trajedories.
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3.9 Step-Trot, Cosine Knee Angle Trajectory Analysis

The single leg model equation of motion is used to analyze the behaviour of the single­

leg system for different trajectory and geometric parameters. In this section. the single­

leg model is integrated for a simple cosme lenee angle trajectory with a step-trot motion

for the body. Xb and Yb. In other words, the support-legs are assumed to mave in a

eosine-type trajectory as descn1>ed in Section 3.3.1. and the hip (ie: body) motions, Xb

and Yb, are calculated from equations (3.9) through (3.14) and are input ioto the equation

of motion. In the next section. the complete system is modeled in Working Model™ and

tbis step-trot is repeated step-to-step by switching the free and the support-legs as

described in Section 3.1.

The system is integrated using the foUowing inputs and parameter ranges:

• Cosine knee angle trajectory as descnbed by equation (3.7)

• Cosine supPOrt-leg trajectory as descn"bed in equations (3.1) and (3.2)

• lup =0.2,0.1 m

• Peak-tO-peak knee angle amplitude, CXunP' varying from -5 to -30 degrees, every 5

degrees

• Initial ~&ee varying from -lOto -40 degrees. every 10 degrees

• Support cycle time (Tts) =1second

• a. cycle time (TLScJ =0.75 seconds

Figure 3.11 and Figure 3.12 show the upper swing-Ieg trajectories (4'free) and the toe

height for the parameters listed above. It is clear that the final upper swing-Ieg angle is

always positive, independent of the parameter choice. It can aIso he seen that the toe

heights are higher for the longer upper leg configuration. Unfortunately, it can he seen

that there is significant toe-drag for aIl of these cases. Toe-drag is defined as the total

time during the cycle at which the toe-height is equal to or less than zero. Although it is

possible to step-trot with toe-drag during the first portion ofthe swing cycle, it is

undesireable because ofthe increased wear on the foot~ and because it reduces the ease
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with which the legs can clear obstacles.. Consequently, it is important ta minimize or ta

eliminate toe-drag wbere possible.. Hy examining these figures, it can he seen tbat with
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Figure 3.11-"'- and toe-hei&bt orSWÛII-Ieg roI' alpha cosine lmee angle mqectory, step­
trot support-Ieg trajectory, 1.. oC0.1 ID, and varyiDl other panmeten

these free and support leg trajectories, toe-drag cannat he eliminated, but it is reduced by

decreasing the initial support-Ieg angle, ,0sap. Furthermore, it can he seen that the overall
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Figure 3.12 - etrrr- and toe-beigbt 01swiDg-leg for' alpha cosiDe kDee angle trajectory, step-trot
support-Ieg trajectory, 1., of0.1 III. and varyiog otber parameten

toe-heights are higher for the longer leg configuration. Thereforet it is concluded that an

optimized set ofconditions for the step-trot with the eosine-type knee angle trajeetory are

the following:

aamp: -300
lut 0.2 m
" fiu: -100
tt.0 • ur
" sup·
TLS= l second
Tt.sa: 0.75 seconds

Table 3.3 - Optimizecl set ofconditions
for step-trot with cosine Imee mgle
tnjectory
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The following section shows the results ofusing these conditions in the Working

Model™ simulation.

3.10 Step-Trot Simulation Results for Cosine Knee

Angle Trajectory

70

The system is simulated in Working Model™ for the step-trot with the cosine knee angle

trajectory as defined by equation (3.7) and with the optimized set of conditions as round

in Section 3.9. This section will first discuss the overall step-trot algorithm as

implemented in Working Moder™, including the selection ofthe controller gains, and

then the results of the simulation will he presented.

3.10.1 Step-Trot Working Model™ Simulation Algoritbm and

Controller Gains

The system is modeled in Working Model™ using aIl of the physical properties as

described in Section 2.5.3, (Table 2.7, Table 2.8, and Table 2.9), and with the longer

upper leg length configuration of0.2 nt. The step-trot algorithm used is described in

detail in the flow-chart of Figure 3.13; it is a specifie formofthe general trot as

descnbed in Section 3.1, and in Figure 3.1. The tlow-ehart descn1Jes states Il and 12 of

the trot, and it shows the transition ta state 21. States 21 and 22 behave in exactly the

same manner as states Il and 12 respectivelYt but the support and the free (eg-pairs are

swapped. In states Il and 12, legs 1 and 4 are free, and legs 2 and 3 are the support-legs

that propel the body rorward.

In the simulation~ the hip mators are modeled as torque 111OtOrs, and a motor model is

used that limits the torquelspeed cbaracteristics of the simuIated model to those of the

motors on the real Scout n robot. Consequently, position control is aehieved in the

simulation using the same PD or PlO control schemes as are used on the real system, and

the model ooly implements torquelspeed vaIues that are achievable on the real system. In
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this simulation, the controUer gains are determined by iteration and are chosen so as to

obtain a fast response, with very close traeking, and low overshoot. The support-Ieg

position control is done with a simple PD controller, the unlocked swing-Ieg control is

done with a PlO controller (states Il and 21), and the locked free leg position control

(states 12 and 22) is done with a simple PD controller. Each of these cases used different

gain values and theyare listed below.

Unlocked Cree s Locked free 1
KPCl: 500 KPftec: 1()()()

Table 3.4 • ControUer gains for step-trot witb simple cosine Imee augle trajec:tory

Near perfect tracking of the simple casine knee angle trajectory could he acbieved with a

PD cantroller with gains KPa =5000 and KDa =3. However, a tracking error and

significant overshoot is observed in the two-part cosine trajectory (Section 3.11), so the

PlO controller is used. The integral term in the PID controller reduces the tracking error

while permitting a reduction in KPCh which reduces the avershoot.

The communications hardward on the actual Scout II robot aperates at a bandwidth of

667 kHz, which is equivalent ta a time-step of 1.5 miliseconds. Tberefore, the time-step

used in the Working Model™ simulation is set to 1.5 miliseconds.

3.10.2 Step-Trot Working Model™ Simulation ResuIts

Figure 3.14, Figure 3.15 and Figure 3.16 show the results of the step-trot simulation with

the parameters and the controller gains developed in Sections 3.9 and 3.10.1. The first

plot ofFigure 3.14 shows the upper leg angle for leg 1 (<<Pl) as a function oftime for a 10

second step-tro~ and the second plot shows the data between 3.5 and 5.5 seconds. In

bath these plots, the state value is scaled to fit within the data, and the states Il, 12, 21,

and 22 can clearly he made out as the horizontallines. The tirst plot shows that mis

motion is rePetitive, and therefore stable. The second plot shows one complete cycle

through all four states for leg 1. During state Il, the lenee is unIocked for leg 1 and the



CHAPTER 3 - ANALYSIS 72

upper )eg trajectory does nat follow a q»1 desired trajectoryt but is rather controlled to

achieve the cosine knee angle trajectory. At the transition to state 12, the upper leg is

smoothly controlled to the desired toucbdown angle of 10 degrees. During states 21 and

22~ Ieg 1 is a support-Ieg, and it follows a cosine trajectory from 10 to -10 degrees.

no

~ \hI81aop far
....21_ 22 wlIh
....... ,.. _ 2-3,......

no

na no

Figure 3.13 - Step-trot witb c:osine kDee angle trajectory tlowchart
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The third and fourth plots ofFigure 3.14 show the a trajectory for leg 1 for the step-trot

cycle. The third plot is for the full 10 seconds. and the fourth plot is a closer view of the

lenee angle trajectory between 1.75 and 2.6 seconds. On both plots. the state is scaIed

phi' (-l, pt111-d(-.l, scaJed llata va Urne phl1 (.), phl'~-.), scaIed s1ate vs Ume
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Figure 3.14 •~, al actual and desired vs time with scaIed state sbown, for step-trot
with dl...= 100 and 1., =0.2 Dl

ta fit within the data. It can he seen that the knee angle trajectory traeks the desired

trajectory with the same type ofaccuracy as shawn in Figure 3.10. The step-trot

algorithm locks the lenee when the knee is within one bal! degree of the zero degree

desired locking position, which accounts for the 0.5 degree error al the start and at the

end of the cycle.
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Figure 3.15 • TOrquel vs .. speed (der/s) with motor model boundinC box shown, and body
Corward velodty vs time witb scaIed state Cor step-trot with ,0RP= 10° and 1., =0.1 m

Figure 3.15 shows the torquelspeed corve with the motor model shown9 and the forward

body velocity of the roOOt9 with the state scaled ta fit within the data. The torquelspeed

curve shows that there is not excessive motor saturation in achieving this step-trot. The

velocity curve shows a cosine type velocity profile with the velocity dropping ta zero al

the beginning and end ofeach cycle9 as desired for the step-ttot.

Figure 3.16 shows the toe-height of Ieg 1 as a fonction of time for the 10 second step-trot

simulatioD9 and it also shows the data for the tirst 1.0 second. The state is aIso ShOWD9

but is scaled ta fit within the data. The tirst plot shows that the toe-beight bebaviour is

repetitive9 and that in generaI, toe ciearances reaching between LO and 1.6 centimetres

are achieved during the middle of the step cycle. Furthermore9 the second plot shows

that for the tirst 0.1 second9 the toe height remains at 0.0~ which indicates that there is

toe-drag al the start of the cycle9 as predicted in section 3.9.
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Figure 3.16 .. Toe heigbt 1 and scaIed state vs time for step-trot with ,0svp =10°
and 1... =0.2 m

3.11 Two-Part Cosine Knee Trajectory Step-Trot

Analysis

To reduce toe-drag during a step-trot, the knee trajectory bas to achieve its maximum

amplitude sooner than halfway through its swing cycle. The two-part cosine knee angle

trajectory of Section 3.4 is input as the desired knee angle trajectory iota the MatIabTM

single leg simulation with Tamp•a values of25% and 10% ofTLSClt and the results are

shawn in Figure 3.17 and Figure 3.18. Please note that only the longer upper leg length

condition is used since it was found in Section 3.9 that the longer leg length provides a

larger ground clearance.

It can he seen that toe-drag is reduced for increasing Œamp, for decreasing initial <Pfree, and

for decreasing Tamp.a. Nevertheless, there is always some toe-drag al the start of the
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cycle. The following section shows the results of simulating tbis system in Working

Model™.
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TUlp,4 =O.25*TLSa for sbifted cœine Imee angle tnjectory step-trot
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3.12 Step-Trot Simulation Results for Two·Part

Cosine Knee Angle Trajectory

The system is simulated in Working Model in exactly the same fashion as in Section

3.10, with the same controller gains. The only difference is that the desired lenee angle

ttajectory ofstates Il and 21 is not a simple cosme, but is the twO-part cosine with Tamp.a

values of 10% and 25% ofTLSa•

20..1 10

t
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Go
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tIme{l)
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Figure 3.19·~ Cldaind (-.) and~ (-) vs. aime rrom Working Model™, and desired
torque-speed rrom Working Model for nv.part cosine knee angle trajectory, step-
trot support leg trajectory, T-.œ =0.1*Ttscu 1.. =0.1111, .-rra =-10 degrees

Figure 3.. 19 and Figure 3.20 show the results of the simulation for the case where Tamp.a

is 10% of TLSao The first plot ofFigure 3.. 19 shows the 4»t= trajectory that was

commanded using feedhack on the desired a. two-part cosine ttajectory, and the second

plot shows the desired and the achieved Cl trajectory. It can he seen that epftee is not as

smooth as it is in the cases of the MatIab™ simulation (Figure 3.. 18) where no motor
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model is implemented. Furthermore, in the second plot, it can he seen that the torques

are limited by the motor model causing poor a traeking, eSPecially around the time of

Tamp.a (0.075 seconds), where the actuators are saturated. Fmally, the third plot shows

the desired torque-speed requirements, and the bouoding box shows how they were

limited. Clearly, the actuators are saturated a significant amount of the time, which

acCOUDts for the poor a tracking.
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Figure 3.20 - Toe beipt and rorward velocity '5 time for step-trot witb two.

part cosine trajectory; T.."œ=8.1*TLScb " rra = -100
t lop = 0.1 m

Figure 3.20 shows the toe-height and the forward body veIocity for the Tamp.a =

0.1*TLSa case. It can he seen that the velocity is not as smooth as in the case of the

simple cosine lenee trajectory step-trot of Sections 3.9 and 3.10, especially just after the

time the lenee reaches its maximum amplitude. At this time, the free legs accelerate very

quickly ta achieve the desired lenee angle trajectory, which gives the system a disturbance

significant enough tbat the support Ieg controller bas a difficuit time completely rejecting

it. Furthennore, oear 0.6 seconds, the free Ieg toe nearly hits the ground. In fact, it was

found that ifthis simulation was run for a longer period oftime, small disturbances are

enough to cause the robot ta stub ils toe and to falI.
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Figure 3.21 • ch, al actual and desired vs time with scaIed state sbown, for step-trot with ;i,up= 10°
and lu, =0.2 ID, and witb tw~part cosine Imee anate trajedory with T...,.a =O.2S*TI.S

Due to the problems with motor saturation and toe-stubbing, it is concluded that the two-

part cosine trajectory with Tamp.Œ = 0.1*TLSa is not an appropriate set ofparameters for a

step-trot. The case of setting Tamp.Œ to 0.2S*TLSa. is investigated to see if this less abrupt

a trajectory bas less toe-drag than the simple cosine a trajectory case, yet with better toe­

height and reduced system disturbances than in the Tamp.Œ =0.1*TLSa case.

Figure 3.21 shows the c1»m:c and a trajectories for the Tamp.1l = 0.25*TLS two part cosine

case. It can he seen that the a traeking is much better than the Tamp.a = 0.1*T[.Sa case,

with the exception of the same type ofdisturbance al maximum knee angle amplitude.

Funhermore. Figure 3.22 shows that the actuators are not overly saturate~ as in the



CHAPTER 3 - ANALYSIS 81

previous case. By comparing Figure 3.16, Figure 3.20, and Figure 3.23, it can he seen

that toe-drag is decreased by decreasing Tamp.a. However, this reduction in toe-drag

comes at the expense of worsening a traeking, and a reduction in maximum toe-beight.

Sïnce toe drag cannat he completely eliminated, and since the worst case toe drag of the

simple cosine a trajectory is relatively small (albeit larger than the Tamp,a= 0.1*TLSa or

Tamp.a = O.25*TLSa cases), it is feit that the simple cosine a trajectory is better due to its

higher maximum toe-height, which minimizes the risk of toe-stubbing due to

disturbances.
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:1ft.+ , .. J!ct''-' .-ta $~:UI""'I:':I!it-~'...... ....o
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Figure 3.%2 • Torquet w ft speecl (dea/s) with motor model bouDdiDg box shown, and body
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3.13 Controlled Forward Body Velocity, Cosine Knee

Angle Trajectory

82

It bas been shown that for step-trotting, toe-drag cannat he eliminated for simple cosine­

type lenee angle trajectories. However, step-trotting is only one class of trot. During

steady-state walking. it is more likely that a controlled or a constant forward body

velocity will he desired. Step-trots involve coming completely to rest at the start and the

end ofeach step cycle, and consequently. significant energy must he expended ta

accelerate and decelerate the robot. Clearly. the step-trot is very useful for situations

where single steps must he taken, such as when appraaching a target or an obstacle.

However, to cover larger distances it is more efficient to maintain a constant forward

body velacity.

20 x 10..1 loe height vs lime

15

10-3 loe height vs lime
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10 la
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œ CD
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Figure 3.13 .. Toe beigllt 1 and scaIed. state vs time Cor step-trot with #lSlIP =10° and 1... =
0.% DI, and and two-part cOSÏDe Imee angle trajectory with T..."œ=O.1S*T1,k
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The system is simulated in Matlab™ and Working Model™ using the support-Ieg

trajectory for a controUed forward body velocity trot as described in Section 3.3.2, with

the desired velocity heing 0.5 mis. Figure 3.24 and Figure 3.25 show the results of these

simulations for upper [eg lengths of0.2 and 0.1 m respectively.

For the case of an upper leg length of0.2 ID, it can he seen (Figure 3.24) that there is no

toe-stubbing or toe-drag for the case where the initial ~free is more negative than -30

degrees, and the maximum knee angle deflection is more negative than -10 degrees.

Furthermore, the ground clearance is maximized with an initial ~frec of -30 degrees and a

CLamp of -30 degrees. In addition, the fmal c;rrœ is ooly 15 degrees larger than the desired

touchdown angle of30 degrees, which can easily he corrected in the remaining 25% of

the totaIieg swing cycle time after knee (ock.
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Figure 3.15 .. Toe·helgbt and ...,. r... controlled horizontal body velocity trot or0.5 mis with
simple cosine Imee angle trajectoryt 1., or0.1 DI, and other varying parameters

Figure 3.25 shows the same simulations but for the shoner lup of0.1 ID. In this case, it

can he seen that the optimal cbaracteristics are an initial 'rrœ of -40 degrees and a aamp of

-30 degrees. In this case, the final ,_ is 20 degrees higher than the desired final 'me

touchdown angle of30 degrees, which can also he corrected in the remaining 25% of

cycle time.
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The MatlabTM simulation is used to determine the appropriate ~o&ce and Œamp parameters

for different velocities and different upper leg lengths. To reduce the search space, the

total cycle time (TLS) is kept at 1.0 seconds with the corresponding unlocked knee swing

time (TLSa> of0.75 seconds. The individual results as in Figure 3.24 are not shawn, but

the optimal parameters found through that type ofanalysis are compiled in Table 3.5 and

Table 3.6 for the longer and the shorter lup values respectively.

ve10city (mis) ct>°tree(degrees) Œmmp (degrees)
0.1 -10 -30
0.2 -10 -30
0.3 -20 -30
0.4 -20 -30
0.5 -30 -30
0.6 -30 -30
0.7 -40 -30
0.8

Table 35 • Optimal" frtft a..., ror 1., =0.2 DI, T13 =1 S, TUicl =0.75 s

_ve_lo_c--.;ity;.....<_m/_s.....)__!...=O&ce~(d_e..Jll:.gre_es~)__......;<Xam::::l:-P.:...(d.....:egre~e_s.:....) _
0.1 -10 -30
0.2 -20 -30
0.3 -20 -30
0.4 -30 -30
0.5 -40 -30
0.6
0.7
0.8

Table 3.6 • Optimal ,0"., ex.., Cor 1.,=0.1 ID, TLS =1 S, TLSCl =0.75 s

It can he seen that the longer upper leg length configuration bas a Iarger range of

velocities that it can cover. Furthermore, it can a1s0 he seen that the optimal Œamp is

aIways -30 degrees, which implies tbat the larger the magnitude of the backwards knee

detlection, the higher the ground clearance. However, this aIso results in a larger

difference between the ~ angle at the end ofthe unIocked knee swing phase and the

desired toucbdown angle, and sa a value of-30 degrees for <Xuop is feh to he the best

compromise.
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3.14 ControUed Forward Body Velocity Trot Working

Model™ Simulation

The system is simulated in Working Model™ for the controlled forward body velocity

case. In this section. the controlled velocity trot algorithm and controller gain selection is

discussed. the results from the simulation are shownt and they are compared to the results

from the MatlabTM single leg simulation.

3.14.1 Working Model™ ControDed Forward Body Velocity

Simulation Algoritbm and ControDer Gains

The controlled velocity trot is similar to the step-trot with a fewexceptions. First of all,

the support leg trajectory is that ofSection 3.3.2 (equation (3.3) and (3.4», and not the

trajectory for the step-trot. Second. the goal of this trajectory is to move the hip angle in

such a way that the desired velocity orthe robot is achieved. Unlike the step-trot, there is

no set liftoff angle, since the support legs must continue to move until the Cree legs both

toucbdown. At this time, the legs excbange raIes. and the state changes from 22 to Il or

from 12 to 21. An additional change is that when the knees lock. their et» angles are

equalized prior to toucbdown. This is done so that the locked Cree legs touchdown at the

same angle. reducing the pitch and the roll throughout the subsequent cycle. Despite

these differences, the overall algorithm is quite similar to the step-trot. As in the step­

trot. the free leg knees are unlocked and knee angle control is Performed during state Il

or 21. Once the Cree legs are straightened at the end of the knee angle contro~ the knees

are locked and the locked free legs are brought ioto ground contact. where the support

and the free legs exchange states.

This algoritbm is implemented in Working Model™ and the controller gains are

determined experimentally. They are summarized in Table 3.7. Sïnce the support-Ieg

trajectories are different for the controUed velocity trot than the step-trot. it is not

surprising tbat the controller gains are different. Wbat is observed is that in order to



CHAPTER 3 - ANALYSIS 87

maintain good position contro~ the Proportional and the Derivative gains (KPsuppon and

KDsuppan) bave to he reduced compared to those of the step-trot to prevent overshoot and

instabilities. However, tbis tends to reduce the overall accuracy of the controller, and so

a large Integral gain (KIsuppon) bas to he implemented. It should he noted that since the

controlled velocity trot is meant to achieve bigher velocities than the step-trot, that it is a

tougher [oading condition. It was aIso observed that the performance did not change over

a large range of controller gains: tbe sensitivity of the system to variations of gains was

small. AIthough not tested, it is likely that the controlled velocity gains would have

worked for the step-tot. This was the case for the experimental results of Chapter 4.

Su
KPm 150

KIm 9000

Unlocked Cree 1
KPa: 800
KDa: 2.5

Locked Cree le

KDm : 50

Table 3.7 • Controller gaiDs for coatrolled velodty trot witb simple cosiDe
knee.angle trajedory

3.14.2 Working Model™ ControUed Forward Body Velocity

Simulation Resolts

The system is simulated in Working Model™ for the longer upper reg case with the

optimal conditions of.otiee =-20 degrees, <Xmmp =-30 degrees, TLSa = 0.75 seconds, and a

constant desired velocity of0.3 mis for the first unlocked knecs state (state 11). Figure

3.26, Figure 3.27, and Figure 3.29 show the results ofthis simulation compared against

the MatIab™ simulation.

Figure 3.27 shows the upper leg angle trajectories for both the support and the free legs,

and the torque/speed curves as determined in Working Model™, with the bounding

parallelogram ofthe motor model shown. It is clear that there are differences between

the upper free leg trajectories trom the two simulations. These differences can he

attn"buted to the faet tbat in the Working Model™ simulation, the forward body velocity

was not constant at 0.3 mis as it was in the MatIabTM simulation as can he seen in Figure
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3.29. The reason tbat the velocity could not he kept as constant in the Working Model™

simulation is because the torques needed ta do this exceeded the motor model and were

consequently clipped, as can he seen in the bottom right plot ofFigure 3.27. Figure 3.28

shows the support leg torque vs time and it can he seen that there is an initial saturation

ofthe torque (Torque = -38 Nm) at touchdown (t=O.O s). It is these effects that explain

the apparent large clifferences in the toe heights hetween the two simulations as seen in

Figure 3.26. Sïnce the upper swing leg trajectary needed to achieve the a casine

trajectary in the free leg is very dependent on the dynamics of the entire system, it is not

surprising that these small changes in velocity would cause such a discrepancy. What is

more important to note, however, is that by selecting the parameters frOID the MatIabTM

simulation sa as ta maximize toe-height, the system is robust enough to handIe these

types ofdisturbances. Figure 3.26 does show a large difference between the toe-heights

as determined in the Matlab™ and the Warking Model™ simulations, but it aIso shows

that the toe-height from the Working Model™ simulation is stiU positive and with a

substantial clearance, despite the disturbance in velocity.

0.015

0.04

0.02

o.Ot
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,

Figure 3.26 • Toe-height YS lime for MadablM and Working Mode1m

simulations wlth upper tee Imath ~0.2 DI, desfred rorward body
velocity~0.3 mis, initial .....=.20 deIfttSt unlocked knee swing tilDe
of0.75seconds, aad a.., of ·30 degrees
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0..15

Figure 3.29 • Forward body veloclty '5 dme for MadabTM and
Working Model™ simuladons. Nominal desired velocity =0.3 mis, lup

=0.2 ID, .0me = -20 degrees, a.., = -30 degrees, TLk =0.75 5

90

The system is simulated in Working Model™ for a longer duration foUowing a oon­

constant velocity profile. Figure 3.30 and Figure 3.31 show the results of tbis Working

Model™ simulation. Figure 3.30 shows the velocity profile, wbere the dasbed line

represents the desired velocity, and tbe solid line represents the actual velocity. The

desired velocity profile can he seen to he a linear increase frOID 0.05 to 0.4 mis in the tirst

5 seconds, then a constant velocity of0.4 mis for 5 seconds, and then a retum to 0.05 mis

over the last 5 seconds. The optimal ,0tice and <Xamp values as functions ofdesired

velocity as determined in Section 3.13 are used in this simulation.

It can he seen that the overall velocity tracking is quite good, but that there are significant

lasses in velocity at each toucbdown. These losses become worse as the desired velocity

ïncreases. Figure 3.31 shows the toe height and cp angle of leg L The plot of «Pl shows

that as the velocity increases, the overall stride of the legs increase. This is a

manifestation of the optimal ,0fia: values ofTable 3.5. As the touchdown angle
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increases~ the torque required to lift the body increases. Furthermore, as the velocity

increases~ the angular velocity required of the legs increases. Both ofthese effects

increase the torque required of the actuators to the point of saturation, which causes the

increasing drops in velocity at leg toucbdown as the desired velocity increases.

Despite these losses, it can he seen that the overall velocity tracking is quite good. In

addition, the fact tbat tbis simulation lasted for 15 seconds indicates that the controller is

stable. The plot oftoe height 1 in Figure 3.31 shows that there is no toe-drag using tbis

algorithm, as predicted in Section 3.13.

The Working Model™ simulations show that an upper bound for the velacity is 0.4 rn/s.

Beyond this value, the losses in velocity become tao severe to provide adequate velocity

controL

forward veIodty (aetuai-. dlSired -.) vs ume

t61412.tO8
Utne(s)

642
OL..-_----I..__......L....__.L.-_---L__--L-__~_ ___I:_._.........

o

Figure 3.30 • Forward body velodty Cor ramp op down constant velodty aIgoritlun 1.. =0.2 m
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3.15 Summary

This coopter introduced a model ofa passive kneed quadruped system. The model was

used to determine optimal parameter values for two different trotting controllers. A

single leg system was modeled and simulate~ and the results were used to simulate the

entice system in the Working Model™ simulation package. Step and controlled velocity

trots were successfully simulated.

The limits of the corrent robot were determined by implementing a motor model iota the

simulations. This modellimits the applied torques to values tbat can aetually he aehieved

by the aetuators on board the real robot. It was round that an upper limit for the forward

velocity of the robot (in simulation) is 0.4 mis. This Iimit stems from the faet that in

arder to increase the speedy the stride of the robot must he increase~ causing sballower

bip angles al toucbdown. Losses ofvelocity al each toucbdown are increased as the
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toucbdown angle becomes shallowert and at the bigher speedst the motors become

saturated and cannot track the required trajectories. Nevertheless, step-trotting and

controIled velocity trotting were achieved in simulation.
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Chapter 4 Implementation

4.1 Overview

This chapter descnbes the experimental results achieved for passive kneed trotting of the

Scout II quadruped robot. The knee design ofChapter 2 was built and was mounted onto

Scout II al ARL. Experiments were performed to achieve trotting gaits, using the

aIgorithms develaped in Coopter 3. Section 4.2 descnèes the setup used ta perform the

experiments. Section 4.3 shows the results ofexperiments performed on a single [eg of

the robot. The results of implementing the step-trot controUer ofChapter 3, Section 3.9

are presented in Section 4.4. Finally, the controUed velocity trot (Chapter 3, Section

3.13) experimental results are presented in Section 4.5.

4.2 Experimental Setup

The knee was installed on Scout II and the robot was mounted onto the treadmill through

the planarizer, a device of linear and rotational bearings which restricts the robot's

motion to the saggittal plane (Section 2.5.1). This was done because the robot bas no

active way to prevent roll rotations, and the analysis was done assuming planar motion.

The existing SPPSPI system was used to gather the robot data and it was stored in the 00­

board computer's memory. At the end ofeach experiment, the data was transferred as a

data file to the ARL computer network, where it couId he accessed, analyzed, and

graphically displayed using Matlab™. The planarizer bas a total travel of 1.0 metres.

Consequently, for longer experiments where the robot travelled more than 1.0 ID, the

treadmill was manually controUed to match the rohot's speed.

4.3 Single Leg Experiments

As a first step in impIementing the trotting controllers, a single passive kneed leg was

attached to the robot and was controlled to follow a cycle tbat is representative ofa trot.

94
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The robot was not mounted onto the treadmill, but was rested on a stand sa that the leg

did not hit the ground. By doing thïs, the mecbanical. electrical, software, and data

logging components of the system were tested and debugged. Figure 4.3 shows a series

of still images from a video ofa single leg experiment. Frames 1 through 4 represent

state Il, frame 5 is state 12, and frames 6 through 9 are states 21 and 22 (recall that the

transition from state 21 to 22 is dependent on the legs that are of the different cycle - the

algorithm for the locked support leg is the same for bath of these states).

Figure 4.1 shows a plot of the upper leg angle of the single (eg as it is cycled through four

cycles of states Il, 12,21, and 22 of the step-trot, using the optimal parameters

determined in Chapter 3, Section 3.9. In addition, the results of the simulated system are

plotted on the same graphe The bottom plot shows a doser view of one cycle of the same

experiment and simulation. The legend shows which curves are frOID the Working

Model™ simulation (WMphi_l, WMphi_l_d, WMstate), and which are from the

experiment. WMphi_l_d and phi_1_d represent the desired upper leg angles of the

simulation and the experiment respectively, which are input iota the PID controllers.

WMphi_l and phi_l represent the achieved upper leg • trajectories. The horizontal lines

are the state values, which are scaled to fit within the data at 1:1 (ie: Il degrees on the

axis represc:nts state Il). [t can he seen that during the. control states (states 12,21, 22),

the actual and the desired signais ofooth the simulation and the experiments agree aImost

perfectly. During state Il, when the lenee angle control torques are applied to the hip

actuator, the simulation and the experimental values differ slightly. In this situatio~ the

controller moves the <p angle in whatever path is necessary to achieve the cosine type

lenee angle trajectory, a. Figure 4.2 shows the a trajectories (achieved and desired) from

the simulation and the experiment. It can he seen that the a traeking for bath the

simulation and the experiment agree quite closely. The bottom plot of tbis figure shows

the delay in the a tracking at the start ofstate Il due ta the time it takes for the solenoid

locking device to unlock the knee. Furthermore, the slight jitter at the end ofstate Il

shows the time it takes to lock the mee.
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The differences between the upper leg angle (,) curves (simulation and experiment) of

Figure 4.1 during state Il (the unlocked mec phase) are due to unmodeied factors. The

dynamic coupling is larger in the simulation because friction is neglected. In the actual

robot. despite having tetlon coated bearings for the knee joint. sorne friction still

remained which forced the bip motion to he a bit more dramatic to achieve the same knee

angle trajectory. Please note that during state Il. the. angle is not controlled ta fallow a

desired. trajectory. wmch is why the desired trajectory corves are fiat. The model

limitations are discussed in more Iength in Section 4.4.
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Figure 4.3 - SiDgie leg c.yde for passive Imee trotting

4.4 Step-Trot Experiments

The robot was mounted on the treadmiII using the planarizer, and step-trot experiments

were performed, using the algorithmdeveIoped in Section 3.10.1. Only the longer leg

Iength configuration was tested because Section 3.9 determined that this offered the most

toe-beight~ and consequently the most robustness to toe-stubbing. Figure 4.6 shows a

series ofstill images from a video ofa step-trot. Tbree steps are taken, with the

following frames correponding to the following states: frames 1 through 4 show state Il,
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frames 5 through 7 show state 12~ frames 8 and 9 show state 21, frames 10 and Il show

state 22, frames Il and 13 show state Il, and frames 14 and 15 show state 12..

Figure 4.4 shows the upper leg 4»1 and knee angle al trajectories for a 35 s step-trot. The

experiment was stopped by the researcher, and not because the robot stumbled.. It can he

seen tbat the shape of the. trajectory during knee control (state Il) is similar to the

simulated results (Figure 3.14)~ and that the support. trajectories (states 21 and 22) track

the desired values quite weIl..

Figure 4..5 shows the toe height of leg 1 for the same step-trot. The second plot shows

the toe height for states Il and 12 of the fust cycle. It can he seen tbat the toe height is

positive for all of state Il and tbat it touches the ground during state 12 at the desired

toucbdown value.

Although a successful step-trot was achieved, the experimental parameters and initial

conditions that were used ta obtain a stable step-trot on the treadmill (Table 4.1) are

significantly different from the simulation values (Table 3.3).. However, it is important to

note that the general trajectory sbapes are the same, and that the resulting trot is stable.

The discrepancies are due to unmodeled factors.. For example, the solenoids selected

were not strong enough to unlock the knee when the leg was bearing any weight. It was

assumed tbat during aIl four leg ground contact, a minor decrease in the support legs

angles would raise the swing leg high enough tbat the solenoid could unlock the knee.

Unfortunately, the backlash in the motor, the gearhe~ and the belt transmission was of

the order of severa! degrees, which made it impossible ta cely on solely a small angular

difference between the support and the free legs. To accomodate this, the initial free leg

angle was selected ta he greater in magnitude (though opposite in sign) of the touchdown

angle (initial support angle). Con..~quently, the toc was in the air at the time of

unlocking, and the symmetry of the initial free leg and support Ieg angles was lost.. The
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second plot ofFigure 4.5 shows that al the start orthe cycle (state Il), the toe height was

not zero, but close to 4.0 cm.
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CXmnD 40°
lup 0.20m
Initial•• _22°

Initial ~5UD 0°
TLS 3s
TLSa 0.75 S

Table 4.1-Trajedory parameters and
initial coaditfoas CGr' experimental step-trot
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The backlash ofthe belt transmission provided an additional discrepancy: the encoder

that measures the hip angle (,) is mounted on the mator shaft. ConsequentlYt any

bacldash in the belt will not he picked up by the angle sensor. This resulted in an

uncertainty in the support leg angle of roughly one degree. Ta compensate for thïs, the

initial support leg angle had to he reduced from 100 to 00
, the total cycle lime (T1.5) bad

ta he increased from 1.0 s to 3.0 s, and the initiai free leg angle had to he cbanged from

-100 to -220 to give the free legs time to clear the ground. Furthermoret the amplitude of

the knee trajectory had ta he increased from 300 to 40° ta ensure ground clearance.

A fmal source oferror is tbat the moment of inertia of the lower leg used in the

simulation was taken from the CAO package (ProEngineer™) and not determined

experimentally. Differences in the masses and mass distnbutions of the components that

formed the lower leg could account for sorne differences between the simulation and the

experimeot.

Table 4.2 shows the controUer gains for the trotting experiments. Please note that these

remained constant for bath step trotting and for the cootroUed velocity trot of Section 4.5.

The discrepancies descn1led above partially acCOUDt for the large differences between

these and those used in the simulations (Table 3.4 and Table 3.7). Perhaps a more

significant difference is due to the derivative gain. The ~ and ci terms used in the pm
controllers are obtained by differentiating their angular values in real time. Electrical

noise and the effect that differeotiation has ofamplifying errors create large errors in

these signaIs. ConsequentlYt theyare filtered with a digital low pass tilter prior to use.

The effect of the filter is to create a slight delay in the derivative signaI~ and in addition,

the filtering does oot remove ail of the noise. The consequence of this is that the

derivative signal is nat completely reliable, and therefore, the derivative gain terms (KD)

must he kept quite low. As in any dynamicaI system, changing the gain values ofone of

the controller terms bas a cascade effect on the remaining gain values. In other words,

the poor sensing ofangular velocity necessitated the reduction in the KD gain values,
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which in tum forced changes in the proportional (KP) and integral (KI) gain values.

Despite aIl this, it was possible to experimentally tune the controUer gains to achieve

good tracking, as can he seen in Figure 4.4.

UnIocked Cree Locked Cree 1
1000 KP«: 65 KP&ee: 100

Table 4.2 • Coatroller pins for step-trot experimental results
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Figure 4.6 • Scout nstep-trottfag 0Il1readmill. TItree steps takeu, approximately 9 seconds.
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4.5 ControUed Velocity Trot Experiments

104

The controlled velocity trot algorithm was implemented on Scout II. Figure 4.7 shows

the velocity data obtained from one eXPerim.ent where the robot traeked a non-constant

desired velocity signal for over 90 seconds. The desired velocity signal is the dashed line

of the second plot of the figure. It can he seen to stay constant at 0.05 mis for the flI'St 10

seconds, then it follows a linear trajectory to 0.1 mis for roughly 15 seconds, where it

stays for 15 seconds. Fmally, it ramps back down to 0.05 mis where it stays for the

remainder of the experiment. It should he noted that the robot started initially from rest,

and tbat it can easily come to a complete stop from a speed of0.05 mis by locking ail

four lenees and by applying a zero angular velocity control signal to the hip angles.

Unfilt8r8d forward velocity vs 1Ime (adU8I- deslted -.)

-005

-tL.----r.._--'-_...L.--...L_-.L.._--'--_I-----r.._--'------'
o tO 20 30 40 50 60 70 eo 90 tOO

Filt8red forward wloc:ity vs Urne (8dU8I- d8Slred -.)

Q

-0.050 tO 20 30 40 50 60 70 80 90 tOO
llme{s)

Fipre 4.7 • FUtered and uomtered velodty profiles for ramp op and
down œatroUed velodty trot (desired and actual sipals), with
scalecl state shawn

Figure 4.7 shows both the filtered and the unfiltered velocity signal. The robot velocity

is calculated as a function of the support leg angles and anguIar velocities. In reference

to Chapter 3, Section 3.3.2, equation (3.4), the rohot's Corward velocitycan he calculated

as:
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v=-V,OW +11111 ) ~sup (t)cos qJsup Ct)
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(4.1)

The hip angular velocities were determined experimentally by differentiating the hip

angle signal. It was round tbat the ~ signais thus obtained were extremely noisy, and

required filtering. It is the dependence of the velocity on the hip angular velacity (as

seen in (4.1» that resulted in such a noisy velocity signal Nevertheless, once the signal

was properly ftltered~ it can he seen that the velocity of the robot does track the desired

velocity quite weIl. Furthermore, the velocity drops once per step - this can he seen by

comparing the period of fluctuation of the velocity with the state signal. This drop in

velocity was observed during the simulations (Figure 3.30 ofChapter 3), and is caused by

lasses due to leg touchdowns. This is descnbed in detail in Chapter 3.

Section 4.4 describes the discrepancies between the simulation studies and the actual

experiments. These discrepancies necessitated some changes ta the controller algorithm

ta achieve a successfuI step-trot. The same is true for the controlled velocity trot. Again,

as a result of bacldash in the motor, gearing, and belt transmission, and because the

solenoid was not strong enough to unlock the knee when it was bearing any weight, the

toe had ta be raised to roughly 4.0 cm prior to unlocking il. This necessitated setting the

initial support leg angle to 00 to ensure tbat the swing toe did not bit the ground. In

simulation, this value was not set because the free reg converts to a support leg as soon as

it touches the ground after mee rock, and the Cree leg unlocks its mee at the same instant.

In simulation, the exchange ofsupport was perfeet, sa the consideration of the strength of

the solenoid was neglected. Consequently, to ensure that the solenoid was not trying ta

unlack while bearing any weigbt in the actual experiments, the toe had to he raised to

rougbly 4.0 cm, as descn1led above.
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Figure 4.8 • cPt trajectory during ramp op and down cootrolled velocity trot

Figure 4.8 shows a plot of the hip angle of leg 1 during this experiment, and the state

value. Figure 4.9 shows a closer view oftwo of the steps oftbis cycle. Although the

data for the remaining three legs is not provided, they are aIl very similar. The tirst plot

of Figure 4.9 corresponds to a desired velocity ofO.OS mis and the second plot

corresponds to 0.1 rn/s. A few more modifications to the simulation algorithm can he

observed in these plots. A problem encountered during the implementation was tbat

because the knees were not unlocked until the support legs reacbed cr (to raise the free

leg tces bigh enough ta permit the knee to unlock), the subsequent touchdown angle was

much larger than in the simulation. Ta belp reduce this effect, the locked free legs were

swept al a much faster rate towards the ground man the controlled velocity sweep

trajectory ofSection 3.3.2t as was done in the simulation. This is observed as the steeper

negative slope trajectaries during the tirst part ofstate 12 in bath plots ofFigure 4.9. The

point al which this slope becomes less steep is when the leg touches the ground and it

begins to follow the controlled velocity support leg trajectory. Wbat can he observed is

that as the bodys forward velocity increases9 the touchdown angle becomes larger. As
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this angle becomes larger, the torques required of the actuators increase, uitimately to the

point of saturation and staIL Figure 4.12 shows the torque speed curves of this

experiment for each leg, with the theoretical motor model bounding box ofChapter 3

shown. Clearly it can he seen that the motors are saturated a fair amount of the time. It

was found that ifspeeds in excess of0.1 mis were attempted, tbat the legs would bit the

ground at a steep enough angle that the motors couid not provide enough torque ta

continue the stride. and the robot wouId come ta a stand still. This explains why the top

speed the robot achieved in experiment is smaller than that achieved in simulation.

Furthermore. please note tbat although the data for the knee angle (a) trajectories is not

providedt the response is very similar to that achieved during the step trotting

experiments (Figure 4.4).

Figure 4.10 shows the height above the ground of toc 1for the experiment. and Figure

4.11 shows a doser view of two of the cycles (the left plot corresponds to a velocity of

0.05 rn/s. and the right plot corresponds to a velocity orO.l mis). It can he seen that at

the stan. and the end ofeach cycle that the toe is raised to roughly 4.0 cm, as described

earller in tbis section.
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To cooclude9 the cootrolled velocity trot was successfully implemented 00 the Scout II

robot for speeds railging from 0.05 to 0.1 mis. Certain unmodeled factors necessitated

sorne modifications to the controller algoritl1n\ which in tum reduced the maximum

achievable speed as compared to the simulations. Nevertheless9 stable9 controlled

velocity trotting with passive lenees was successfully implemented.
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Figure 4..10 • Toe beigbt of Ieg 1 for ramp op and down controUed velocily trot

4.6 Summary

Step trotting and controlled velocity trotting were successfully implemented. A1though

sorne modifications to the theoretical algorithms had to he made, bath simulated gaits

were achieved in experiment.

The causes ofsome deviations in the a1goritbms and results from the simulations are

explained, and the data from the eXPeriments are graphically presented. It was round that

certain unmodeled mechanical factors 5uch as friction and bacldash forced some



CHAPTER 4 -IMPLEMENTATION 109

modifications to the setpoints determined in the analysis and simulation ofChapter 3.

The friction in the knee joint caused a sligbtly different upper leg feedhack response to

the lenee angle trajectory, and the backlash caused enough uncertainty in some of the

sensed robot parameters that the aIgorithm trajectories bad to he modified. Nevertheless,

muchofthe information and many of the ideas learned in simulation were used in the

implementation. Ultimately it was found tbat the upper velocity limit of the robot was

0.1 rn/s. Beyond ~s, the toucbdown angles were steep enough to cause motor staIL In

addition, up to 0.1 mis, the velocity could traek a linear ramp signal quite weIL
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Passive kneed trotting with the Scout II quadruped was successful. This research project

began with a quadruped robot that did not have knees, and through a series of steps

including mechanical and electrical design, theoretical analysis, and experimental

implementation, a majority of the initial goals were achieved. Among the contnbutions

of this work are the develapment and integration ofa new passive knee system with an

energy efficient locking mechanism, an electronic circuit for power and computer control

of the lock, and the software ta control the lock as part ofvarious walking algorithms.

Furthermore, the dynamics of the knee were modeled and analyzed as an individualleg

system. and as part of the complete passive kneed quaclruped system. These models were

used to develop and simulate two different walking controllers. The information

obtained from these simulations was used ta assist in the successful implementation of

trotting gaits using the passive knee in conjunction with Scout II.

The thesis began by reviewing past work al the Ambulatory Robotics Laboratory (ARL),

and ofpassive dynamical systems, particularly as they relate ta legged roboties.

Subsequently, the mechanical and electrical details ofScout II were outlined. The design

of the passive knee was explained, including a description of the specifications the knee

bad ta satisfy. Stress analyses of two camponents of the lacking mechanism were

performed verifying that the knee would withstand the laads exerted on it when walking.

A discussion ofthe various commercial components used in the knee was provided. In

Chapter 3, a detailed dynamical analysis was performed by developing the equation of

motion of a simplified single leg system. This model was verified independently in a

separate commercial simulation software package. It was used to determine a set of

optimal trajectory and geometric parameters for various types of trotting. The entire

quadruped system was simulated in the software package, using the information obtained

from the single leg model analysis. Fmally, the walking controllers that had been

III



CHAPTER 5 - CONCLUSION 112

simulated were implemented on Scout II, and the results were presented in Chapter 4. A

good correlation was observed hetween the experimental and simulated single leg

system. Successful trotting was acbieved. but certain unmodeled factors in the

simulation forced certain changes in the implemented algorithms (as compared to the

simulated algorithms), which made comparing them difficult. Despite these differences,

the experimental results showed that it is possible to achieve robotic walking with 2

degree of freedom legs, in which there is only active control of the hip joint. It is hoped

that tbis work will inspire athers to investigate using natura! dynamics and passive

systems to achieve energy efficient, reliable rabotie walking.

Despite the successes achieved, tbere are certain limitations of the current work tbat need

to he addressed. First and foremost is that the robot cannat use the current trottÏng

algorithms if it is not mounted ta the planarizer to stabilize the roll rotations. In the

previous operations of Scout l and n, the gait used is the bound, in which the front or the

back legs are always on the ground, or one set of them will bit the ground togetber at the

next touchdown. If toucbdown occurs earlier than anticipated, autamatic stabilization

occurs since the unstable body rotation is the pitch, which can he stabilized by ground

contact with a front or a rear leg pair. In the case of the trot, the unstable roll rotation is

along the axis formed by the diagonal between the toucbdown legs. In tbis case, if the

rotation along tbis diagonal causes a premature leg toucbdoWD, the result is toe stubbing.

With no active way for the knee to recover from a toe stub, this will most likely result in

a fall. Consequently, some form ofroll stabilization must he developed and implemented

to get the robot offof the treadmill and planarizer. This could he done by adding a lateraI

actuated hip rotation degree of freedom, or by installing platfarm type feet that are large

and wide enaugh ta stabilize this rotation when the robot is standing on only one of the

diagonal pairs.'

An additional problem is that the individual soIenoids were not strong enough to uniock

their corresponding lenee when the leg was bearing any weight. This problem was

compounded by the large amount ofbacldash in the motor, the gearbead, and the belt
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transmissiaD9which gave a large uDcertainty ta the hip angle. Perhaps a better approach

is not to use a fully passive knee, but to use a very small actuator in the knee which could

bold the knee against a mechanical stop for locking purposes, but could automatically

hecome a pin joint by controIling Cor zero torque in the knee. Unfortunately, this would

lose the added functionality ofcomplete 3600 rotation of the lenee. A clifferent alternative

is to design a better locking mechanis~ but tbis could come at the expense of a heavier

lenee.

Other future work wouId involve developing turning and other hehaviours. Once active

roll stabilization is achieved9the project will not he a complete success uDtil the robot can

navigate through a building or a series ofobstacles. This wouId involve being able to

turn9ta survive any falls, and ta be able ta stand up again after a CalI. AIlofthese

behaviours could he studied.

Furthermore, in tbis work, the passive knee trajectory was explicitly controlled. Another

appraach wauId he to determine the naturaI walking cycle and ta take advantage of il.

Rather than control the lenee angle tbroughout the unlacked knee state, the lenee cauld

simply he unIocked and the hip angle commanded to fallow a simple forward sweeping

trajectory. UltimatelY9 this could be tuned through simulation and experiment to achieve

the desired angular trajectories as a Datura! cycle, perhaps necessitating ooly small

conuol corrections near the end of the cycle.

A final area ofstudy could he to develop sensing and recovery techniques for tae

stubbing. Currently, the research is aimed at avoiding premature toe-ground contact

altogether. In a rougher environment however, it is certain that the toe will sometimes hit

the ground earlier than anticipated. Determining when this occurs, through direct means

such as force or proximity sensors on the foot, or through indirect methods by analyzing

either the hip or the knee angular trajectories, wouId he of vital importance.

Furthermore9developing control schemes to correct for these disturbances would he a

real cballenge with an underactuated system such as this one.
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To conclude, passive dynamics offer a significant reduction in weight and power

consumption, but come at the expense of making control significantly more complicated.

For applications where reducing the weight and power are critical, this tradeoff may

provide new design alternatives that could offer substantial improvements to

performance. The use of passive lenees on the Scout fi quadruped permitted the

development of new walking behaviours, which ultimately couJd increase the usefulness

of the robot. The understanding and application of passive dynamics in conjuction with

legged robots is still in its infancy. This project demonstrated certain possibilities, and

points in new directions for exploration.
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