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Further research along the lines established by this investigation may,

therefore, ultimately lead to the development of improved prosthetic

and orthotic appliances.
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ABSTRACT

The evident advantages enjoyed by animals over wheeled

vehicles for locomotion over rough terrain has frequently been noted

by the designers of military vehicles and others and has led to

speculation relating to the possibility of constructing legged machines

for off-the-road transportation. One of the principal difficulties

which have retarded the development of such machines is the absence

of a thz.ory of legged locomotion adequate to permit the synthesis of

control laws capable of producing the coordinated limb motion neces-

sary for stable forward movement c r vehicle. This dissertation is

aimed at a solution of this difficult control problem.

In order to treat the limb coordination control problem in a

quantitative fashion, it is necessary to develop some new mathema-

tical models for legged locomotion systems. The simplest such

model represents an extension of previous discrete models to include

the kinematic aspects of leg motion. It is shown that such a kine-

inatic model can produce previously unsuspected theoretical results

relating to the dynamic stability of certain types of gaits.

The results of the kinematic stability theory are used to design

a very simple finite state controller to implement a quadruped crawl.

iv



i This controller, which is a variety of asynchronous sequential

machines, solves the quadruped limb coordination problem by simply

turning control motors on and off in the proper sequence in response

to discrete feedback signals. The validity of this solution is demon-

strated by the presentation of experimental results obtained with a

small artificial quadruped. A trot gait was also successfully realized

in experiments with this machine.

While a finite state controller is appropriate for the control of

slow, stable gaits, more complicated control may be necessar for 4

higher speed locomotion. To investigate this question, a six degiee

of freedom dynamic model for a locomotion machine is developed.

This model has been programmed for a digital computer to permit the

study of arbitr'ary gaits and control laws without the necessity of con-

structing. additional machines. The results of this simulation show

that it is possible to obtain stable locomotion by means of an auto-

matic control system even for gaits in which the machine never finds

itself in a statically stable c.•ndition.

While this dissertation ýs concerned primarily with quadruped

locomotion, it appears that some of the concepts introduced and

results obtained have application to the study of biped locomotion.
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Chapter 1

INTRODUCTION

1. 1 Historical Background

Legged locomotion has been studied by man throughout

recorded history. The earliest studies were probably performed by

cave men as is apparent from the drawings found on the walls of

their homes. Crude as many of these studies were, they neverthe-

less attempted to depict the essential element- of legged locomotion.

Eventually man attempted to construct walking machines. One of the

earliest walking machines, according to legend, was built during the

Huang Ming Dynasty (220-265 A.D.). A team of wooden horses was

reputedly constructed to carry supplis for the army [l1. In 1889

and 1893 Muybridge published his work on animal motion as studied

by stop motion photography. This work, in combination with new

energy conversion equipment, apparently generated much interest in

constructing legged machines. A number oi patents have been issued

for mechanical walking devices. The earliest of these was issued in

1898 [2]. The limited popularity of such machines has been due to

a lack of adaptability and relative inefficiency.

Bracketed numbers refer to the list of references collected at the
end of the text.
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The motivations for studying and constructing legged machines

have remained essentially the same; they are 1) to provide trans-

portation over unimproved terrain, 2) to provide paraplegics and

partial paraplegics with a means of locomotion, and more recently

3) to provide transportation vehicles for use on the moon and other

planets.

Theoretical studies have been perfc.-med in order to find an

algorithm, or set of rules, which will enable man to satisfactorily

construct a legged locomotion device [ 3, 4, 5, 6, 7, 8]. The tech-

nical difficulties in the construction of a legged machine have existed

for a long period of time [ 2 ]. The major problem lies in the control

of the legs so that the machine can adapt to varying environmental

conditions.

1. 2 The General Legged Locomotion Problem

The study of leg control for walking machines and animals has

been the subject of a number of papers in the past [4, 7, 9, 10, 11,

12 -, Tomovic and McGhee have postulated the study of leg control

by finite ;tate computer techniques. Using these techniques McGhee

has been able to describe many of the possible gaits (a gait is a time

sequence for cycling the legs) existing for multi-legged machines.

The objective of McGhee's and Tomovic's work is to make possible
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the synthesis of a finite state controller (digital computer) for leg

control of a machine. One of the results of this thesis is the design

of a more general finite state contrcller incorporating error

correcting capacity. This is accomplished by a form of discrete

feedback.

The next area of importance is that of stability of a legged

machine. The question has been generally neglected in past investi-

gations. Perhaps this is due to a lack of theory and motivation. The

concept of an ideal machine will be introduced in this dissertation.

The ideal machine is at best an approximation of a realistic machine.

However, it serves as a model with which much insight can be

obtained about the real system. The requirements for locomotion

for this model or ideal machine are developed.

At this point it becomes clear that we should investigate the

general organization of a legged machine in terms of its functions

and its environment. A given machine and a given environment

dictate the following control requirements:

1) the decision for selecting a gait and speed dependent

upon terrain, energy requirements and physical

limitations

2) the generation of a gait sequence for the legs
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3) control of the leg subsystem

This hierarchy can be diagrammed as follows:

apriori knowledge of the terrain,
machine capabilities, stability

requirements, etc.

Selection of a Gait generator Leg
gait and speed] and leg controller subsystem body state

Feetdback fort
maintaininjg

[ l leg state

I [Feedback for F

gait stability | --- -- "

Feedback for speed, I
stability and gait -- J-
determination

The Organization of a General Legged Locomotion Machine
Figure 1. 1

This thesis deals primarily with the gait generator-leg controller,

the leg subsystem and the stability requirements. The gait and

speed selector, or decision processor, in most animals is the brain.

In it, the decision on how locomotion is to be accomplished and at

what speed is made according to the information the brain receives

from its various sensors, i.e. eyes, ears, inner ear, propriocep-

tive mechanisms, etc. A machine may be designed with or without
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this outer loop. With this outer loon the machine is able to adapt to

its environment. Without it, the machine is designed for apriori

determined environmental conditions. To control this machine for

different environments, an operator or driver is required. Tne

gait generator-leg controller mechanizes the direction from the

brain or operator. it decides when to activate muscles or actuators

from brain information and measured information from the state of

the body. Here the state o. the body is defined as the positions and

velocities (both rectangular and angular) of the body structure and

the positions and velocities of the various leg parts. The genera-

tion of gaits will be discussed and some specific exa-nples will be

analyzed.

Finally the leg subsystem controls ýhe direction and magni-

tude of the forces applied to the ground whose reactions result in

forces on the body. These subsystems must be capable of trans-

mitting the desired forces according to the commands of the gait

generator-leg controller.

The necessity for feedback in the various loops is dependent

upon the particular machine design. For example, it is conceivable

that a machine can be designed with. no feedback. The machine

applicability however, must clearly be limited since no feedback

implies no regulation of any of the sub-blocks in the machine.

-?~
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Childrens' toys are a good example. Many walking toys exist today.

Their mechanical designs are clever, but in general they all suffer

from a lack of adaptability, regulation, etc.

1. 3 Basic Objectives of the Dissertation

The dissertation seeks to formulate the problems of legged

locomotion and to obtain solutions to some of the most fundamental

of these problems. Hopefuilly, these solutions will assist in che

synthesis of practical legged locomotion machines. The results

should also be useful in the design of prosthetic - orthotic appliances

and the rehabilitation of those people suffering from a loss of lower

limb functioning. The problems and solutions will be formulated for

a general model with n-legs. They will be illustrated specifically

for a quadruped machine.

1. 4 Organization of the Dissertation

Chapter 1 provides a historical background and outline of the

general problem of legged locomotion. The general problem treated

in this dissertation is defined.

Chapter 2 provides the basic definitions and concepts required

for the analysis of legged locomotion. The general problem of legged

machine design is discussed. Notions such as energy consumption,
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and overall efficiency are clarified for legged machines. Conccipts of

stability and the con.'rol of such machines are introd'iced. The state

of the machirae is defined. The problems of leg control implementa-

tion by computers are introdiced. Various computer systems are

discussed. The possibility of using a finite state algorithm or a

digital computer for the control of legs is presented.

Chapter 3 provides the core of the theoretical considerations

in this dis3ertation. The dynamics of the problem are investigated

in general, and demonstrated for an idealized quadruped performing

a trot. Formal definitions are made for a mathematical model of a

legged machine. Necessary and sufficient conditions for a specific

mode of locomotion are derived for the general machine. The con-

cept of state and dynamic 3tability is introduced. Computer algor-

ithms to satisfy these general locomotion theorems are discujsed.

Chapter 4 presents the construction of a practical machine.

The mechanical design is discussed pointing out the design criter" on

used in the construction. Two distinct finite state computers are

presented for two different gaits, the trot and the crawl. The sim-

plicity of the trot gait allowed the design of a relay computer. The

crawl gait, owing to the fact that at least three legs are on the

ground at any one time, requires a more co~riplicated control
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algorithm. A solid state computer was used to construct the

required logic for control. The disL-ete computers required the

feedback of discrete information from the legs. The amount of

feedback, i. e., the number of feedback points per leg, determines

the complexity of the computer and depends on the gait.

Chapter 5 provides the conclusions and extensions of the

dissertation. In it are discussed the appiications of the theory

developed to the design of machines and prosthetic and orthotic

devices.

•lllll•m i m ~ ~ mum mmm=m ee m =N wmw umm = p



Chapter 2

CONCEPTS AND DEFINITIONS

2. 1 Definition of Legged Locomotion

2. 1. 1 General Definition of a Locomotion Machine

For purposes of this dissertation, a machine capable of

moving itself from one position in a given fluid 3 space to another,

constrained in its path by a given surface and subjected to a

gravitational field, is a locomotion machine. The position is

referenced to a particular point on the body of the machine. The

surface is the terrain over which this machine is to move. The

fluid in which the machine is to propagate may be air, water, oil,

etc. From this definition terrestrial animals are classified as

locomotion machines [1 3].

2. 1. 2 Definition of a Legged Locomotion Machine

A locomotion machine cons:sting of a body and a number of

legs is to be defined. The legs are mechanisms with the following

properties:

1) A leg is attached to the body of the mac-iine at one

end and contacts the ground at the other. The ground

contact is made by a foot attached to the leg.

9
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2) The feet are placed on the ground periodically at

desired locations. When they are off the ground the

feet must clear the ground until the desired location

is reached.

3) The legs are capable of supplying a force between the

body and the ground when the feet are on the ground.

In terms of this definition for legs, a locomotion machine

supported and propelled by legs is a legged locomotion machine.

2. 1. 3 The Concept of a Gait

For a multi-legg d machine, the sequence with which the legs

are cycled may establish a periodic pattern. If a distinct repeatable

pattern can be established for the foot falls, and if each leg com-

pletes one to and fro motion, in any complete cycle of the pattfern,

then the pattern is called a gait [3] . Note that locomotion can

exist without the existence of a gait. For example, the legs may be

allowed to cycle according to a random terrain, or one beg may

complete two to and fro motions in each pattern, etc. The concept

of a gait is useful in classifying the footfall patterns so that each

can be examined for their particular properties such as stability,

energy requirements, etc.
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2. 2 Mechanical Concepts Required for Legged Locomotion

2. 2. 1 Basic Mechanical Requirements

The legs of a machine must satisfy the fol'lowing three basic

mechanical requirements:

1) they must supply a consistent support of the body

above the terrain (This does not imply a leg has to be

in contact with the ground at all times.)

2) they must supply a driving force to the body in the

direction of the desired motioni

3) they must be able to return after the support and

driving phase without i.aterfering with the terrain.

2. 2. 2 Environmental Effects

The above requirements must be consistent with the

environment, i. e. if the legs do not adapt to the environment,

locomotion will cease. The environment in this case includes the

roughness of the terrain, measured by the vertical excursion of the

soil between its maximum height and the minim'm height of the

foot depression within the length of the vehicle [ 141. the 3 space

fluid properties, i. e. viscosity, velocity, density, and the gravity

field direct.ion and magnitude. The environment dictates mechan-

ical properties such as leg length, foot dimension, the method used



for terrain clearance, and the positions of the legs relative to the

body. The purpose of the machine is to transport a load over a

given terrain. This determines other parameters such as the

strength of the legs, the power required to provide locomotion over

the varying terrain at the desired velocity, and the dimensions of

the feet. To provide for these basic requirements, the leg systems

of a machine can be constructed in a number of interesting ways,

For example, the legs can be a piston-cylinder arrangement in

which the piston is extended during the support and drive phase and

retracted during the return phase [15 ]. The dimensions of the

piston and the stroke of the cylinder are readily determined by the

above parameters and a knowledge of the working fluid; e. g.

hydraulic or pnuematic. In physiological systems, the same

problem is solved by bending joints. The advantage of joint mechan-

ization is that it allows a distribution of the power devices over the

leg; further, each power device can also be of smaller capacity.

To demonstrate this, consider a simple example. In Figure 2. la,

the torque T = ml ra. Suppose in Figure 2. lb that the masses are
a

a distance L/2 from their respective pivots and that mI m 2 = m/2.

In computing the torque required to accelerate the upper leg by +a

and the lower leg by -8, let TbZ = 0. Then, if the angles a, 0 are

relatively small,

Im m N • • m m ~ m 1 • • m mw



13

£

Figure 2. la

Figure 2. lb

The Purpose of Bending Joints
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2.2..
T ml2(l/2) • + m/2(3•,/2) (. + i)

= 5/4(m2 at) + 9/8(m•2 ) (2.1)

2
= mi Z(l. 255 + 1. 125/E)

In the event that ý is negative and approximately a in magnitude,

Tbl = (I/8)T . If, in addition, tV torque TbZ is added to the right

hand side oi the equation, Tbl is further reduced as Tb2 would be

negative. The reduction of torque implies that for the same

angular acceleralion less power is required. Therefore peak

power requirements for the same response can be reduced

substantially when this method is used.

Other ways to obtain ground clearance are achieved by

lifting or retracting the entire leg into the body, by hopping or

jumping, and by lateral rotation of the body. The advantages and

disadvantages of each of these methods have to be weighed with

respect to a particular machine.

2. 2. 3 Energy Transfer

The previous discussion has presented a number of

approaches to the design of a leg to satisfy the basic requirements

for locomotion. The overall design of a particular locomotion
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machine is dependernt on many other factors, one of them being

the total energy expended for locomotion. To conserve energy it is

necessary, where possible, to store energy in order to release it

at a more desirable time. A spring has this capability; i. e. , it

can store kinetic energy as potential energy, then, on release, the

kinetic energy can be retrieved. Raising and lowering masses

against gravity is another way of achieving this same effect.

Energy transfer can take vlace in many parts of a legged

machine. The leg sy-tems themselves should contain some form o;

energy transfer since they oscillate. In addition to oscillation, they

also must strike the ground. Both these functions can be made

more energy efficient if energy transfer devices are included in a

leg system. Without such devices, the oscillatory motion would

require energy to start and to stop the to and fro motion. The

kinetic energy when the foot strikes the ground must be dissipated

in heat in the leg or in soil displacement. If such devices are not

incorporated on the body, each time the body falls, its loss of

potential energy must be absorbed by the system. Thus, for a

reasonably energy efficient machine, energy transfer devices are

necessary. Notice that a wheeled vehicle on a smooth road suffers

from none of these problems. If a legged machine were able to

achieve all of its energy transfers in an optimal way it could
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conceivably rival a wheeled vehicle in efficiency, even on a smooth

road.

2. 2. 4 Instantaneous Power Requirements

A high amount of instantaneous power is likely to be

required for cycling the legs, accelerating the mass, and main-

taining a velocity against a gravity fieid; e. g. climbing a hill.

The average power required for locomotion of a highly efficient

machine on a level (level meaning perpendicular to the gravity field)

is the power required to overcome internal and the fluid dynamic

friction of the 3 space. This average power can be relatively low.

The instantaneous power, however, can be many times greater than

the average power. For example, the power required to drive the

legs fore and aft is the product of torque and angular velocity. If

the motion of a leg is idealized to that of a simple harmonic

oscillator, then assuming no friction, the angular velocity is

W = 110 cosit, the torque is T = T 0 sinit and the power is

P(t) = (T 0 x0/2)sinZ'it. It is obvious that the average power

required is zero and yet the peak instantaneous power is T0 0/2.

which is positive twice and negative twice for each leg cycle. This

instantaneous power is required and can be obtained from an energy

storage device (a spring), an active source (an actuator, motor or
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muscle), or some suitable combination. The torque required in

this simple example is determined by the mass of the leg. There-

fore it is desirable to have as light a leg as pos..ible for an efficient

machine. A good example of this is a horse, which has a massive

body but rather light legs. The average power required to acceler-

ate and decelerate the body mass may also be close to zero for a

system with an energy converter, but the instantaneous require-

ments may be quite high. Of course, for systems without long

term energy storage capability, positive instantaneous power is

required for both acceleration and deceleration.

2. Z. 5 Overall Machine Efficiency

Efficiency of a legged locomotion machine can be measured

by the total energy required for a specific task. The task can be

any specified set of motions in a given environment. The factors

influencing the efficiency of one design relative to another are

simply the management of internal power and enecrgy. For exan':yle,

a machine without any energy storage devices may require a

hundred times more energy to perform the same task than a

machine with energy storage capabilities. The harmonic oscillator

leg cycling system with an energy storage device in the above

example required zero total energy per cycle. If it had no energy
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storage device, it would require an average energy input of

r/ /2w
E = 4f P(S)dS

e 0 (2.2)

- 4T ft lbs per cycle
0

In this example no friction is assumed, no difference between

forward drive and return stroke, etc., but it does illustrate the

point.

2. 3 Control System Concepts: Stability and Control

In reference to the block diagram of Chapter 1, the concepts

of stability and control relate to the first (decision) block.

2. 3. 1 Systems Under Consideration

In order to make any positive statements about stability, a

system must at least be capable of operation in an environment in

which the gravity field is perpendicular to the terrain. The terrain

will be assumed to be smooth and level (smooth implying a rougi.-

ness factor very much less than the dimensions of the legs) and the

3 space fluid stationary until disturbed by the machine. Capable of

operation implies that locomotion can take place. Note the legs

need not cycle with any regular'ity for locomotion to take place: i. e.

a gait need not exist.
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2. 3.2 Concept of Body State

In order to investigate the stability and contr-l of any system,

a definition of the state of the system is required. A legged loco-

motion machine consists of many dynamical elements. Thus the

total state of the machine is rather complex. However, the most

important element is the body of the machine. Consequently, the

dynamics of the body will be considered as the state to which

stability and control theory will be applied. Thus the body state

* will be defined as the translational position and velocity of the

center of gravity and the angu:lar position and velocity of the body

to which the legs are attached. The body state thus has 12 elements.

2. 3. 3 Stability of the System State

There are two distinct concepts cf stability required for this

class of machines. The first is concerned with obtaining locomo-

tion from a machine. The second is concerned with the relative1

stability of a moving system to perturbations. It is clear that the

second concept is dependent on the first, but satisfying the first

concept gives little insight into the ,•--nd. To avoid confusion o-

terms the following defi itions will be made; a legged machine will

be called practical if locomotion can be achieved. It will be c~l.ed

practically stable [16 ], if it can sustain perturbations while in
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The concept of a practical locomotion machine will allow the

determination of the required combination of legs on the ground and

applied forces for locomoti,'i. A criterion can be developed which,

if satisfied, will allow a legged machine to be practical. The

criterion should account for those cases in which all legs are off the

ground as well as when various combinations of legs are on the

ground.

If the practical machine has some degree of freedom in its

body state, its leg placements and its leg forces, then another cri-

terion is required to make a judgment of its relat'.ve merits. The

concept of practical stability is one criterion which can be used. The

perturbations may be construed as variations in terrain, a sudden

gust of the fluid, or a sudden change in systems parameters such as

mass. Another criterion equally valid to judge these merits may be

to use total ealergy consumption. Such a criterion is dependent on

the particular machine and gen l.I statements are difficult to make.

The dual definition of stability is due to the nonlinear and

time v'ry~ng nature of the basic system.

2. 3. 4 Control of the System State

After conditions of stability are satisfied, the control of such

I
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machines to achieve scme desired state can be considered. It is

obvious from the outset that not all elements of state can be con-

trolled withcut bound. Control of such machines, because of the

restrictions placed on the forcing elements, and the bounds on the

body state m:ay be difiicult to achieve in the classical (Kalman)

sense [ 17 ]. An alternative notion of controllability will be pro-

posed for this class of machines. The body state of a legged loco-

motion system can be controlled it a specified objective function

involving some components of the system state can be minimized.

This correqponds roughly to the concept of regional controllability

as proposed by Tou L 18 ].

The C.jective function will be picked by the designer of the

machine. The arguments of the objective function are the param-

aters to be control'-€,!. 'Thus the objective function may include

components such as, direction or path, velocity, altitude above the

terrain, vertical acceleration or jerk (smoothness of ride), energy

dissipation and body attitude. Since only a minimum is required on

certain elements oi the state, the control may not always be

precise; or, the desirable state may not be completely achieved.

but it may be consid ed satisfactory.

An example cf a suitable objective function is a quadratic



22

combination of the error between the parameters of concern and

their desired values. Such a function is

T
T2 2 2

Q I a(x xd) + b(y - Yd + c(x- xd)
0

+ d(y - yd)Z + e(h h d + gP(t)

+ h(a - ad)2 + i(- Od)2 + j(Y - YdZ...

.............. dt

where

a.... n = weighting constants

x, y, h = translational dimensions of the body state

x, y, h = rotational dimensions o f the body state

h = jerk measurement

P(t) = power consumed

If Q can be minimized, then the system is controlled. The

minimization of Q will lead to the determination of control laws.

These laws det-ýrmine the thrust vectors of the legs as a function of

the state of the system. It is not always possible to minimize Q.

In these cases the system is termed uncontrolled.

With this formulation, it is possible to consider two

nl m ~ m~mw maw • °il, I
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distinct problems of control. For a smooth terrain and no distur-

bances the problem is deterministic. For a random terrain and

random disturbances the problem becomes stochastic.

2. 4 Computer system Concepts

Va-ious way3 of implementing a leg sequencer will .',:

presented.

2.4. 1 Mechanical Computers

One obvious way to enable cycling of the four legs is to

mechanically gear the legs together [ 19, 20 ). This technique is

attractive from the standpoint of apparent simplicity. The actual

construction of gears to do this job however, turns out to be rather

complex. The designer is usually forced to use either cams or

elliptical gears ( 21 3, neither of which lend themselves to easy

change. Thus the disadvantage of such systems is their lack of

flexibility. One of the prime requirements of such a system is that

it be able to provide lc .omotion on u.iimproved terrain. Since all

sorts of terrain exist, a useful machine would require an adaptive

or changeable mechanism.
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An example of this simple type of computer is shown in the

following figure:

A Mechanical Computer Example
Figure 2.2

This machine is able to "crawl" but that is all it is able to do.

It is constructed of an undulating pelvic section linked to a fore-aft

oscillator which drives the four legs.

It is possible to conceive of more sophisticated mechanical

computers suck. as Miratori's project the golden horse r 22 ] with

a hydraulic sequencer. But once the system becomes this compli-

cated it would perhaps be more advantages to go to a electromechan-

ical system with an electronic computer controlling a mechanical



25

system. The same information must be processed regardless of

the construction so no more mention of how to mechanize the

desired leg control signals will be made.

2. 4. 2 Analog or Continuous Leg Control Systems

It is possible to generate a voltage, for example, as a

function of time and require each leg system to follow such a voltage

wave form. Leg sequencing will then be obtained by shifting the

wave forms in time, or phase, between each other. The sequences

can te stored and called when desired. Such a system is again a

relatively simple concept for cycling the legs. The system can be

synchronized to a clock. The clock frequency determines the speed

of the machine and is an input to the computer. The frequency need

not be constant and may vary with the speed of the machine.

Feedback may be requ" ed from the legs to determine when a

leg has struck an obstacle, slipped, or fallen into a hole, so that

the piogram can be altered accordingly. Without this feedback the

system is open loop and if an obstacle is encountered which stalls

one leg, the entire machine will go out of sequence and may become

unstable.

The disadvantage of this method is that active control is

required to maintain the leg synchronization. This implies energy
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consumption. It may be possible to construct a leg system in which

little total energy is used and yet the system is analog, i. e.

continuous. This may well be an excellent method of leg control for

some machines. All such systems have a clock, either implicitly

due to the existence of a ramp generator, or explicitly.

2. 4. 3 Digital or Discrete Leg Control Systems

The fact that the legs must cycle in sc ,e specified sequence

and the fact that they are either on the ground and supplying a

control force to the body, or off the ground and returning, lends

itself to the suggestion that it is possible to construct a digital com-

puter for the control of the legs. The concept of this binary action

however, must be used in conjunction with specific actuators, That

is to say, the actuator dynamics and mechanics determine to a

large degree how to implement this type of control. The advantage

of a discrete system over an analog system is that of having a noise

free, highly reliable, simplified system, which is flexible yet

adequate. Another adva:ntage is that programs for leg sequences

can be stored and switched to at will. These programs may be

stored in a very small permanent memory and called for when

needed. It is possible to construct a digital counterpart to the

analog co: .puter using essentially a digital-to-analog converter.

Im•wmuln w • ml • • m ~ m lw n na
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However, such complexity losses much of the advantage of having

a digital system. Another feature of utilizing the actuator charac-

teristics is that the system can be constructed asynchronously, i. e.

the command for each actuator can be made dependent upon the

position of the other legs, or actuators, of the system. This implies

a very elaborate feedback network. An important advantage of such

% system is apparent when failure modes are considered; the dis-

advantage is the lack of continuous control of the system. This

disadvantage can be reduced by increasing the number of discrete

feedback points associated with the legs.

2.5 Summary

In this chapter a fundamental definition for a legged locomotion

machine was presented. With this definition, the stage is set to

formally investigate legged locomotion in the next chapter.

Discussed were some important mechanical design consider-

at.. for machine construction. The question of efficiency is out-

lined. Power and energy requirements are discussed. These points

illustrate the ultimate capability of such machines, mechanically

speaking.

To provide the basis for application of control theory, a

definition of the state of the machine is made. With this definition
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notions about the stability and control of such machines were

introduced. Formal results are presented in the next chapter.

Once the problems of stability are solved, the problem oi leg

control to satisfy these solutions requires investigation. This

problem is shown to be solved by a computer to provide leg

coordination and force commands. The construction of such compu-

ters is discussed. Some basic schemes are presented.

t
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Chapter 3

THEORY

3. 1 Dynamics and Kinematics

3. 1. 1 Statement of the Froblem

As previously defined, a legged locomotion system consists nf

a number of legs connected to a body and oscillating fore and aft.

Also mentioned were some ways in which the legs could satisfy the

requirements of fore-aft motion while providing the necessary

support and driving forces to the body. The particular kinematic

solution for these requirements determines the number of leg

segments involved, their masses, degrees of freedom, and the

magnitude and direction of the applied torques and forces of each

segment. Once the kinematics are selected, the power devices can

be designed into the system. The system design will dictate the

masses and inertias of each leg segment. Having this information,

the dynamic behavior of the entire system can be analyzed. The

problem to be solved is the determination of body movement as a

function of time. The body will be considered as all of the dynamic

elem. ,ts of the machine. T-vo methods for obtaining the equations

29
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of motion are presented. The first is Lagrange's formulation

which allows use of the minimum number of equations; the second

is the application of Newt'n's laws of motion. The second method

generally involves more equations but is often simpler in concept.

Both methods are illustrated for a quadruped. The gait chosen for

the comparison is the trot. The set of equations derived from

Newton's laws of motion have been programmed on a computer and

the results are presented in this chapter.

3. 1. 2 Lagrange Formulation of the General Problem

Given a legged locomotion machine, it is desirable to write

a set of differential equations to describe the motion. The motion

of the body will be continuous; however, the equations describing

this motion are discontinuous. The discontinuity arises from the

fact that forces can only be applied into the ground. When a leg

cc.n , off the ground the force is zero. This .ionlinearity is

analogous to an ideal diode in an electrical circuit. Neglecting

other subtleties for the present, the order of magnitude of the

problem of using Lagrange's formulation can be investigated.

Consider a general legged locomotion machine. Suppose it cons'sts

of a body with a mass and rotational inertias and some number of

legs, each leg having n segments and each segment having its own

mass and rotational inertias. Further, assume the machine is
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operating in a gravity field normal to the terrain, which is very

smooth, and assume there is no slippag -4 the feet. Geometrically

such a machine might appear as shown in Figure 3.1. The leg sys-

tem on the ground can be described as shown in Figure 3. 2. Now

the Lagrangian energy function can be written for the z.ntir,! leg as

m 2 .2 .2 2 .2L--E •Cmi(xi + y +z.) + ipk + iq +i=l 1 1 1 1 qi

I .i- i - r igzi (3.1)

Since the coordinates x, y, z, p, q, r of each segment can be

expressed in terms of the angles e. and cp. (if each joint a'lows only

two rotational degrees of freedom), then each segment will have

two differential equations of the forms

- " Tri (3.2)

and

d L Ai i T(oi (3. 3)

where T 0i, Tcý = Torques applied in the e and cp directions. Rota-

tion of the elements adds one more equation. The equations must be

modified when the leg is off the ground. The angles 3.1 and cpi are

still measured with respect to an inertial axis, however, the frame

on which the elements are attached is in motion. Thus, in forming
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A General Legged Locomotioai Machine

Figure 3. 1

3 'P3
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Side View Front View Each Element i

The Parameters of Leg Analysis

Figure 3. 2
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the Lagrangian function, the velocities include the frame motion as

well. The differential equations will be formed in the same manner

as above and will reflect this frame motion. Thus, if no rotation

of the segments about their longitudinal axes is allowed, that is

simple hinge joints in two dimensions are assumed, each leg seg.nent

requires four second order differential equations to describe its

motion.

The body has a Lagrangian function like the leg segments;

however, the free coordinates depend on the constraints imposed by

the legs. For example, if a machine is solidly supportad by four

stick legs then the -- %d has only two degrees of freedom if the legs

are constructed with simple two dimensional hinge joints. The

differential equations would be expressed in terms of 0. and 'pi of

the legs,

The number of legs on the ground may change the number of

equations required. Thus, for each configuration of legs on the

ground a different set of equations will have to be developed. For a

multi-leg machine thir can be a large number. For a specific

locomotion machine such as a quadruped which has two one

dimensiona1 join'. per leg, the number of equations for the body may

be as high as ',fty-six. The number fifty-six is derived by con-

sidering the combinations of tle legs on the ground and the possible

L
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degrees of freedom associated with each combination. It is now

clear that even for the simplest of machines a large number of

equations may be required.

Consider now a highly simplified model of a quadruped. The

Lagrange formulation will be applied. The simplification made

possible by its use will be illustrated. Let the assumptions be:

1) the legs are constrained to move in a plane parallel to

the longitudinal axis of the body

2) the legs have only one joint located it the body

3) the legs are massless and have no spring properties

4) each leg, with a point foot, is of length L

5) torque is applied to the joint of those legs on the ground

6) the body has a mass concentrated at the geometrical

ccnter of the four legs and in the same plane as the four

joints

7) the body has a moment of inertia I about cg in the

"pertinent axis"

8) the machine will be assumed to be symmetrical and the

legs will be assumed placed sc hat only the pey..inent

axis is required.

9) the legs do not impact upon the surface but gradually make

contact
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10) there is no possibility of slippage of any leg on the ground

11) the machine is performing a 'singular" trot r23], i.e. a

trot where at any time there exists exactly two legs on

the ground

Pictorially see Figure 3. 3. The only dynamic elerv--nt in this model

is the body. The Lagrangian energy function is

7 2 22
L = [m/Z( + E2) + I /2(i)2 + mgz] (3.4)! e

where a is rotation about the axis 1 - 4. If the angle the legs make

relative to the body is 0, then L can be expressed in terms of 0, ,

a, and a. The two differential equations resulting from L are

d - L) - : T (3.5)

d- -61, (L 0 (3.6)
dt u&I Idar

To obtain the Lagrangian function consider rigure 3. 4. Let the

following paramecers be:

b body length

w body width

0 angle of the legs with respect to the body

a= angle of the body with respect to the horizontal



ii

F•• • "1

X 36

oI
K

(/2



37

•x
Side View

z
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y

Top View

z (1,4)

Skew View

Motions of a Fixed Leg Length Trotting Ouadruped
Figure 3. 4
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I I + MA
e cg

Then the position of the body in inertial space is:

X = X0- IsinO - Isiný[sin(G' + a) - sinet] b/Z (3.7)

y =A.'cosoFsin(O' + aX) - sine'] (3.8)

z = L'~cose' - cos(a, + e')] - Lcose (3.9)

where

V'= Lcosesece'

0' = tan -1(tanesin$)

Sirriplifying the above exrpressions

X = X f + b/2 - Acos Osine - Li 2sin sneo

- sinocosesina (3. 10)

= A - BsinO Csinecosa - Dcosesina

-Z = cosecosa - sin~sinesinaI
(3.11)

= Ecos~cosa - FsinesinaL

yL(sin2$/Z)sinG(cosa - 1) + AEcosecosesina I
=Gsine(cosa - 1) + Hcos~sina

where

A = xf + b/2

C sin2
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II

F Lsiný

G (Isin2ý)/2

H l cosS

The rates are

k = -Bcos6ý + Csin~sincL& - Ccos66cosa,

-Dcos~cosuu'. + Dsin96sina.
(3. 13)

= [-BcosO - CcosOcoscL + Dsinesina]4

+ [Csin~sincx - Dcosecosa)&6

-i = -Ecos~sinah - Esineecosa - Fsinkcosaox

-Fcos eesina
(3. 14)

= [-Esinecos,. - Fcosesinaja- + [-Ecesesinci

Fsin8cosa]6L

-Gsin~sinci& + Gcosee(cosoL - 1) + Hcosbcoscicz

-ia.,ine8sinci
(3. 15)

=[GcosO(cosci - 1) - Hsinesind,-]6 + [-GsinesinoL

+ Hcoskcosci]&

and

.2 .2 ,2
L irn/Z(i + y + z ) + (a)I e/ - mgy (3. 16)
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S~ (3.1z7)
t ~~~ ~ LL 6axb b I.

6-T=+ Mnr- + m - + - - - g (3.1)

Now equations (3. 5) and (3. 6)can be solved. To solve these two

simultaneous differential equations a computer will have to be used.

These equations are valid only when legs 1 and 4 are on the ground.

When legs 2 ant2 3 are on the ground an identical set of equations is

obtained, however, the initial conditions for this set of equations

are the final set of conditions from the first set of equations. The

continuous solution for the problem is obtained by alternating be-

tween these two sets of€ equations. The time to switch must be

determined by a criteria dependent upon the driving torque T 0 (t),

time and positions of the legs 9, or the state of the body. The

criteria is computed by a controller.4

3. 1. 3 Newtonian Formulation of the General Problem

To illustrate the use of Newtonian physics for the same

problem consider the body as having six degrees of freedom and use

rectangular coordinates. The advantage of this method is simplicity

and order of thought; the disadvantage being rnore equations to

mechanize. When using a compuzter however, the problem of : few

more equations is insignificiant. The equations, using Newtonian

•m.mm + mz + mg 58 (3.18)
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physics and Eular angles will be developed and then programmed on

the computer. To do this the following additional assumpti. s must

be made:

1) the moments of inertia about the three principle body

axes are I , I , and I
xx yy zz

2) the legs are damped springs producing a force along

each leg of

F, = kI (I - £ 0) + k I6 (3. 19)

3) the legs have two angular degrees of freedom,

longitudinal and lateral

4) a driving torque in the longitudinal direction is

applied to the :eg body joints

5) lateral forces are restrained by a lateral spring-

damper centering system on each leg

The equations for this system are presented in Figure 9 of the

Appendix in computer printout form. A block diagram of these

equations is shown in Figure 3. 5.

There are 88 equations used for each pair of legs. Each

equation however, is considerably simpler than the two equations of

the Lagrange formulation. The choice of the method for represent-

ing the dynamics will depend on the problem, the constraints and

the desires of the programmer, Geometrically, the block diagram
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I!
represents a picture as in Figure 3. 6. The body forces induced by

the legs, the body velocity and the angular rates are represented in

Figure 3.7.

Program for generating forces
and switching legs

[ Fres and torques T rans formation of forces
produced by legs tc body coordinates

Transformation to j J Body coordinates I
earth coordinates 6 degrees of freedom

6 degrees of fr,'edom in earth coordinates
(motion of the center of gravity)

Block Diagram for Computation of Legg-2d Machine Motions
Figure 3. 5

The objective is to compute the forces and torques produced

by the legs to the body in body coordinates, then using Newton's

laws compute the six velocities of Figure 3. 7. Then these veloci-

ties are transformed to earth coordinates. Next, using Figure 3. 6,

these velocities are integrated to obtain angles and positions with

respect to earth coordinates. A detail of the flow chart to do this

is presented in Figure 3. 8.

.1
I
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xI

EE

LL is the intersection of y, z plane and a plane
parallel to x E 'YE plare

x EYE ZE are earth coordinates

ep are pitch, roll and yaw of body with respect
Ito ea rth.

xyz are body coordinates

Body and Earth Coordinate Systems

Figure 3. 6

Vt
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The lateral torque produced by the legs will be assumed

proportional to the deflectio and deflection rate. The following

equation expresses tLis torque,

To = C C + CO (3.20)

In order to compute the torques and forces of equations (3. 19) and

(3. 20), the quantities £. L, 0, 0 must be computed. This can be

done by knowing the body position and angles and the foot positions

on the ground. Thus there are two ways these variables can be

computed. The first is to compute the foot positions relative to the

body, the second is to compute the hip position relative to the feet.

The first .ethod is chosen, as this will readily provide forces and

torques relative to the body. The position of the feet will be

assumed to be precise, i. e. the feet will be placed in ideal precal-

culated positions. Knowing these positions then the position of the

feet relative to the body can be computed. To compute 0. r!, 0, ý,

L and . the flow chart in Figures 3. 9 and 3. 10 will be used. Here.

since the feet are fixed on the ground, the angular velocities are de-

termined by the radial and tangential velocities of the hip sockets.

Now the forces and moments at the center of gravity can be

computed. To do this the flow diagram of Figure 3. 11 is used.

The computation of leg force and torques is presented for one
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leg. The total forces and torques to the body will be the sum f the

forces and torques produced by those 1eis on the ground.

The parameters for the computer simulation are chosen so

that the following conditions arc mret:

1) mass = 20 slugs, w B = 5 ft, 10 = 3 ft.

leg cycle time = 2 sec n.... .ri = 2 ft

2) vibration axis (2 legs on the ground), frequency

and damp-ig:

vibration axis frequency damping

vertical 12 cps 1.0

fore-aft 2 cps 1.0

laterAl 7 cps 1. 0

pitch 5 cps 1. 0

roll 15 cps 1.0

yaw 4 cps 1.0

These jarameters, of course, were selected using a linearized

approximate model. From these assumptions, the spring and damp-

ing constants of the leg systems are computed. The inertias about

the various axes are also selected to meet these assumptions.
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It is important to note here that it is possible to write the

total force and moment equations for a general n-leged machine

with n-massless legs of the form assumed in the above model in

matrix form. Here

(a)=(A)(t) (3.21)

where the components of (a), (A) arid (t) are presented in

Figure 3. 12. Figure 3.13 again illustrates the meaning of

equation (3. 21).

* 3. 2 Legged Locomotion Theory

As described in the previous section, the general problem of

legged locomotion can be rather complex. To obtain theoretical

results for a general locomotion machine some simplifications are

required to reduce the problem to one which is tractable. The

results, then, are for a specific mathematical model, wh:ch at best

is an approximation of the real situation. This is the modern

philosophy adopted in engineering.

3. 2. 1 Formal Definitions of Legged Locomotion

Legged locomotion will be studied using the assumption of a

smooth level surface in which the coefficient of friction is infinite.

The fluid is assumed to be a vacuum.

ia
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The vector quantities (a) and (t) are:

mu M

I

my M

ni(w+g) m(f+g)
(a)= Reaction force vector

Ixp IxXP

Iq i q1:yy yy
Ir I r

zz Zz

FA

T Applied torques and force vector from
aeach leg i, i= 1-R-e-- n o v r

T
F

T O

Fn

The matrix (A) is:

(A)= = Force and moment matrix

(M) -- (M)

The Generalized Matrix Equation for the Dynamics
of an Ideal Locomotion Machine

Figure 3. 1 Z
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Consider the following definitions for a legged locomotion

machine:

Definition I. An ideal leg has zero mass, arbitrary controllable

length, arbitrary compression force, (tension force is impossible),

and an arbitrary moment vector applied to the body subject only to

the constraint that the net force applied to the supporting surface by

any leg can never point in an upward direction. It will be assumed

for the following analysis that moment vectors are applied only

normal to the length of the leg and no rotational torque along its

length can exist.

Definition I1. An ideal legged locomotion machine is a rigid body,

with mass and rotational inertia, to which are attached a set of

ideal legs.

Definition III. Ideal locomotion is any mode of locomotion which

results in zero rotational velocity and acceleration about all body

axes and maintains zero vertical acceleration and velocity of the

center of gravity.

Definition IV. Constant velocity ideal locomotion is ideal locomo-

tion with the added constraint. that all horizontal components of

acceleration are also zero. This implies constant horizontal

velocity.
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Definition V. A leg is in a position of support if it is on the ground

and supplying a vertically directed force greater than zero to the

body.

The foot of a leg in a position of support supplies a load into

the ground. If the foot has a finite area then it can be represented

as in Figure 3. 14 where f is the force distribution into the ground

SI and F is the resultant of f determined by the surface integral

F =f fds (3.22)
(s)

The force F acts at a point p. Thus effectively the legs supply a

force into the ground at a single point. Since all feet lie in a plane,

the following definition can be made:

Definition VI. The figure formed by constructing the minimum area

convex polygon containing all feet is called a support polygon.

Note that this definition implies the support polygon may

change with time since the force distribution can change as the

machine propagates.

Definition VII. An n-sided support polygon can be partitioned by

drawing lines between pairs of feet on opposite sides of the polygon.

A polygon so partitioned is a set of triangles (Figure 3.15).

Definition VIII. A machine supported at any instant of time by more
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foot

force distribution f

Foot Force Distribution

Figure 5.14

A Partitioned Support Polygon

Figure 3.15
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than 3 point feet is said to be redundantly supported. The determin-

ation of the load on each foot is arbitrary and has to be selected

according to some criterion.

Theorem 1.

Constant velocity ideal locomotion is possible with an ideal

locomotion machine if and only if the vertical projection of the

center of gravity of the machine lies within the support zone.

Proof.

If the projection of the center of gravity lies within the

support polygon, then it is to be shown that constant velocity ideal

locomotion is possible. Constant velocity ideal locomotion implies

that equation (3. 21) must be satisfied with the vector

0
0

(a) (3.23)
0
0

and

O<Fz <mg for every i= I ...... n

which says the sum of all moments applied to the body is zero; the

sum of all forces in the x and y directions must be zero, and the sum

of all vertical forces must exactly equal mg.
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Before proceeding, it should be emrphasized that since the

legs are massless and tht. feet cztn not transmit a moment from the

ground, then the free body diagram of the machine can be consid-

ered as shown in Figure 3.16. With this diagram relationship

equation (3. 23) is to be satisfied by the body within the dotted lines.

The foot forces are reactions to the moments and the longitudinal

force applied to the legs by the body. This says the net force in the

horizontal plane at the feet must be zero; thus it is only necessary

to consider the vertical forces. To compute these vertical forces

consider the support polygon, its partitions and the center of

gravity contained within.

As shown in Figure 3. 17, three conditions can exist: (1) the

center of gravity is supported by one or more triangles of support,

(2) the center of gravity lies on a part•ton li.ne, (3) the center of

gravity lies on two or more partition lines. Suppose the center c~f

gravity is in condition (1) and it has k support triangles suppolting

the center of gravity. Since only one triangle is sufficient to sup-

port the center of gravity it is redundantly supported. Thus a

criterion is needed to determine the load on each triangle. Suppose

the criterion chosen is thit each triangle of support is to share the

load equally- Then the load carried by each foot is the sum of the

loads for that foot over the number of supporting triangles, that is,
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f P

Free iody Diagram of an Ideal Locomotion

Machine

Figure 3.16

Three Possible Positions of the Center of
Gravity Contained in a Support Polygon

Figure 3.17
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given k triangles supporting the center of gravity, each triangle

carries 1/k portion of the load. Each triangle has the configuration

shown in Figure 3. 18, where the normalized load applied at the

center of gravity is 1/k. The following force equation must be

satisfied if the vertical force at the corners is a1' a2 , and a 3 ,

a,+ a2 + a3 = 1/k (3.24)

The load at each foot can be computed by taking moments

about the respective sides of the tr;angle (1, 2, 3) and equating

these to zero. This is possible since an ideal locomotion machine

can apply no moments at any foot. Thus,

a*1 2 sine3 = (1/k)x 1 (3.25s)
a. = xl/(kA2 sine 3 )

a* sine. = (I/k)x
13 2 3(3.26)

a2= x2(Iini3)

a 3• 2sine. = (1/k)x3
•~( 3.27)

a 3 = x 3/(k 2sine )

then,

a1 + a 2 + a 3 = (1/k) (xl /(L 2sine 3) + x2 /(L1 sine 3) + x 3 /(1 2 sinel)i

= 1/k

The quantity [x 1 /(L 2 sin 3 ) 3 x 2/(L 1sine 3) + x3/9 2sinel)] is
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always I when the center of gravity is contained in the trianglest

Since xl 1 + x2 I + x3L L lZsin0O =1 A gsinO1

[t
Ell

The total load on each foot is the sum of the loads on the

feet of the triangles -An which the foot is common, that is .

z._. i = Z a (3. 28•)
rmg j=l j(T)

where the subscript T is used to indicate the triangle. As all a j(T)

are positive, and t~he sum of a set of positive numbers is still

posit-Ave, all f;)ot forces are positive. Thus equation (3. Z3) is

satisfied.

Consider now conditin (2) where the center of gravity is on

a partition, or two legs support the center of gravity. One triangle

of support is now reduced to a line. Again redundancy of support

exisic nce other triangles of support are also present. To deter-

mine the forces on the feet a criteria mu ot be selected. The same

criteria for condition (1) can be selected, i. e. each triangle

including this special line carriet an equal load. Thus again, if
there are k -s triangles and one partition boundary then each tri-
angle can, by the criteria, carry I/k of the load and the partition

boundary can carry o/k of the load. To insure the load carried by

the partition bourolary introduces no moments to the body. consider

ofspoti o eue oalie gi eudnyo upr

e ist ic other11 trianglleso upr r lso reent Tdeer

min th frce o th fet citeiamu~ b seeced.Th smemml u~w
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the situation shovn in Figure 3. 19. The normalized forces again

can be obtained by summing moments since all moments in the body

must be zero. The resulting normalized forces are:

a1 - [x /(x 1 + x )1(1/k)
(3. Z9)

a. [x /(x 1 + x 2 )](l/k)

Thus the total force on each foot is again expressed by equationI
(3. 28) where the subscript T now extends to partitions as well. The

total force again is positive.

When two or more partitions support the center of gravity as

in condition (3), the same analysis as equation (3. 29) can be used

and it is clear again that all feet forces can be made positive and

produce no resulting moments.

Thus it is cencluded if the center of gravity is contained in

the support polygon at any time the equation (3. 23) can be satisfied

and constant velocity ideal locomotion is possible.

To prove that locomotion can be satisfied only if the center of

gravity is contained by the support polygon will require showing that

if the center of gravity is outside the support polygon the conditions

of equation (3. 23) can not be satisfied by an ideal locomotion

machine. This means that to have the ( a ) vector specified it will

be required to violate the condition 0 < F . ! mg for some i.zl
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Consider the configuration shown in Figure 3. 20 where the

center of gravity is outside the support polygon adjacent to a side

(a, b). If the center of gravity is outside the support polygon there

will always exist such a side due to convexity. The side may be

just a corner. The conditions of equation (3. 23) specify 'iAl moments

to be zero. Thus moments about the line (a, b) must also be zero.

Suppose there are k feet on the right side of (a, b) and the distance

of these feet to the line (a, b) is x.. Suppose they each produce1

force F . into the ground. Then summing momentszi

k

-mgx 0 = Z F .x. (3.30)
i=l Zi 1

But to balance the center of gravity, there trust be at least one F zi

which is negative. But this violates Definition I. Thi's constant

velocity ideal locomotion is not possible with the center of gravity

outside the support polygon. This completes the proof.

It has been shown that constant velocity ideal locomotion

requires that the center of gravity always be contained by the sup-

port polygon. The question to be asked is, what ia; the minimum

number of legs required to provide such a support polygon always

* under the center of gravity as the machine propagates. Before

proceeding suppose the following definitions a, made:
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Center of Gravity Not Supported By a Support
Polygon

Figure 3.20
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Definition IX. Ideal locomotion for an ideal locomotion machine is

stable if, when perturbed, ideAl locomotion continues. The pertur-

bations are in a class P, where P is a class of horizontal forces,

velocities, or displacements.

Definition X. The stability margin of a mode of ideal locomotion

is determined by the relative size of P. A positive number greater

than zero implies the magnitude of this relative stability.

Definition XI. Ideal locomotion for an ideal locomoti-3n machine is

statically stable if the stability margin remains constant for an

arbitrarily slow velocity.

Definition XII. A non-singular gait is a gait having the property

that no two feet are ever required to be placed or lifted

simultaneously [23].

These definitions lead to the following conclusion:

Theorem 2.

The minimum number of point feet required, for statically

stable constant velocity locomotion with a stability margin greater

than zero in every direction and with a non-singular gait, is four.

Furthermore, there are exactly three quadruped gaits with this

property.
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Proof.

From Theorem 1 it was found that for a constant velocity

ideal locomotion to exist, it is necessary to have the center of

gravity supported by the support polygon. With two feet this can

only occur if the center of gravity is over the line between the two

feet on the ground. Since the center of gravity must move forward

then these two feet must be placed in the direction of motion. To

take a step, the center of gravity must be over one foot or a point.

But this must occur for a finite time since the velocity is constantA
And the gait is non-singular. This is possible with a properly

shaped foot. However, there does not exist a positive stability

margin greater than zero for such a machine, since there can not

be a perturbation applied when the machine is on one leg if the

machine has no sensors. With sensors the direction o-' motion can

change depending upon the direction of perturbation, provided the

feet have the proper characteristics. Thus hvo legged macl-ines

can not satisfy this theorem if they are to be ideal.

A three legged machine again must, at some time, be on two

legs implying the two legs must be in the direction of motion. Thus

the three feet all must somehow be in a line. There exists no

lateral stability to such a machine and it perhaps s clumsier than

the two legged machine, that is, there can exist a positive stability
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margin, however this stability margin only applies in the direction

of motion.

Consider now a four legged machine in which there always

exists at least three legs on the ground. The question to be ans-

wered is, can three of the four legs always be placed in such a way

that the ceutc.- of gravity is continually supported. In this way

Theorem 1 can be satisfied and stable constant velocity ideal loco-

motion is possible. There are six poasible gaits which can be im-

plemented by the four legs. The objective is to discover the gaits

and their parameters which can satisfy Theorem 1. These

parameters are:

8= duty factor; the time a leg spends on the

ground relative to the time in the air

p= the relative phase; the time a leg is

placed on the ground relative to the time

a reference leg was placed on the ground

s = mechanical stroke of the legs

a the initial position of the ideal legs

relative to the center of gravity

The assumption of constant velocity implies velocity is equal to

S/(TO) where T is the time required to complete one four leg cycle.

The duty factor B is a measure of the time a leg spends on the
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ground with respect to the cycle time T [23]. The relative phase

ýp. is the time leg i is placed down on the gpound relative to the

time the first leg (defined as th. left front) is placed down. Also

assume a normalization of time and space so that T = 1 and S =

2
then the velocity is C, =l " 0 and cp. < 1. Figure 3. 21 shows the

machine configuration used for the analysis and lists the six

possible gaits.

Suppose the stability margin SM during a cycle period T, is

defined for this simple system as the minimum distance between

the center of gravity and a support line. The configuration when a

leg is in the air and returning is as shown in Figure 3. Z2. It should

be noticed that minimum x or v occurs either when a leg (in this

case leg 2) is about to be placed down or when it has just left the

ground. From Figure 3. 22 it is clear then that x is a minimum

just before leg 2 touches lown and y is a minimum just before leg 2

lifts off the ground. Thus it is only necessary to ccnsider these

two cases for the analysis. Further, as the duty factor $ increases

the stability margin SM also increases since the motion of the

center of gravity, when the leg is in the air, is reduced. The

It should be noted at this point, that the following analysis provides
gaits and variables such that locomotion can be accomplished at an
arbitrary, slow velocity. The gaits and conditions found unsuitable
here however, in no way imply locomotion can not take place.
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3 1
Direction Possible Gaits For

4 2 No. Gait

1 1423

2 1432

3 1324

4 1342

5 1234

6 1243

Crawling Quadruped s

Figure 3.21

Directiom
4 D of Motion

S = Min. (x, y) evaluated over one cycle

x = distance of the center of gravity to the front support
line

y = distance of the center of gravity to the rear support
line

Definition of Stability Margin
Figure 3.22

p I • im mw! • mm v z~ mwm • • RJ•mmiim
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limit is I = 1 which means the legs must return in zero time. For

quadrupeds this implies infinite available power, or zero mass in

the leg.

Let the equations for the first gait (1423) be written with the

center of gravity defined at the origin and the initial leg position

relative to the center of gravity as a. fo7 i = 1, 2, 3, 4. The dis-

tance time normalization implies that the legs are at a position

determined by the initial position a. and the time elapsed. The time

is measured with respect •o the time leg 1 touches the ground. The

distance travelled is determined by the cp's, a's, and O's. Further

assurnme ý is the same for all 4 legs. Then, at the time leg 1 lifts

off the ground the positions of the supporting legs (2, 3, 4), relative

to the center of gravity are:

x2 = a2 q- p2 - 1 + (I - 0) (3.31)

x 3 = a 3  -p 3 1 + (1 - 8) (3. 32)

x4 = a4 4 p4- I +(1 ) (3.33)

which yield the following conditiors to be satisfied in order that

stability exists:

2 + a 3 +q 2 + -p3" 2Ž 2!(1 - 8) (front support line) (3. 34)

a 3 + a4 + 3q) +cP4 -2 2(1 - () (rear support line) (3. 35)

I~~ 4l 3 I lII
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At touch down of leg 1 the equations are:

X3  a32 + C3l 2 J a 2 + a 3 + T 2 + -p 2Ž0 (front line) (3. 36)
x 3 =a 3 + 3 = a3 +a +T +p4 - Z<0 (rear line) (3. 37)
x =a + Cx4 a4 +4

But as noted above, the critical time occurs at the rear line, or lift

off, and at the front line on touch down. Therefore, the two critical

equations are (3. 35) and (3. 36).

Using the same reasoning for the other 3 legs the following

set of equations and inequalities are obtained at:

leg 4 touch down and lift off

S=a I *+ 4 1 - " 0( - a I+ a2 +C +a2  q2 "2cp -4  I 0 (3.38)

x a C-1 0-) a 2+a 3+C p3 4-2< 0-0 3 9

x3 = 3+ 3  'P4 - 1 2

leg 2 touch down and lift off

x0=al1 02 "(lo-B) aI +a 4 +iP4-242>'O (3.40)

x3=a3+q3-q 3 2 - p2 - (10" 
(.1x4~~ ~ a +(IO-p.- 0-)I a 3+ a 4 + Cp3 + T4 - Zcp2--I<12(l (3.41)
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leg 3 touch down and lift off

Xl =a - CP" (0 )
x1 aI+ P 3  C- 0 a 1 +a 2 +q 2 - 2CP3 0 (3.42)

x 2 a 2 + 2 .p 3  0

0 a(o B)p a 1 +a 4 +cp4 -ZCp 3  2(l-•) (3.43)

The inequalities yield the following conditions:

CP - -ý) (3.44)

from equations (3. 37) and (3.40), and

CP 2- ' 3 + (1- (3.45)

from equations (3. 41) and (3. 44). In addition to satisfying equations

(3. 31) through (3. 44) the following inequality must be satisfied:

0 4 +( 0- 0)'CP 2 +(1 - 0)•CP3 +(1 - 1)•I (3.46)

Therefore, equations (3. 37), (3. 38), (3. 41), (3. 42), (3. 44), (3. 45)

and (3.46P need to be satisfied in order to assure a positive stability

margin for this gait. Equation (3.46) is imposed by the requirement

for at least 3 legs on the ground and the 1423 gait.

An example of a selection of variables to satisfy the 7

inequalities is: a = a = 1 a3 = a = -1, cp4 = 1/4, cp? = 1/2,

CP3 = 3/4 and 0 = . 9127. This selection of variables allows a quad-

ruped to continuously satisfy theorem I and move at an arbitrary

speed. It should be noted here that Muybridge observed this as the

dominant low speed gait used by animals in nature [ 33. He has

Ie• • •m • m • m m m w e m~ • •m mm ~ ~ mm ~ • m m m m m m • mw
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termed it the crawl.

Thus it is shown that with a minimum of four legs statically

stable constant velocity ideal locomotion is possible with a machine

constructed as modelled. Thus the first part of Theorem I is

proved. The other five gaits will next be analyzed to discover which

yield a possibility for statically stable locomotion.

Analysis of gait 2 (1432) follows:

leg 1 touch down and lift off

a2 +a 3 +q)2 3- 2>,0

x - (0 (3.47)

x 4 =a 4 +cP 4 -(-( 0  3 +a4+jp3+ P4" 2 <1 " -)

leg 4 touch down and lift off

xl =al- '"(I•1

a1  +a 2 + a. 2T4 - 1>- 0

x,=a +CP-c- 1 - 0' (3.48)

x = a 3 + _ CP4 _1 - 0( o ) a 2  + a 3  + CP2 + P3 " 2 cp4 - 2 2( -a)

leg 3 touch down and lift off

Xl =al - T3- I(10- O)i
a +a2+C2- 2cp3- I >0

x 2 =a 2 +4) 2 -c 3 -1- {(10 (3.49)



II

76

4 4a4 4- 3-co 0

leg Z touch down and lift off

Sa 1 + a 4 +cp4 - 2(p2  C

Sa + P 00(3.50)

x4 =a 4 +P 4 _Cp2  0 I( - )i a 33 a 4+cp 3 + p4 "ZcP 2 •2(l"-)

From equations (3. 49) and (3. 50)

CP2" -CP3 1< (1- )
(3. 51)

But this gait requires

O p4 + (1 - ) 3 +(l - •) cp 2 + (-1 1 I (3.52)

Thus equations (3. 51) and (3. 52) are in contradiction. Hence it is

impossible to have a positive stability margin with this gait.

Analysis of gait 3 (1324) follows:

leg 1 touch down and lift off

x2=a + I., - 10 " )

2 0 a + a3 + + CP - 20V

x3=a3+ýp3- 1- (0"5)} (3. 53)

a 3 +a 4 +CP3 +'4P- 24 < 2(l-S)

x4 a4 +=a4" +CP4 1-
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leg 3 touch down and lift off

Xl =a - 3 - (
a +a +C - 1 0xl-~) 1 2  2l•B 3

X2 =a - ",2 - 3 - 0 (3.54)
a I+a a4 + CP4- 2q•3- I 2(1 -)

x4 =a 4 += p4 -cp 3 _1- • 1 a20

leg 2 touch down and lift off

a +a4+ p4- 2+p2- I 20
x 3 =a3 +cp 3 -q 2 " I'10"'I (3, 55)

x4 =-a4 I+ )

leg 4 touch down and lift uff

xl =al' P4" {- f)

,1 0

a1 +a + 2- 44 0
S2 - " 03.5)

x3=a3+ q) H' 4"1(1'5) 1 a 2 +a 3 +q 2 +cp3 - 2q)4 < ?(l-( )

From equations (3. 53) and (3. 56)

CP4 >1 (3.57)

From equations (3. 54) and (3. 55)

q°2 < q•3 + (1 - B) (3.58)

But the requirements for this gait are

Oep 3 +(i "•)•cp 2 ÷(I -r)•p 4+ 1(- <,) (3.59)

3 2 +< CS
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Equations (3. 57), (3. 58) and (3. 59) are contradictory. Thus this

gait can not provide constant velo,-ity ideal locomotion.

Analysis of gait 4 (1342) follows:

The first two sets of equations are identical to gait 3. The

other equations are:

leg 4 touch down and lift off

•'= l' 4-Il • 0

a0 4 f) a1I +a 2 + z2 - 2To4 - 1 0

x =a + -CP2 c 4 -1- (0")j (3.60)

a a 2 +a 3 +(P2 +CP3- 4P4 - I•2(1-1
x3a 3 +p 3 3 4-

leg 2 touch down and lift o.f

x ~aT?- 10- II I 2 tOa 1 +a 4 +± c 4 - 2~o 2 )O

X3 +(1- 1 a)+q 3  (3.61)

Sa 4a3 -4 °3+ 2 - Z2•2(1 -)
4 = 4 2- 1 "

Combining equations (3. 53) and (3. 60)

• I4 z 1/2 (1 -) (3.62)

Combining ez-.iations (3. 54) and (3. 61)

P 2 o3 + 1/2 + (1 - (3.63)

For this gait if equations (3. 53), (3. 54), (3. 601, (3. 61), (3. 62),

(.. 63) and
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0 3 + <) p4 + (I -) 2 +(1 -) + 1 (3.64)

are satisfied then the system can provide stable constant velocity

ideal locomotion. These conditions can be satisfied with variables

iP2 = "7500, qp3 =41 6 7 , a 4 = .6667, S - .9167, S 1.00,

a, = a. = 2. 0 anda a4 = -1.0.
3 4

Analysis of gait 5 (1234) follows:

leg 1 touch down and lift off

xz=az +C"- I- al

a +a 3 +cp2 +zT3 - 2 0

x3 a 3+q3- 1-f(I-) (3.65)0

x =a 4 +0 4 _ a 3 +a)4 +a4 +cp 3 ÷cP4-2 2(l0-)

leg 2 touch down and lift off

al+a -q4-2q,-I

x3 = a+ CP i- 0-j'I (3.66)

x4  4 -,+ -T 4 -- 1 ,- , 2 0

leg 3 touch down and lift off

x- =a1  -=a 1 - 3 - 0).1 3 0 a + a + P 0> 0

X = a 4 +q- cPl 0  j a1 a+c 4 -2)-Z (367

2 2 `3
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leg 4 touch down and lift off

Xl =al':4 S'lo")
a 1 +a +Tp- 2 0,4 Ž0

x 2 =a +Cp2 -p 4 - 0J" )J (3.68)

x = a -; CP4 -I(l- )i a2 +a 3 +T2 +CP3 - 244  .20 - 0
x3 3 a3 3- 4" 0

Combining equations (3. 63) and (3. 66), the following equation is

obtained,

CP4 >- (3.69)

But this violatec, the basic inequality for this gait. namely

0 2 + ( -F1 - 4 + (1- 1 3.70)

Thus, this gait can not provide constant velocity ideal locomotion.

Analysis of gait 6 (1243) follows:

Again the first two sets of equations are identical as in the

relationb, (3. 65) and (3. 66). However, when leg 3 and leg 4 are in

the air their relationships are,

leg 4 touch down and lift off

a +a2+cp2- 2 P4>0

x2=a2+CP - - l(9I (3.71)
2 2 -4-

x a (Pý- C - 0- 0 a 2+a 3 + CP73+ q22 (24l• <2(l - )
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leg 3 touch down and lift off

xl =al CP3" [(l0 _9
11 +a 2 +a+ 2 - 2CP 3 >0

x2 =a (•.-c2 -9 3  (3.72)

a1+ a4 + cP4 - 2j 2(1- 8)

Combining equations (3. 65) and (3. 71) the following condition is

obtained:

•4 - 1/2 (3.73)

Combining equations (3. 66) and (3. 72) the following is obtained:

q)2 < C3 + ( - 1./2) (3.741

The basic inequality for this gait is

O _:!9 CP2 + (lI - 0) :!g C4 + ý I - ý). :ý= P3 + (1 - 8 • 1(3.75)

If the relationships (3.65), (3.66), (3.71), (3.72), (3.73), (3.74) and

(3. 75) are satisfied, then this gait will be able to provide stable

constant velocity ideal locomotion.

Parameters which satisfy these relations are cp . 20, - 90,

P4 =60, 0 .9167, S = 1.00, a1 = a2 = 2.0 and a= = -1.0.

This completes the proof of Theorem 2.

Notice that in the entire analysis above, only the phase

variables and duty factors were con--idered. It is obvious that the



82

initial position and stride also have to do with stability. Thus there

r.ust exist optimum values for the variables when the gait is stable.

This investigation will not be explored further.

It should be noted that this theorem is applicable to an ideal

locomotion machine as defined above. A slightly modified machine

might include a torque about the longitudinal axis of the legs. This

provides four variables for each leg. Thus two legs on the ground

would have eight variables with six equations. An infinite number of

solutions will exist if they exist at all. However, these added vari-

ables do not change the situation as analyzed. Thus, four legs will

still be the minimum.

Definition XIII. A reaction force is the inertial force acting at the

center of gravity resulting from accelerations caused by applied

forces to the body of an ideal locomotion machine performing ideal

locomotion.

Definition XIV. If the total reaction force vector which is caused by

gravity plus the horizontal acceleration is extended until it intersects

the support plane, it traces a trajectory as a function of time in the

plane of motion. This trajectory will be called the reaction force

trajectory.
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Theorem 3.

Ideal locomotion with an ideal locomotion machine is possible

if and only if the reaction force trajectory is contained in the support

zone for all time as the machine propagates.

Proof.

Ideal locomotion implies equation (3. 21) must now b,: satisfied

with the ( a ) vector equal to

mx\

(a) mg (3.76)
0J

where

O<F.
zi

The quantities mn and mr are unspecified except by the magnitude of

the reaction force. The magnitude of the reaction force R is equal
"..2 2

to m T)V + (y) + g . The direction is dependent upon direct'on

cosines x/R and y/R.

The requirement that all moments applied sum to zero in any

plane is still necessary. Thus, if the reaction force is contained by

the support polygon at some time, it is to be shown that ideal

locomotion is possible with all moments summed to zero. Consider
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a given support polygon and a given reaction force R which pierces

the interior of polygon P at point p, see Figure 3. 23. Suppose the

intersection of the plane determined by the horizontal reaction force

and the vertical force of gravity and the support plane is considered.

Since all moments about the body must sum to zero, then moments

normal to this plane also must be zero. Pick an axis of rotation

normal to this plane through the p .nt p. With ideal legs, it is

necessary that all moments about this line sum to zero, and all ver-

tical forces be negative upward from the ground. Suppose the dis-

tance to each foot on the left side of the line is x. and the distances1

on the right side x. (see Figure 3. 24). The moment equation is3

k
SF .x. =Z F .x. (3.77)zi I zj ji=l zii l

This equation can be satisfied easily with F > 0 and Fzj > 0 for

every i and j. Tnis must be the case since x. >0 and x. >0 for
1 j

every i and j. Thus ideal locomotion is possible if the reaction force

is contained by the support zone.

if the reaction force is not contained and ideal locomotion is

to exist, the momeitts about any line must be zero, with the vertical

component of all torces applied to the feet directed upward. The

reaction force not being contained implies the point p lies outside the

support polygon. Since the support polygon is convex, then the point
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R support plane P

A support plane containing the reaction force trajectory w
at some time t

Figure 3.23

mx•

jmg

xi 
x i. 0

F. F.
1 3

Moment plane normal to reaction force R

Figure 3.24
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p must be adjacent to a side (a, b), or a foot, or corner. Construct

a vertical plane normal to the side passing through p, or if p is

adjacent to a foot, pass the plane through this foot. Consider mo-

ments about this side or moments about a line normal to the con-

structer' vertical plane passing through the foot, or feet. Since a.1

moments must balance to zero about any axis consider axis (a, b) or

the single foot (Figure 3. 25). The projected reaction force into this

plane is R'. The moment produced by this force R' is

m = + rR'

To balance this requires that

ZF .x. =-M
Zi 1

which implies that

ZF. = -M/ix.

This is possible only if at least one F . is negative. This, of course,

violates the basic premise. Thus it is not possible to have ideal loco-

motion with the reaction force outside the support zone. Hence the

theorem is proved.

Theorem 4.

There exists automatic control schemes which will allow

locomotion (non-ideal) of an ideal locomotion machine. These

schemes do not require inertial sensors.
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zi

The Projection of R Into A Plane Normal To Line (a, b)

Figure 3. 25

tRF

/ LR

0rop

°41

0
SLF

SRR

Ideal Feet Position - Time Trajectory For A Ouadruped

Figure 3. 26



88

Proof.

ihe equations of motion derived above, were simulated for a

trot gait of a quadruped. This gait has oi:ly the two diagonal legs on

the ground at any time. Thus the support zone is merely a line

between the two diagonal feet. The center of gravity is supported

for an instant only. Such a gait was successfully controlled by a

simple automatic control law for each leg, namely,

T = C (a - 0.c) + CI( - ac
a. c a C)

where

I a angle made by the leg projection and the vertical body

axis in the longitudinal plane

C = the error proportionality constant

a = the commanded angle andc

a = &0t + a0 for ainitial <a <ac 0 0iiil c cfinal

a = the leg angular rate in the a direction

C. = the error proportionality constant
a

c= the commanded angular rate &= c 0

The results can be seen in Figure 3. 27. The computer program is

shown in Figure 9 of the Appendix.
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The values of the spring and damping constants for the

simulation are:

Constant Value

leg longitudinal angular C 3. 6x10 4

leg longitudinal angular rate C -6. 6x10 4

leg lateral angular C$ 1. 5xl0 5

leg lateral angular rate C• 7xl0 4

leg longitudinal CI 5x10 4

leg longitudinal rate C. 1. 5xl03

3. 2. 4 Methods of Implementation

Some icdeas about designing a machine to satisfy the theorems

of locomotion have been described. The question now s, can a com-

puter be designed which satisfies these theorems? According to the

last section, if the legs of a quadruped are cycled according to gait

numbers 1, 3 or 6 with the appropriate choice of parameters, loco-

motion can be attained. To --,plement such gaits and parameters

there is the need for a computer as pointed out in Chapter 1. The

simplest method would be to design a mechanically geared system to

S' cycle the legs in a desred gait with the desired parameters. The

choice of gait a.nd parameters can be made so that the stability

margin, SM, is maximized. As pointed out in the previous section,
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a large stability margin implies the - Achine is adaptable to a wide

range of perturbaticns or external influences. At low speeds these

perturbations r'an he interpreted as vc.riations in terrain. A gear

computer can be quite adequate for a multi-legged machine. The

capabilities of this machire are merely a function of thE physical

dimensions. 'Ihe problem with such a design, however, is that the

machine is necessarily rest.ricted to operating only in this gait. For

example, efficiency and 3tability may be a function of velocity, then

.f velocity changes it may be desirable to change the gait and it-

parameters accordiingly, To do this independent leg control must be

considered. This can be accomplished in two ways. The first is to

have continuous r'ontrol oý leg position for each leg and the second is

to use a discrete control. For a continuous control the computer can

generate ramps with the proper phasing and size to cycle the legs.

The curves in Figure 3.26 illustrate such a set of ramp functions

required bV a quadruped implementing gait number 1. it is clear

that all the parameters of the leg and the gait can be varied except

of course, the basic bodv dimens'ons. It is a rather trivial problem

to build such a computer since it involves onl-y ramp generators and

switching. It can be done either synchronously or asynchronously.

The second way is more interesting. The idea is to take

advantage of the fact that the stability margin, SM >0. then desizgn a
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discrete computer which quantizes the leg commands. The positions

of the legs may be continuous but the force or torque commands can

be discrete. There is evidence that physiological mechanisms work

in this manner, with commands arriving at muscles in a discrete

fashion r25]. The dynamics of the muscle and body then integrate or

smooth these pulses or steps to provide a reasonable continuous out-

put. It is possible to compare this type of control to that of a single

motor unit in physiol,-gy. Two ways to make the machine operate

more smoothly are to increase the number of -notors or motor units

per leg and to increa3e the number of pulsez tr unit time. Pbysio-

logical systems use a large numbez of motor units for !ooth action

and increase the frequency to increase the magnitude of force. The

advantage of using a discrete system is that digital signals can be

processed by the computer, thus eliminating the requirement for

continuous systems and their implications on component tolerances,

energy requirements, etc.

With digitally controlled mechanisms there is a requirement

for feedback as there is no information about the state of the iegs.

Again, in physiology there exists proprioceptive feedback 126 . The

feedback information to a digital computer is discrete, thus an

encoder is required. The muscle spindle is the corresponding feed-

back element in physiological system:.

-------------- - " • -'m2---m A • m -m~ •mmmm m• •m
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The leg position wave-form for a quadruped operating with

such a coutroller- depen.s upon the surface conditions, the machine

design, etc. Chapter 4 describes such a machine. A typical wave-

form is presented in Figure 4.1!.

3. 2. 5 Control. with Respect to the Locomotion Theorerr

The basic requirement of the machine is to provide locoriotion

along with stability. Once stability is obtained one can postulate the

size of disturbances that can be tolerated.

The directional control of a locomotion inachine is essentially

one of introducing disturbances to the stable locomotion. Two ways

to accomplish this control are: to treat steering control as a pertur-

bation to a steady state, or to consider it as a separate function. The

gait during such a maneuver may or may not be broken depending

upon the magnitude of the ch~nge. It is basically a transient problem.

It may be interesting to study the maneuve-ability of crawling, or

low speed, gaits. T-'s has not been done but it is clear 1r-, the

analysis in 3. 2. 4 how to proceed; for example. one way is to

shorten the stride on one side of the machine.

Another equally important problem for all machines is that of

starting and s.opping. It is clear, if the accelerations of starting

and stopping are low it is no problem to start or stop a machine
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which has a finite stability margin in the proper directions. .Js

can also be accomplished by changing some parameters of the gait

to account for the acceleration, such as the initial conditions of the

legs relative to the center of gravity (a's). This is clear for ma-

chines which satisfy either Theorem 1 or Theorem 3. To start and

stop a machine such as a biped, is a far more difficult problem. In

fact, bipeas can not maintain a constant velocity below a certain

threshold while maintaining the same gait parameters such as stride,

etc. Therefore, to start such a machine it is necessary to accelerate

up to the minimum threshold velocity in one cycle or less. To stop

the machine the same requirement must be satisfied. This

requirement makes the design of such machines difficult.

3.3 Computer Design Theory

3. 3. 1 Generalized Computer Requirements

The computer for the systems previously mentioned must be

one with enough flexibility to allow changes in the machine's param-

eters. The parameters requiring adjustment may be the stride, the

gait, location of stride relative to center of gravity, the phase

relations of the gait, the duty factor, and body attitude. These

parameters may be the input to a generalized computer. The outputs

are clearly commands to the various leg actuators. A leg command
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can be the position of each joint as a function of time, or a torque

command to each joint. If torque is commanded, feedback is

required to provide the computer with knowledge of the positions of

the various joints and legs. If position is commanded, force or

torque is dependent upon a function of the error in position, position

rate, etc. The general computer can be represented as in the

following figure:

gait, stride,
location, LEG JO-NT

duty factor, COMPUTER 0 legjoint
body attitude, commands

etc.

leg joint feedback

The Leg Joint Force Command Computer
Figure 3.28

The input can change according to the machine's operator or decision

element. Leg joint feedback is, in general, required but could be

e.iminated if position commands were the output of the computer, or

the machine were designed for a very specialized task. Such an open

loop controller was designed and tested on a quadruped. The results

are presented in Chapter 4.

Another possible requirement is that of error detection. The

computer should be capable of sensing the loss of synchronism at any

of its jointt'. When this happens some alternative program is
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required to prevent the machine from falling. If enough mechanical

redundancy were available so that the loss of synchronism at any one

leg would not mean disaster, as occurs on a centiped, a spider, or a

machine with fewer legs but larger feet, an alternative program

would not be necessary. Thus it becomes a trade off as to whether

redundancy is constructed into a sophisticated computer with error

detection capabilities, etc., or into a mechanical design with more

legs and larger, or more sophisticated, feet. I
There are two types of synchronization required for a machine

if legs are not allowed to slip. The first is synchronization of the

time of touch down of each leg; the second is synchronization of the

return stroke so that all legs have essentially the same return time.

These two forms of synchronization are necessary if a consistent

stability margin is to be maintained from step to step. If slippage of

the legs is anticipated, then there is an additional requirement for I
synchronization when ihe legs are on the ground. In all cases, it the

locomotion is stable, synchronization has a tolerance dependent upon

the allowable stability margin. The design of a practical computer.

as presented in Chapter 4, aids in visualization of these factors.

3. 3. 2 Analog Control Schemes

The -omputer can be mechanized by continuous elements. The

Ii
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switching may be accomplished by reversing drive motors, by non-

linear devices such as a cam for a mechanical computer, or a

function generator for an electronic computer. This could be done

by indexing the cams, or synchronizing the function generators. The

rate at which these cams, or function generators, move may be

determined by a clock (synchronous), or they may be sequentially

determined (asynchronous), By asynchronous it is meant that the

cams, or function generators, operate in a specific sequence with

appropriate delays and the sequence is repeatable. The velocity of

a clock system is dependent on the clock frequency. Thz maximum

velocity is reached when the actuators are providing maximum effort.

The velocity of an asynchronous system, on the other hand, depends

upon the cam, or function generator, rate and delays. An asynchron-

ous system could have its speed determined by the maximum effort

of the actuators. To control velocity for such a system it is

necessary to limit the power to the actuators. There is evidence

that some physiological mechanisms use this scheme for control

above a certain power level. That is, muscles act in a maximum

power mode when producing a maximum effort locomotion. The

command to each leg joint is dependent only on a sequence of events.

To obtain a lower power output, or finer control, antagonist muscles

are activate ¶ below a certain power level and locomotion switches to
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another control scheme F27].

3. 3. 3 Digital Control Schemes

Using a digital computer in place of the analog elements

provides the machine with a wide range of flexibility. Leg control

functions can be stored and called upon at will. Thus, for each

primary program, alternatives may exist in the event of some hazard.

The requirements and functions of the computer are the same as

discussed irn Section 3. 3. 2 with the difference being in how the signals

are processed and how they are used by the actuators to provide a

continuous output. One way to provide an output from the computer

is to send out pulses. The pulses arriving at the actuators command

power to the various joints according to the pulse duration and

frequency. This is similar to a single motor unit of a muscle pro-

cessing the signal from a motor nerve. A machine so designed

amazingly resembles priniative leg locomotion in some basic animal

form such as crustaceans and insects [28]. The information

required by the computer to provide this output is the input from the

decision element and the position or velocity of the various joints.

The input information can also be in the form of pulses of varying

width and duration. For example, if one were to design a completely

flexible computer, it must be instaneously reprogrammable from
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commands emitted from the higher decision center. One way to do

this is to store all programs and by use of a logic command inhibit

the undesirable ones.

Feedback information from the various joints may also be in

the form of pulses. Two ways to process these pulses are either by

a parallel code or a serial code. Parallel coded information can be

treated much more quickly than serial coded information but it has

the disadvantage of requiring parallel paths for information. Serial

* , processing requires more time and complexity. It is possible to

provide some of each type in a particular design. Again physiological

systems seem to exhibit information processing both serially and in

parallel.

3. 3. 4 Algorithms for the Design of Analog Systems

Some specific algorithms which govern the design of a

computer are considered. Suppose it is desired to generate the leg

trajectories of Figure 3. 26 for a quadruped. Also, assume the par-

ameters are i' $, S S., a.,, and T for i = 1, 2, 3, 4. To generate

the- t trajectories it is possible to have four function generators with

the functions shown in Figure 3. 29. If v. were generated by ain

clock, then the output would be a function of time. If the output 's

the position command of the hip joint actuator, then the desired
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Coordinated Leg Commands

Figure 3. 30
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trajectory for one cycle of one leg could be obtained. To repeat the

cycle it would be necessary to recycle v. to zero. To synchronizein

four such systems simply requires the proper delay in generating the

input voltages to the function generators. Thus the input voltage can

have the form shown in Figure 3. 30. The slope represents the clock

for this system. To adjust the various parameters such a3 stride,

duty factor, position relative to the center of gravity, etc.. the

function size and shape can be modified. One such curve is required

for each joint of the leg.

Other algorithms can be derived from this basic scheme. The

clock can never be completely removed, even though the synchroni-

zation signals may be obtained asynchronously from a romputation

depending upon the desired gait and the positions of all other joints

of the system.

3. 3. 5 Finite State Algorithms for Leg Sequencing

The simplest algorithm for leg sequencing was that algorithm

proposed by Tomovic and McGhee [29]. This scheme considered the

leg as having two states, 0 and 1, where

0=> on the ground and driving the body forward

1• up in the ai- and returning

This scheme is useful in the drsign of some simple computer systems
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which have carefully controlied parameters. Or. it may be used as

the 4 -. ion logic for one of the schemes previously mentioned. The

states (0, 1) can be commanded by a clock running a shift register.

The commands to the -legs can be tapped off the shift register at a

point which corresponds to the proper phase. This will be a fully

synchronou.s system. Another way to design such a simple digital

controller is to let the states (0, 1) be triggered by a logical network

whose inputs are the states (0, 1) of the other joints of the .ystern

F30]. This is an asynchronous computer. A suitable combination of

the two systems may also be possible. The entire concept may be

considered as a digital to analog converter with crude quantization.

This conclusion is re:.ched as no phase information is available

between pulses.

To refine this basic algorithm one could quantize a joint into a

number of bits depending on the quality desired [29]. The command

to the. actuators would then correspond to the states 0, 1 and Z where

0 :> no power

I = full drive power

..-Z re-,erse power

The average drive powe- would be 'he time average of the pulses (1).

The algorithm can be implemented either synchronously or ;synchron-

ouslv. All joints need not have a high degree of quantization. some
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may be rather crude, such as having only two states, while others

may have multiple states. For example, a two joint leg, in which

the knee joint is only required to perform the duty of ground clearance

and all the power and driving force comes from a hip joint, does not

require accurate knowledge of knee joint position. Here it is only

recýaiied to know whether the knee is straight or bent. The hip

position, on the other hand, must be synchronized with the positions

of the other hips. T-c accuracy of syr.chronization is dependent upon

the joint quantization. The accuracy of synchronization required by

the machine to maintain the proper stability margin is dependent upon

the machine des ncr.

Other digital algorithms certainly exist for different types 2rf

machines. The choice is dependent upon factors such as complexity,

sophistication and economics.

3.4 Summary

In this chapter the dynamics of the general legged loccmotion

machine were investigated. The complexity of the problem was

discussed. The concept of ideal locomotion was introduced to

simplify th" dynamics into a tractable form. This concept provides

important insight into the requirements for locomotion of legged

machines.



I

104

Theorems were developed from the concept of an ideal

machine indicating necessary ar ý' sufficient conditions for particular

modes of locomotion. Th- conditions, though not exactly applicable

to non-ideal machines, can be used as the first approximation in the

design of such machines.

Quadruped crawling gaits are studied and it is determined

that three possible crawling gaits exist. The design of quadrupeds

can be accomplished directly from these results.

An exam.ple of a control law required to provide non-ideal

locomnotion is presented. The example illustrates that the dynamics

of locomotion can be solved satisfactorily without the use of inertial

sensors. This was of covirse, for an ideal machine operating on an

ideal surface, When the surface is altered by a randorr. variable,

the results should be more informative,

The design of computers to satisfy the theorems and definitions

of ideal locomotion are discussed. The concept of digitally controlled

legged locomotion machines are discussed Some finite st-.e

algorithms were presented along with a discussion of the range of

applicability of such algorithms.

• m ~m• • im • i • a • • mm• m• • wm mm~u•m m • m



Chapter 4

CONSTRUCTION OF A PRACTICAL MACHINE

4. 1 Objective

The objective of this chapter is to describe the construction of

a machine using the results obtained in Chapter 3. This particular

machine is a quadruped. A quadruped machine was chosen as it

represents a rather general class of locomotion machines in the

sense that it has a non-trivial stability problem and also because it

appears in many forms of nature.

4. 2 The Mechanical Desigr and Alternative Designs

As mentioned in Chapter 2, there are many ways to construct

a practizal machine. Considerations such as economy and simplicity

were omitted from the discussion in Chapter 2. As is usual in engin-

eering practice, economy and simplicity are often ;t the opposite end

of the scale from efiiciency and sophistication. With economy and

simplicity the principal criteria, the reasoning behind the machine

design selected is presented in the following paragraph.

The requirements for this legged machine are as follows:

I) legs with the ability to support the strurture, supply

105
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drive power and clear the terrain on return

2) a suspension system coupling the legs opposite each

other (left to right) to allow the legs to travel and

maintain a driving force

3) a rigid body to connect the four legs and suspension

systems

4) power elements

5) energy storage elements

The firsc requirement dictates the design of a leg subsystem.

Suppose an additLonal constraint is imposed on the subsystem, that is,

the leg system must be able to support the body regardless of the

position of the leg with respect to the body. This enables the machine

to stop at any position. There are many mechanical devices which

will satisfy this requirement, for example, a hydraulic system. For

economy, a worm gear system was chosen. To supply power, d-c

elect- c motors are used. The advantage of electric motors is ease

of control and system simplicity; the disadvantage is a low po';er to

weight ratio. The drive power is supplied at the leg-to-body, or hip.

joint. For terrair. clearance on leg return, a bending knee was

cnosen. This configuration allows simplicity and a choice of com-

patible components. Thus the knee :s constructed with an electric

motor (reversible) and a worm gear. This implies a bending knee
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similar to the physiological knee. Energy storage at the joints is

not realizable with worm gears, therefore the motors are required

to supply power for every motion of the legs. The use of worm

gears makes the overall machine efficiency rather low, but efficiency

is of secondary importance to simplicity for this macd'ne. A

schematic of the leg system is presented in Figure 4. 1.

Requirement 2 can be solved in many ways. One solution is to

restrict the legs to moving up and down, then to interconnect the legs

by a spring and shackle arrangement. A mechanism designed for

this purpose is sh3wn in Figure 4. 2. This design has the advantage

of adjustability by relocation of the spring. Thus, both the effective

spring constant and static position of the body can be easily adjusted.

The springs serve two purposes; the first is to support the body and

the second to couple the left leg to the right. This mechanism is

used for the front and back set of legs. While this choice leads to a

simple system, in general it is not desirable to use a single passive

device to balance both front and rear legs of a quadruped. The

problem which arises v ith two identical passive suspension systems

is that not only does the desired left to right coupling occur but also

* a left front to right rear coupling and visa versa. This latter coup-

ling is highly undesirable. This undesirable feature can be minimized

if the stride, or leg stroke. is reduced. Again, for reasons of

ft
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Hip Motor

Overload Clutch

Reduction Gear

Hip M )rm Drive

Hip Worm Housin

Upper Leg

Knee Motor

Knee Worm Housing

Knee Worm Drive

Lower Leg
N
K

Leg Mechanism

Figure 4. 1
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simplicity, this was done instead of designing ar active device simi-

lar to the pelvic and shoulder structures of living quadrupeds.

The body amounts to simply a rigid structure consisting of

tubes which properly locate the legs with respect to each other. In

biological systems the body weight is, in general, much larger than

the leg weight. This gives rise to certain desirable dynamics. In

particular the unspring weight to body weight ratio is low, implying

little shift of the center of gravity as the legs move, low impact

energy, etc. The present machine is designed with the opposite

condition. This design is acceptable due to the gaits and dyn... s

chosen for the machine. Figure 4. 3 is a photograph of the

completely assembled machine.

To ý-•wer a general machine some device which can transfer

potential energy to kinetic energy and visa versa would be most

efficient. Thus ideal leg actuators may be pnuematic. This is true

since tbe working fluid is compressable in such a case. in addition

to energy exchange in the oscillating leg, energy exchange is desir-

able in the overall machine. The potential energy of the rising body

should be transferred to kinetic energy as thz body falls. The

kinetic en rgy should be stored as potential energy as a foot strikes

the ground and released again as kinetic energy as the foot comes off

the ground. The machire designed has none of these energy features
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due to the worm gear and leg construction.

4. 3 Computer Design

4. 3. 1 Basic R equirements

The machine is designed to provide locomotion on level,

smooth terrain. It is controlled by digital signals to thie leg actua-

tors. The actuators have three states: forward, stop and reverse.

The power control is regulated by the 4ynami--:s of the machine and

the chosen gait. The legs are locked immediately when stopped.

Given these basic requirements, the design of a computer to perform

two simple gaits, namely the trot and the crawl, follows,

4. 3. 2 Computer Designs

4.3.2,1 Trot

The first gait implemented on this particular machine was the

trot. In this gait a rest or stop position was ellosen for each leg.

The first leg logic attempted was a monostable sequence such that

once the iogic was initiated it would continue until it reached the rest

or stop state. The state diagram for this subsequence, along with

the corresponding leg behavior, is shown in Figure 4. 4

A relay logic was used to implement this state diagram. The

circuit diagram is shown in Figure 1 of the Appendix. This circuit.
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(a) State Diagram For Monostable Leg Sequence

h 2

(b) Leg Positions Resulting From State Diagram

Figure 4. 4
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being monostable, causes the leg cycle to continue until a stable,

fally extended forward state is reached unless a motor is stalled so

that one of the limits becomes unreachable. To implement the trot,

using this leg logic, the following sequence for triggering each leg

logic circuit is used:

Table 4. 1: Trot Sequence

Legs 1 2 3 4

LF BF LIB PR

1 0 0 11 trigger

0 1 1 0

This logic can be commanded by a clock. However, in order to

protect the machine against possible starting transients and improper

"clock frequency, a simple safety latch circuit was incorporated so

that a rest state would also exist at h,, thus producing a bi-stable

leg. The new modified state diagram for the synchronous troý is

shown in Figure 4. 5. The tr.gger to start from this new rest state

is derived from the start signal of the opposite pair of legs. This

coupling insures that a leg can not bend and begin its retur:n until a

command for the opposite diagonal pair of legs is given. This circuit

however, is still not adequate fo- a trot due to the fact that the leg

must kMck forward in orier to gain ground clearance. If the pair of

legs at the rear limit, or state 2', .re allowed to bend the instant the

See •e s • e e • •ne • • • e_
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where:
IT l = left front trigger
I , = left rear trigger

Left Front Leg control For A Trot

Figure 4. 5
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Leg Clearance Diagram

Figure 4. 6
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commrrnd for the other pair arrives, the machine would take a large
-! i

drop, d. ThiS phenomenon can be explained by the leg clearance

diagram showa in Figure 4. 6. In order to gain clearance b for

straightening the leg, a prekick angle a had to be introduced. An

additional input to the state diagram had to be added, namely h , to

insure that the legs stopped at the rear limit will not be lifted until

"the other pair of legs are in a position to support the structure.

Finally the successful state diagram is shown in Figure 4.7. The

final modification to the circuit diagram, made in order to incorpor-

ate the interlock, is shown in Figure 2 of the tippendix.

To summarize, the legs have been cross-coupled in pairs to

account for the leg prekick angle a and to syrchronize the leg return

cycle of or.. pair with touch down of the opposite pair. Because of

the cross-coupling, the machine can be made either synchronous or

asynchronous. In order to make this machine asynchronous merely

replace ILF by hZLR. This was not done, however. It would per-

haps be possible to find a frequency such that the state diagram of

Figure 4.4 would be able to drive the machine in a trot. The prob-

lem is that the difference in characteristics of the leg motors, and

even the slightest change in terrain, can drastically change the

required frequency. Therefore. without some form of synchroni-

zation it would be nearly impossible to find the proper frequency for
J
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this gait. As a result of these considerations, it is concluded that:

1) A monostable leg can work in only the most ideal

situations; a bi-stable leg can be made to operate

under varying external conditions,

2) Synchronization is easily accomplished with a set of

bi- stable legs; synchronization would be virtually

impossible with monostable legs due to differences in

motor characteristics.

3) Three positions of the hip must be known in order to

implement the trot with this machine. If a knee and

hip position controller were available so that the

knee hip trajectory could follow the form shown in

Figure 4. 8. the prekick could be essentially eliminated

even with such an elementary number of joints. The

leg proceeds from position 1 to 2 to 3. Note that the

hip joint moves forward of the desired angle but the

foot never goes beyond the desired contact- point.

Mechani-'lly, to implement this geometry, a free

condition of the knee would be desi-able. This is not

possible with worm gears, resulting in the requirement

of the undesirable prekick.

4) The trot was successful in this machine because of the
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wide feet. If smaller or point feet were used it would

be much more critical to find, not only the prnper

frequency, but the proper amount of power required

for the machine to successfully trot. The simulation

in Chapter 3 could have been used to aid in this deter-

mination. A support diagram for the particular trot

executed by this machine is presented in Figure 3 of

the Appendix. Since the wide feet of this machine

enable it to continuously satisfy Theorem 1 in a trot,

the machine can be made to operate at any arbitrary

speed up to a maximum.

5) There is no need for a shoulder to pelvis arrangement

in the trot since the legs directly cpposite each other

are never on the ground at the same time.

4. 3. 2. 2 The Crawl

The crawl foot-fall sequence is given in the following table:

Table 4. 2: Foot-fall Sequence for the Crawl

Legs 1 2 3 4

LF PF LR RR

0 1 1
Foot- fall s

0 = in air 1 0

I = on ground 0 1 1

1 0 1-
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I The crawl for this particular machine is a more difficult gait

to implement than the trot. The problem is that there are at least

three legs on the ground at any one time. This implies that the

1: shoulder arrangement must work, and that the three legs must have

S•, -ion-zero load greater than some r, "nimum amount fot a given sur-

face, otherwise one of the three legs is , _e to slip. Note that any

set of diagonal legs properly placed can support the machine. 'his

implies the third leg at that moment is redundant. It was noted in

Chapter 3 that redundant legs sometimes cycle at a higher freq-ecy

than do the supporting legs of a spider [281 This same basic con-

cept holds here. that is, the redunant leg tends to slip. Further.

since the machine has wide feet, a non-reversible drive, and differ-

ent position and dimensional tolerance& for each leg, some slippage

must take place. Noting these points, the design of the sequence

controller is developed in the following paragraphs.

First it is necessary to investiga.ýe the leg positions as a

function of time. The leg positions and associated support .•; •terns

for the particular crawl chosen are illustrated by Figure 4 ;n the

Appendix. Notice that the stability margin in the longitudinal direc-

tion can be increased by increa.iing the stroke, widening the feet,

and by changing the duty factor. Figure 4 of the Appendix can be

translated into a foot position trajectory diagram as shown iv

- --- --
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Figure 4. 9. This shows the ideal trajectory desired. The objective

is to achieve this by the simplest logical network possible. The

[ complexity of a logical network is determined by the number of

decisions required to produce the desired output. The methods for

impleme ng these trajectories are dependent upon the types and

inumbers of inputs gi1ven the computer. The information to a digital

computer must be limited to discrete positions of the hip and knee.

The hip position can be measured with respect to the body and the

knee with respect to the upper leg. The set of possible computer

ou1tputs is, of course, the same for each motor, i. e. forward, stop,

and reverse. The simplest form of control would be to use two

discrete positions on the knee and two on the hip. Two basic prob-

lems exist with such a simple coutrol scheme. The first is that the

motors and legs are not identical; the second is that slippage will

occur whenever a leg becomes redundant. Experience with the

quadruped machine nescribed earlier in this chapter has shown that

these two problems can result in the legs getting out of phase by

such a large amount that the gait changes. Since the al.empt is to

implement a crawling gait, this can not be tolerated. The next

step, therefore, is to include more discrete points on the hip so

that those legs on the ground can not get too far out of phase. This

is allowable since, as pointed out in Chapter 3, the phase variables
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have a rather wide tolerance. With this machine, the tolerance is

even wider due to the configuration of the feet. In the final form of

the crawl controller, four discrete feedback points are used on each

hip joint. The additional fe-dback points are used to stop the motion

of legs which have moved too far relative to the other legs during

the support phase of their motion. This results in trajectories

similar to those shown in Figure 4. 10. Note that this is only a

possible trajectory as the eiact trajectory would depend on the sur-

face conditions and the parameters of the machine. Figure 4. 11

shows the actual recorded results of the four legs while the machine

is crawling.

The motors of the machine have three states as in the trot

mechanization; i. e. forward, reverse and stop. To accomplish this,

each motor will have two flip-flops associated with it. Thus, if both

flip-flops are reset (0, 0) the motor is stopped. If forward drive is

desired the state is (1, 0), reverse is (0, 1). The state (1, 1) is not

used. There will be four flip-flops per leg for the two motors. the

hip and the kree. The flip-flops will be used to drive the power

relays A, B, C, and D for each leg as shown in Figure 1 of the

Appendix.

Each leg goes through the state diagram shown in Figure 4. 12.

State 6 represents the leg on the ground when it is ready to drive.
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The start-stop sequence operates on states 6 and 7. The circuit

diagram to implement this sequence is shown in Figure 5 of the

Appendix. The flip-flops are indicated on this Figure as ho = hip

drive, h. = hip return, kR = knee bend, and kF = knee straight.

The start-stop of the drive flip-flop and the start-return sig-

nals are derived from the positions and states of all four legs as

mentioned above. These signals are tailored specifically for the

1423 crawling gait. The start-stop and start-return signals for the

left front leg are accomplished by the logic shown in Table 4. 3. The

logic is based on a number of assumptions. They are:

1) Each leg's return cycle is long relative to the 'i.*-n.

required to drive 1/3 of the total stride.

2) Some slippage of the feet on the ground must occur due

to the impreciseness of each leg and the fact that

locking joints are used.

3) When slippage does occur the slippage is limited to an

amount acceptable by the stability margin of the

machine.

4) The knee position will be sensed by microswitches

indicating fully bent, k and fully straight, k.,

conditions of the knee joint.

5) The logic is developed by considzeration of Figure 4. 10.
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6) The comments of Table 4. 3 provide an explanation of

the logical decisions required to implement the gait.

7) The lower case letters of Table 4. 3 and the boolean

expression indicates switch states. The upper case

letters indicate the flip-flop states. The boolean

expressions corresponding to the rows of Table 4. 3

are

[LF(hF kF)]l + [RR(hF HRh ) LF(h HR)]
(4.1)

+ [RF(h H h LF(h H h)] =LF START
F R F F R R5

1 2 2

[LR(h F HRF LF(hF RP(hF HR h F)']
2 1 (4.2)

+ [LF(hF ) RF(hF HR hF) 4 + LFh] 6  LF STOP
2 1 2

The subscripts on the brackets correspond to the comments in

Table 4. 3.

The circuit diagram mechanizing the start-stop boolean

expressions for all four legs is shown in Figure 6 of the Appendix.

These logic gates and flip-flops are produced by Digital Equipment

Corporation. The logic code is shown in Figure 9 . The hip

positions will be sensed by Fairchild integrated circuit comparators

moG 1 P710. A potentiometer will indicate the hip position. The
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comparators then provide discrete position information for the hip

position to the computer. The logic used will be 0 = -3 volts when

the leg is behind the switch point and 1 = 0 volts when the leg is

ahead of the switch point.

The switching algorithm was successful for the stride selected.

If the stride is increased the operation may not be as satisfactory as

indicated in Figures 4. 10 and 4. 11 since the quantization would

represent a longer leg travel.

The action of the legs was z --ries of stops and starts during

each leg cycle. The number of starts and stops can be incieased by

adding more bits on the legs. The resulting trajectories ought to be

considerably smoother than when only four hip positions are used.

Therefore, if more hip positions are used. even better performance

can be expected. The minimum number of required discrete posi-

tions of the hip is dependent upon the gait, parameters of the gait,

and the particular machine. In this case it was found to be four

positions. This number was determined by a consideration of the

effect of foot slippage on support patterns for the crawl.

4.4 Summary

In this chapter the construction of a quadruped locomotion

machine was outlined. A trot and a crawl were mechanized by two
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different computers for the same mechanical design. The trcot was

I implemented synchronously, the crawl was implemented asynchron-

ously. The trot computer required three bits of feedback information

"while the crawl required four. These were apparently the minimum

numbers. Factors such as tolerances in mechanical dimensions, in

floor variations, and in motor characteristics forced the selection of

more feedback points than were anticipated. This resulted in corn-

puters with some degree of immunity to these tolerances. This

implies zhe computers designed have adaptability to varying condi-

tions. It was further concluded that more feedback points on the hip

f would result in smoother operation and also in more immunity to

varying external conditions.

.i



Chapter 5

CONCLUSIONS AND EXTENSIONS

5. 1 The Contributions of this Dissertation

This dissertation attempts to provide some insigbt into the

control problems associated with legged locomotion machines. The

problems rf machine design are discussed in general terms. A

mathematical model for the analysis of such machines is constructed.

This model allows the development of fundamental concepts for the

analysis for such machines. The mathematical model is an approx-

imation to the realistic situation, it provides, however, a guide to

the true picture. The concepts developed from this model are

tested by the construction of a quadruped machine. A quadruped was

chosen since it does noL have a trivial dynamic stability problem and

it provides a statically itable base Loom which to begin. The con-

cept of finite state control of legged locomotion is explored and

found to be suitable in certain instances. These are listed. Two

finite state controllers are constructed for the quadruped. The con-

trollers were used to implement the trot and the basic crawl. Com-

parisons between the finite state controller designed and physiological

systems are made.

133
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5. 2 Extensions

The theory of legged locomotion developed in this dissertation

provides a basis for expansion into areas where realistic application

of the concepts can be put to use. Mechanical design problems,

computer designs and computational techniques are some of these

areas. It is hoped that such applications will lead to improved

designs in the areas of orthotic and prosthetic devices and to a

greater understanding into the actual rehabilitation process.

S. 2. 1 Mechanical Construction

This area requires extensive research before a rea.,nably

efficient legged machine can be constructed. The specific items for

investigation are actuators, energy storage devices, materials for

construction and power supplies. No mention has been made of

pcwer supplies in this dissertation; however, this is essential to

any machine. There are many possibilities for a simple power

source. The selection is dependent upon the application. In the

field of prosthetics, energy sources must be very light and portable.

For powering a legged vehicle a relatively climbersome source

could be allowed.

Actuator requirements were briefly discussed in Chapters 2

and 4, while the design of ideal legged locomotion actuators was
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omitted. The design problem to be solved is one of proper balance

between energy storage, force capability, displacement and effi-

ciency. It may be possible to extrcL. oume general requirements

for the design applicable to all legged locomotion machines.

Energy storage devices were mentioned as desirable for

efficient legged machines. In considering the design of specific

devices, a careful investigation must be made if efficient locomotion

is to be achieved. One possibility is an incorporation of the energy

storage device in the actuator design.

The materials to be used in the construction of prosthetic and

orthotic devices are especially important. Low weight to strength

ratios are vital. In addition to tensile strength, the leg material

must also have duct-lity since it must, on occasion, absorb an

undue stress. This stress could occur when suddenly encountering

an obstacle such as a rock or a hole in the ground. Ductility is

essential since a britVl material, though of high strength, could

break in such a case.

As pointed out in Chapter 3. ideal dynamics result when all of

the mass of a locomotion machine is contained in the body. In addi-

tion, it is desirable to have large rotational inertias in the body as

compared with the legs. The large inertias provide a stable platform
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for the !egs to work from. The manueverability of a machine, how-

ever, is inversely proportional to the mass and rotational inertia for

a given power in the legs. Consequently there exists a trade-off

between a stable platform and manueverability for a given power

available in the legs.

Other mechanical problems include leg subsystem design, a

ground clearance problem, leg kinematics, to solve ground clearance,

and the desirable number of joints per leg.

5.2. 2 Computational Problems and Computer Design

The importance of the flexibility of the computer has been

demonstrated. It has also been shown that digital computers can

offer a highly reliable, small, flexible and adequate solution to the

problem, and that quantization can be effectively nullified with a

large number of steps. The areas for further investigation include:

first, a consideration to what gaits this simple algorithmic control

can be extended, i. e. , can the simple logical computer used to

solve the crawl be used for other locomotion gaits; second, the

problems of starting, stopping and traversing terrains where the

g field has been rotated; third, the problems of changing gait as

speed changes; fourth, the problems of ground clearance and how to

design the logic to provide for the proper control of this kinematic
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problem; fifth, the problem of deriving other possible general leg

control algorithms with simplicity as the goal; sixth, determining

how far the concept of error correction can be extended; seventh,

the requirement for an emergency recovery program, i. e., if the

machine were on its side could such a program upright the machine;

and eighth, determining what gaits can be mechanized without

sensors, or if sensors are required what type should they be.

Returning to area three, the problem of interest is that of

designing a logical computer to automatically change gaits when

required by velocity and the terrain, if this is possible. The idea to

be explored here is to de-emphasize the discrete aspects of gaits

and investigate only the phasing of the various legs to provide the

required support and driving forces. To exemplify area four, con -

sider a designed quadruped which bends the knee by 90. rhis is not

required since ground clearance requires only a few degrees

for this machine and this stroke. in order to accomplish this, a

fine control is required of the knee. Again the quanti-ation can be

finite and limited to a few bits for the entire knee. The knee motion

then, would have to be coordinated with the hip and the leg control

loop would be more complex. If more joints are available the

computer algorithm becomes more complex.
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5. 2. 3 Biped, Triped, Multiped Walking Machines

The theorems were developed with a general mulitped loco-

motion machine in mind. They were tested, however, on a quadru-

ped. The question of their validity to bipeds, tripeds, and other

multipeds must be further investigated. The general concepts of

controllability, stability, machine efficiency and machine organi-

zation can bL applied to a specific problem. The application of the

concepts may be modified as a function of the number of legs. In

addition, for bipeds, more theoretic-il considerations may have to

ji be developed before machines can ae constructed with any level of

confidence. Therefore, much work remains to be done in legged

locomotion before a reasonably complete theory is developed.

5.2.4 Relation of this Dissertation to the Theoretical Work

of the Past and the Future

This dissertation consolidates material from many fields of

science. There have been some generalizations proposed to explain

the cbscrved facts reported by many authors, notably, Muybridge,

Hildebrand, Wilson and Elftman [3), [1ii], [24J, [28j, [31j. The

design of machines has been proposed to satisfy these generalizations.

The construction of controllers fr.r the leg systems has been done

using principles introduced by Tomovic [29J, [3Zi. Tf.a controllers
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designed are more sophisticated and flexible than the basic system

proposed by Tomovic; however, the fundamental principle is used.

The theoretical questions yet to be answered involve stability and

controllability whey the system is subjected to random variations in

terrain. This Aould lead to the design of computers for leg control

which may differ from the basic computer introduced. This problem

requires further investigation.

It was pointed out that locomotion machines could be con-

structed without the use of inertial instruments. When the random

terrain is introduced, a question of whether this still holds exists.

Further questions remain to be answered; e. g. what conditions are

required in order that such machines can be constructed without

inertial instrumentation and can inertial instrumentation improve

the performance of such machines? The theory developed in this

dissertation assumed zero body rotation. What effect does high

rotational velocity and acceleration have on this tl%-ory? These

simple questions give insight into some of the importanrc "roblems

relevant to the construction of locomotion machines.

5. 2. 5 Optimal Control Problems for Leg Systems

The basic requirements of the legs are to support the body,

provide a driving force to the body and to relocate themselves in

L-
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order to continuc. the process. The question to be answered is can

this relocation process be done in an energy optimal manner, where

energy optimal implies minimum work dissipated in heat. Thus,

energy storage must be accounted for. Even more interesting

is the question of whether this can be done optimally when the

system is subjected to a random terrain. The energy optimal

trajectory provides the designer parameters to select for the

construction of the system. The theory in general involves designing

the system to minimize total energy. This can be done by minimizing

force, velocity and tot,-! excursion since these are the factors in

computing friction losses. The clearance required is determined by

the randomness of the terrain. The exact trajectory may be deter-

mined by the optimal control algorithm. It may be desirable to alter

this trajectory according to the expected terrain. Therefore, to be

truly optimal the leg system needs to be adaptive to the terrain,

implying use of additional sensors.

5. 2. 6 Control for the Overall Machine

It was shown that legged locomotion machines could be

cont rolled by simple algorithms without the use of inertial instru-

ments. The control was accomplishee simply by kinematic consi-

derations. Such a system must, by necessity, be of limited use.
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In order to assure stability in the event of a large disturbance

additional sensors could be very helpful. Sensors such as a vertical

gyro, accelerometer, eye, or force sensor on the legs, can be used

to extend the stability margin of such machines. When the disturbance

is large, the sensors provide the additional information required by

the computer to compute the desirable leg positions for recovery.

The concept of control utili7ing additional sensory information

requires extensive work.

The control problem, aa pointed out in chapter 2, can be

interpreted as one of minimizing a criterion function. For the

mathematical model assumed in this dissertation, the problem is

one of the classical forms of optimal control, i. e., given an ideal

legged locomotion machine, compute the leg forces and phases so

that the cost function is minimized. The problem is that the system

is nonlinear, time varying, and has many constraints. This implies

it may be difficult, if not impossible, to find a solution in the

classical sense.

If random terrain and fluid gusts are introauced to the model

the problem becomes one of stochastic optimum control. This can

be an intersting study in stochastic nonlinear optimum control.
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5. 2. 7 Applications to the Fields of Prosthetics, Orthotics

and Rehabilitation

The theory developed here can be applied to the design of lower

limb prosthetic and orthotic appliances. Further study in the direc-

tion of biped locomotion is required to provide insight into the

design of efficient locomotion devices for bipeds.

Two major problems exist with respect to biped prosthetic

devices, a technical problem and a cosmetic one. The cosmetic

problem is one of attractiveness to the wearer. The technical

problems lie in mechanical efficiency, weight, and control. Many

methods of increasing efficiency of these devices were discussed;

however, research must still be done to show the validity of these

ideas. The problem of weight must be solved through a clever

mechanical design. The control problem has many difficult aspects;

stability for standing and locomotion at various speeds must be

s Aved. Further a maximum speed must be known and indicated to

the wearer or operator. The problem of interface between the

human and the machine is another problem of indetermined magni-

tude. This problem has been researched extensively in the past,

however, very few generalizations have been achieved.
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The extension of the theory to rehabilitation and single leg

prosthetics and orthotics is another area to be further researched.

Here the problem becomes one of matching the forces, torques

and kinematics required for "normal" locomotion of the one good

leg. The problem requires considerable attention.
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