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SUMMARY

A walking robot has been produced which satisfies the aim of the project. In addition to the
experience gained from the project and the technical knowledge of the components used, a
broader understanding of systems design was achieved, this was backed up with the use of
practical skills and computer software packages at all stages, this all satisfied the learning
expectations of the project. The project was achieved through careful project management
and progress monitoring.

The mechanical construction centred on easily sourced local material, lightweight
aluminium sections ands pre-formed components were used. The structure had two degrees
of flexibility, one being provided by a knee, the other provided by the chassis section. The
electronics design evolved over the consideration of various architectures, the chosen
architecture turned towards a distributed scheme.

Various subsystems within the robot were tested and the results of these were used either to
further improve the robots performance or to gain specific information about the system.
An RC servo motor was load tested to determine the maximum power demand. The motor
was found to draw 530mA at the maximum of its linear operating range. The RF
transmission systems performance was increased from 43% to 22.2% by changing the
contents of the transmitted data packet. The sonar module was found to have an average
measurement error of 7.67% over it’s entire range. An attempt was made to verify the
beam pattern but the experiment unfortunately suffered from problems with resolution,
when using a set diameter target. An attempt was also made to fit an aperture to the
ultrasonic transmitter, this was unsuccessful as the transmitted signal became obstructed by

the aperture material.
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1 INTRODUCTION AND BACKGROUND

1.1 A Brief History of Walking Robots.

Walking machines encompass a diverse and wide range of technologies and concepts, from
prosthetics and exoskeletons to passenger carriers and underwater exploration vehicles. It
would be a huge task to discuss the history of walking robots in its entirety. To place this
project into context, this chapter aims to outline many of the important technical
milestones in the development of walking robots.

Perhaps the earliest recorded sketch of a walking machine (Figure 1.1) dates back to the 9™
century AD [1]. The artist Wang Jian (847-918 AD) was a Tang general who established
the former Shu Kingdom in the aftermath of the collapse of the Tang in 907 China.

TIANIK
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Figure 1.1, Sketch of Robot Buffalo by General Wang Jian

There is little supporting documentation to accompany General Jians sketch, the idea is
based purely on mechanical linkages and a single driving wheel, many of the early ideas
are based on such arrangements. The first bipedal walking machine Steam Man was
powered by a steam engine linked to a series of pulleys and chains. Steam Man was

exhibited by C.C Roe of Hamilton Ontario with the following claim:

“The proprietor offers a Challenge of $100.00 that he has the first and only
Steam Man on the continent, that walks natural by the power of steam applied
to the joints”, [2].

Some attribute Steam Man to George Moore in 1893, (Ord-Hume 1973) . It is very

dubious whether the machine was actually constructed let alone walked, but it is possible
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that the inventor was inspired by the steam elephant of Jules Verne’s 1880 book ‘Le
Maison a vapeur’ (The Steam House). In the same year Lewis A. Rygg filed the first patent
for the Mechanical Horse (Rygg 1893). The horse was never built but the driving
mechanical linkages are exactly the same as that of General Jians, one thousand years
earlier. So far these designs are based on the task of designing a suitable mechanism that

would generate the required walking motion.

Many other designs were proposed using linkage mechanisms (Thring 1917, Nilson 1926,
Ehrlich 1928, Bair 1959, Morrison 1968), however the linkages constrained the vehicles
performance and it was not until advances were made in human centred design that an
alternative control method was found. The Walking Truck (shown below in Figure 1.2) was
built by Ralph Mosher of the General Electric Company in 1968, to investigate high-
fidelity force feedback (Mosher 1968). The truck stands eleven feet tall, weighs 1363
kilograms and was powered by an external 90 horse power petrol engine. Each of the
operators limbs were strapped to control surfaces to move the vehicles four legs. With
training, the operator could accomplish a number of tasks, figure 1.2 shows the vehicle
climbing over a stack of railway sleepers. However since the operator was simultaneously
controlling twelve position servos and responding to twelve inputs, this lead to an

unacceptable level of operator fatigue.

Figure 1.2, Walking Truck by Ralph Mosher

Through the late 1960’s and 1970’s computers were getting smaller and could leave the

laboratory confines, George Devol and Joseph Engleberger set-up Unimation, the first
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company to commercially sell robots. Robert McGhee and A.A. Frank of the Ohio State
University took advantage of the emerging technologies and built Phoney Pony in 1966
(McGhee 1976). Phoney Poney was based on Ralph Moshers walking truck and was the
first computer controlled walking machine. It has four legs and each leg has a hip and knee
joint driven by handheld electric drill motors, control and power are both off-board.

Phoney Poney is capable of walking forwards and backwards at a crawl or a trot.

In 1977 the Ohio State University team made a significant leap by producing a hexapod, a
six legged vehicle (McGhee 1983). Power to the robot is supplied through an umbilical at
115Vac, 60 Hz using half-wave triac phase control. The triac signals are produced by a
PDP-11/70 computer which also provides transmission of joint position sensor data, motor
speed, leg force and body attitude. Gyroscopes, proximity sensors and a camera system
provide feedback. The vehicles accomplishments include walking with different gaits,
climbing shallow stairs and obstacles, turning, active compliance, use of sensors and

microprocessors for leg coordination, analysis and control.

Walking robots now started to appear all over the world, particularly in Russia and the
Eastern block countries. From 1969 onwards Vukobratovic and his colleagues at the
Mikhail Pupin Institute, Belgrade had been active in the design and theory of bipeds and
exoskeleton walking aids (Vukobratovic 1972). They started with passive aids and moved
on to the study of autonomous locomotion. VVukobratovic introduced the concept of zero
moment point (ZMP) control, a powerful technique for analysing stability in walking
vehicles (Vukobratovic and Stepaneko 1972). Professor V.S.Gurfinkel and his team from
the Department of Motion control in vital systems and robotics at the Institute for Problems
of Information Transmission at the Russian Academy of Science, developed a six-legged
walking vehicle in 1973 (Gurfinkel 1973) and a second vehicle in 1977 (Gurfinkel 1981).

In 1979 Marc Raibert, a young graduate from the Massachusetts Institute of Technology
joined Caltech under the supervision of Ivan E. Sutherland. Raibert produced a “computer
controlled pogo stick” (Raibert 1986). A year later the Defence Advanced Research
Projects Agency (DARPA) funded Raibert and established a national research programme
into legged vehicles. In 1981 Raibert relocated to Pittsburgh to establish the Leg
Laboratory at Carnegie-Mellon University. In the mean time Sutherland produced the first
autonomous six legged vehicle capable of carrying a human operator (Raibert and
Sutherland 1983).



The emphasis was now turning to more advanced aspects of walking, Kato built a bipedal
robot capable of walking with a quasi-dynamic gait (Ogo and Kato 1980), Miura and
Shimoyama (1980) furthered this with a biped that could balance actively in three
dimensions. Fundamental to many of the new designs is power consumption, ‘Functionoid’
produced in 1983 by Odetics Inc. of California (Russell 1983), consumed 100 Watts of
power when moving at a speed of one inch a second, this increased to 150 Watts at twice
the speed. Funtionoid is one of the first few robots that carried the control circuitry and

power source onboard.

By the 1990°s the DARPA programme had taken hold, laboratories were well established
over America, with a strong body of research work. Rod Brookes from the Massachusetts
Institute of Technology’s Leg Lab., began work on learning in autonomous mobile robots,
his work was backed up with a range of legged vehicles [3]. ‘Attila’ is perhaps the most
sophisticated of them all, Attila has six legs each weighing 200 grams, the robots total
weight is 1.6 kilograms. The robot is equipped with a bewildering array of sensors to
enable it to operate autonomously, the sensors include: leg force, contact and collision
sensors, a 2-axis inclinometer, joint angle sensors, foot mounted infrared proximity
sensors, a 250mm long actuated ‘whisker’, a long range infrared range finder, a CCD
(charge coupled device) camera, two accelerometers, two surface colour sensors and a

small integrating rate gyroscope to provide heading information (Brookes 1990).

Brookes is a great proponent of ‘bottom up’ programming, which is a concept taken from
the philosophical circles of artificial intelligence, that requires a robot to be designed as a
blank slate with the ability to learn the required faculties, rather than (top down) hard
coding the robot to perform set actions. In 1989 Brookes developed an architecture known
as ‘Subsumption Architecture’ (Brookes 1989), that supports this style of implementation.
Subsumption Architecture uses a distributed network of augmented finite state machines to
encourage high level emergent behaviours. The finite states act on received sensor stimulus
and are built up to produce representations of complex systems. By using this Brookes
demonstrated that complex behaviours, such as walking, can emerge from a network of
rather simple reflexes with little central control. Brookes has proposed the use of Attila for
survey applications on Mars (Brookes 1990) and his architecture is now widely used within

mobile robotics.



A further demonstration of a recent advance in walking robots is shown below (Figure 1.3).
The robot is a representation of a centipede built in 1999 by Frank Nickols of the Robotics

and Research Laboratory, Nanyang Technological University [4].

Figure 1.3, Robot centipede

This robot is made up of ten individual ‘beetle’ robots connected by a nine link systems.
The first segment acts as a master while the other segments act as slaves. The master sends
information of its direction to each of the following slaves such that this information
travels down the spine of the centipede at a speed equal to the speed of the body. The effect
is similar to a railway train with invisible tracks. Nickols experienced jack-knifing

problems due to the slightly different speeds of each section.

Many of the robots mentioned here were produced in a research and development
environment and as such many restrictions were made on the robots operating conditions,
for example the robot centipede shown above (Figure 1.3), would not be able to navigate
over ground level obstructions, due to the limited mechanical design. Nearly all of the
robots in development are powered by an umbilical providing external power, this neglects
the added weight of a power source. Large computers for some early robots were also
maintained off-board, these added weights can dramatically change the dynamics of a
walking vehicle. Although narrowing the operating conditions makes the design job easier,

the tradeoffs can affect the breadth of knowledge gained from the study.



Today the emphasis on walking research is the design of bipedal vehicles, nevertheless
there is still a vast amount of unfinished work to be carried out on multi-limbed vehicles.
For example; increased efficiency and a reduction of power demand is required to increase
running times, the provision of full autonomy would enable operation at distant locations,
an increase in the vehicles utility would make the robot more adaptable and versatile to a
range of varying applications and finally the efficiency with which a robot tackles a
problem can be increased with the use of a range of cooperative vehicles. As new
technologies emerge and a better understanding of nature is gained it is worth re-visiting
some of the original problems to apply more efficient solutions for applications that are

now coming to light.



2 PROJECT MANAGEMENT

2.1 Overview

The project management model proposed by Slack (1995) was used as a guide to manage
the project. The model breaks down project planning and control into the following five
tasks:

1) Understanding the project environment

2) Defining the project

3) Project Planning

4) Technical Execution

5) Project Control

Many aspects of project management were disregarded, since the project had a low
complexity and didn’t require the level of planning that would, for example be seen in the
manufacture of a marketable product. The technical execution of the project is not

mentioned in this Section, but discussed throughout the report.

2.2  Project Environment

In the context used by Slack the external factors that influence a projects environment
include; geography, users, governments, competitors, economy, sub-contractors and so on.
As the project was conducted in a non-commercial environment there were very few

factors to consider, these are suppliers, resources and other users of the Project Laboratory.

2.2.1 Constraints

Although the project was not complex in terms of project management, the uncertainty was

high, which in turn overstated the impact of the constraints. The constraints were:

2.2.1.1 Cost: - the University provided £55; additional funding was made available

through personal means. The projects finances are detailed in Appendix A.

2.2.1.2  Duration: - there were 174 hours scheduled in the project laboratory, in addition

to approximately 924 hours outside laboratory hours.
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2.2.1.3 Resources: - The level of resources provided by the University for: information,
materials, staff, tools and workshop facilities were limited, however

contingencies could be made outside the University.

2.2.2 Risk

The risks associated with the project were primarily due to the inexperience of the author,

these are summarised below:

2.2.2.1 Low technical experience: - Provided an ideal base for personal development,
was resolved with support from the Universities technical staff with a low

impact on the project.

2.2.2.2  Potential low reliability of low cost technology: - Was resolved with trial and

error bulk purchase, impacted on the cost and time of the project.

2.2.2.3 Design decisions: - Could have had a critical impact on the project if a

fundamental error was made and left unnoticed until testing.

2.3 Project Definition

2.3.1 Obijectives

The task as stated in the original proposal was, to design and build a robotic walking
vehicle, to be utilised as a platform to investigate a variety of mobile robotic problems. The
problems will provide scope for future studies and could include, but not be limited to: -
navigation in an unstructured environment, the analysis of various walking gaits and the
dynamics of walking machines. This task definition allowed for a range of complexity, in
that the simplest accomplishment was to produce a walking vehicle. At the other extreme
more stringent operating conditions were imposed, this creates a piecewise development

programme that can be approached at later stages.
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In addition to the objectives stated above, the project is required to fulfill a number of

learning outcomes as set out in the PROJ321 module record, these are:

e Literature searching

e Project planning

e Design

e Experimental techniques
e Manufacture

e Testing and development
e Analysis of data

e Presentation of data

The following specific learning outcomes were also included:

e EEPROM micro controller design and assembly programming
e Computer aided circuit design and construction

e Use of transducers chosen for specific roles

e Design of a man-machine interface

e Understand past and current trends in walking machines

2.3.2 Scope

As the objectives take into account the formation of a longer-term programme, the scope
limited this to the production of a working, walking robot with a user interface, together
with fulfilment of the learning outcomes. The success criteria were assessed by the DCEE

Project Panel and monitored with an interim review.

2.3.3 Strategy

A projects strategy defines the phases of the project (Slack 1995). The specific tasks for
this project were not known until the design stage; therefore, the strategy consisted of a
number of generic phases according to a standard design life cycle used throughout
industry. For example: Specification, Conceptual Design, Detailed Design, Construction,

Integration, Test and Delivery.
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2.4 Project Planning

2.4.1 Work Breakdown structure

A Work Breakdown Structure (WBS) was used to break down the project into manageable
work packages, (Slack 1995). A work package would normally consist of a task such as
‘build sub-system B’, but since the individual tasks were undefined, the work packages

took the format of life cycle phases, such as ‘Do Detailed Design’. The WBS is shown

below, (Figure 2.1).

Produce Robot

Produce Mechanics

Specify hardware

Conceptual Design
Detailed Design
Procure material

Fabricate robot

Produce Control Electronics

Specify control system

Conceptual Design

Detailed Design

Procure

Construct

Produce Software
Specify Software
Program software

Test

Assemble

Develop

Evaluate

Figure 2.1, Work breakdown structure
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2.4.2 Network Planning

From the WBS, relationships and dependencies between phases were found and labeled as

shown in Table 2.2 below.

Activity Code | Activity Precedents | Duration (wks)
A Brainstorming - 1
B Control specification A 1
C Control conceptual design B 5
D Control detailed design Cl 7
E Procure control components D 1
F Construct control electronics E 4
G Control testing F.L,O 1
H Hardware specification A 1
I Hardware conceptual design H 5
J Hardware detailed design 1,C 7
K Procure hardware materials J 1
L Fabricate hardware K 4
M QA/QC O,L,F 1
N Software specification A 2
O Software programming N 7
P Software testing O,LF 2
Q Integration assembly P 1
R Integration development Q 2
S Evaluation R 1

Table 2.2, Relationships and dependencies of project tasks.

Knowing the relationships and dependencies allowed the use of critical path analysis to
provide a quantitive understanding of the project deadlines. An Activity on Node diagram
was drawn (see Figure 2.3, overleaf), in favor of an Activity on Arrow diagram, since AoN
diagrams are easier to read and are a more common format. From the diagram, it was found
that there were 3 weeks of slack, a 28 week project duration and routes AHIJKLM and
ABCDEFG were both critical paths.

From the information gained from the critical path analysis, a Gantt chart was drawn,
(which can be found in Appendix B). This provided a day-by-day indicator of progress, and

included a series of milestones.
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11 |2 5 | 7 7 07 | 14 14 15 15 | 4 | 19 19 | 1 | 20
> C D > > F G
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7 2 11 11 18 19 2 21
N > P
13| 6 | 15 15 29 22 |3 24
Key
earliest start duration earliest end
activity Code ” ” ” -
latest start slack latest end > R >
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Figure 2.3, Activity on Node (AoN) Diagram.
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2.5  Project Control

Monthly meetings with the Project Supervisor were employed to maintain control over the
projects progress. This was in addition to the Gantt chart and milestones kept in a logbook
and an interim review (see Appendix C). The meetings gave the opportunity to compare

and discuss current progress against the planned targets.
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3 ROBOT MECHANICAL DESIGN

3.1 Overview

As the shape and structure of the vehicle broadly determines the dynamics and cost of the
robot, the mechanical design is discussed first. The project objective says nothing about the
mechanics, only that a legged robot is required. It was therefore necessary to look at
various body shapes and determine the required number of legs and degrees of freedom, to

help pin down the key design aspects.

3.2  Design Considerations

3.2.1 Statically stable or Dynamically stable?

The aim when designing any walking vehicle is to ensure that the vehicle doesn’t fall over,
in other words, the robot is stable. There are two types of stability to consider - dynamic
and static stability. A robot is statically stable if the centre of gravity of the robot always
lies within a triangle defined by the contact points between three feet and the ground; the
mechanical analogy is a three-legged stool. A statically stable robot must therefore have
four or more legs to keep three on the ground at any one time. A robot that is dynamically
stable has less than four legs but remains stable through motion, for example a person
using a pogo stick is dynamically stable. A comparison between a dynamically stable and a

statically stable system is now given.

A statically stable robot utilising a simpler gait has an inherently higher stability, together
with the additional legs this would give the vehicle a higher load carrying ability.

Additional legs however would increase the cost and power consumption.

A dynamically stable robot would require much more complex control strategies with
accurate real time proprioception, for example position feedback from the legs, body
orientation information, and knowledge of the location of the centre of gravity. The faster
processing and limb movement would narrow the choice of actuator at a later stage and the
complex dynamics would reduce the load carrying ability. This all increases the project

risk.
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3.2.2  Number of Legs?

When choosing either a statically or dynamically stable robot, the number of legs will be
either greater than four or less than four. Most naturally occurring walking animals have an
even number of legs, however some robots exist with an odd numbers of legs, it can be
seen from a survey of walking robots, [5] that there are 7 documented robots with an odd
number of legs and 155 robots with an even number of legs. Statically stable robots having
an odd number of legs would only affect the mechanical design constraints, whereas robots
with an odd number of legs would compound the problems (mentioned above) associated

with dynamically stable robots.

3.2.3 Number of Degrees of Freedom?

A degree of freedom (DOF) can be termed as:

“the number of independent movements an object can make with respect to a
coordinate frame” (McKerrow 1991).

The more degrees of freedom a robot has, the more dexterous it will be; at an added cost,

weight and complexity.

3.2.4 Walking gait

Walking is the production of a coordinated, stable sequence of leg and body motions to
propel a robot or creature; this sequence of motions is called a gait. An important part of
the study of walking is the classification and recording of gaits onto gait diagrams, (or
footfall diagrams). Most gait diagrams treat a foot as a two state device it is either on or off
the ground. The diagram plots the feet in contact with the ground against time. From this
the stability of the gait can be analysed, the effect of varying the foot placement studied and
the change in foot placement required to follow a path determined.

A number of gaits have been recorded and documented for various creatures, from spiders
and centipedes to horses and ducks. When controlling walking robots it is important that
legs do not collide, so the chosen gait must avoid tangling the legs whilst maintaining a
compromise between speed and stability. More sophisticated robots are capable of adapting
their gait to the sensed environment. Gait diagrams for wave, tetrapod, and tripod gaits can
be found in Appendix D.
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3.2.5 Actuator Choice

Due to the vast selection of actuators available, a full comparison is not discussed here.
The chosen actuator will affect most aspects of the final design: - the size, weight, cost and
control method. Using linear or rotary actuation will also affect the overall shape and
degrees of freedom of the robot, which will in turn affect the vehicle dynamics. The

following requirements guided the choice of actuator:

e High power-to-weight ratio: the limbs will carry their own weight, so utilising the
maximum power output for the lowest weight is fundamental to walking robots.

e Low cost: if a large number of legs is required.

e Low power consumption: to reduce weight on onboard power supply.

e Ease of use: to eliminate the need for non-standard voltage / current requirements

and to reduce the need for external drivers such as compressors.

3.2.6 Power Source

The full power requirements are discussed in Section 4.3.4, however it was important to
consider the method of powering the robot at this stage as the chosen method can affect the
robots mechanical design. The main decision was whether to use an umbilical cord to
provide power to the robot from an external device, or to carry the power source on the
robot. Carrying the power source will add more weight and increase the power demand for
the actuators but will give the robot potential for full autonomy. Using an umbilical will

reduce the motor demand at the cost of very limited operating conditions.

3.2.7 Size and shape

The body shape was a choice of basic geometric shapes, for example a rectangle or polygon
with as many sides as legs are commonly used. The geometry will determine but not
restrain, the robots walking gait. The size of the robot was perhaps the last major
consideration and affects the project cost the most. In 1999 Frank Nickols of the NTU
Robotics and Research Laboratory [4] produced a small eight-legged ‘spider’ with an
octopod body. The spider is capable of straight walking and zero turning circle turns. The

cost is not quoted but estimated to be in the region of five hundred US dollars.
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In contrast Song and Waldron built a 3200 kilogram walking vehicle in 1990 called the
Adaptive Suspension Vehicle (ASV), the robot is 5 metres long, powered by petrol engines
and hydraulics and cost eight million US dollars to produce (Song and Waldron 1989).

3.2.8 Summary of Considerations

In summary the main factors to take into account when designing a walking robot can be

grouped as follows:

e Kinematics, for example: stability, number of legs, degrees of freedom, size and
shape

e Actuation method

e Power demand

e Walking gait
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3.3  Chosen Design

Bearing in mind the project constraints of cost and time, the considerations laid out in
Section 3.2.8 were refined and evaluated to produce a final design. Much of this work
followed an experimental approach with the aid of the hardware at hand, previous

experience and research material. The result is the set of ‘design rules’ that follow.

3.3.1 Kinematics

The analysis of multi-limbed vehicles is a large and complex subject within the field of
walking robots, it was realised that it would be very difficult to construct a full
mathematical model to determine the robots kinematics. Therefore, to avoid the complex
problems of dynamic stability (as stated in Section 3.2.1), the decision was made to
produce a statically stable robot. In addition to choosing an even number of legs, six legs,
this simplified the mechanical design and as such produces the most popular structure for
walking robots [5]. A rectangular geometry was chosen with legs positioned at each corner
and the two major sides, the dimensions of the rectangle were limited to approximately
300mm (1 foot) long, the length of the legs determines the width and height of the robot.
This scale was chosen to constrain the robot to a small size; a smaller robot is a cheaper
robot. From studying the walking gaits (Appendix D) it was discovered that the simplest
method of providing the required walking motion would be to use a spherical workspace

for each leg. The degrees of freedom were chosen as shown in Figure 3.1.

z rotation 7 Spherical workspace

for 6 x 2 DoF legs.

X rotation

Figure 3.1, Conceptual sketch of robot showing degrees of freedom and leg workspace

A rotation about the x-axis was chosen to provided a horizontal (or propelling) motion and
a rotation about the z-axis provided a vertical (or lifting) motion. This reduced the design
choices but made the task of defining the remaining system requirements a simpler one,

which was necessary for the given timescale.
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3.3.2 Walking gait

From the three gaits documented in Appendix D the tripod gait was chosen, (shown below
in Figure 3.2). The tripod gait is the most stable since there are always three feet in contact
with the ground at any one time. From the gait diagram a centroid movement diagram was

constructed, this was used to illustrate the movement of mass.
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Figure 3.2, Tripod gait and centroid movement diagrams

The mass moves from side to side within two triangles made by the ground contact points
of each set of leg movements. This serves to demonstrate that the centre of mass must be
positioned at the centre of area. The second feature that was gained from the gait diagram
was a requirement for compliance in the robots body, this is illustrated with an expanded

view of one side of the robot, Figure 3.3.

S = stride length
Robot g
Body S

d, lateral
«—displacement

Y

Figure 3.3, Plan view of robot portion showing limits of leg positions
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It can be seen from Figure 3.3, that there is a lateral displacement, d; encountered by each
foot. The lateral displacement increases as the leg length |, increases, the length of the leg
also determines the height the robot sits off of the ground. It is important to note that the
length of the leg does not affect the stride length S, this is only dependant on the distance

between each leg and therefore the size of the robot.
3.3.3 Actuation

Rotary actuators were chosen to facilitate these degrees of freedom; standard RC model
servo motors were used. Servo motors are used throughout model robotics and animatronic
applications, this is due to the high power output for their small size, the units contain a
gearbox and all of the control and feedback circuitry required to enable accurate position
control, these elements can be seen in Figure 3.4. The servo motor mountings provide
convenient contacts to enable a direct drive. The type chosen was the Futaba S3003 motor,

with the following characteristics (from [6]):

e Power requirement: 4.8V or 6V

e Current drain: 8mA (idle)

e Output torque: 3.2kg-cm at 4.8V

e Operating speed: 0.23sec/60 degrees at 4.8V
e Size: 40.4x19.8x36mm

o Weight: 37.2g

e Cost: £5.00 each

DC Motor Feedback potentiometer

Case and = l
gearbox b
housing

Control circuitry

™~

s B - = Connections: -
g White: signal Red:
+ 6V power
I Black: ground
Assembly screws Gears

Figure 3.4, Break down of a servo motor assembly

23



The control circuitry requires a pulse every 20ms, the width of the pulse is proportional to
the angular rotation of the output shaft. The pulse waveform and details of how it was

generated is discussed in Section 4.3.2.

3.3.4 Power

Without a mathematical model to find the maximum possible power requirement, a test
was carried on a single motor, (the test is discussed further in Section 6.2). It was found
that a single motor consumes 2.08 Watts (4.8 v x 434mA) at full load; this gave a total
power requirement of 25 Watts (4.8 v x 5.2A) for all twelve legs at full load. Given the
high capacity batteries currently available, it was considered beneficial to provide onboard
power to enable full autonomy. The chosen batteries are AA sized, measuring 50mm x 14
mm diameter and weigh 20 grams each, which added a total of 300 grams to the weight of
the robot. To save recharge time and money, batteries were only integrated at the final
stages of the project; an umbilical was used throughout development. Being significantly

large masses, the locations of the batteries were designed into the robot at this stage.

3.3.5 Leg Design

Initially it was believed that there were no major factors to consider when designing the
legs, as long as they were light, did not require an excessive turning force and a means
could be found to attach them to the servo motors mounting plates. The design was

revisited at different stages of the project as the robots overall dynamics were witnessed.

The initial leg (Figure 3.4, a) consisted of a straight brass rod with a u-shaped cross-
section. A rubber pre-formed shape originally manufactured for walking sticks was used as
a foot. The next configuration (Figure 3.4, b) was developed to give the robot footfall
feedback. The leg consisted of larger aluminium u-shaped cross-section with a push to
make bump switch glued into the ground contact end, a similar rubber foot fitted tightly

over the switch.

Some compliance was then built into the third and current leg (Figure 3.4, ¢), to absorb any
discrepancies that may be encountered when the foot contacts the floor. Off the shelf anti-
vibration mounts provide the compliance, they were chosen for the three degrees of

rotational articulation and ease of assembly. As a kinematic model did not exist, the choice
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of compression and shear properties of the mounts was experimental. It was found at a later
stage that the mounts were too compliant and caused an irregular gait. This was remedied

by strengthening the mounts with heat shrink.

.
— "_'

(@) (b) (©)

Figure 3.4, Leg development

It was also felt necessary to make the length of the legs manually adjustable. This was to
make it easier to ensure the robot sits evenly on the ground, it was discovered that changing
the leg lengths altered the stability considerably. Standard M5 studding and hexagonal
header posts were used to make the final legs and mate them with the shock absorbers, (the
mechanical drawings for each leg can be found in Appendix E). The legs are 70mm long;
this is a sufficient length to lift the robot, the compromise being the torque on the motor

shaft.

3.3.6 Chassis Design

The major design task centered on the motors, a frame was required that could support the
motors at the correct orientation. Additionally the frame had to provide mounting points for

the control circuitry and house the batteries, with the battery masses evenly distributed. All

of the mechanical drawings can be found in Appendix E.
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Figure 3.5 shows the completed chassis assembly, standard aluminium shapes were used
for the four main struts. The six horizontal motors were bolted to four struts to make the
two halves of the robots chassis, the two chassis halves were held in position using two

brass rods, end plates prevent the halves slipping off.

Figure 3.5, Photograph of final chassis assembly

Comprression springs were mouinted in the centre of the shafts to maintain the extended
position of the chassis. Nylon bushes were also fitted to the shafts with a interfearnce fit, to
provide mounting points for the circtuitry. Selecting a 70mm leg length the lateral

displacement (d;) was found from simple geometry:

95
47.5
‘—
| / \
R dy =70—/ 70— 47 52

=1858x 2= 37.16
\/ [

The remaining dimensions were then ascertained.
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3.4  Prototyping

The electronics and control circuitry was developed in parallel to the mechanics, as
planned, and reached a test stage before the mechanical hardware was ready. It was felt
beneficial to quickly construct a prototype robot to gain confidence and confirmation of the
chosen design. Plastic was used to build a variety of prototypes; it was cut with a pair of

scissors and bent with the application of heat.

A single sheet was used as a body (Figure 3.6), with cut outs to mount the motors, this was
strengthened by a single brass rod. Angle brackets were made from the same plastic to
form the right angles required for the motor orientations. These prototypes were made in a
matter of hours and provided a quick way to view the ideas in a tangible sense and try out

different motor orientations.

Figure 3.6, Robot prototype
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35 Construction

The final design consisted of three or four simple shapes; which allowed the use of locally
sourced stock material. Standard aluminium shapes were used since the material is
lightweight, low cost and easy to work with, the shapes also provided necessary
geometries, which reduced the need for additional fittings. Bench fitting was carried out
with the minimum use of machine tools in the Project Laboratory. This negated the need
for additional Health and Safety issues that would have arisen with a more complex design.
All metal parts were sand blasted, to provide a suitable surface finish using equipment
from the Brunel Laboratories. The design also avoided the use of permanent fittings or
fixture methods such as welding, soft soldering, rivets or adhesives. This made assembly
much easier and simpler to adapt to development changes as they occurred. Where possible
British Standards Institute engineering standards were used throughout the mechanical
design and production stages. All work within the Project Laboratory was carried out in
accordance with the Health and Safety at Work Act 1975. Knowledge of these procedures

came from the authors past experience and are not documented here to avoid diversion.
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3.6  Development

After construction and assembly a number of problems and potential improvements were
realised. This is in addition to the improvements made to the leg throughout the design
cycle. The main problem was that of electrical noise caused by the twelve DC motors, the
electrical reasons and implications are discussed in Section 4.6. Among others, one
solution to reduce the noise was to add a grounded shield plane between the motors and the

circuitry. This is shown below in a photograph of the completed assembly (Figure 3.7).

Two polythene coated spring clips were bolted to the underside of the panel; these clips
then mated with the nylon bushes of the chassis. The panel also provided a good platform
to mount the batteries. The batteries are held in four purpose built holders that were bolted
equi-spaced to the underside of the panel, the circuit boards were then bolted to the topside
of the panel. It was envisaged that a Faraday cage would be required to further reduce
noise; this was implemented with the use of a thin, clear plastic sheet covered with
aluminium foil, bent in an arch and screwed to the sides of the new panel. It became clear
that the panel alone was adequate to reduce the noise, however the clear plastic sheet was

fitted to add to the aesthetics of the design.

Control circuits to be protected

Shield

Battery holders Source of electrical noise

Figure 3.7, Photograph of completed assembly, detailing the noise shield.
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4  ELECTRONICS AND CONTROL SYSTEMS

4.1 Overview

From a systems point of view the design was based around various inputs, a process and an
output, as represented in Figure 4.1. The inputs come from sensor feedback from the
environment and from user commands; the process then has to make a decision based on
these inputs and move the robot accordingly. The output is a sequence of commands to the

motors to move the robot in a coordinated walking action.

Inputs:
e  Environmental sensors
e User commands )
Process:

e Make sense of input signals
e  Prioritise input commands and choose an action
e  Generate walking gait
e Generate and send commands to motors

Output:
L[\ e  Pulse commands to motors

Figure 4.1, System diagram

There is no mention here, or in the project definition, of the nature of any of these
elements, this is left open for consideration. However, it was realised that the electronics
design would encompass a range of technologies; a systems integration approach was
therefore taken. For example, it would be more practical and within the scope of the project
to incorporate commercial off the shelf devices than to design them from a blank sheet, this

approach is key to the design of robotic systems.

There is also no mention as to the level of autonomy to be provided for the robot. Russell
has set out a progressive description of intelligent agents, (Russell and Norvig 1995). At
the lowest end, Russell begins with a simple reflex agent that acts directly from external
stimulus. This is followed by a simple reflex agent with an internal state, a crude sense of
self which enables the robot to make better judgments on the receipt of stimulus.
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A goal-based agent is then described, where the robots action leads towards a goal and
finally a complete utility-based agent represents the higher end of the spectrum. A utility-
based agent incorporates preference in its choice of goal. As long as an adequate sense of
the environment is provided, the distinction between these levels of autonomy lies within
the structure and complexity of the software algorithms used and is therefore not a great

concern at this stage.

To begin the design, a decision was made to focus on the use of the servo motors and build
back from there. This route was chosen as it was felt that successfully controlling the
motors would be the biggest step towards completing the projects objective. This chapter

therefore begins with a note on the control requirements of a servo motor.

4.2  Design Considerations
4.2.1 Servo motor signals

The servo motor is packaged in a small case which contains: a motor and gearbox, a
potentiometer, which is fitted to the output shaft of the gear train and feedback and control
circuits. The circuit provides proportional feedback control over a dc motor, where the
output of the motor is an angular position from 0° to 180°. The input to the control circuit
is the required angular position demand and corresponds to a TTL signal, as shown below
(Figure 4.2). A pulse is required every 20 milliseconds where the width of the pulse is
proportional to the motor shafts angular rotation. For example a pulse width of 1 ms is
equal to 0° and 2 ms is equal to 180°, these values can be slightly exceeded to the values

shown below, to achieve increased rotation.

5v
0.7
—> i All measurements
23 ~ are in milliseconds
20

A

Figure 4.2, Motor demand signal
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It was found that the control circuit requires a minimum number of 20 ms windows to
allow the shaft to reach the desired position. If the position command is changed too
rapidly, the shaft jitters, or hunts. The shaft moves at 0.23s / 60° which is equal to 0.69
seconds / 180°, this is equivalent to 34.5 x 20 ms windows, which was used as a rule of
thumb. Allowing 0.69 seconds to perform every movement introduces a large delay; a
better approach would be to calculate the required number of pulses, which would increase
the complexity of the device driving the motor but would give a more efficient

performance.

There are a number of methods to generate the pulse, these are:

e Discrete Logic
e Microcontroller

e Commercial controller

A number of discrete devices such as timers would perform the task, they have the
advantage of low cost simplicity, however they have two major disadvantages; firstly,
controlling more than one motor would multiply the component count and increase the
power demand. Secondly, some form of control would still be required over the discrete
motor controller. This may not be a problem if the entire design was a simpler discrete,
stimulus based system, but this is not the case, a controller is required to handle the sensor

feedback, gait generation and so on.

Microcontrollers could easily provide the required pulse signals, in addition to processing
other tasks. There are many low power microcontrollers available with a large array of
additional features. However, this flexibility would come at a cost, a microcontroller-based
solution would cost in the order of tens of pounds more than a discrete logic solution, or

even hundreds of pounds more if programming hardware is required.

There are also many commercially produced servo controllers on the market, this is
because servomotors are used extensively within the animatronics industry. These
controller boards provide a standard RS232 interface to receive high-level instructions
from a QBasic program, in addition to header posts for a microcontroller connection. They
output the required pulses to up to a maximum of twelve motors, although some can be

daisy chained together to control more motors. It was found that most of these boards are
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driven by a PIC16F872 or similar microcontroller; the code is also available from the
Internet. This type of off-the-shelf solution has the clear benefit that it is guaranteed to
perform as specified, however there would be little experience gained from spending the

unreasonably high-prices asked for these modules.

The methods discussed so far are low-level options that provide fewer functions than
driving the motors. Many sophisticated options exist that could facilitate the higher-level
functions of the robot, such as; embedded ‘mini-computers’ like the Arcom PC104 board,
[7]. The PC104s processor board measures 100m x 160mm and provides all of the
functions of a desktop PC. However, these devices have a very high power demand and

cost in the region of £500, which was outside the projects budget.

4.2.2 Architecture

Once the correct mix of processing technology was chosen, the second task was to choose
the architecture by breaking down the robots functions into blocks. A hierarchical system
architecture is shown below, (Figure 4.3). The commercial servomotor controllers
previously discussed would ideally suite the function of the leg controller in driving the
motors to their desired positions. A supervisor would take on board the high level functions
described in Section 4.1. However, there would be a large amount of position data flowing
from the supervisor to the leg controller, this would introduce a requirement for some form
of high data rate bus. In addition to generating the gait sequences, the supervisor would
also have to handle the sensor inputs and execute the high level algorithms (such as
navigation, path planning and collision avoidance). This appears to be an uneven

distribution of processing tasks.

sensor ———|  supervisor
inputs

\ 4

leg controller

|

motor 1 motor2 | ...l motor 12

Figure 4.3, A hierarchical system architecture.
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To reduce the load on the supervisor, one option would be to hand over the gait generation
to a number of leg controllers, (Figure 4.4). Each leg controller could take care of one leg
each and on receipt of a high level command (such as go forwards, go backwards etc.)
generate the required sequences. This leaves the supervisor free to handle the sensors,
navigation and collision avoidance algorithms, but does introduce difficulties in

synchronising the gaits.

Sensor

Inputs Supervisor

\4

leg controller 1 leg controller 2 leg controller 6

v v A\ 4
leg 6

legl leg 2

Figure 4.4, A hybrid hierarchical system architecture

Prior to the 1980s, much of the work on hexapods used a centralised hierarchical processor
philosophy, as demonstrated in Figure 4.3. As more was understood about biological
locomotion, there was a shift in computing science and engineering systems towards
distributed and parallel processing. A number of successful hexapods were built around
these new schemes, (Donner 1987; Brookes 1989 and Beer 1990). The system shown in
Figure 4.5, is an example of a distributed architecture. Each leg is controlled and monitored
by a processor, which is responsible for generating the motor sequences and pulses, in

addition to providing the option for independent leg feedback.

Sensor
Inputs

............

<A

S

\ 4

A\ 4

leg controller 1

leg controller 2

A

v

leg 1

A

\4

leg 2

\4

leg controller 6

\4

leg 6

Figure 4.5, A distributed system architecture
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The leg controllers could communicate with each other over a bi-directional data bus, this
would remove the responsibility of gait generation from the supervisor and distribute the
task over a network. With this form of distributed processing it would be possible to
remove the supervisor all together and give the leg controllers the task of handling the
high-level functions. This is what, to some extent, Brookes has achieved with Subsumption

architecture (Brookes 1989).

Clearly a range of options exist with varying degrees of complexity, a simple hierarchical
structure (Figure 4.3) would achieve the desired goal, but the work load would not leave a
great deal of processing power to experiment with higher levels of autonomy at a later
stage, this is remedied by the hybrid system (Figure 4.4). It is at this stage when comparing
a hierarchical architecture with a distributed architecture (Figure 4.5), that the debate
regarding biologically inspired robotics is highlighted. This will not be entered into here,
save to say that the advantages and disadvantages of both are equally weighted and it is a

mater of choice whether to side with current trend or not.

4.2.3 Sensor Integration

Sensing is a huge subject within mobile robotics and is covered comprehensively in a
manual by Borenstein, (Borenstein, Everett and Feng 1996). The subject incorporates not
only the transducers and sensors that are used by a robot to detect the environment, but also
the methods to make use of that information.

As a starting point, a distinction is made between passive and active sensing. Passive
sensing can be thought of as the way by which biological systems navigate, in that there are
no sub-systems external to the robot to aid navigation. An example of a passive system is
the human cochlea, which provides onboard orientation information for the human. An
active system relies on the use of external sub-systems or methods to help navigation. An
autonomously guided vehicle (AGV) is an example of a robot that uses active sensing, in
that AGVs are guided by wires or laser patterns embedded in the environment. Mobile
robots that use the global positioning system (GPS) are another example of actively sensing
vehicles; they require a network of low earth orbiting satellites for position information. It
can be argued that a mobile robot that requires active sensing is limited by the external
beacon system and as such is less autonomous. An extraterrestrial explorer with an active
navigation system will only be able to explore the environment that has the external system

in place. To establish an active system would also require a larger initial expenditure
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In contrast, robots using passive sensing and navigation systems can operate in the
environments that their onboard sensors are designed for. Passive sensors are generally less
expensive and easier to integrate. For these reasons passive systems were considered the

way forwards.

The method by which the robot makes use of the sensed information is also a large field
within robotics and computing. Looking back at the spectrum of intelligence outlined in
Section 4.1, (Russell et al 1995) a simple reflex agent merely acts on external stimulus like
a state machine, (e.g. is object ahead? is foot on ground?), whereas a utility-based agent
can draw on an internal representation of the environment. This allows the robot to make
better judgments and predictions to support its actions. Constructing an internal
representation of the environment is a complicated task in algorithm development and
sensor fusion. Given the timescale of this project the focus was on stimulus-based
navigation. There are obvious disadvantages on the operating conditions of a simple
stimulus based robot, however this project does not concentrate on sensor fusion. Among
others, the senses that a walking robot could consider, include; range, heading, line

detection, light detection, foot placement and leg position.

Information from sensors is sometimes of more use when combined together, the desert
ant, cataglyphis, uses a technique called Path Integration, which combines heading and
distance, (Lambrinos, Mdller, Labhart, Pfeifer and Wehner 2000). Path integration is the
continuous update of a home vector by integrating all angles steered and all distances

covered. The Cartesian x and y coordinates of a robot over time are given by:

X(t +At) = x(t) + cos(B())V(D)AL o Eqgn. 1
y(t +A) = y(t) + sin(O(t))V(DAL o Egn. 2

Where x(t +At), y(t +At), x(t) and y(t) are the x and y coordinates of the robot at t + At and
t, respectively, with At denoting the time step. Distance covered in a mobile robot is
normally calculated from wheel encoders (a process called odometry), in walking robots
the distance covered can be calculated internally from the stride length. So simply by
providing heading information, it would be possible to calculate a walking robots position
using path integration. There are a large number of small digital compasses available that

can provide heading information.
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The ‘Dinsmore 1490 digital sensor’ indicates 90° heading changes, whereas the ‘Vector
2X’ uses magneto-inductive sensors to measure heading with an accuracy of + 2°. Both are

low power, low cost devices suitable for mobile robotic applications.

Knowing position alone is of no use if the robot is unaware of the obstacles around it, so to
detect obstacles and potholes, a number of distance and range finding devices can be used.
The commercial sale of these devices has improved rapidly over the last five years, as
rangefinders are increasingly being produced for the hobby market. Ultrasonic transducers
are available for integration with microcontrollers and the software code to drive them is
freely available on the Internet [8]. Ultrasound modules that incorporate surface mount
drive circuitry are also available at low cost. These devices have a detection range of one

centimetre to three metres with millimeter accuracy.

It is important to note that as with mixing heading and odometry information, it is also
useful to use a number of sensors to measure different ranges. Brookes gives the following

rationale for his use of multiple sensors on the robot ‘Attila’:

“The sensors chosen for the robot give it a very complete view of its
environment.. The long range IR sensor and CCD camera yield information
sufficient to distinguish a poor route over some terrain from a promising
one. The whisker will be able to steer the robot around local obstacles, and
the rest of the sensors will deal with the actual foot placement of the robot.
In essence, the longer-range sensors act as a terrain filter, which steers the
robot toward routes that it should be able to handle. If the terrain filter fails,
however, the robot's lower level sensors will eventually realize that the path
which was chosen cannot be traversed, and the robot will search for
another..” (Brookes 1990).

A final and important form of sensing is the proprioceptive sense. Propreoception is an
internal sense that, for example, allows us to know where our hands are when our eyes are
closed. Orientation from the cochlea, as described earlier, is a proprioceptive sense. Robots
use shaft encoders, tilt switches, current monitors and so on to view their internal state. A
well chosen combination of passive sensors, internal sensors and the means with which to
analyse and make use of the sensed information will place the robot in an efficient
feedback loop with its environment, which will allow the robot to perform its actions

effectively.

37



4.2.4 User Interface

Although the ability to interact with a user is an important function of the robot, the user
interface is not central to the project. Given the wide number of options available only a

very brief overview is given here.

The first question asked was, what should the robot interface to? The decision to use either
a wired or a wireless link was then made. These decisions not only impact on the autonomy
of the robot, but also the broader architecture and the means of power provision. It was
decided and briefly mentioned in Section 3.3.4, that onboard power was to be used;
therefore, to gain the benefits of full autonomy this discussion will assume the use of a

wireless link.

There were two possible devices that the robot could communicate with, these were; a
computer (laptop or desktop), or a purpose-built handheld controller. It was important at
this stage to understand what information flow will exist, no mention was made in the
project definition of a requirement for a user interface, but there is a clear need to have high

level intervention over the robots actions.

A supervisory computer could be used as a powerful bi-directional link to allow the user to:
view online performance data and status reports, gain control over the robots actions, re-
program and develop the robots algorithms or to act as an arbitrator in communication with
other robots. A handheld controller on the other hand, is assumed to have less functionality
due to its limited design. This may only give the operator the ability to control the robots
actions and to view primitive status messages. The advantages of using a supervisory
computer are outweighed by the programming complexity, long development time and
hardware expense. In contrast, the advantages of a simple, low cost handheld device are

outweighed by the limited functionality provided.

The range of options for the transmission medium extend from a complex satellite
network, to a local infrared emitter / detector pair. In between these extremes, other options
considered were wireless local area networks (WLAN) and radio frequency (RF)
transmitter / receivers. The overriding factors that limited the selection were: cost, range,

data rate and ease of integration. Satellite and WLAN communication systems are
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enormously out of the projects budget range and their data rates are beyond the
requirements, they do however

have a range in the region of tens or hundreds of miles. Infrared and RF systems cost in the
order of tens of pounds, have suitable data rates and a range in the order of hundreds of
metres. The disadvantage with an infrared system is that it is limited to a line of sight
(LOS) operation; RF systems do not have this problem since they use radio propagation
that can travel through many materials. A further issue is the format that the transmitted
data is sent, since the receiver may acknowledge data from other users, this introduced a

requirement for data encryption.

4.2.5 Power Supply

The decision to use onboard power was highlighted in Section 3.3.4. Referring to the robot
‘Attila’, Brookes has proposed the use of either solar panels or a radioisotope thermal
generator (RTG), to provide a lifetime energy storage, (Brookes 1990). Short-term energy
storage could come from commercially available batteries using either: nickel cadmium,
nickel metal hydride, lithium, or lead acid. Desired properties for mobile robotics are for

high capacity, the ability to recharge and low cost.
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4.3  Chosen Design

4.3.1 Architecture

As with the mechanical design, the electronic architecture evolved over an iterative process
of development and prototyping and as such the final design is a combination of each of
the ideas discussed in Section 4.2.2. Rather than presenting the design as is, this section

follows the evolution of the design to give the reader a better insight into the choices made.

The ‘Arizona Microchip’ range of peripheral interface controllers (or PIC microcontrollers)
was chosen to perform the processing functions, for a number of reasons. Microcontrollers
were chosen over other processing methods since they are capable of performing both low
level and high level functions in one integrated circuit. Other methods would require a
mixture of technologies, hence increasing complexity, component count, board size and
cost. There are a number of microcontroller families available (Philips 8051, Motorola’s
68000, Zilog’s Z80, Atmel’s AVR) with a range of onboard features, for example, parallel
and serial ports, timers, analogue and digital converters, pulse width modulation (PWM)
outputs, the list goes on. Beyond the range of optional features, the differences between the
families are very subtle. Arizona Microchips PIC family was chosen because some PICs
come with onboard Flash program memory, which enables the device to be programmed
and re-programmed without the use of an ultraviolet eraser. A further advantage of
electrically-erasable flash devices is that they can be erased and programmed in the

application circuit, which allows rapid prototype development.

The PIC range is also very well supported, in addition to the free technical support and
application note database on the Internet, Microchip provide ‘MPLab’ a free Integrated
Development Environment (IDE) software package. With MPLab and a small PIC
programmer, it was possible to work at home beyond the laboratory hours. This extended

the timescale considerably proving to be a significant advantage.
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The hardware programmer was supplied with a PIC16F84 which was used as an entry point

into investigating 8-bit microcontrollers and the control of a single servo motor. A brief

summary of the 16F84 is given below (Figure 4.6).

CPU Features of interest:

e 1k Flash Program Memory
e 64 bytes EEPROM
e 10 MHz clock speed

e 35 word instruction set
e 14-bit wide instructions
e 15 special function

hardware registers

e 8-bit timer / counter

e 4 interrupt sources

PDIP, SOIC
RAZ w—w[]e1 - 18] -—e RA1
RA3 w—=[]2 17 == RAD
RA4TOCKI =—=[]3 = 1 16[]-+—O0SC1CLKIN
MCLR —=[]4 © Q 15 [ —— OSC2HCLKOUT
vas —=[] 5 2o 14 ] -+=——1\/0D
RBOINT =—=[]6 o R 13 [ RE7
Re1 =7 £ 12 [] -—e REG
REZ w—=] & 11 [] —a= RBES
RB3 =—=[]9 10] ] =—== RB4

e 13 /0 pins (25mA sink per pin, 20mA source per pin)

e Low power consumption: 15uA —2mA at 2.0V to 6.0V voltage range

Figure 4.6, Overview of the PIC 16F84 microcontroller.

After successfully controlling a single servo motor with a PIC, four servo motors were

connected to the 16F84 to build up a hierarchical architecture (as Figure 4.7), the code used

to drive this test is discussed in Section 5.2.3.

motor 1

PIC16F84
leg controller

A —

motor 2 motor 3

motor 4

Figure 4.7, Initial configuration
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To implement the supervisory processor, the output pins of a further PIC16F84 were

connected to the input pins of the original leg controller, (as Figure 4.8).

PIC16F84
supervisor

A\ 4

PIC16F84
leg controller

I

motor 1 motor 2 motor 3 motor 4

Figure 4.8, Initial configuration with supervisor

The leg controller received instructions, such as move motor x to position y, from the
supervisor, the supervisor simply outputted a long string of instructions that would
represent the required sequence for a walking gait. Given that the motors moved with the
desired response in a rather short development time, it was realised that a number of
considerable alterations and additions could be made to the architecture. It was thought that

the advantages of a distributed architecture were worth investigating.

The main task was to remove the supervisor and find a bus that could accept multiple
masters and multiple slaves (as Figure 4.5). A master is a device that initiates an
information transfer on the bus and generates the clock and control signals, a slave is a
device that reads the information. The difference with the intended architecture is that each
leg controller would alternate their role as either a master or a slave. A number of buses
were investigated including the SPI Serial Bus, the Microwire Serial Interface and the
Dallas 1-wire Bus, none of these could act in a multi-master, multi-slave way. The search
for a suitable system took up valuable time and the 1°C bus was eventually found to be
suitable. The I°C (inter-integrated circuit) bus is a two wire serial bus for bi-directional
eight bit data transfer, the bus also accepts multiple masters, meaning that any processor
attached to the bus can take on the role of the master. Unfortunately it was not possible to
implement this bus, as time was running out, there was little time to learn the specification
and experience of programming to the complexity required made the system unachievable,

a simpler alternative was sought.
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It was realised that each leg controller could have the algorithm cycle for a walking gait
stored in memory. To produce the tripod gait, it was then a matter of offsetting the
algorithms for half of the legs (on a tripod) by half a cycle. This worked as long as a form
of synchronization was in place. The code used is discussed in Section 5.2.4 and software
flowcharts that aid the explanation can be found in Appendix G. Synchronisation was
simply provided by one AND gate and two flags. When a leg reaches a pre-determined
position the controller for that leg sets a ready flag and waits for the proceed flag to go
high, when all of the legs are ready the result of the AND gate (the proceed flag) is 1, the
controllers execute the next instructions until further synchronisation is called for. This is

demonstrated below (Figure 4.8), with two microcontrollers for simplicity.

Horizontal Motor 1
> Leg controller 1 PROCEED P
Vertical Motor 1 TEG 1 READY
—
&
—>
Horizontal Motor 2 LEG 2 READY

Leg controller 2

A

\
/ PROCEED

Vertical Motor 2

Figure 4.9, Synchronisation of Legs

Although this scheme worked very well at producing the required gait, there was no high
level instruction to initiate the sequence, in development a common input pin on each
microcontroller was used to start and stop the cycle. A supervisor was still required and
the resulting architecture turned into a cross between a hierarchical and a distributed

process.
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The PIC16F870 was chosen as a supervisor, this is a more powerful microcontroller. with
many additional features that were used to facilitate sensor integration. A brief summary of
the 16F870 is given below (Figure 4.10).

e 2k x 14 words of Flash Program Memory
e 64 x 8 bytes EEPROM
e 128 x 8 bytes of Data Memory (RAM)

e 20 MHz clock speed DIP. SOIC. SSOP

MCLRARRTHY —=[]* 1 s 28] = RE7/PGD
e 35 word instruction set RADIAND = 1o 2 27 =+ RE6/PGC
HM.-‘AMHE 3 25;% - RE5
TN : RAZIANZVReEF-=—wL] 4 251 == RB4
e 14-bitwide instructions RASIANINREE+ -—e[] & 241 == RE3PCM
. . rAadTocK=—=C] & 2 23 = RE2
e 15 special function Rasang =] 7 2 29[ =+ a1
] vas—==[] & O 21 =+ RBO/INT
hardware registers 0SC1/CLKIN—=[] 9 5 20[] =— voo
nsc2icLkouT =—[]10 o 19[] -— vas
RCOMAOSOMACK] =a—w ] 11 18] === RC7IRX/DT
RC1T1051 +—=[]12 17 == RCETHCK
e 3, 8-bit timer / counter RCZICCP1 w—m []12 16[] =+ RC5
RC3 w—e[]14 15[ === RC4

e 11 interrupt sources

e 1 Capture, Compare, PWM module

e 10-bit multi-channel Analog to Digital converter
e 22 /o pins (25mA sink per pin, 20mA source per pin)

e Low power consumption: 20uA — 1.6mA at 2.0V to 5.5V voltage range

Figure 4.10, Overview of the PIC 16F870 microcontroller.

A single direction interface between the PIC16F870 and the six PIC16F84s used four data
pins and one interrupt pin. Data in the form of a high level command (go forwards,
backwards, turn left etc) was presented from the supervisor on the output pins, the interrupt
was then pulsed to signal to the leg controllers to look at this data. This enabled the
supervisor to perform other functions whilst the leg controllers coordinated the walking
gaits. The only external components required were a crystal for each processor and two
capacitors to maintain an input clock pulse. All circuit diagrams can be found in Appendix
F.
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4.3.2 Chosen sensors

It was decided that an attempt would be made to implement path integration, as discussed
in Section 4.2.3. For this, odometry information was already provided within the leg
controllers calculations, a digital compass was added to provide heading. The CMPS01

robot compass module was used (as Figure 4.11).

This module has been specifically designed for use in robots as an aid to navigation. The
compass uses two Philips KMZ10A magnetic field sensors, which are sensitive enough to
detect the Earths magnetic field. The output from two of them mounted at right angles to
each other is used to compute the direction of the horizontal component of the Earths
magnetic field. The module required a 5 volt power supply at a nominal 15mA, the supply
was well decoupled near to the PCB as there is a high, very brief current spike during coil

switching, of up to 400mA.

Pin 9- 0v

Pin 8- No Cannect
Pin 7 - 50/60Hz Select
Pin 6 - Calibrate

Pin 5- CalDone

Pin 4 - PYWM

Pin 3- SDA

Pin 2- SCL

Pin 1- +av

1
[ )

i
P

Figure 4.11, CMPS01 Compass Module [10]

There are two ways of getting the bearing from the module, a PWM signal is available on
pin 4, or an I°C interface is provided on pins 2 and 3. The positive width of the PWM pulse
represents the angle. The pulse width varies from 1ms (0° ) to 36.99ms (359.9° ), in other
words 100us/° with a +1ms offset. The signal goes low for 65ms between pulses, so the
cycle time is 65ms + the pulse width — for example 66ms-102ms. The pulse is generated by
a 16 bit timer in the processor giving 1us resolution. The unused I°’C pins SCL and SDA
were connected to the 5v supply, as there are no pull-up resistors on these pins. The TTL
level PWM output was connected directly to one of the PIC16F870s input pins. PIC16F870
internal timer were used to obtain the returned pulse widths, the code is discussed in

Section 5.4.
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The compass supplier [10], also supplies an ultrasonic range finding module, this was used

to aid obstacle avoidance and navigation. The module is shown below (Figure 4.12).

SRF04
Connections

ISR

o

= A e
3 1

5v Supply

Echo Pulse Output
Trigger Pulse Input
Do Not Connect
Ov Ground

Figure 4.12, SRF04 Ultrasonic rangefinder

The timing diagram for the sonar module is shown below (Figure 4.13), the modules
trigger input was pulsed by an output pin of the 16F870, every 50ms. The module then
emits a sonic burst, which comprises a range of frequencies around a 40KHz base
frequency, this is to increase the probability of signal reflection from a wide range of
targets. An echo pulse is then outputted from the module and read with an input pin of the
16F870. The return pulse is proportional to the measured distance and measured using one

of the PICs internal timers.

Trigger Pulse

10ps min.
Trigger input
to module
8 cycle sonic burst Allowance of 10ms
_ < ™ from end of Echo to
Sonic burst next Trigger Pulse
from module

Echo Pulse is approx.
Echo Pulse 36ms if no object is
100ps to 18ms detected

Echo pulse output
to PIC16F870

Figure 4.13, SRF04 Timing diagram
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There are a number of errors that can creep into ultrasonic measurement, the most
significant is specular error. Specular errors occur when the angle of incidence of the beam
falls below a certain critical angle. Below the critical angle the reflected energy does not
return to strike the transducer. This occurs because most targets are mirror smooth at the
0.25 inch wavelength of ultrasonic energy. With specular reflection, the angle of reflection
is equal to the angle of incidence; with diffuse reflection, energy is scattered in various
directions by surface irregularities. The critical angle is thus a function of the operating
frequency and the target smoothness. Mobile robots can compensate for this by either using
more than one transducer, or by focusing the beam. An attempt to focus the beam of the

SRF04 was unsuccessfully made and is discussed in Section 6.4.

4.3.3 Chosen User Interface

As previously mentioned (Section 4.2.4), a wireless link was chosen to transfer data to a
user interface. The PIC16F870 used as the supervisor, has a built in universal synchronous
asynchronous receiver transmitter (USART) module. Used in its asynchronous mode,
simplex communications (one way) requires one channel (or one wire). This is ideal for

single channel communications hardware.

At this stage it didn’t matter what sort of device the robot would talk to, since using a
standard RS232 serial protocol, a PC or handheld controller could be implemented.
Developing serial communications can be very problematic, so for this reason a line driver
board was built to enable a variety of serial tests using a PCs hyper terminal program. Each
test added more functionality than the last. Circuit diagrams can be found in Appendix F,

the development is briefly outlined as follows.

4331 1% Test - Communication from the PIC to a PC

A loop-back test was performed on a PCs serial port to establish a working and correctly
setup serial port. The line driver board was then plugged into the PCs serial cable and a
loop-back test was performed on the TTL level side of the driver board. The PIC USART
output pin was then connected to the line driver input and a program written to
continuously send a standard ASCII character, this was viewed on the PC using

HyperTerminal.
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433.2 2" Test - Communications from PC to PIC

The hardware was setup as the previous test, with an assembly program written to echo
data received from the PC, back to the hyperterminal. This and the previous test
demonstrated that a PC could be used as a user interface with either a wireless or a wired
link. A simple terminal program was required as a graphical front end, ‘LabView’ was

considered and is discussed in Section 10.

4.3.3.3 3 Test - Communications from one PIC to a second PIC to a PC

The hardware was setup as Figure 4.14. The output of one PIC (the controller) was
connected to the input of a second PIC (the supervisor), this was in turn connected to the
PC via a line driver. Data from the controller was relayed through the supervisor and
viewed at the PC hyperterminal, thus demonstrating that a simplex serial link could be

established between the robot and a handheld controller.

PIC PIC
TX. p| RX.-Tx
v
PC Ry [ Line driver

Hyperterminal

Figure 4.14, Third serial test, hardware setup

The decision was made to use a handheld controller, firstly because the computers in the
Project Laboratory were not as reliable as desired, but also because development time was
rapidly running out, the handheld controller was the quicker approach. RF transmission
was chosen over infrared, due to the line of sight limitations of infrared. A low cost RF
transmitter / receiver pair using a 433MHz carrier was used. The modules were setup
independently of other hardware and tested in the same manner as the serial tests. These
tests are discussed in detail in Section 6.3, as a result it was found that a batch of AM
Hybrid transmitters [11] and AM super regenerative receivers [11], purchased from
Radiometrix Ltd, were faulty, this set the project back by four weeks. A different source

was found to supply FM radio transmitter / receiver modules.
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There were five connections for the transmitter; RF ground, RF out, +5volts, ground and
data in and five connections used on the receiver; RF ground, RF in, +5volts, ground and
data out. These were connected accordingly, with the transmitters input connected to the
handheld controller PICs USART output pin, while the receivers output was connected to
the supervisor PICs USART input pin. The tests described above were repeated with the
wireless link in place, the software was set up to operate at a baud rate of 9600 bits per
second, 8 data bits and no parity. The majority of the work required to implement the RF
link was done within software and is discussed in Section 5.3. The remaining circuitry
required for the controller was simply a panel of switches, a commercial ‘Sony Playstation’
games controller was bought and modified for this purpose. There was very limited space
for the handheld controller as shown below (Figure 4.15). The internal plastic moldings
holding the original circuits in place were cut away to provide extra volume, the original
circuit board used to provide contact points for the switches was used. It was found that the
original IC used to interface with the Playstation was a PIC running Sony’s own
synchronous serial routines and protocol, it was not possible to use this as the IC was code
protected and used more than one communications channel, the chip was therefore

removed and flying leads were added to connect the board to the PIC16F870.

15.5 cm whip antenna

Ground plane

FM Transmitter

Transmitting
PIC16F870

Switch board

Batteries

Figure 4.15, Inside view of handheld controller, (rear view)
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4.3.4 Power Supply

Onboard power was chosen for both the robot and the handheld controller. The

requirements for the handheld controller are shown in Table 4.16, and for the robot in

Table 4.17.

Voltage Range | Max. Voltage | Max. current Total Power
(volts) (volts) (milliamps) (Watts)
Transmitter 45-5.5 5.5 12.0 0.066
1 x PIC16F870 20-55 5.5 1.6 0.0088
13.6 0.0748
Table 4.16, Power requirements for handheld controller
Voltage Range | Max. Voltage | Max. current Total Power
(volts) (volts) (milliamps) (Watts)
R5 Receiver 45-55 55 6.0 0.033
1 x PIC16F870 20-55 5.5 1.6 0.0088
4 x PIC18F84 20-6.0 6.0 20x4=8.0 0.048
1x 74LS21 AND gate | 4.5-55 5.5 0.4 0.0022
CMPS01 Compass 5.0 5.0 15 0.075
SRFO04 Sonar 5.0 5.0 50 0.250
12 x servo motors 6.0 6.0 434 x 12 =5208 | 31.248
5289 31.665

Table 4.17, Power Requirements for robot

High capacity, rechargeable nickel metal hydride (NiMH) batteries were used for both the
robot and the controller. Rechargeable batteries were chosen for their high capacity
performance and for the long term reusable investment. Nickel metal hydride batteries
were chosen over nickel cadmium (NiCad) because; they have no memory affect, have a
higher performance over NiCad and have a longer cycle life. (For a discussion on NiMH

batteries see Notten PH).
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The following battery configurations were used, Table 4.18.

Type of Arrangement Total Voltage Max. capacity Total Power
battery (volts) (milliamp hours) | (Watt hours)
Handheld Controller
Varta V150 2 in series 4.8 150 0.72
2.4v NiMH
MemPac
Robot
GP 1.2v 3 parallel 6 5400 32.4
1800mAh groups, of 5
NiMH series batteries

Table 4.18, Batteries used in robot and controller

4.4  Prototyping

Many of the original investigations into the various components were carried out on
breadboard, as the circuit design was clarified the components were moved into stripboard.
Both of these prototyping methods give the ability to quickly see circuit ideas come to
light. The first designs were completed on stripboard at the same time as the mechanical
prototypes were ready, this enabled a visualization of the completed robot very early into
the project. The disadvantage of using these methods is that the electromagnetic
characteristics of a breadboard or stripboard circuit are very different to that of a carefully

designed printed circuit board.

4.5 Construction

Once the circuit design was finalised, the CAD package Proteus Virtual System Modelling
(VSM) was used to design the printed circuit board and layout. Three boards were
designed, a motor board housed all the leg controller PICs, a supervisor board housed the
sensors, the supervisor PIC16F870 and the RF receiver, the final board was used for the
controller. The PCB circuit diagrams and layouts can be found in Appendix F. The boards
were drilled, assembled and continually tested in the Project Laboratory, the test schedule

is discussed in Section 6.5.
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4.6  Development

There were two main problems that caused a significant time delay to the project and

required development beyond the original design, these were electrical noise and RF faults.

The electrical noise arose from the twelve dc servo motors, excessive noise was present on
the motor signal lines during high load, high current operation. Individually this didn’t
cause a problem but when all motors were in operation at the same time, the level of noise
was sufficient to reset the integrated circuits through cross coupling on the motor board.
This was reduced by shielding each signal wire with a grounded point at one end. A ground
plane was also added to the robots body (as discussed in Section 3.6) and ground
connections were made from the ground plane to the circuit boards, the motor signal

grounds and to the battery ground points.

The ground plane was also included to separate the motors from the RF receiver. At the
time it was not understood that the RF modules were faulty, so the RF design was
optimised to reduce the possibilities of noise. A ¥ wavelength (15.5 cm long) whip aerial
was used, as it was recommended by the manufacturers as the optimal design and length
(Fairall and Birnie 1999), the aerial was connected to a large washer soldered to a wide
PCB track as near to the module as possible. Power and ground entered the supervisor
board as close to the RF receiver as possible, these were decoupled by a tantalum bead
capacitor. The circuit was redesigned to incorporate these improvements and to relocate the
various modules for optimum noise reduction, for example the RF receiver was separated
from the high current ultrasound unit and other digital circuits. These improvements
reduced the noise from the circuit boards and it was later found to have improved the RF

reception.
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5 SOFTWARE DESIGN

51 Overview

5.1.1 Requirements

Revisiting the system block diagram, Figure 5.1 below, the coding requirements were
identified.

—1 Leg motor
—1 Controller
motor
Leg motor
Controller
| motor
Switches Sonar
Leg /‘ motor
J L Controller
v ] \ motor
Controller o TX Rx | Supervisor
motor
7'y Leg /
] Controller N\ oo
Compass —
Leg /V motor
—— Controller
\‘ motor
Leg /v motor
Controller
— \A motor

Figure 5.1, System block diagram

The requirements were grouped into the three main processes:

Controller: -
1.1 Receive inputs from a number of switches
1.2 Determine the corresponding command to send to the robot
1.3 Send the data to the RF transmitter, for transmission
Supervisor: -

2.1 Input data from the RF receiver

2.2  Receive data from the compass

2.3 Receive data from the sonar

2.4 Priorities commands and perform a suitable action
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Leg Controllers: -
3.1 Receive data from the supervisor
3.2 Perform a preset routine

3.3 Pulse the motors accordingly

Interfaces exist between the controller and the supervisor and between the supervisor and
the leg controllers. The controller — supervisor interface was the wireless link using the
PICs onboard USART (see Section 4.3.3). The interface between the supervisor and the leg
controller consists of four data lines and an interrupt line (see Section 4.3.1). The software
development is discussed in a sequential manner, beginning with the low level control of a
single motor and following through to the high level integration of the sensors. The code
was developed in this manner to provide testable milestones, this also allowed
programming confidence to be built up. For clarity the code is not duplicated here, but the

revision history is provided on the attached disk.

The code was written using the PIC assembly language and developed with “MPLab for
Windows/16” version 5.20.00, this was the free integrated development environment
provided with the “PIC Start Plus” programmer. All code can be found on the disk
included in Appendix I.

5.2  Controlling the motors

5.2.1 Running one motor

The first task was to generate a variable pulse width that could drive a single motor, the
pulse was contained in a 20 ms window, the therefore the off time was 20ms minus the
required pulse width. The pulse width also had to be user controllable. This task was
achieved. A value ON LENGTH, representing the required position is subtracted from
FULL_PULSE which represents the 20ms window, the result OFF LENGTH, together with
ON_LENGTH is used to time two delays. An output pin was toggled between the delays. The
timing was critical, a PC based 32-bit portable storage oscilloscope was used to verify the

pulse widths, the software used was ‘PicoScope for Windows 5.03.4°.
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5.2.2 Running more than one motor

The above code was modified to generate pulses for two motors. This was done by
decrementing a value held in either ON_ LENGTH 1 or ON LENGTH 2, when these were
tested to be zero, the appropriate port pin was set low. The routine looped until both values
were zero and the value representing the remainder of the 20ms was zero, this was repeated

to generate a pulse.

5.2.3 Hierarchical control of motor, master-slave

As the above routine used the processors time in delays, the next task was to develop a
master-slave configuration using two PIC16F84s. The slave ran the code described above,
with the inclusion of a routine that tested the state of two input pins, depending on the state
of these pins, different values were held in ON_ LENGTH 1 and ON LENGTH 2. This
allowed external control over variable pulse widths. The second PIC (the master) drove the
state of the slaves input pins, to demonstrate the variable pulses. With this arrangement it
was possible to control more than one motor to a variable position. This structure was
increased to include four motors and satisfied requirements 3.1 and 3.3. Again, most of the
slave processors time was taken up by sitting in delay loops, the supervisors time was taken
sending long streams of data to the slave, with the amount of data required for twelve
motors and long walking gait sequences this would prevent the supervisor doing anything

else.
5.2.4 Distributed control of motors
Distributing the control and generation of the walking gait over a number of processors

required each processor to perform a cyclic routine. To perform a tripod gait, the legs were

split into two groups of three as shown below, Figure 5.2.

‘o)
— Group A legs
—o Group B legs
—o0

Figure 5.2, Leg groups

Group A legs follow the pattern: up — forwards — down — backwards, whereas group B legs

are offset by half a cycle and follow the pattern: down — backwards - up — forwards.
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There were slight time differences between the two groups in carrying out the actions, if
left un-supervised this caused the resulting motion to drift from the required gait pattern.
Synchronisation was provided by the use of two flags as discussed in Section 4.3.1, the
code had to set and check the various flags. The full software flowcharts, describing the
cycle, can be found in Appendix G. From these charts it was very easy to generate the

required code as each block represented only a few lines of code.

This structure satisfied the requirements for the leg controller. The flowcharts also
incorporate the ability to cope with minor obstacles. Originally the thought was to include a
bump switch at the end of each foot, if the sensor logic went high, the foot would stop,
move backwards, then up and forwards to see if the obstacle had been scaled, if not this
process would be repeated until the maximum height of the leg was reached. The
supervisor would then have to intervene with a suitable maneuver. While the obstructed leg
would be attempting to climb over the object, the other legs would be standing on the
ground waiting for their proceed flag to go high, this would happen when the obstructed leg
had either passed the obstruction, or given up. Although this idea was drawn up in the
flowcharts, it was found that the electronics were not sufficient to perform the required

sensing.

To enact a number of maneuvers, for example; walking forwards and backwards, turning
left and right and stopping, a number of cyclic routines were added. On entry into the
program the robot was instructed to go to a neutral standing position and wait. The
supervisor then sets a nibble, to represent the required high-level action on four output
pins, the interrupt line is then toggled. The leg controllers then go from the neutral position
to the interrupt service routine were the type of preset action is determined, program flow

then jumps to the appropriate section of code that represent that particular cycle.

This structure gave the leg controllers the time consuming task of generating the walking
gaits, in addition to the ability to act on simple leg collision feedback. This also meant that
the supervisor had, in effect a module that it could talk to with 5 pins. The supervisor was
therefore free to perform the high level tasks required, unfortunately time didn’t permit the
implementation of all of the functions. The following pages discuss the development of the

functions implemented in the supervisor, controller and the interface between them.
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5.3  Transmitting and Receiving data

5.3.1 Encoding and decoding data

This topic concerns the software implementation of the RF interface between the controller
and the supervisor. The RF modules purchased are a widely used, licence free set. There
are many users operating at the 433MHz carrier frequency, some using a baud rate of 9600
bits per second and even some users within the Project Laboratory using the same hardware
setup. The receiver could quite easily pick up false data from a nearby ‘foreign’ transmitter
and it was for this reason that data encryption and unit identification were required. There
are a number of methods to encode data and data encryption is a separate branch within
Engineering and Mathematics. Encoding and decoding can be tackled from either a
hardware or software point of view, hardware encoders are generally purpose built devices
implementing some form of software routine to format the data, using an encryption
protocol that is known by both encoder and decoder. As the functionality was available to

implement a software encryption technique, hardware encryption was rejected.

It is a common misconception that the path between the data input pin of the transmitter
and the data output pin of the receiver will support signals from dc up to the maximum data
rate quoted. This is not the case and it is essential that the data is encoded into a frame that
optimises the performance of the receiver. The receiver performance is governed by a
circuit called the data slicer, the operation of the circuit is not discussed here, suffice to say
that the data slicer senses an average output voltage from the previous sub-circuit. This
average is used as a reference which is compared to the original signal, this results in a
form of protection against data distortion common in RF systems. These coded frames or
packets are discussed in the next Section, but this point is made to highlight a further
requirement for encryption. The aim of encryption, in terms of optimal receiver
performance, is to provide the data slicer with a data stream containing an equal mark
space ratio. The method chosen to do this is called Manchester coding. Manchester coded
data is coded as; 0 = 01 and 1 = 10. For example the data byte 01111011 has two zeros and
six ones, the mean dc voltage seen by a receiver will bias the receiver towards the +5 volt
level. Coding the data will give 0110101010011010, there are now eight zeros and eight
ones, the receiver will now bias itself at the mean dc level, which provides optimum

performance. As the robots high level command, as sent from the supervisor to the leg
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controllers, consists of a four bit nibble, data was sent from the controller to the supervisor
using a coded nibble, this increased the data to the convenient size of one byte.

Another technique commonly used is pulse width modulation coding (PWM). Data is
coded as 0 = 001 and 1 = 011. PWM systems allow the transmission of data over a radio
link but suffer from a number of significant disadvantages when compared to Manchester
coding. Data is expanded by the ratio 3:1 as compared to 2:1 for Manchester code.
Receiver data disparity is reduced and in some cases the bias of one type of data element to
the other can be as large as 2:1. This will occur, for instance, when a string of zeros is sent,
when each data bit contains two ‘zero’ states and only one ‘one’ state. Both Manchester
and PWM coding provide the ability for error detection at the reception end, this is since
data is coded ‘data bit’, ‘inverse data bit’, so providing the receiver is synchronised with

the transmitter, individual bit errors can be identified.

5.3.2 Transmitting data

To determine the data packet to send, the transmitter performed a number of operations.
The PIC polled and stored the state of the user input switches, if the state changed, the data
was coded, ‘packetised’ and sent, if the state didn’t change the PIC would continue polling.
As the switch circuit board was purpose built for handheld controllers, there was no need to
perform any switch bouncing routines. The following table shows the data sent and the

high level commands they represent (Table 5.3).

Command Original Data Coded Data
Stop 0000 01010101
Forwards 0001 01010110
Backwards 0010 01011001
Left 0011 01011010
Right 0100 01100101
Select 0101 01100110
Start 0110 01101001
Speed up 0111 01101010
Slow down 1000 10010101
Button 1 1001 10010110
Button 2 1010 10011001
Preset 1 1011 10011010
Preset 2 1100 10100101
Preset 3 1101 10100110
Preset 4 1110 10101001

Table 5.3, High level command instructions and encrypted data
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Before the coded data was sent a preamble was required, this is simply a pulse train to
wake up and bias the receiver. To signal the end of the preamble, a synchronisation byte
was sent, this informs the receiving PIC that the next byte is the first coded data byte. The
synchronisation byte was also used to identify the transmitter amongst all of the foreign
transmitters. In practice a number of packet formats were tested, (and discussed in Section

6.3), the final packet structure is as Figure 5.4.

12 x bytes of hex OxFF 6 x bytes of preamble | 1x Sync | 7 x coded data bytes
01010101 byte

Figure 5.4, Packet format

Twelve bytes of hex OxFF were sent to wake up the receiver, six bytes of preamble
(01010101) biased the data slicer, the coded data byte was then sent seven times. The data
was sent repeatedly to enable error checking and sent seven times to make the number of
received data bytes equal to eight, this produce simpler error checking code, as described

overleaf.

The transmitting PICs onboard USART added a start and stop bit to the packet, this is
removed by the receiving USART, however the format of the preamble had to take this
into consideration. For example if the preamble was 10101010 the data as seen by the
receiver would be 1101010100, which would skew the biasing of the data slicer. The

transmit and receive waveforms can be found in Section 6.3.

5.3.3 Receiving data

The process of receiving the data took place within the PICs onboard USART. Data which
is received at the RX port is received with the RSR register through the data recovery
circuit. Data at the RX port is sampled three times to determine the high low levels. A
received data byte is stored in the RSR register according to the speed as set by the serial
port baud rate generator (SPBRG) register and the BRGH bit of the TXSTA register. When
detecting a stop bit, the contents of the RSR register are transferred to the RCREG register.
The RCIF bit of the PTR1 register is set and an interrupt occurs. The RCREG register is
composed of two first in first out buffers and can store two blocks of data. This safeguards
the received data in the event of a delay in the processing software. Various flags are set to
indicate three possible errors, two frame errors and an overflow error. However time did

not permit the implementation of error correction using these particular bits.
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When the first byte arrives, the software compares this with the synchronisation byte stored
in memory, if they are the same the software continues to retrieve the coded data bytes, if
not, flow returns to the main program. When all seven data bytes are received a crude form
of error detection takes place. The first data byte is subtracted from the next byte, if the
result is zero, the bytes are the same and an error free reception is assumed, if the result is
not zero the software proceeds to the next pair of bytes. When an error free data byte is
found, the decode routine decodes it. This is done by rotating the byte through a register
two bits at a time, the most significant bit is tested and the carry bit is either set of cleared
and rotated into a new byte called uNncoDED. The software stores this command and tests to
see if it is different to the previous command, if not, the command is ignored, if there is a
difference, the action is carried out.

5.4  Controlling the sensors

As seen in Section 4.3.2, the sonar required a pulse every 50ms, the PING SONAR routine
performs this pulse, waits for the return pulse to produce a low to high transition on an
input pin, a timer is also cleared. When the transition occurs the timer is started and the
software waits for a high to low transition to signify the end of the return pulse. On this
transition the value from the timer is stored and used to calculate the distance.

The range of the return pulse is from 100us to 18ms and the processor clock frequency is
20MHz. The processor uses four clock cycles to perform an operation, this means the timer
is running at 20MHz / 4 = 5MHz, the maximum pre-scaler of 256 was used which reduced
the timer speed to 5MHz / 256 = 19.5kHz, which implies that every 51.2us the timer ticks
over. Therefore for a timer value of 2, this is approximately 102.4us which is the minimum
return pulse width ~ 10mm in terms of measured range. To provide a simple use of the
timer value, the byte was masked leaving the most significant bit. This reduced the
measurement to the following discrete values: <10, 10, 25, 75, 180, 300, 600 and 1300
mm. The resolution decreases at a greater range, however it is at these ranges that the unit
IS not required to give an accurate measurement, the acoustic accuracy also degrades at
these ranges. This method provided a byte that could then be bit tested to find range. A
similar method was adopted for the compass, as the compass output was also a pulse that
had a width proportional to the measured quantity (bearing). It was found that the compass
required more time to settle and the output fluctuated considerably. This introduced a
requirement for sampling, this required the use of 32-bit math functions that were not

available in the time scale.
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55  Completed robot code

Within the supervisor, the inputted commands (manual and preset) had two different
functional levels. Manual commands were low level actions such as move forwards,
backwards etc. whereas four preset commands were used. These were groups of manual
commands, such as the ‘sonar preset’ which followed an object using feedback from the
sonar. To accommodate this difference the first thing that was done was to check if the
command was a manual or preset command, the software then branched off to deal with

the command individually. The following flow chart was used to aid the code development,

Figure 5.5. Data has arrived
(interrupt has occurred)

|

Is
received data
b manual or
manual preset? preset

A 4

is
the command

new?
yes

-~

call manual continue previous
routine manual action go _tO new continue previous
action action
JV J, JL + 4
i
Go to neutral is
(standing) L action R
position ) complete? "
yes

Figure 5.5, Flowchart to show flow of supervisor program

The manual commands were simply instructions to the leg controllers. The four preset
commands were called sonar, compass, circle and random, these were separate subroutines.
The compass routine was to be used in conjunction with the manual commands to provide
feedback, for example ‘turn left’ could be aided by the compass to perform an accurate 90°
turn, the ‘walk forwards’ command could be aided by the compass to ensure that a straight
course is steered. However given the structure that was developed it became increasingly
difficult to code the functionality to do this. With that, the idea of using path integration

became an unobtainable desire.
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6 TESTING

6.1 Overview

The motor characterisation, RF system and data handling and sonar range tests are the three
empirical tests that were carried out and described here. A note is made on EMC emission
measurement and finally a test schedule is presented. Valuable knowledge was gained from
all of the tests and used throughout the development. The important results are shown here

to aid in the closing comments, the full data can be found in Appendix H.
6.2  Motor load tests
6.2.1 Objective

In the absence of a mathematical model of the robot, a knowledge of the power
requirements of a single motor under a varying load was required, this was to aid the

mechanical design and gain a better understanding of the robots overall performance.
6.2.2 Experimental Procedure

A Futaba S3003 dc servo motor that was to be used to actuate the vertical motion, was held
securely in the vertical position. A metal rod, the first prototype leg (as described in
Section 3.3.5) was attached to the motor output shaft. The motor connections were made
with +4.8 v dc to the power line, a ground connection was made and a function generator
provided a pulse to the signal wire. The pulse (as Section 4.2.1) had a period of 20ms with
a 1.2ms positive pulse to maintain the leg in a horizontal position. A sketch of the setup is
shown below (Figure 6.1). A\weight hanger was attached at a position of 87mm from the

. 87mm
shaft centerline. N le >

servo motor with leg varying mass
(instrument grade
weights)
Figure 6.1, Servo motor characteristic, test setup
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The motor was held in the vertical position under power, weights were incrementally added
to the weight hanger and readings were made of the current consumption, applied weight
and generated shaft torque. The applied weight started from no load and was increased in

100 gram increments to 800grams.

6.2.3 Results

The motor maintained position up to the inclusion of an 800 gram weight, at this point the

gearbox threads stripped. Figure 6.2, below shows the current / torque curve for the servo

motor. The motor is rated at a maximum load torque of 31.4mNm.

Motor Load Characteristics
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—~ 400
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0 8.7 17.4 26.1 34.8 43.5 52.2 60.9 69.6
~31.4 Torque (MNm)

Figure 6.2, Torque current curve for dc servo motor.

6.2.4 Comments

The motor was loaded to 800g, this produced over twice the rated torque on the motors
shaft, without any major adverse affects. The torque developed by a dc motor in an open
loop is given by the torque equation T, = K,l, where k; is the torque (or voltage) constant
and I, is the armature current. As can be seen from the above graph, the motors current /
torque characteristic follows this linear relationship as the torque equation predicts. The
current consumption rose from 9mA at no load, to 553mA at full load (68.6mNm). It was
not expected that each leg will be subjected to a 1kg load, so the maximum possible current

demand was taken as 500mA.
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6.3  RF system & data handling

6.3.1 Objective

It as noted in Section 4.2.4, that there were approximately five ‘foreign’ RF modules in use
within the project laboratory, this presented the requirement for a robust, error-free system.
The objective was to improve the reception performance and hence reduce the

susceptibility of erroneous data reception.

6.3.2 Experimental Procedure

Beyond the circuit design alterations that were made (and noted in Section 4.6) at an earlier
stage, the other major factor influencing the performance of the RF reception was the data
packet format. The task was therefore to look at the effect of changing the content within
the data packets. As the USART sampled the incoming bits three times and the waveform
of the incoming signal was determined by the packet makeup, it was felt that the integrity
of this signal was the best indicator of the systems performance. Consequently, the
waveforms of the transmitted and received signals were compared. The receiver was setup
on a breadboard circuit with +5v power, ground, a 15.5cm whip antenna and the data pin
connected to a PC based storage oscilloscope. The transmitter was also placed on a
breadboard circuit with a PIC16F870 generating the data packets. This circuit had the
appropriate +5v power, ground and antenna connections. The data pin was connected to a

second oscilloscope probe. The two waveforms could then be compared on a PC.

The packets were varied a bit at a time in software and transmitted over the wireless link.
An iterative approach was taken to reduce the phase difference. Two performance
measures were used, the first was the percentage difference between the pulse widths of
bits from the two signals (phase difference). The second was a measure of packet overhead,
for example a 4 bit data byte sent in a 32 bit packet would have an overhead of 4/32. The
signal magnitudes remained unaffected within the bandwidth of operation specified in the
datasheet. Hence magnitude was not used as performance indicator. The starting point was

the packet format recommended by the manufacturers (Fairall and Birnie 1999).
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6.3.3 Results

Initially, the wake up byte was changed, this is termed the ‘wake up byte’, as it wakes up

the receiver. The results of these changes are shown below (Table 6.3).

‘wake up’ No. of 1 x sync byte | data | % error | overhead
bytes preamble bytes bytes

none 12 1 7 43 4/160

1x OxFF 12 1 7 38 4/168

2x OxFF 12 1 7 39.9 4/176

6x OxFF 12 1 7 37.1 4/208
12x OXFF 12 1 7 25.7 4/256
24x OXFF 12 1 7 34.7 4/352

Table 6.3, Effect of changing the number of wake up bytes.

The preamble was then reversed, from 01010101 to 10101010, this had the effect of introducing a
series of 00 and 11 sections into the data train, since USART start and stop bits were placed before

and after each byte. The result of these changes are shown below (Table 6.4).

‘wake up’ No. of 1 x sync byte | data | % error | overhead
bytes preamble bytes bytes

none 12 1 7 32 4/160

2X OXFF 12 1 7 40 4/176

6x OXFF 12 1 7 27 4/208
12x OxFF 12 1 7 29 4/256

Table 6.4, Effect of reversing the preamble.

At this point it became clear that the best format was twelve wake up bytes, twelve
preamble bytes, one synchronisation byte and seven data bytes. This was used as the
benchmark for the next test, altering the number of preamble bytes in the packet. The

results are shown below (Table 6.5).

‘wake up’ No. of 1 xsync byte | data | % error | overhead
bytes preamble bytes bytes

12 x OxFF 12 1 7 25.7 4/256

12 x OxFF 6 1 7 22.2 4/208

Table 6.5, Effect of changing the number of preamble bytes.
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Finally a second synchronisation byte was added to separate the data into two groups. The

result is shown below (Table 6.6).

‘wake up’ | No. of 1xsync |data |1xsync |data | % overhea
bytes preamble byte byte | byte byte |error |d

bytes S S
12X O0XFF |6 1 3 1 4 25.7 | 4/256

Table 6.6, Effect of adding a second synchronisation byte to separate the data bytes

Unfortunately due to the time required to perform the experiment, only one attempt was
made at this change. Finally an example is shown below (Figure 6.7), of a typical image
captured by the storage oscilloscope. This is included, firstly to show the clarity with which
the individual bits within a packet can be identified and secondly the image demonstrates
the initialisation of the receiver during a preamble byte. The blue trace is the waveform of
the transmitted data stream. The red trace is the waveform of the received data stream. The

reduction in magnitude of the received signal is due to the transmission system losses.

v preamble preamble preamble  preamble
6 1 1 2 3 4 sync. data
/ \ / \ / \ \ / \ \
01010 01|0 010]]0101|0 010]101010 010]]011010 0100][0011100;1.,’L0’LQ10__L
i
47 \ { IR | ( ( M B O
27T l |
WLWJ JI»uLimnl U ER L L

0 il T T T T
0 10 20 30 40 50 ms
~ v

receiver initialisation
period

Figure 6.7, Typical example of transmitted and receiver data streams.

6.3.4 Comments

This process has reduced the phase error from 43% to a minimum of 22.2%. This
improvement provided a clearer pulse width for the UART to sample, which allowed the
PIC to easily identify the synchronisation (and identification) byte. The outcome provided
the required performance and hence there was no need to continue the iteration process.
Looking at different packet formats and operating environments is an area for future work.
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6.4 Sonar range tests

6.4.1 Objective

The problem of specular error was discussed in Section 4.3.2, it was suggested that
solutions could come from either the use of multiple transducers, or by focusing the
emitted acoustic beam. An objective was therefore to fit a range of apertures to the sonar
module and observe any performance changes. In addition to this, it was felt that a
familiarity of the system could be gained, by verifying the supplied beam pattern (Figure
6.8, below).

Figure 6.8, Beam pattern for SRF04 Ultrasonic rangefinder

6.4.2 Experimental Procedure

Three tests were conducted, the first range test was to determine the accuracy of
measurements in a clear, straight line of sight. This was then extended to include the entire
swath of coverage. Finally, apertures were fitted to both the transmitter and receiver to
observe performance changes. The setup and procedures for the three tests are very similar
and therefore discussed together. The experiments were conducted in the Universities Davy
building Main Hall, a large open area with no obstructions. One end of a tape measure was
attached to the center of a large blackboard compass. The sonar module was placed at the
compass center, with the transducers facing outwards in line with the zero datum of the
compass. This assembly was then mounted on a survey tripod and positioned to face the
open hall. Care was made to remove all objects from the line of sight (LOS) and beyond,

the sonar module also sat on a short post to remove the compass board from the LOS. The

67



units signal line was driven by a PIC on a breadboard, providing a pulse every 50ms. The
modules output was recorded using a portable PC-based storage oscilloscope.

The first test required a person to move a stick away from the module in the direct line of
sight, whilst ensuring to remain out of the LOS themselves. A second person recorded the
modules output at predetermined distances. The distance covered started at 20 mm and
moved out to 1800 mm, the closer distance was measured with a 12 inch rule. The results
from this test are shown in Figure 6.9. For the second test the stick was moved in an arch
of preset radius from the sonar, readings of the modules output were taken at
predetermined angles. The process was repeated at an increased radius until a map was
built up of the sonar coverage. Results from this test are shown in Figure 6.12. Finally a
cardboard aperture was fitted to the emitter head in an attempt to focus the beam, the

outcome of this is discussed in the comments section (6.4.4).

6.4.3 Results

Figure 6.9 below shows the measured output of the sonar module against the actual
distance. The modules output pulse was expressed in milliseconds, so a conversion was
used to express this in millimetres, (all raw data is given in Appendix H). Each actual
distance was divided by the corresponding pulse width, the results were then averaged to
give the constant 164.1399 mm/ms, The pulse widths were then multiplied by this to

produce the measured distance used in the plot.

Sonar range test

1800
1600

1400 /
1200 /

1000 //
800

600 /
400

200

Actual Distance (mm)

OO R DD D> N o D © O N O
%mbon%« P T B> A P A NS
¥ 0V 6° A5 »/\u@@q g S SN g

© ARG N &@é”%"/q‘b\,\f@\

Measured Distance (mm)

Figure 6.9, Sonar range test results
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From this, the difference between the actual distance and the measured distance was found
and plotted (see Figure 6.10). The percentage error was also calculated and plotted, (see
Figure 6.11).
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Figure 6.10, Calculated difference error of sonar range measurement
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Figure 6.11, Calculated percentage error of sonar range measurement
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The same conversion (from ms to mm) was carried out on the set of data for the second
test. Figure 6.12, below shows a 3-dimensional plot of the results for the beam coverage
test, the black spot indicates the location of the sonar module. To add clarity Figure 6.13

and Figure 6.14 (overleaf) show sections of the 3D plot.

Sonar beam pattern test
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Figure 6.12, Sonar beam pattern test, all test results
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Figure 6.13, Sonar beam pattern test, swath pattern

70



Sonar beam pattern test
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Figure 6.14, Sonar beam pattern test, range accuracy

6.4.4 Comments

From the results of the range test (Figure 6.9), the measurements up to 200 mm follow a
linear relationship with the actual distance. There is a smaller difference between the actual
and measured distance at the lower ranges, as can be seen from Figure 6.10, this is
desirable for close range operation. However the inaccuracy over the whole operating range
is skewed towards the close range (Figure 6.11). At 20mm, the sonar recorded a distance of
32.8mm this is an error of 39%, whereas at 1600mm the unit measured a distance of
1871.2, this is an error of 14.5%. The average error is 7.67%.

The second test proved to be very difficult, in that the surface area of the stick at close
range caused a greater return signal for the sonar, at longer ranges the stick was much
harder to detect. This is an undesired effect when looking at the beam coverage. Figures
6.12 and 6.13, show a rough similarity to the beam pattern supplied with the module,
unfortunately the resolution is to low to produce a clear picture of the coverage. Figure
6.14 shows a higher accuracy over a wider range of measurements. Finally it was found
that with any sort of aperture in place, the sonar module would give spurious readings.
Together with the lack of resolution of the beam coverage tests, the proposal to evaluate
sonar performance with a range of apertures was unfeasible. The recommendation is made
to repeat the experiments to a higher degree of accuracy and include target materials with

different reflective properties.
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6.5  System test schedule

Towards the end of the design phase of the project, a test schedule was drawn up. This was
used not only to ensure quality was maintained, but also to outline a course of action for
the integration and assembly of the robot. The working schedule was included into the
project logbook however, a template is presented in Appendix H. The schedule was broken
down into four sections; Leg Controller Board, Transmitter board, Supervisor board and
integration. The tests began with low level observations such as checking PCB track
continuity and correct clock frequencies, it then followed to integration aspects, such as
checks to ensure sensor outputs were handled correctly by the onboard processors. Finally
it concluded with various topic that brought the project through to commissioning, such as
an overall inspection of the appearance and build quality of the final project. The schedule
provided the opportunity for comments, which became valuable in the process of

development.

6.6 EMC emissions

The term Electromagnetic compatibility is defined as:

“a measure of a devices ability to perform its intended function within a given
electromagnetic environment without adversely affecting or being adversely
affected by other objects sharing that environment” (Dang 1986).

It was noted in Section 4.6, that electrical noise from the dc motors caused many problems
with the digital circuitry. This is an example of how electromagnetic interference can
disrupt the operation of a device. An informal emissions test was carried out on the robot
after assembly was complete, to gain an idea of the level of electrical noise present in the
system. This test is not presented here as an empirical experiment, as the depth of coverage
is not sufficient for repeatability. However it was felt worthy of inclusion as there is a
topical emphasis in good EMC design, as the interaction between electronic devices and
human operators increases. A Hewlett Packard EMC Analyser, using a near field probe
was used to measure electrical noise on the ‘EMC clean’ side of the noise shield. It was
found that the current spikes caused by the motors were reduced to within the system noise,
this was measured at 23dBuV at 10.15kHz.
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7

7.1

SYSTEM PERFORMANCE

Overview

The following data is a summary of the performance characteristics of the robot. Data was

collected from either the three experiments (Section 6), from component datasheets or it

was calculated.

7.2

7.3

General

Vehicle speed
Weight

Body height

Body width

Body length

Ground clearance
Stride length
Turning circle radius
Number of legs

Degrees of freedom

Motion control

Number of motors

Servo motor control

Servo voltage

Servo current required (idle)

Servo current required (moving)

Servo maximum rated torque

Servo speed

Electrical noise

Manual control from handheld controller

Provision for Autonomous control
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50mm / second (0.112 mph)
1.6 Kg

190 mm

165 mm

215 mm

75 mm

100 mm

0

6

2 per leg

12

local closed loop

6V dc (rated)

9 mA each

~ 130 mA each

43.5 mNm

180°/ 0.69 sec (at 4.8V)
23dBpV at 10.15kHz



7.4

7.5

7.6

Sensing performance

Compass range
Compass resolution
Sonar maximum range
Sonar accuracy

Provision for four bump switches

Communications performance

Frequency of operation
Maximum data rate
Operating data rate

RF transmitter power

RF receiver Sensitivity

Power Requirements

0° - 359°
0.1° (typically)
2743.2 mm

+ 5.4 mm (average over range)

433.92 MHz
50000 bits/second
2404 bits/second

9 dBm (typical)
-105 dBm (typical)

Robot current consumption (standing) ~ 1000 mA

Robot current consumption (maximum) 5289 mA

Robot voltage requirement (maximum) 6v dc

Robot power consumption (standing) 6 Watts
Robot power consumption (maximum) 31.73 Watts
Robot power provision 32.4 Watts
Controller current consumption 13.6 mA
Controller voltage requirement 5.5v dc
Controller power consumption 0.0748 Watts
Controller power provision 0.72 Watts
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8. DISCUSSION

A six legged walking robot was built as stated in the project objectives. To successfully do
this, many concepts and ideas from a wide range of fields were incorporated. Integration of
low level subsystems is the central theme of robotic systems design and this level of
abstraction enabled the successful completion of the project.

The project not only produced a completed robot, but was more importantly, a vehicle for
developing engineering and personal skills. This objective was a major part of the project
definition, which outlined the skill areas to cover. Before the design is critically assessed,

evidence that each objective was achieved will be briefly demonstrated:

e Literature searching was performed throughout the project. It predominately
provided background research into the history of walking robots (See Chapter 1), as
well as component information to aid design.

e Project planning was carried out from the outset (See Chapter 2). A model was used
to provide a structure to the continued management of the project. The planning
phase produced a Gantt chart that introduced a number of milestones, the chart was
followed to ensure that each phase of the project was completed as required.

e Design of electronics, mechanics and software became central to the project (See
Chapters 3, 4 and 5).

e Experimental techniques were adopted during the mechanical and electronics
design phases to produce prototypes, (See Chapters 3 and 4). The prototypes
allowed the realisation and rapid development of ideas.

e Manufacture of the mechanical structure and electronic circuits was completed
within the required safety guidelines and to an appropriate level of quality (See
Chapter 3 and 4).

e Testing and development was performed at both the subsystem and system level
(See Chapters 6 and 7).

e Analysis and presentation of data was required to aid the development process and

to give an indicator of the projects overall performance (See Chapters 6 and 7).

The general learning outcomes, stated above, also covered the specific learning outcomes.
These involved: EEPROM micro controller design and assembly programming, computer

aided circuit design and construction, the use of transducers chosen for specific roles,
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design of a man-machine interface and the understanding of past and current trends in
walking machines.

The project has produced a robot that can now be used to enter into the field of walking
robotics. More importantly, the project has produced a range of recommendations for
future work (See Chapter 10). The robot functions, in that it can walk forwards, backwards,
turn left, right and stop. This satisfies the overall objective (see Section 2.3.1). The robot
can accept high level instructions from a remote user and a number of sensors were fitted
to enable the robot to perform autonomous actions.

The robots mechanical structure is lightweight and successfully supports all of the onboard
batteries, circuitry and actuators. A requirement was identified to provide a degree of
flexibility within the structure, to allow the robot to perform a walking gait, this was
provided by mounting two halves of the chassis on a sprung rail. The anticipated effect was
hindered by the number of wires and obstructions blocking the mechanisms, thus resulting
in a redundant flexibility. The effect this had on the walking gait was only noticeable by the
feet slipping slightly in contact with the floor. This could be resolved by removing the
obstructions with tidier wiring looms and providing stronger compression springs.

The ineffectiveness of the built in compliance was also noticed with the legs. By providing
passive compliance to the knee joints, a balance had to be struck between the stability of
the structure against the agility of the gait. After realising a flexible knee joint with shock
mounts, attempts were made to stiffen the joint with adhesive heat shrink, this resulted in
an unobservable change to the robots gait. Both of these issues reflect the value that a
mathematical model would have had on the walking performance.

The size and mass distribution of the vehicle also played a major role in the walking
performance. The triangle of stability, that the centre of gravity had to remain in, was far
too small, this became noticeable when the robot attempted to traverse slight inclines.
Again, a mathematical model would have predicted this and the problem could be resolved
with a larger body surface area.

The chosen architecture came about through a process of development and prototyping and
as such is very limited. The software only allows the implementation of one walking gait
and as such there is very little control over this. The walking algorithm produces a rather
inflexible, mechanical gait. This is due to the close dependency of the software on the
control architecture. The implication of this is that to change or develop the walking gait,
the software would require numerous amendments. Although the irregular walking gait
didn’t impede the performance of the robot, a more open, high level architecture would

allow this to be fine-tuned.
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In terms of sensing, the project definition made no explicit instructions. Two major senses
were incorporated to give the robot a high level of autonomy and provide the project with
an interesting aspect into sensor fusion. Path integration was reviewed and the facilities to
perform this were incorporated into the design. Unfortunately the program to use path
integration was not adopted. Another reason for not implementing path integration was the
failure of the compass to output a steady signal. The compass gave an erratic output that
didn’t clearly represent the measured bearing, this could be resolved by sampling the
compass output.

The sonar was integrated effectively and enabled the robot to enact a preset object
following routine. This was more of an exercise into proving and testing the hardware,
software integration. The sonar’s performance was validated against the supplied
datasheets. The tests confirmed that the module, designed for mobile robotic application,
was capable of measuring a range of up to one meter with an average error of 7.67%. This
IS acceptable for long range object identification, but for low range object avoidance a
combination of sensors would be required.

A user interface was designed to allow the user to initiate either manual or preset
commands. The controller was designed around a commercially available games controller,
which placed many restrictions on the size of the chosen components. The modifications
worked well and provided a simple ergonomic solution to the problem.

The biggest setback to the project arose when two RF modules were unsuccessfully
incorporated into the supervisor board, it was later found that they were both faulty. This
provided a valuable exercise in methodical testing and highlighted a number of aspects in
effective RF design techniques. The second major stumbling block came from the electrical
noise emissions from the dc motors. This again strengthened the emphasis on using a ‘right
first time’ design approach over an evolved development. The problem was successfully
rectified using a range of noise reduction methods.

The robot is placed amongst an estimated one hundred hexapod walking robots in the
world. These range from simple wind up toys to systems operating advanced control
systems. This robot, although not at the forefront of technology, provided an insight into
the problems and solutions of walking and mobile robotics. More importantly the robot has
provided a set of recommendations for future work, that draws on knowledge from this and
current work. As with many engineering systems, the trend today is towards mimicking
nature, or biologically inspired walking robots. Valuable lessons can be learnt from this
area of research, but the framework for these systems still rely on the basic concepts as

were developed for the robot in this project.
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9. CONCLUSIONS

A walking robot has been produced, following a formal design process, this satisfied the
aim of the project. The project incorporated electronic, mechanical and software design,
each was fulfilled with the use of computer aided techniques and the overall process
required the use and development of a range of skills, thus satisfying the learning
expectations of the project. The project was achieved through careful project management
and progress monitoring.

The mechanical construction centred on easily sourced local material, lightweight
aluminium sections ands pre-formed components were used. The structure had two degrees
of flexibility, one being provided by a knee, the other provided by the chassis section. Both
structures proved ineffective when visual observations were made of the walking gait, this
however didn’t prevent the robot from walking.

The electronics design evolved over the consideration of various architectures, a two
microcontroller hierarchy was built to control four motors, but the workload was unevenly
distributed, the architecture thus turned towards a distributed scheme.

Various subsystems within the robot were tested and the results of these were used either to
further improve the robots performance or to gain specific information about the system.
An RC servo motor was load tested to determine the maximum power demand, in the
absence of a system mathematical model. The motor was found to draw 530mA at the
maximum of its linear operating range, this information was used in choosing the power
source. The RF transmission systems performance was increased from 43% to 22.2% by
changing the contents of the transmitted data packet. The improved performance was
noticed by the responsiveness of the actions carried out by the robot.

The sonar module was found to have an average measurement error of 7.67% over it’s
entire range. An attempt was made to verify the beam pattern but the experiment
unfortunately suffered from problems with resolution, when using a set diameter target. An
attempt was also made to fit an aperture to the ultrasonic transmitter, this was unsuccessful
as the transmitted signal became obstructed by the aperture material.

In addition to the experience gained from doing the project and the technical knowledge of
the components used, a broader understanding of systems design was achieved, this was
backed up with the use of practical skills and computer software packages at all stages.

The final chapter will now look at how the best use can be made from the results of this

project.
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10. RECOMMENDATIONS

One of the most important outcomes of the project was that the potential for further
development was highlighted. There are a number of minor changes that could be made to
the existing robot, however the recommendations are aimed at a second vehicle, to extend

and build from the work carried out here.

The overriding theme for the recommended modifications is to fully exploit the advantages
of low level solutions to satisfy low level problems and equally high level solutions for
high level problems, this is introduced in relation to the user interface. The current user
interface operates using standard RS232 protocols and has the ability for wired or wireless
operation, this could be extended to a two way communications link from the robot to a
handheld controller and a personal computer. The handheld controller would permit the
existing remote operation, whereas the PC would facilitate faster development, greater
control and the ability for higher level off board functions. These off board functions could
include code development, planning and navigation processing and data analysis. The
graphical programming language ‘Labview’ was originally considered as the language to
develop the user front end, this was rejected over the handheld controller but is still a

feasible option.

In addition to a serial control link, the interface could include an in-circuit serial
programming link. Currently all of the microcontrollers have to be removed and inserted by
hand and used in conjunction with an EEPROM programmer, the facility exists to program
the ICs from within their application circuit. This would make software development a
much faster process. By making these additions, a more open software architecture can be
achieved to allow a two way data flow between the robot and the controller, the robot and

the PC and between the PC and the controller.

Onboard the robot, the idea of a distributed architecture holds more interesting possibilities
for system expansion in terms of control, over a traditional hierarchical architecture. With
each leg controlled independently, the overall system would be more amenable to concepts
from artificial intelligence, such as reinforced learning. A benefit from a system capable of
learning could be that the system could recover from a lost or damaged limb. With
adequate sensory feedback the system could also learn to walk and to traverse inhospitable
environments.
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Programming artificially intelligent systems places a greater demand on the programming
language and would be very difficult to implement using a low level assembly language.
Fortunately a number of high level compilers are available for the PIC and other ranges of

microcontrollers.

To handle the interface with these higher level devices, the robot would benefit from a

clearer separation of tasks within the control circuitry. A block diagram is shown below

T 1

(Figure 10.1) that represents a proposed next generation hexapod.

Sonar array GPS Compass Tx RX
A A A
\ Y / | \/
Path planning External External communications
Sensor controller controller
leg leg leg leg leg leg
controller controller controller controller controller controller
A A A A A A A A A A A A A A A A A
\ A4 v v 4 y \ J v 4 \J  J y
hip hip hip hip hip hip hip hip hip hip hip hip
joint joint joint joint joint joint joint joint joint joint joint joint
\ \/ \J \/ \
knee knee knee knee knee knee
joint joint joint joint joint joint

Figure 10.1, Block diagram of proposed future hexapod

The recommended design is held together with a multi-master bus, such as the 1°C bus.
Any one of the legs, or higher level controllers could take control of the bus and act as the
master, passing data to the other controllers. The two way communications link is shown,
to accept information from the PC and handheld controller. In addition to the existing
compass, an array of ultrasound range finding devices are added, to reduce measurement
errors (such as specular error) and provide a broader range of coverage. A GPS module is

also added to provide the vehicle with a crude sense of position in its environment.
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GPS modules are currently being manufactured at much lower cost and size and are now
suitable for small mobile robotic applications. Tilt and accelerometer sensors could add to
the robots propreoceptive sense, this may enable some form of posture control which
would increase the vehicles stability. A path planning process is also added to give the
robot the ability to make better judgments about the course taken and to generate obstacle

avoidance paths and contingencies.

The leg controllers currently accept high level commands, such as go forwards, turn right
etcetera. To enable the robot to act more flexibly over uneven terrain, the controllers could
also receive low level commands to move the individual joints. When moving the joints,
positional accuracy could be increased with more sensory feedback. Strain gauges attached
to the legs could give an indication of when a foot touches the ground or an obstruction.
Rotary encoders and tilt switches fitted to each leg would enable the leg controllers to

operate within a closed loop positioning system.

Figure 10.1 above shows the inclusion of an actuated knee joint. This addition would bring
the shape of the robot in line with more biological anatomies. A knee joint would increase
the flexibility of the robot when moving over uneven surfaces, it could allow the robot to
recover from a topple and to operate upside down. The efficiency of the walking gait would
be improved and the number of walking gaits increased. With additional walking gaits and
a greater higher level perception, the robot would be able to utilise different walking gaits
for different modes of operation. In nature the walking gait changes with speed, this

maintains maximum efficiency and reduces energy lost through the floor the contact.

The additional weight of a knee would increase the power demand on the hip actuators, this
could be resolved with either higher power servomotors, or a more careful consideration of
energy use throughout the design. The current leg geometry is very simple, but creates a
very large mechanical lever for the motor to act against. A range of mechanisms have been
studied that would produce less forces on the motor shaft, for example a pantograph
mechanism magnifies the inputted torques, but does have a limited range of operation.
Power savings can be made on the electronics design, sleep and standby modes would
reduce power consumption on the unused microcontrollers or sensors. The sonar array, for
example, does not need to continually emit a sonic burst when no sensor data is required by

the other processes.
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Currently, the robots gait is very erratic, the leg dynamics cause large unwanted
discontinuous current spikes. Selecting appropriate walking gaits for the situation,
programming in smoother walking algorithms, and adopting a shrewder power electronics
design, would all reduce power consumption. The facility for both an onboard power
supply and an umbilical would enable mobile operation and easier in-house development.

Many of these recommendations are minor changes that could be carried out on the
existing robot. But without the mathematical framework with which to monitor the
performance changes, the results would be incomparable. Constructing a new chassis and
leg design is suggested and by incorporating the changes described above the robots utility

would move in line with current sophistication.
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APPENDICES

A Finances

The following table gives a detailed breakdown of the material costs incurred for the
project. There are many indent items not described, such as screws and wires and the total
cost does not take into account other purchases made to support the project. These include
a ‘PICStartPlus EEPROM programmer and the books used to provide specific

information.

A number of organisations were approached for funding, these included: The Oxford Trust,
The Audi Foundation, The Institution of Mechanical Engineers, The Institute of Electrical
Engineers, William Harding’s Charity, Royal Commission for the Exhibition of 1851, The
Worshipful Company of Engineers, The Bestway Foundation, and British Schools and
Universities Foundation Inc. All applications were unsuccessful, so beyond a University

payment of £55, the project was self funded.

Date Item Description Quantity Unit Cost | Total Cost
11/10/01 | Servo motors 12 6.00 72.00
11/10/01 | Compass 1 22.12 22.12
11/10/01 | Ultrasonic rangefinder 1 12.99 12.99
14/11/01 | Aluminium plate 6” x 6” 2 3.55 7.10
18/12/01 | Flexi-4BA-433 % wave whip |2 11.08 22.16
antenna
14/01/02 | Playstation game pad 1 3.98 3.98
18/01/02 | PIC16F84 4 5.43 21.72
18/01/02 | PIC16F870 2 3.66 7.22
18/01/02 | Cylindrical shock mounts 8 1.21 9.68
18/01/02 | 20 MHz crystal 2 0.40 0.80
18/01/02 | 33pF ceramic capacitors 4 0.06 0.24
18/01/02 | 28 pin narrow socket 2 0.14 0.28
18/01/02 | 22pF ceramic capacitors 2 0.06 0.12
18/01/02 | rainbow ribbon cable 20 way im 0.40 0.40
21/01/02 | Standard 5mm red LED 1 0.07 0.07
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21/01/02 | Max 232 RS232 line driver 1 1.80 1.80
21/01/02 | 1uF electrolytic capacitor 5 0.09 0.45
21/01/02 | 9 pin D-type right angle PCB |1 0.48 0.48
mounted male connector
21/01/02 | sheet of veroboard 1 3.20 3.20
21/01/02 | 2 pin screw terminal 1 0.17 0.17
21/01/02 | 3 pin screw terminal 1 0.21 0.21
31/01/02 | Hex. spacers M4 x 20 20 0.12 2.40
31/01/02 | Hex. spacers M4 x 25 20 0.13 2.60
04/02/02 | 4 MHz low profile crystals 4 0.60 2.40
15/02/02 | LM1117T-5.0 voltage regulator 1 0.62 0.62
15/02/02 | 433MHz FM Hybrid Transmitter / | 1 24.99 24.99
Receiver Pair
04/02/02 | 18 pin turned pin DIL sockets 4 0.29 1.16
04/02/02 | Push to make reset switch 2 0.14 0.28
04/02/02 | 4 mm studding 10” 0.50 0.50
04/02/02 | 2 way right angled molex header | 10 0.10 1.00
04/02/02 | 2 way crimp terminal housing 10 0.03 0.30
04/02/02 | 6 way right angled molex header | 2 0.30 0.60
04/02/02 | 6 way crimp terminal housing 2 0.07 0.14
04/02/02 | 22pF ceramic capacitors 10 0.05 0.50
04/02/02 | 10uF electrolytic capacitors 1 0.05 0.10
04/02/02 | 100nF ceramic capacitors 6 0.03 0.18
04/02/02 | 1uF electrolytic capacitor 1 0.05 0.05
04/02/02 | Standard 3mm Red LED 6 0.07 0.42
04/02/02 | 74LS21 dual 4 inp. AND gate 1 0.18 0.18
04/02/02 | SIL header 1 0.12 0.12
04/02/02 | IN4148 diode 1 0.03 0.03
Total Cost £225.04

Table Al, Table showing breakdown of project material costs
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B Project Gantt chart
Hexapod Project, Graham Webb
[Updated Oct-16-01 |
September JOctober November [December [January February March 1 April 1 May
Task Duration | 3 [10[17]24| 1| 8 |15]22]29] 5[12[19]26] 3 |10117]24|311' 7 714]21128] 4 |11[18]25] 4 |11|18125] 1 | 8 115]22]29] 6 |13'20[27
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C Interim Progress Report

Phase 1 progress.

With reference to the work plan, the following activities have been completed:

¢ The control electronics have been specified, and designed.

¢ All of the non-standard parts, e.g. sonar and compass modules have been purchased (all
other parts can be sourced easily and locally).

e The electronics have been assembled on strip board and breadboard to enable rapid
development before submitting a PCB design.

e The chassis hardware has been assembled and finished.

e The robot has been assembled.

o Software has been written to enable the robot to walk forwards and backwards on receipt
of a global command input from an external device.

e Initial tests have begun with an RF link utilising the PIC microcontrollers onboard UART
e Testing of the sonar and compass modules is complete.

¢ A second set of legs, incorporating ground-sensing buttons has been produced and tested.

¢ An initial investigation has been made into battery sources.

Phase 2 tasks.

The final stage of the project requires:

e Submission of completed PCB schematics, construction of the circuit boards will take
minimal time.

e Completion of the handheld control box: including the RF link and UART.

e Integration of sensors, including the compass and sonar modules.

¢ Software code is required to enable effective use of the sensors and calculated odometry
to provide simple navigation routines.

e The second set of legs requires fitting and software development.

¢ PCB, sensor and battery mounting arrangements need to be pinned down.

Changes from work plan:

There are no major changes from the work plan, however the actual progress has focused
around increasing the functionality of the robot one device at a time, as apposed to a top
down design approach. This has been beneficial in that a number of tasks can be pursued in

parallel.
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Phase 1 problems:

There have been no resource problems associated with the project, as a basic workshop has
been set up at home enabling lab work outside of the scheduled University hours. However
a number of technical problems have been encountered in phase 1 of the project. The
problems are due to the high density and combination of noisy loads and sensitive devices,
for example the twelve dc motors initially caused high enough voltage fluctuations on the
circuit supply line to cause the micro controllers to reset. This was resolved with the
addition of a variety of capacitive low pass filters.

There are currently some problems with the RF link, the received data is heavily distorted
and hence valid data is not recognised by the PIC onboard UART. This is a critical
problem as the link has high functionality within the robot.

Anticipated Phase 2 problems:

There are few anticipated problems with Phase 2 of the project, the RF link being an
immediate problem. Individually the subsystems have been tested, but it is anticipate that
incorporating them together will introduce more noise to the overall system. The compass
will be affected by the dc motors inductance, as the compass measures local magnetic field
strength, this will require shielding. There are also doubts about the running time and
power requirements of the robot when fully loaded, this may introduce the requirement for
software based low power considerations, e.g. power saving with the sensors or using low
power modes for the microcontrollers. None of these problems are as seen being
detrimental to project progress.

Assistance received and required:

John Eastment and Bob Bray have given some technical assistance in the project lab. Other
than printing circuit boards and offering occasional advice, there are no specific needs for
assistance in Phase 2.

Breakdown of activity time and location:

Approximately 37 hours has been spent in the University project laboratory, this time has
been used to assemble and test breadboard circuit boards. In addition to the mechanical lab
in the Brunel laboratories, the project labs. small workshop has been used to construct the
chassis, legs and brackets. Other rooms on campus have been used for background research
and design. An estimated 100 hours has also been spent at home working on the software
and microcontroller implementation. The flat has been equipped over they years with a PIC
programmer, oscilloscope, workbench etc. Much of the project is carried out in the late
hours at home.
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D Gait diagrams

The idea of the gait was presented in Chapter 3, and described as the coordinated, stable
sequence of leg and body motions to propel the robot or creature. The study of walking
brings with it a huge glossary of medical terminology, before the gait diagrams are
presented some of the generic terms that can be applied to engineering systems are

described.

Posterior Extreme Position (PEP) of a leg is the furthest back that a leg moves relative to a

fixed point on the creature.

Anterior Extreme Position (AEP) of a leg is the furthest forward a leg normally swings,

before it begins to make contact with the ground.

Protraction of a leg occurs when it reaches its PEP. It is also called the ‘swing phase’ of

the leg or the ‘recovery phase’.

Retraction of the leg occurs when the leg reaches the AEP, after the swing phase. It is also

called the ‘stance phase’ or the ‘recovery phase’.

Period of Step is the total time a leg spends swinging followed by the total time it spends in
stance phase, as measured from the onset of the swing phase. The period is also called the

‘cycle duration’ or the ‘duration of a step’.

Cadence or step rate, is the number of steps per minute. For humans in normal walking this

IS 117 steps / min for women and 111 steps / min for men.

Lag can be defined between any two legs. It is the time from the onset of protraction in one

leg, to the onset of protraction in the leg for which the lag is defined.

Phase of two legs is the lag between the two legs divided by the period of the first leg.

Duty Factor is the fraction of the step period that the leg spends in contact with the ground.

p/r ratio is the protraction duration to retraction duration ratio.
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Step Amplitude of a leg is the distance between the AEP and the PEP measured parallel to

the longitudinal axis of the body, or along a straight line between two points.

Stride length is the distance between two consecutive contacts of the same foot.

A number of diagrams are commonly used amongst engineers and biomechanics to provide
an empirical framework to the study of gaits. The starting point for producing a gait
diagram is to draw a series of ‘animated’ sketches that describe the motion of the creature
being studied. Figure D1 below shows the complete walking cycle of a four legged
creature. This motion can be written descriptively as: legs 1 and 3 leave ground and move

forwards, the body moves forwards as legs 2 and 4 move forwards, this is then repeated.

stride
|< > ‘
2 1
—»> —»> /3 —»>
o / —> —
3 4
O = foot off ground @ = foot on ground

Figure D1, Four-legged trot gait

A description of the motion is unwieldy and can be better represented with a gait diagram,

Figure D2 below is the gait diagram for the above trot gait.

Number

B~ ownN

stride

Figure D2, Four-legged trot gait diagram
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The time that each leg is in motion (the swing phase) is represented by a solid black bar.
The gait described above has two feet in contact with the floor at any one time, therefore to
remain stable the moving feet must make contact with the floor before the creature topples
over. In reality biological walkers can maintain their balance by using a range of leg
muscles to keep the center of gravity on a line made by the two contact feet. Humans do
this by actuating the spine and leg muscles to position the torso in line with the contact

points made by the foot touching the floor.

The following three gait diagrams show the wave gait, the tretrapod gait and the tripod gait

for six legged creatures.

1

OOl h WN

Figure D3, Wave gait

ook WN B

Figure D4, Tetrapod gait

OOl WN P

Figure D5, Tripod gait

A wave gait can be seen performed by most multi-limbed (polypiedal) insects such as
centipedes or millipedes. Nearly all insects adopt the alternating tripod gait (Randall 1999)

and at very low speeds the tripod gives way to a tetrapod gait.
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E Mechanical drawings

This appendix contains the mechanical drawings for the major components used to produce
the robots structure. Assembly details, such as nuts and bolt positions and circuit board

mounting details are not included.
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SURFACE FINISH 1.6 um —B_
BREAK ALL SHARP EDGES R 0.15TO 0.4 NOT TO SCALE
TOLERANCES:- DIMENSIONAL, +0.13 PROJECTION
ANGULAR, + 15
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7xM4 & CLEARANCE HOLE

16
3 I
f ] | 66
Y : ‘ ' !
53| 41 L
[ R :G._.I@_._Q_._ —_— JI. ..... é_._._ --g---
_}' : i i 20 ‘ ! !
Kk . 1
6 ﬂ i ; ! "G"'G"
] 1 | . | L
3 ’ 10 14
1.5 ¢ >
—_— | 1.5
ol e
8 15
- 30
30
TITLE: DRAWN: Graham Webb
LEG BRACKET DATE: 17/09/01
UNLESS OTHERWISE STATED MATERIAL:
ALL DIMENSIONS IN MILLIMETRES ALUMINIUM
SURFACE FINISH 1.6 um —B—
BREAK ALL SHARP EDGES R 0.15 TO 0.4
TOLERANCES:- DIMENSIONAL, + 0.13 SCALE: PROJECTION
ANGULAR, + 15 11
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1" LEG -

100

10

— =

500

Ly

i '
20
2x M3 & CLEARANCE HOLE MATERIAL:

1 x M4 g CLEARANCE HOLE BRASS
nd
2" L EG 100
) 1 10
450 —_— | —————
5 —
N ppe
v i /
3
14 [—
2 XM LEARANCE HOLE
XM3OC CEHO MATERIAL:
1 x M4 @& CLEARANCE HOLE ALLUMINIUM
TITLE: DRAWN: Graham Webb
DEVELOPMENT OF LEGS DATE: 17/09/01
UNLESS OTHERWISE STATED MATERIAL:
ALL DIMENSIONS IN MILLIMETRES AS STATED
SURFACE FINISH 1.6 um —B—
BREAK ALL SHARP EDGES R 0.15 TO 0.4
NOT TO SCALE

TOLERANCES:- DIMENSIONAL, +0.13
ANGULAR, £15

PROJECTION
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M4 x 25
STUDDING

O

M4 x 25 HEXAGONAL,

M4 x 25
HEXAGONAL
BRASS SPACER

M4 MALE-MALE
BRASS SPACERS \—CY'—'NDR'CA'—
SHOCK MOUNT
RUBBER WALKING
\STICK FOOT
TITLE: DRAWN: Graham Webb
FINAL LEG ASSEMBLY DATE: 17/09/01
UNLESS OTHERWISE STATED MATERIAL:
ALL DIMENSIONS IN MILLIMETRES AS STATED
SURFACE FINISH 1.6 um —B—
BREAK ALL SHARP EDGES R 0.15 TO 0.4
TOLERANCES:- DIMENSIONAL, +0.13 NOT TO SCALE PROJECTION
ANGULAR, + 15

99




8 x M2 & CLEARANCE HOLE

50 27
10 . <
; — _
30 o |
. :_ _ _._._._X _______ Al . G _._e_ ....... e_._
57 !
_._:_‘_ . _. J-—— i | QI___:_ ...............
/ 1 : .
20 42 i 5
v ! ? |
- A S | I S S D
57 i i
__3___._._._][ _______ A ? ..... @_ ....... @_._
: 30 i
1 ' |
15 E '
—|l—
20 i 95

4 x M3 & CLEARANCE HOLE

TITLE: DRAWN: Graham Webb
NOISE SHIELD DATE: 17/09/01
UNLESS OTHERWISE STATED MATERIAL:
ALL DIMENSIONS IN MILLIMETRES ALUMINIUM
SURFACE FINISH 1.6 um —B— *@*
BREAK ALL SHARP EDGES R 0.15 TO 0.4
TOLERANCES:- DIMENSIONAL, £ 0.13 NOT TO SCALE PROJECTION
ANGULAR, + 15
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F

Electronics schematics

This appendix contains the circuit diagrams and layouts used for the three final circuit

boards. Details of the breadboard and stripboard layouts are not included. The drawings

were produced using the software package ‘Proteus Virtual System Modelling (VSM)’

version 5.2.03.

Figure F1, Circuit diagram for the leg controllers
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Figure F2, Circuit diagram for the supervisor
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Figure F3, Circuit diagrams for the ancillary devices
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Figure F4, Circuit diagrams for the handheld controller
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G Software flowcharts

The flow charts are provided to aid understanding of the software used to drive the robot
and to provide a basis for software coding. The chart below (Figure G1) shows the flow

used within the handheld controller.

A

Has button
been pressed?

No

Determine the state
of the input switches

Is this
new data?

Code the data

A

Send OXFF 12
times

Send 01010101
preamble
6 times

Send sync. byte
11001001 once

A 4

Send coded data
byte 7 times

\ 4

G1, Controller flow

105



G2, 3, 4, and G5 below, all show the flow of software used within the robots supervisor

microcontroller. G2 shows the entry point of the program.

Stand in
neutral position

&
<«

A 4

Has data
arrived?

\ 4

No

Is
received data
manual or
preset?

preset

Find out what the Determine what action
command is and send is required and jump to
the appropriate byte appropriate subroutine
to the legs. (see overleaf)

A

G2, Supervisor flow
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There are four preset routines, compass, sonar, circle and random and as they are very

similar, only the sonar routine is presented below (Figure G3).

Ping sonar and
receive distance data

Is object in R
close range? g l

Yes

No Walk backwards and

return to main

Is object in
near
distance?” Yes

\ 4

\ 4

Stand still and
return to main

Is object
far away?

\ 4

Yes

A\ 4

Walk forwards and
return to main

Return to main

G3, Supervisor flow, sonar preset routine
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Most of the actions are carried out within the interrupt service routine (ISR), the chart

below, Figure G4 and Figure G5 (overleaf) show the flow of software through the ISR.

An Interrupt
has occurred

|

Has serial
data
arrived?

A\ 4

Has _ No
. synchronisation Has timer
< byte arrived? overflowed?
\4

Read Rx Port, Yes

collect byte and

return from interrupt A4 v

Reset Timer Return from

L Has first data and return interrupt
- byte arrived? from interrupt

\4

as second dat

Read Rx Port, byte arrived?

collect byte and
return from interrupt

\ 4

Read Rx Port,
collect byte and
return from interrupt

Has seventh
data byte
arrived?

A 4

\4

Return from
interrupt

G4, Supervisor flow, interrupt service routine
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Read Rx Port,
collect byte and
checksum a pair of
bytes

Has a valid
data byte

No

A

been
identified?

Yes

A 4

Decode data byte,
return from interrupt
and ‘tell main’ that
data is ready

A\ 4

\ 4

Are there any
bytes left?

Return from
interrupt

Checksum the
next pair of bytes

G5, Supervisor flow, interrupt service routine continued
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The following flow charts represent the program flow required for one group of legs, group
A for example. The program flow for Group B is similar to Group A, in that the four
actions (up, down, forwards and backwards) are performed in a different order, and is
therefore not shown. The functions for left and right turns are also similar to the forwards
and backwards functions, the only difference being the value of the stride length passed to

the function, to avoid needless repitition, these are not shown.

The initial flow chart (Figure G6a) represents the choice between the four actions made by
the leg controller on receipt of a command bit pattern from the supervisory controller. The
charts then branch off to the specific flowcharts, indicated by the chart continuation nodes
labelled A to D. The return path from the specific charts is indicated by the ‘R’ node, this

layout style has been used to avoid overcrowding.

START

command
pattern 001

command
pattern 010

command
pattern 100

G6a, Leg controller flow
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O,

move leg up an
incremental amount

A

A 4

Move to neutral
position, output
error flag & END

Set ready flag

la
<

A

proceed

A\ 4

lag se
yes

\ 4

Move forwards an
incremental distance

this leg \_yes

Clear ready flag

\ 4

detected an
bstacl

no

proceed

A

v

Wait

flag se

yes

has
required
stride length
been
reached

yes

Clear ready flag

Move to neutral
position and END

G6b, Leg controller flow continued
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A

A 4

Move leg down an
incremental amount

yes

error flag

A

Move to neutral
position and END

set

no

Set ready flag

flag set

yes

A 4

Move backwards
an increment

‘ < I
is Wait
proceed \\O

no

A

proceed
flag set

yes

has
required
stride length
been
reached

yes

A

Move to neutral
position and END

G6c, Leg controller flow continued
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H Test schedule and results

Test Schedule for Robotic Hexapod control circuits.

Test Failed | Comment

Passed

Date

Leg Controller Board

e Visual inspection

e Continuity - power
- ground
- signals

e Power to components
(ICs off board)

e Reset waveform Filename:

e Micro. pulse output test

e AND logic

e Power to components
(ICs on board)

e Power to micros.

e Oscillator frequency Filename:

e Power to AND logic

Transmitter board

e Visual inspection

Continuity - power
- ground
- signals

e Power to components
(ICs off board)

e Reset waveform Filename:

e Micro. pulse output test

e Power to components
(ICs on board)

e Power to micro.

e Oscillator frequency Filename:

e Power to transmitter
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Test

Failed

Comment

Passed

Date

Supervisor Board

Visual inspection

Continuity - power
- ground
- signals

Power to components —
ICs off board

Reset waveform

Filename:

Power to components —
ICs on board

Power to micro.

Oscillator frequency

Filename:

Check LEDs

Micro. output port test

Power to compass

Signal from compass

Power to receiver

Power to sonar

Pulse to sonar

Return pulse from sonar

Filename:

Receiving data from
UART

Filename:

Displaying data from
UART to LEDS
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Test

Failed

Comment

Passed

Date

Both boards together

Connection between
boards

Interrupt signal to leg
controllers

Leg controllers acting on
received data from
supervisor

Robot acting on data
from sonar

Robot acting on data
from compass

Robot acting on data
from handheld controller
(wired link)

Data effectively received
from transmitter (‘clean’
EM environment)

Filename:

Data effectively received
from transmitter (noisy
EM environment)

Robot acting on received
data from handheld
controller

Robot prioritising
different inputted data.

Battery integration

Battery life =

Professional appearance
and build quality

Additional Comments:
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The schedule called for a number of tests to be carried out on the logic levels of the
circuits. Figure H1 below shows the reset waveform for both the PIC16F84 and PIC16F870
microcontrollers. The rise rate of the signal to the + 5 volt level was measured at 1.52 V/us,

this is well within the datasheet specification of 0.05 V/ms.

\%

x=19mV,0=19mV x0=0mV

|

0 20 40 60 80 100 120 140 160 180 200 ms

Figure H1, Microcontroller reset waveform

The diagram below (Figure H2) shows the waveform for the 4MHz oscillator used by the
PIC16F84s. The frequency is confirmed as 1/253ns = 3.95 MHz = 4MHz. It was not

possible to measure the 20MHz clock frequency with the oscilloscope avaliable.
v

5 x=378ns,0=631ns,x0=253ns

RVAVAVAIVAVAVAVAY,

0 02 04 06 08 1.0 1.2 14 16 18 ps

Figure H2, Microcontroller 4MHz oscillator waveform
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The red trace in Figure H3 below shows the output of the sonar module, as received by the

supervisor PIC16F870. The blue trace signifies that an interrrupt was successfully

occurred.

\%

5 x=-37.5ms,0=-37.5ms,x0=0us \1/0
4 8
3 6
2 4
1 2
0 - S — - . .0
-1 2
-2 4
-3 6
-4 8
N -10 0 10 20 30 40 50 60 70 80 ms

Figure H3, Pulse received from sonar and interrupt signal

The return pulse width shown is 2615 ps which corresponds to a measured distance of 427

mm.

Table H4 below, shows the data collected from the motor load test, the torque is calculated
as 87mm x applied weight.

Current consumption Weight Applied Torque
(milliamps) (grams) (mNm)
9 0 0

129 100 8.7
227 200 17.4
332 300 26.1
434 400 34.8
530 500 435
538 600 52.2
543 700 60.9
553 800 69.6

Table H4, Data gathered from motor load test
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The following table (Table H5) shows the data collected from the sonar range test.
Measured distance is found from: the pulse width multiplied by the average (Actual

distance / pulse width). Measurement error is the measured distance — actual distance.

Sonar range

test
Actual Pulse Measured Measurement Percentage
Distance
Distance (mm) Width (ms) (mm) Error (mm) Error (%)

20 0.2 32.83 12.83 39.08
40 0.3 49.24 9.24 18.77
60 0.4 65.66 5.66 8.61
80 0.5 82.07 2.07 2.52
100 0.6 98.48 -1.52 1.52
120 0.7 114.90 -5.10 4.25
140 0.8 131.31 -8.69 6.21
160 0.9 147.73 -12.27 7.67
180 1 164.14 -15.86 8.81
200 1.2 196.97 -3.03 1.52
250 15 246.21 -3.79 1.52
300 1.7 279.04 -20.96 6.99
350 2 328.28 -21.72 6.21
400 2.4 393.94 -6.06 1.52
450 2.6 426.76 -23.24 5.16
500 3 492.42 -7.58 1.52
700 4 656.56 -43.44 6.21
860 5 820.70 -39.30 4.57
1000 6 984.84 -15.16 1.52
1500 8 1313.12 -186.88 12.46
1600 114 1871.19 271.19 14.49

Table H5, Data gathered from the sonar range test
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Table H6 below shows the data collected from the sonar beam coverage tests. Imperial
units were used to express the actual distnace, as this was used on the data sheet, the units

have been converted to metric (mm).

Sonar Beam pattern test

Return Pulse width (ms)

Actual Distance (mm)

Angle (degrees) 304.8 609.6 9144 1219.2 1524
-50 0 0 0 0 0
-40 0 0 0 0 0
-30 1.97 3.612 0 0 0
-20 1.87 3.612 5.293 7.303 9.076
-10 1.781 3.542 5.035 7.184 9.076

0 1.781 3.542 5.154 7.264 9.15
10 1.881 3.542 5.313 7.264 9.14
20 1.861 3.792 5.313 7.423 0
30 0 0 0 0 0
40 0 0 0 0 0
50 0 0 0 0 0

Table H6, Data gathered from the sonar beam pattern tests.

Measured Distance

(mm)
Actual Distance (mm)

Angle (degrees) | 304.8 609.6 914.4 1219.2 1524
-50 0 0 0 0 0
-40 0 0 0 0 0
-30 332.032 608.781 0 0 0
-20 315.177 608.781 892.103 1230.88 1529.71
-10 300.177 596.983 848.619 1210.82  1529.71
0 300.177 596.983 868.676 1224.3 1542.18
10 317.031 596.983 895.474 1224.3 1540.49
20 313.66 639.119 895.474 1251.1 0
30 0 0 0 0 0
40 0 0 0 0 0
50 0 0 0 0 0

Table H7, Sonar beam pattern data converted to measured distance in mm.

The same conversion, as used in the range test, was used to convert the data in Table H6, to

produce the data shown in Table H7.
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| Software Code

The attached disk contains the assembly code. The folder 'first_motor_tests' contains the
files used throughout the initial investigation of controlling the servo motors. The
successive revisions are then grouped together in the main folders, revision numbers

are given in the folder names.

Each folder contains the main files that were used at that stage of development, in addition

to the include files. The final versions are contained in the files:
legs_final.asm
receiver_final.asm

transmitter_final.asm

All files can be opened with a text viewer such as Microsoft Notepad
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