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Abstract

This report describes the design, constructon and programiming of an animatronic Aardvark that was built
and successfully used in the filming of a wildlife documentary for National Geopraphic.

The animatron was required to walk. move its head, and have as many facial movernents as possible. These
requirements were met by using hobby servos to prodoce the movemenis, and control was achicved with a
Motorola based miceo controller (the Handy Beard). The proportions of the animatron were based on those
ol a tcal aardvark, made to approximately Y4 seale. The final product met all the requirements and was
filmed on location mieracting with a real aardvark.
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1. Introduction

Animatronics is the art of producing mechanical puppets that perform a pre-programmed sequence of movements or are
controlled remotely. The first animatrons created were mechanical puppets used in amusement parks. Walt Disney’s
‘Imagineers’ pioneered the field in the early 1960°s. From there it spread to the film industry, and today this is where
most animatronic creations are found. In the beginning, complex linkage mechanisms were used to give the animatrons
motion. Teday motion is achieved by a combination of motors, pneumatics and hydraulics, and computers are used to
control the motion. The main difference between animatronics and robotics is that robots have sensors, and thus can
react dynamically to their environment with the aid of artificial intelligence, whereas an animatron is essentially a
puppet, that performs a pre-programmed sequence of motions.

The author has long since had an interest in animatronics and robotics (See Appendix A), and was presented with the
opportunity of building an animatronic aardvark for a National Geographic wildlife film. The aardvark was built as part
of his MSc in Mechanical Engineering at UCT. The animatron (Ardie) can walk, move its head, evelids and mouth, and
is controlled by a microcontroller. This report describes the animatron and how it was designed, built and programmed,
as well as its performance while being filmed.

The main objectives of this report are as follows:
1. To describe the brief that was given for the robotic aardvark.
2. To describe the final product that was created.
3. To describe the various prototype stages involved in building the aardvark’s components.
4. To explain how the animatron was programmed and controlled.

5. To comment on the effectivencss of the final solution and suggest further work to be done and improvements
to be made to it.

Although the author researched many areas of robotics as part of his MSc, this report focuses primarily on the building
of the robotic aardvark, and material related to that. Material that is not directly related to the aardvark appears in the
appendices. Much of the work that went into this project was in the programming of the aardvark. Since the program
listings may be difficult to understand for those without a programming background, a full explanation of the program
is given as well as the code. '

Most of the research for this project went into finding the most suitable way for controlling the animatron, how to
program the controller, and how to interface the servos to the controller. It was found that the largest and most up-to-
date resource for this information was the Internet, and hence the author used this extensively. In addition, various
books on robotics, electronics and computer science where referred to.

This report will read as follows: First the brief given to the author by the Film Producer will be presented and then the
final product will be described with an emphasis on how each of the requirements in the brief was actually met. A
description of how each of the movements was achieved will be given — both physically and from a control point of
view. Once the final solution has been presented, the design process of each component/feature will be given. An
explanation of the various conceptual designs, the prototyping processes, and why the final solution for each feature
was chosen, will be given. The order in which these are described will follow the order in which the author approached
the problems — i.e. first develop the linkage system for a single leg, then find a control solution for it before duplicating
the leg and developing the control for all 4 legs. The head, eyelid and mouth movements will then be discussed. A
report on how the animatron performed while being filmed will be given in section 4, and then conclusions and
possible future work will be discussed.



1a. Brief Given by Film Producer

The film producer had envisaged using the animatron in various scenes, and in order to make these scenes a
success, the following points had been given in the initial brief:

i.

The animatron should resemble an aardvark, but it did not have to look like a real one. It was more
important for it to be a likable character than for it to be an accurate model of an aardvark.

The animatron should be able to walk. This was important, as the Film Producer wanted to have
the animatron walk into a scene being filmed, then stand still and interact with other action
happening in the scene before walking out of frame. This helps to create continuity in the film. It
was also hoped to film the animatron walking alongside the real aardvark as it was searching for
termites, and even to film it walking down into an aardvark burrow.

There should be sufficient facial and head movements to make the animatron look ‘alive’ and as
though it was interacting with other action in the scene, such as on of the research scientists
explaining about the equipment he/she was using.

The animatron should be robust, as while filming on location in the bush, it would be difficult to
do any repairs, and this would result in costly downtime for the rest of the crew.

While filming on location, the routine would be to find the real aardvark in the evening using a
radio-tracking device, and then follow it through the bush and film it searching for ants, putting
the animatron into the scene whenever the terrain etc allowed it. Since this could go on for many
hours until the aardvark went to sleep in the early morning, the power supply for the animatron
would have to last for several hours.

A single person shouid be able to control the animatron. This was important since it would be
difficult to have more than one person trying to coordinate all the movements while the animatron
was interacting with other live action going on around it, and the budget did not allow for a second
person.

Since the budget for the film was limited, it was hoped that the materials and construction cost for
the animatron would be less than R7G00.

Since filming was to begin in April 2001, the animatron would have to be completed by then,
leaving the author 2 Y2 months to complete the project.
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2. Discussion of Final Solution

2.1 Overall Design Proportions

For the Ammatron to resemble an aardvark. the author had to ensure that the onderlying strueture had the correct
propertions. Since access to a Hive aardvark was not aveilable during the comstruction petied, photographs had to be
used 1o approximets the proporiions. A side profils photograph was wsed to oblain the proportions of the various leg
toints, the distance herneen the shouiders, the overall height, the hend dimensions ete. {soe Figure 1) A suitable fromt
profife photo conld net be found though, and so the width had to be estimated. It was decided to e on the side of being
toa wide, and so the origival prototype was very stocky. Ardie was later narrowed down {especially the front shoulders)
when a hetter idea of the proporiions where obtayned. A fully-grown aardvark can measure almost 2m from besd 1o tail,
whetess Ardie measures 50cem, making him approxinately a b scals.

Fipure 1: Photograph used {o obiain the anatomical propartions of an aurdvark



2.2 Leg Design
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Figure 2: Side view of the front and rear legs of the animatron

Fach leg has two degrecs of frecdom, amd 2 seénve 1s uscd (o give mofion 1o cach of these degrees of freedom. Although
thiz 15 suilicient {o achieve s willang motion, H 15 not a accarmie representation of how a real sardvark’s leg works, as
this has a third depree of frecdom. The hip and koee juinls are replicated vn Ardie, howeyver there 15 oo ankle joint.

The vpper leg metion is achieved by connecting the “thigh bone” directly to the servo shaft, while the lower Jeg motion
12 achizved by gearing down the second serve’s nutput, and then driving g pish-pudl red coupled to the Jower leg

Ag s the case with the real asrdvark, the friont and rear legs are not identical. Although the doving mechardsmes For both
pairs of legs are the same, the front legs are shorter, and have the knec bending in the opposite direction to the rear legs.

Alter boilding the protolvpe from Perspex, an alumaninm version of the lep was desigred wnd machined 1using 4 CHC
milling machime.



2.3 Head Design

Figure 3: Obligue view of Ardie’s Head

The head itself has 2 degrees of freedom, and in additten the wpper and lower evelids can be moved imd the mouth
opened. A total of 3 servos are used to aehieve these movemerss in the following ways:

Lipfdown

This is achieved by a servo mounted on the body of the animatron, which drives the head via a ppshipull rod. The heald
is attached to the body by a hinged joint, which allows for pitch mevement. The push/pull rod is mounted at unequal
distances from the servo and head hinge, producing a slight mechanical advantage in the linkege, This in effect goars
down the servo, making more torque avoilable 1o drive the hend. The range of motion for the head 13 approximately 40
degrees. which allows Ardie to lower his nose to the ground while standing, ind to Jook straight up ahead

Left/right

The Iefifright motion is achigved by a mini strvo mounted in the head. The cutput shaft is connected directly to the
upfdowm hinge. The tind serve has a mnge of 60 degress, and so the head can be moved to 30 deprees cach side.



The two upper eyelids can be moved together as well as the two lower lids. A pair of mini servos in the bead is used
tor these motions — one drives the upper lids, while the second drives the lower lids. The motion is achieved by a pulley
system — mounted to the servo shafts are small pulleys, and attached to the pulleys are fine threads, The threads are fed
thought a series of guides and then attached fo the perimeter of the evelids. As the servos rotate, the threads are wound
onto the pulleys, and the eyelids are pulled open. The evelids are spring loaded with small elastic bands, which pull
them closed as the tension in the threads is released by reversing the servos. This allows the eyelids to be opened by
varying degrees, and at different speeds, which helps to add character to the aardvark in the form of facial expressions.

Mouth

The mouth can be opened o any position between ¢losed and the fully opened position (approximately 30mm wide).
This i achigved by a mini servo inside the head, which drives a helical cam. The cam runs on a ridge in the lower jaw,
und 50 rotating the servo drives the mouth open. The lower jaw is spring loaded with small clastic bands, and so returns
to the closed position when the servo rotation is reversed,

Aestheties

The head was made to resemble that of a real agrdvark, but was intentionally ziven a robotic took as well. The snout
was shaped from Perspex, while the eyvelids were made by bendiog and shaping strips of aluminium, The eyeballs were
made from plastic beads, and are held in place with self-tapping screws, that also serve as pupils, The ears were made
from a washing-machine outlet hose.

2.4
Control

The animaton is controlled by a combination of a Motorola 16HC11 based microcontroller board and a PIC based
Mini Serial Servo Commander, as well as 8 customized control box that is used (o send signals to the microcontrolier.
Each of these is described in deail below.

2.4.1 Handy Board

Figurc 4 An assembled Handy Board (excluding expansion board)
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Figure 3: Diagram af the Handy Board's componcots

The Handy FHoard was developed by Fred Martin at MIT, and is based on the popular Molmels 16HCIL
micrecontroller. The board was developed specifically for small-seale robotic projects. and is widely used throughout
the world in universities and for privets tobotic projects. Because olits wisde uge, it hes a vasl support and inftrmalicn
rescutee on the Tnternet, with input fivm users around the world. The Handy Board has meny features that make il ideal
For tobotic projests. In addition 1o the standerd Handy Board, an expansion board is alse avalable, which plugs inte the
Handy Board and provides additional mput and output, as well as an interface to other devices such as hobby serves.
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External
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Powar Sonar Hanging
Connector
Servo | B AR e :
Cutpuls i

St et v .
Cugital LEGO  Anziog
Cutputs Sensor Sensor
nputs  Inputs

Figure 4: Handy Beard Expansion Boaard

A Handy Board and expansion board were ordered in kit form from Acronmme Rebotics in Colorade USA, and
mssembled by the anthor. As the board was onty capeble of controlling 6 serves. a solution had 1o be fourd for
vontrolling n farther % servos. This was achieved with a dind Serial Servo Commander, which is described below



2.4.2 Mini Serial Servo Commander (S8C)

The mini S3C was developed by Seott Edwards Electtomics. It is a board based on the PIC 16C821 and is specifically
designed to control B hobby serves from a computer serial pert. The boerd receives commands via scral
communicabion, and these instruct it where to pomition each of the servos it is controlling, The commands sre in the
foom of a servo number {0-7) and & posioen (0-254) Once a commarnd 1s received, the S8C drives the corresponding
servo to the instructed position, and holds it there until a new command with a different servo position is recieved

In order for the Handy Board to conirol #11 14 servos, one of ils digilal outpnl ports was used to communicate with the
S%C, The port was used to send commands to the S8C via serie] signels, in the same way that signals wonld be sent 1o
the S50 frown & compuier serial port (nefer 1o Appendix 1 for a detailed description of this) The Handy Board sends
comnmands to the S5C to controd the 8 leg servos, which are attached to the S3C, while the other servos for the head
and weight shifting are controlled directly by the Handy Board

2.4.3 Control Box

Figare 7: Hands in positicn on the controt bax

The goditrol box 15 used {o send sigoals o the Handy Board via a tether. The box 15 used to contrel the varous bead
movernents and has gush buttons that are used to start or slop cerlain sequences or Movements (sich s walking, sitling
up &), The control box allows the operator to cuatrol morg than one head movement a1 the seme time, and in real
ritne, which makes the movements appear more realistic. Also, This allows (he ammatron o ‘react’ to things around it as
they happen, For example, when Olming Ardie and Timmy (the reat amrdvark) together, it was vital that srdie conld
folbew Timmy's movements with his head to mmake il appear as if he was aclually watching lom. This kind of control
was not possible without the cotitrol box.

The serial commumication and recharging cireuitry for the Handy Doard are also housed in the control box, The tether
from the box to Ardic carries two separate power suppliea — a &v supply to poaver the serves, and & 12v supply to keep
the Handy Hoard"s vnboard batleries churged.



2.4.4 Infra Red Control

Inttiully, it was decided that Ardie should be able to carry his own power supply, and be controlled without any wihers
attached to him. To achieve this 1vpe of conlrol, the Handy Board's infrared receiving cirenitry was used. The board
was programmed 1o receive and decode infrared signals sent from a standard Somy TV remote control. Lach button on
the contral could be programmed to start or stop 2 sequence {such as wolking), or moeve one of the sernvos » corain
amounl This form of control was adegquale for starling and stopping the walking sequence, or making Ardie perform
me-programmed sequences such as siltng up, but because each push of a buten could onlv be used to move a servo
inerementally, the L control was not adequate for procucing smooth mod realistic head mosvements.

2.5 Power Supply

The animatton has the following powsr regquirements:

Standard and hegh-torgue servos — Gy
Mini servos — 4.8y

1andy Board - 9.6v

Mini B3C —%v

Figure 8: Two v 10Ah lead acid batteries used to power the servos

The v supply for the standard and high-torque servos is supplied by a |0AD lead acid ballery pawk, aml iz rouled
throwgh the tether vin the control box {shown in tigure 8 sbove). This supply allows Andic 1o be operaied non-slop for »
fizww hours, which was more than adequate for a nighl of filming. The Gv supply s alsa repudated down 10 4 8v and osed
10 supply the mind servos, Althoupgh these servos are eonnected to the Handy Board for control, they receive power via
the Himdy Board’s external supply input. The Handy Board has a 1000mAh 96w MNi-Cad battery pack which powers
the processor and memory, and this is carried onhoard Ardie The mini 85C has a smali Sv batllery 10 power 10s logic
careuitey, and this i also carried onbpard Ardie To recharge the Handy Board's Mi-Cwed ballery pack, cumrenl is
supplied to it wa the charping circuitry hotwed in the worerol box, The charger requires a 12y souree, and this comes
from either an AC adaptor, or e 12v fead acid battery pack (the two &v batteries me comnected in series for thig).



2.6 Overall Layout

The figure below shows how the vartnus control components, actuators, and power supplies are connected Together.

Head Mavement  Eyelid and Mouth  Weight Shifing

oy

X
i

T

Handy Boazd
Charging pmgarumning undt

pe

Figure %: Schematic disgram of overall layout of control components and actuators



2,7 Walking

- e

The wallong motion 15 achieved by coordinating the movements of the 8 lag servos. The sequence lor thelr moyvement
is stored m the formn of commemds i the program that 1s dowmloaded Lo the Handy Board's memory. When the walking
parl of the program is 7un, the Handy Board sends signals 1o the $8C, which i tun dives the servos to the required
positions. In order to determine the positions that the legs should be in 6t each stage of the walking sequence, a
techoique was developed Tor programrning the walking sequonce.

2.7.1 Programming the walking sequence

To prograsn the walking saquence, the S8C 5 disconmected from the Hundy Board, and conmected o a PC™ s serial port.
A Windows hased application was devetoped that ¢an be used to contrel the servos attached to the S8C by adjusting
shider bars on the screen with 5 mousa. The sliders are placed in a layout that reprasents the lags of the aardvark, and
each dider wepresents ene of the cight leg servos, By adjusting the slider positions, the legs can be moved to a certain
position, and the posilion cen then be sgved. The leg positions ate saved in the form of 5 a2t of 8 numbers, each
representing the position of one of the servos. Thess coondisales ate written to a text tile snd stored on the hard drive.
Onee the positions ara seved. the legs are moved to new positions, and these are saved again In this woy, one cycle of
the walking sequance is ‘animated’, and the positivns of the servos it each of the “frames® of the animation is saved

Figure 18: Screcn-shot of the applicatian used tn program the walking sequence

10



3. Conceptual Design

When starting oul oo the sardverk project, the author decided o deal with what he considered would be the most
difficult prohtems first, and then move onfo the problems that he felt more confident about aolving, 1t was realized that
making the sardvark walk wounld be the toughest problem, so Lhis was apprvached first. Before the mechanical aspoot of
the walking could be investipated, 1t wes first necessary to decide how the robot would be controlled,

3.1 Selection of Microcontroller

Although the author had already pamed experience with the Handy Board and a PIC | 6F&6 based board, i1 was decided
o investigate any other microconiroller hoards om the market that roght be suitable. Balow i a description of these two
boards, as well as the OOPe board, and the suitability of each o the asrdvark project is piven.

3.1.1 Handy Board

As mentioned 10 section 2.4.1, The Haedy Board was developed by Fred Martin ot MIT, and 35 baszed on the
Motorola 16HCI L microconirdler.

The H
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-
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andy Board (with Expansion Buard) had the follewing ady antagres:

"The suthor had already ordered and tuilt one and had beeome familiar with using i

Tt has sullicicnt mermary (e hold lnrge programs {32K RAML

The power supply o the memay 15 maimiained even when the board 1z switched off, so the program 15 15
fint lost.

The board is proprammed wsing [oicractive C, a scaled down version of C, which the author had
experience in using.

Interactive € is tnferactive — one can type a line of code om tha PC, and it is exccuted immediately on the
Handy Board. 1his i useful fir testing and debupging parts of a program hafre downbeading them to the
Handy Board's memory.

It has an 1.CD sereen, which is useful for displaying messages az o progrem nms, making the debugping
process easier.

[ hae suificient digital iputs to interface 1o the push burtons on the control b

There are sutficient analog inpuis to interface o the head and eyelid controls on the conirl box.

It can be used to control & hobby servos.

An extemal power supply can he used for powering the scrvos, reducing the drain on the logic power
supply

It has infrared receiving circuitty so IR can be used for oomrol.

There is & larpe support and resouorce base on the Internet.

andy Board had the fulluwing Disadvantages:
It 15 relatively bulky.

If the logic power supply barteries wre run flal, the program is lost from memory and the boand needs to be
reproginmine).
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3.1.2 PIC 16F84 Based Board

Microchip manufactures the PIC brand of micracentrallers that are widely used in control projects, The complexity and
procossing power of the PICs vary from the very basic 16F3x family up to the 12Cwoo family. As part of the course in
Dipital Togic and Mictoprocessors that the suther completed at TICT (MEC 330W3, he became familiar with a
micreprocessor board based on the FIC 16884, developed by Mr De Leer at Cape Tochnicon. He had used the board
for Basic comirol appheations, so decided to investizate its awtability to the sardvark projocl

The board has the following advantages;

Th

¥

e
B
F
kS
3

e bo

b

b S R T

Tt 15 farrly compact.

Tts power requivements arc low.

The board was relatively inexpensive (R2350), and the autheor already owned one.

The author had experience with using the board and programming the FIC.

There is technical support available for programming the PIC at UCT, as it i3 widely used by other
students and in the MEC3 50W course.

Sinee EEPROM isused. the program is net lost when power 15 removed from the board.

ard has the following disadvantages:

Tt has limited memory, so would not be able to store a complex progrom.

The pregramming has te be done n assembly code, which is more difficult then using & high level
language such as O or Java

The board hes & limited number of digital inpat and oulputs.

There is ho analeg inpat (AT converter).

Omly 4 seven-segment-displaya are vsed 1o display any information while the program is running.

There iz no huilt i interface for controlling servos, 30 one would need to write complex ¢ode to do this,
and use the already limited oulput pins to drive the serves.

Figure 11; PIC 16F84 bascd board, keypad and programming unic
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3.1.3 The OOPic
Board

Figure 12: OOPic microcontraller board

The O0Pic is a Micro-controller board that was developed by Savape Innovations, and is diffetent from other Micro-
controller boards in that it acts as a Programmable Virtual Circuit, and not just a Programmable Micto-controiler.
0OO0Pic is an acronym for Object-Oriented Programmable Integrated Circuit, and it is the use of the Object-Oriented
concept that makes it different. This concept is used in ptogramming languages such as C++ and Java. | 16]

The OOFPic has the following advantages:

Y O O¥VYY

b

The board is reasonably priced {$45), and the author had ordered and received one from the United States.
It is compact — just larger than a credit card.

The programming software nuns on the Microsoft Windows 9x operating systems and is available for
download, free of charge.

The OOPic starts running a program that is downloaded omso it as soon as the download has completed.
Afier that, it does not matter if the OOPic's power is turned off, the OOPic will vetain its program for a
rated 40 years, When the power is turned back on, the OOPic will start running the program again.

It has a 5-volt regutator built in so any battery, from 6 1o 15 volts, can be connected to the powet
connector, Connectivns are also provided for a S-volt power source,

The board includes a small prototyping area where additional elrcuitry can be built up.

It has sufficient input digital input ard cutput, as well as analog input pins,

Code is available for download from the: Internet for interfacing the board with various peripherals, such
a5 SETVOS,

The OOPic has the following Disadvantages:

¥ Although the author had parchased an OOPic, he had net ver had the opportunity to experiment and

»

become famihiar with the board,
It does not nclude any display.



3.1.4 Conclusion on Microcontroller Selection

Before starting the investigation inta the varous micrecontroller boards, it was suspected that the Handy Roard would
be (he mest suitable of the three, but the auther wanted to make sure. By the end of the investipation it wos olear that
e Hardy Board wes the most suitable choice. Altheugh the PIC boand was mexpensive and the auther bad a fair
amoimt of experienes with it, it el way short of the tequirements for controlling 14 servos and receiving input from
the coniral box. The OOPic would heve med most of these requiremerts, bt as the author had net actually used e
board befere, he couldn’t be sure of thia, Learning fo nse the board would huve been oo lime consuming. T was {elt
that the Handy Board would be able (o handke the requircd amount of mput and cutput, and even though it could ondy
contrel 6 servos ditectly, it had been established that it could be used to communicate with g Mint 350 to control a
further 5 servos Being familisr with the bourd waz a big sdvaniage, us it meant the author could begin using it
immediately, The only disadvantage «f the Handy Bourd was it's size compared (o the other 1wo options, bul onee it
had been established what size the animatron would be, it was realised that the Handy Board’s d@ze would not be a
problem.

3.2 Development of the Leg Design

Omee 1L had been established how the animatron was going to be conlralled, work was bogun on desigmung the legs.
Before desipming the mechanies of the fegs, it was frst necessary 1o establish how they would be powercd, as (his
wonld determine certain limitations (such as space und wailable torgoe) in the design

3.2.1 Selection of Motor Type

To achieve the walking motion, the molors wonld heve to he sble lo rotare to o position accurately and hold that
position, Thring (he research that e author conducted in 2000 various motor brpes wsad in robotics were investigated,
ingluding stepper motors and servos. Buth of these are tsed for precision positioning applications, From thi= research,
a5 well as from previous experience with both tvpes of motor, the anther deduced that serves wonld be more suitable
for the aardvark projeet. The rousons for this can be summed vp in the follvsang table which compares servo amd

Stepper motors.

Figure 134: Stepper motor Figore 13h: Standard hobby servos
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Criteria Stepper Motor Serve
) Compeact motors available, but these are
Size very low torgue motors WVery compact (40xd0x2 0mm)
Weight Steal construction, therefore heavy Mostly plastic, therefore light (45g)
o Moier is geared down to produce high torque for
Torque Relatively Tow torgue iis size. [ Standerd =0. 3 Nm, Hiph torque =
0,5Nim,)
Power reqguirements 12¥ &y
_ Typically sulvaged fom old hardware, so . ;
] 4 ! !
Avvailabiliy difficult w0 find many of the same type. Freely available in hobby shops
Price Salvaged = free, otherwise fom RS0 Standerd = R120, Hiyh torque = R210
Eate o cotizal Meeds complex code written or a slepper Contralled by Pulse Widlth Modulation - can be
matot driver TC connected to 35C or Handy Board
Darralrlity Dhfficult to damage Gears can be stripped or logic cirowitry damaged
Precision 3.6° {full step mode) 0.7 {software dependant)
Range of motion 360% 1B0°

Table 1: Comparison between Serve and Stepper metors

The high torquesweight ratio of hobby servos, their compact size, availability and ease of wierfacing to the Handy
Board or 55C made them ideal for this type of application. Also, the motion required of the motors for walking is less
than 180, so thal possible limitalion was 0o an issuc.

3.22 Geometry and Construction of the Legs

An aardvark’s leg has 3 major joints = the hip, knee and ankle joints, To replicate the movements of ench of these joints
scouralely wonld require 3 motors per leg. Tramsmitting the power from the motors to the knee and ankle fomt would
roquive 4 complox linkege system (pssoming the motors were (o be momted of the body of the aardvark, and not
withity the Jegs themselves), Before frving to solve a problem of this complexity, it was decided first lo construct a leg
with iwo degress of freedotn, and determine 1f this coubd produce a suitable walking motion. This would imvolve
having a hip joint, and a knee joint, but no ankle joint.

The most streizshiforward way of dottg this would heve been to have a4 moter directly drive esch of the joints (as
Mustrated in figure 147, but because of space limitations, it was not possible o motmt o servo onto the leg & the knee to
drive this joint. An slteroative was to have both motors mounted st the hip end of the leg, and to use some way of
{ransferring power from the knee motar 1o the knee joint.
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Servn driving
fmec joint

Servodriving
hip joint

Figure 14: Hustration of how the servos could be used to drive the Joints directly

Because of the limited time, budget and materipls, it was not possible to simply design the ultimate sardvark leg and
then haild it. Instead, the auther had to make do with the materials availahle to im, and follow a process of trial end
error with various rototvpes. First, lengths of balsa wood were used to experiment with the peometry and motion of
the leg, and then » prototype was built using Imm Perspex Onec the design hed been finalized, the leg was rebilt
wang slmmindbm,

Figure 15a and b: Photos of the Perspex leg prototype using pulleys and chord o drive the knee juiot

The first leg prototype that was bult had the hip joint directly dnven by 4 serve, and wsed a system of pulleys and
nvlon chord for 2 gecond servo to drive the knec joinl. {Sec fGgures 153 and bl Initially, a double pulley system was
used = the first set transferred power from the servo 1o & scoond pulley mounted on the sxis of the hip joint servo shafl,
From here, the second set of pulleys transferred the power to the 1ower limb. The problem with this confguration was
thet the geometry caused the knee angle to chanpe a5 the hop anple chanped.
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Figure L6a and b: Photos of the second leg pulley pratatype.

To reduce this effect, the double pulley system was done away with. Instead ihe servo transterred power to the lower
limh by cnly one pulley, and the chord was fed threugh a hole in the hip axis (shown in figures 16a and b above). This
did reduce the effect considerably, but placed friction on the chord where it passed through the hole, making the joint
stiff. Alhough the pulley system allowed for smooth motion, it was found to be fairly flimsy, and not enough torque
was transmitted to the knee joint, Also, it was difficult to set up the tension of the chord consistently, and if all four legs
were hot tensioned to the same degree, they would react differently, making it dificult 1o coordinate them accurately.

It was realised that a rigid linkage mechanism would be needed to drive the knee joint, and that the mechanism would
have to provide some mechanical advantape so as to increase the torgus transmitted 1o the knee.

Figare 17; Photo of prototype using small-teethed gears and pnsh-poll rod te drive knee joint

The next prototype was built vsing gears and a push-pull rod sysiem 1o drive the knee joint The first gear was mounted
directly to the knee servo shait, this drove a larger diameter gear that rotated on the axis of the hip joint servo shaft. A
push/pull rod was then connected between the larger pear and the Jower limb. The system did work, bt it was found
that the teeth on the plastic gears were (oo fine, and the gears tended to jump teeth when the leg wias overloaded. Also,
it enongh mechanical advantage was provided by the system.

The gears were replaced with a pair that had larger teeth, and a larger pear ratio (shown in Figures 19a and b}, This
salved the problems that had occurred with the finer wothed pears. The only disadvamtage of this system was that the
knee joint angle changed as the hip joint angle changed. It was decided that this effect could be comected in
programming of the leg movement. Also, it was discovered that the effect actually helped the walking action on the
rear legs, because as the hip joint moved back, the knee joint straightened out, resalting in 3 more Hnear path for the
foet, (See Figors 18)
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Graund plme

Original leg position - 115" between upper and lower sectinns.
Final leg position — 145° berween upper and lower scctions.

Position that lower section would end up in if the angle of the knee joint
did not change as the hip angle changed.

Note:

The large red gear onto which the push-pull rod is attached, does not rotate as the
lower servo rotates — it i3 free to rotate on the axis of this servo, and is only
rotated by the upper servo {via the small gear),

As the lower servo Totates the upper section of the leg backwards, the push-pulf

rod causes the knee to open out. This results in the foot following a path thar is
almost parallel to the ground plane,

Figurce 18; Hustration of how knee joint changes as hip joint is changed
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Figures 19a and b: Photos of |arge tnothed gears used for Jeg in the prototype and final desipn.

The front and rear legs of an sardvark differ in size, and in the way the knee bends. With the front legs, the knee hends
baclowvards, while with the rear legs, the knee bends foramrds, g it does for o human knee. This mesml that 1wo versions
of the leg hisd to be built. The prototyping was bazsed on the dinensions of the rear legs, and so to build the front legs
some modifications to 1he origingl design had to be made. The same driving mechanism was used, bul the lengths of
the linbs were redused aceordingly, and the mounting of the leg was reversed.

Figure 20: Photo of the ariginal prototype with lnnger legs.

Imitially, standerd hobby servos were used to drive the legs, and all four legs were made a certain size. The legs were
temporanly moumted onto & strip of balsa wood. spaced out aceording Lo the scale of the aardvark that was been worked
towards, (See fipure 207 After supplying power to the leps and attempting to make the quadvuped starnd, it was reatized
that the servos would ot be powerful encugh for the appheation, as they could hardly support the weight of the
apimatren.
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Alternative motor options were investigated, and it was diseovercd that high-torque versions of the servos were
available. These have the same dimensions, but produce 0.5Mm of torque s opposed to 0.3Nm for the standard
versions. To determine If these motors would produce sufficient lorque Lo support the asrdvark, the weight of the final
product was estimated, and the torque that each motor would have to produce was caloulated. The calculations showed
that the motors would still be too weak. Increasing the torque of the servos would require wsing the next gvailable size
of servo, and these would be too bulky for the aardvark. Alse, they were considerably more expensive (R600 as
apposcd 1o R210 for the small high-torque servos). It was decided to modify the legs until the standard steed high-
torque scrvos coutd produce sufficient torgue to support the animatron while walking. This involved reduocing the
ieneth of the limbs, so that the moment produced by each abowt the hip joint would be reduced, Using the same weight
approximation a5 before, a maximom length for the limbs was calenlated. The solution that was arrived at meant that
the animatron would be approximately ' scale of a live aardvark. This would be suitable for filming purposes, and so
the Jength and motor modifications were made (shown in Figure 21), and the quadrupsd prototype was re-tested. This
time it could support itsclf easily.

Figure 21: Photo of prototype with shartened legs.

Once all four legs had been anached to a makeshift body, it was time to determine if it would be possible to make the
animatron walk with only two degrees of frcedom per leg. After testing varous gate oplions, one was discovered that
worked with two degrees of freedom, and 4o it was nol necessary Lo add the third depree of freedom.

Affter sulficient testing had been done with all four Jegs and the design was found to be satisfactory, it was decided to
have them remade in aluminium. This decision was made primarily to increase the rigidity and durability of the Jegs, as
the Perspex versions had shown signs of flexing while under load, and il was important not to have any failures while
filming ow on location in the bush. A 3T model of the leg was created s using AunCAD, and from this drawings were
produced for the key structural components (See Appendix E). Mr Martin Batho then used the drawings to program the
CNC milling maching in the Mechanical Engineering workshop at UCT, and machined the parts. It was decide 1o keep
the double plate structure supported by croszs-pieces, as had been used in the Perspex profotype, This reduced the
weight of Lthe Jegs, while giving them the rigidity they required. The knee struciure was re-designed uvsing a solid
aluminfum block onto which the plates of the lower limbs could be fastened. The block was drilled out to reduce fis
weight. For the hinge pm in the knee jomt, 4 length of Perspex tube was used, and a bolt was mserted through this fo
keep the tube in place and add rigidity to the joinl. For the ends of the push-pull rod, ball and socket joints were used
{shown in Figurc 25). These were purchased from a hobby shop, and are commonly used in model Radio Control
acroplancs. The Figures below show parts of the manofacturing process for the legs, as well as comparisons between
the 3D models of some of the components, and the actual components.
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Figure 22: Photo of the CNC machined aluminium leg plates.

Figure 23: Rendered knee joint and phote of the real knee joiot.

Figure 24: Leg with knee joint separated.
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Figare 25: Clase up of hall and socke! juint.

Floure 26: Rendered vivw of leg and photo of real leg,
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3.3 Development of Head and Facial Features

3.3.1 Head Movement

A real aardvark has three degrees of motion for its head — piteh, vaw and roll. To te-produce all three n the animatron
would require three servos, which would be very bulky. I was decided that two degrees of feedom would provide
sufficient movement to make the head motions look realistic, The updown and leftfnght movements (pitch and yaw)
were seen as heing most important, and so it was decided to replicate these twa,

After having vsed habby zervos for the legs, the mmthor was sure that thess would also be suiteble for the head motion.
The man decision thet had (o be made was where 1o mount the seryvos in relation to the head. They could either he
miounied on the body, and transfer the motion 1o the head via a linkage syastem. or one serva eould he mounted to the
body (for pitch) mobion, and the other mounted inside the head { for vaw) moton.

Fipwre 27; Phote shewing neck hinge far pitch movement of the head.

First of all, the guthor experimented with various ways of having both servos mounted on ke body, as this would
reduce the tulkiness of the head Transferring power 1o the head for the yaw motion in this way proved ditTicult —
various linkage mechanisms, as well as Oexible push-pull cables weore tried, buf none of thess were found to be
satisfuctory. It was realised that ope secvo would bave 1o be mounted inside the head, and o the fitst prototype was
built this wayv. A hinge was crealed at the front of the body, onio which the head could be mounted. The hinge wonld
allow the head to have pitch movemoeri. The simpleal way of achieving the pitch motion would have been for 4 servo
to drive the neck hinpge directly. The serve would have to be mounted very far forward on the body in thiz
confipuration, and wotld give the aardvark a bulky looking neck. Instead, it vwas desided to mowni the servo further
back, and tzansfer power from it 1o the peck with 2 puch-pull rod (Shown in figure 27 abowve). The yaw servo was
mounted vertically end up side down with its output shaft attached directly to the free end of the neck hinge (see figure
283, The head conld then be attached to this serva. Thiz configuration poduced satisfactory head movements, allowing
the head 1o be lumed 40 degrees 1o the left and right of the forward pesition, and gave epproximately 4 degrees of
pitch movemimt.
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Fignre 28: Photo showing the vaw

Fi 29: bott i f head
servo attached to the neck hinge. e Syl tey

showing the vaw servo in the centre,

When the design of the eve moverment mechanism was bepun, it was realizsed that having s standard sized serve for the
herizental mation o the head took up too much spece, snd wondld have resulied mthe head being too bulky, Variouns
other hobby servo options were investigated. md 11 was discovered thal mini scrves were svailable. These were more
exponsive than the standard servos (R200 as apposed to R120), and could produce less torque, Trut would be suitable for
the head application. The standard servo was replaced with a mini servn (IR Serve medel WES 331, and this becams
the final design solution.

Fipure 29 shows the setva in position, mounted between the two eyelid movement servos, The onty preblem that the
author loressw with this solotion was that the shaft of the mim servo would support the full weight of the bead. To
prevertt the servo from being damaped and to give extra support, a swival bush plate was sdded. In lipure 28, the plate
1s missing, while 1n figure 30 it hias been fitted. Figure 31 shows the bush plate

Figure 30: Photo showing swivel . 2
bush plate attached to add support Figure 31: Photo of swivel bush plate
for the bead
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3.3.2 Development of the Eyes

3.2.2.1 Eve Movements

In order to give more life to the character, the Film Produeer had ssked the auhor to create some movement with the
eves, It was realized hil because of the limited space avpilable insde the head, it wongld onty he possible to achieve
bwo such moveinetils {each movement would require an aetuator). Eftber the eveballs could be tade o move apdown
and leftright, or the eyelids conld be given movement. to open and closc the eyes. It was decided that the latter would
b more effective for lming purposes, as evelid movement would be imote noticeahle than eyebal) movenment.

For the first eyelid mevernend prototvpe, Nitonol™ shape-memery metal wirs was used, as this would require mindmal
space, and eotesme litde power. Although this material seemed perfectly svited to achicving the cvelid movement, a
few problems were soon discovered with using it for this.

The firsl was 1 (he way the wire regains its shape nfter the current has been removed — 1t requires a restarng force ta
pull 1t back to its origingl length. Small springs and lengths of pane wire were tied fiy this - the Mitonel would
defortm the spring or bemd (he piann wirs as it contracted, and then be restored by the spring loree whon the current was
removed from it and it cooled. The mick with this technique is applying the vomuet restormg lorce — too little and the
Mitonal™ will fivl reforn to it2 origingl length, too much, and it will remain sitetched when the oorrent {2 retmoved. Tts
‘memory” will then ke reset 1o this length, amd the wire will niot eontract when it is heated again,

Ancther problem with Nitonol™ 15 1 the way it has to be foastened to vther struchures. The {astener must not damage the
wire, and excessive heal st ot be applied (such s in saldering), as this wiil change the properties of the wire. These
limitations made it Jiffiendt to attach the wire hetween 1he cvelids and the rostoring springs. More importantly, since
four evelids were to be moved in thiz way, the wire would have to be allached in 3 consistent manner so that the
movements of the eyelids would be the sme.

The rate at which Mitonol™ relurms (o it's oripinal leng(h is dependant on the tate at which it cools, and dws o the
ambient tempernhure a5 well as any other faclors that eoul] efcet the cooling rate {such as air movement). Thig caused
the motion of the protonype cvelids to be incensistent. Alsn, wnder room femperatore conditons, the wite would
comiraet rapadly, but the resloration was rathwr siow and (his did not produce realistic evelid movements.

If Nitonal™ wire is heated above a certein temperotare, 1L will contraet fully, reaching ils memery state. Tn order to
make it conlract to g |esser degree, s temperatiure lins to be carefully regulated. This would involve regulating the
ameount of current passed through the wirs, as well as the emperaure of the surounding wir. The first of thuse would
he possible o achieve (using Pulze Width Modulation for example), but would be diffieult with (he Hamdy Board.
Without such comtrol. the eyes would either be wide open, or clossd, and achieving any in-bolween position would 1ol
be possible.

{iiven these idiosyncrasies of Mitonol™, as well as the fact thel a relisble amd ensily maintuinable system would be
needed while filiming on location, 1t wos decided thet Nitenal™ would not be suitable for the eyelid movement

Instead. the possibility of using mim semvos was investigated, and it wes discovered that there were servos available
that wure even smaller than the one used fir he head vaw movement {JR Servo model no NES 371). These servos were
sl enouph o be mounted ingde the hoad without making it too buby. The next design challenge was fo create an
gyelid mechsmism, snd to transfer motion from the servos o the oyelids.
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Figure 32: Mlustration of how the eves were to be mounted in relation to the axis of the head.

What mede the second problem challenging was that the eyes would not be snounted square to the head {ie. looking
straight ahead, or out to the sides), but at an angle This meant thet & simple link between the left and right evelids
eould not he used to make them move together. The other design decision that was faced was how the evelids should be
paired for inovetnent. Since two servos could be fitted o the head, (wo separate motions could be achieved. Either one
servi cowld he used For cach eve, moving its upper and lower Bds togeiber, or 1t couald be used 1o move 1he upper lids of
bath cyes, while the other servo moved the dower Nds The first confipuration would allew the agrdvark 1o wink with
otic wyw, but it wonld be difficult to synchromeze the motion of both eves, The second would allow the top and hottom
cyclids to bt moved independently. Although this type of movement is not commen in real eves, it would help to give
the effcet of the cve tooking up or down. Also, it would be casier 1o synchronize the motion of the Ieft and right eyelids,
and s this colipuron wus closen,

Figure 33: Illustration showing haw the thread was connecled between the pulleys and the eyvelids.
{Thread Tor upper cvelids highlighted in hlue, far lower eyelids in red}

In order to tremslate the moton of the servos inlo eyelid motion, # linkage mrechimiam had to be devised. Given the
Himited space gvailabie in the head, and the fact that the cyes wero not mourted square to the head, this mumed out to he
a challenging protem, Various linkage confipurations and pushfpoll tod systems were tested, Tt none of these
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provided satisfactory results. A differert approach was then toed: instead of 2 npid mechanism, s pulley and thread
system was used, This immedintely produced better results, os it pave more freedom as to where the 2ervos could he
mounted in relation to the evelids, and meant that one servo could easily be used w control the lell ond right evelids,
withintt & complicated hink berween them.

Fur each servo, v pulley was mownted dircety to ils shafl, and two lengths of thread wound onto the pulley. The Gircads
wers then fed through guide holes — one leading (o the right sve, and one to the left. Each tread was attached 1 the top
of the respective eyelid. In this way, as the servos rotated, the threads would he wound ento the pulleys, and in tum pul?
the eyelids open. A= the servos were totated in the opposite direction, the tension in the thresd would be released, and
the spring mechanisin in the eves would pull the lids closed again To ensure that the motion of the corresponding lefl
and right 1ids were the same (i_e. they opened and closed to the same position) required that the tensions 1 the threads
for each of the evelids be adjusted until they were equal.

Construction of The Eyelids

UInce the mechanism for moving the eyelids head been finalized, foous was shifted to constructing the cyes and eydids.
Again, this wagz achieved by building » series of prototypes, with trial and error leading to satisfactory design,

Figure 34: First evelid prototype made of Perspea.

The first protolype was made from Perspex. For each evelid, & Perspex Block wes shaped down vaing a hobby grinder,
The evelids ticeded (o closs over an evehall, and so the block was hollowed oul infy & half-cup shape. Two such evelids
were then mounied in a Perspex frame so that they were froe to swivel ap and down. (See figure 34 Although this
design did work to o degree, the motion it pave did not look very realistic — it Jooked more like a mouth opening and
closing than an eve. Alse, it was difficult to incorporate a spring mechanism that would pull the evelids closed when
the servo relersed the tension in the thread. Ancother problem was thet when the eyelids were opened, the back of (e
citp shape of each would ittetfere with the syeball mount, The prototype was also bulky, and would be diflicull to
make it [t il the available space in the head.
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Figure 35a: Eyelids and frame Figare 35b: Eyeball and
made from aluminium o i ine 2o P

For the next prototype. aluminium was used, as this made it possible to make an arched structure that could be ysed as
ihe evelid. Having just an arch, mstead of a2 whole cup, meant that the eyelid would have plenty of clearance from the
eveball, and would not be obstructed by the eyeball mount as it was opened. Also, it was possible to extend the strip of
alumininm beyond the pivot point in the eyelid to pive a mounting point for the spring mechanism. A small aluminium
frame was made to house the two evelids and provide a way of mounting the eve w the head. The eyefids were attached
i the frame by two small screws at the pivot points, which also acted as hinge-pins, A small elastic bund was used for
the sprimg mechanism to pull the evelids closed, (See figures 35a and b). This design worked very well with the pulley
and chord mechanism for opening the eyelids, and se was used in the finaf solution.

3.4 Development ol the Mouth
Mechanism

After the head and eye movements had been achieved, it was realized that there would be encugh space in the head for
atother mini-serve, and this would be able to provide some movement for the mouth, It was very limited as to how the
servo could be placed in the head though, as it had fo fit in with the other three servos. The space in from of the yaw
head movement servo was used to mount the mouth servo, which meant it was above the rear part of the mouth palate.
The author did not want to have any visible signs of a linkage mechanism visibie when the mouth was opened, so had
to devise 4 system that was as compact as possible. Various linkage mechanisms that would translate the motion of the
servo inte mouth movement were visualized, bt all of these would be too obirusive. 1L was then decided to nse a
helical cam systemn, and a prototype of this was built o see if it would work,

Figurce 36: Bottom view of moath mechanism with Tower jaw remaoved, showing helical cam attached 1o mind
SEMY4



Ridge for cam
10 TIE O

Figure 3T Lower Jaw

Figure 38: Lower jaw altached at binge point. Elastic hands vsed (o close mouth

The servo was mounled as deseribed above snd inverled (See Gpure 36} A belicel cam was shaped from Pergpex and
fitted to the ghaft of the servo. The lower jaw was also shaped from Perspex, and included a nidge on its mner supface
onto which the cam would run (See figure 37 The jaw was mounted to the hend with a hinge, Rotating the cam would
drive the menth open, white two smadl elasties were attached between the lower jaw and (he head to pudl the jaw eloscd
when the motion of the sorve was roversed. (See fipare 38). This design gave satsfaclory resulis, and so was used in
the lnal sohutior. The mouth covdd be opened sullicientty wide, although the movement was rather slow.

Figares 3% Photos showing mouth in the closed and open positions
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3.5 Weight Shifting Mechanism

Lattery

Push/pulf tod
Rail
BErvn

Weaght shifted b a:k_

Weaight shifted Tarwazd:s

Figurss 402 and b: Weight shifting mechanism

Onece the first walking protetype of Ardie had been comstrueted and detnomstrated to the Film Producer, one of her
pnimary concemns was that it could not walk fast encugh. This was ool duc Lo the speed at wiich the legs could move,
but was m fact a result of the way m wihich the walking motion was schieved. The fnll weipht of the anrdvark had to be
balanced on three laps winle the forth was heing brought forwerd, and then the weight shifted onto the next
combimation of three legs. This shifting of weipht took seme time to happen, snd it was this that limited the walking
speoed. I (e legs were made to meve too fast, the weight would not have shilled o Foc the relevant leg, and if wonld
make comtacl with the ground as it was brovght through, noorder to reduee the time taken for the weight shifi, it wes
dutided to devise a way of shifling 4 mass altached to the body, The mass could cither be shifted from side to aide, or
back smd forth. Spaee limitstions on the aardvark made it more practicel to use the latter oplion.

Since the overall werpht of the aardvark was crifical {the servoy vould only support a certain load), the author did ms
wanl to add additional weight for this mechanism, and so decided to use the Handy Board's Mi-Cad battery pack that
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was already carried onboard. The battery pack was mounted oato a base that was able to slids on & set ol parallel rods.
The rods were secured 1o the main Perspex sheoet that formed the ‘backbone’ of the aardvark. A standard servo was
mointed at the fromt end of the body, and a push-pull rod attached between the servo and the sliding base. The servo
would thus slide the wetght back and forth in refation 10 the rest ol the body. {See figures 40 a and b which show the
weight shifted to the rear and front respectively) The success of (his svstem lor incressing the walking specd is
diseussed in seciion 3.8.3 on page 40,

3.6 Description of Infra Red Control

In erler 1o contrel Ardie from a distence, withont nry visible tethers atteched to him, & remote contrad system had 1o be
developed. The svsiem would have to make it possible to initiate any pre-programmed sequences, such as watking or
sitting wp. and il possible, also allow for real-Hme interactive movements of the lkad nud eves. Since the 1landy Board
mcludes an Infra Red receiver and demodalator, it was declded that this would be used for the remote control.

Afntorola S8FCI1
INiCTOPIOCesSsoT

IR recelver /
demndnlaior

infra-red remurte control

Sigral k fed to ananalog
imput port of the Handy Roard's
processor, which wses an AD
corverier to convert i to o number

mﬁuﬂmh]@]—:ﬂmmt IR il vty s hetween 0 and 255
demodulated. An ouput voliag
of 0 to & is produced depending
on the simnal mweetved,

Figure 41: Mustration of the Infrared conirol system

The receiver circuil consists of a Sharp IR demodulator, which is interfaced o the Motorola microcontroller. The
demodulator receives a modulated IR signal from the IR transmitter, and produces an oulpul soltage that varies form 1
1o 5 wolts, depending on the signal received. This voltage is fed to an analog input pin oo the Molorela microcontreller
where e Analogue to Digital comvertor sonverts the signal fo a digital number between O and 255. Thus any button on
the IR transmitter produces & upiguely modulaled sigmal that 15 tranzlated to 8 number bebween O and 235 by the
Motorala chip. The software libeary that provides commands to the programimer for making vse of the translated It
itput was developed by Fred Martin and Brian Siherman at MIT, and s available for download from the internet. The
comnands allow the programmer to writs code whick checks 1o see if the chip has received an TR signal, and il so,
wht the value of the translated signal was. Conditional branch staternents can then be used 10 alter the nnning of the
wrogram depending on the TR sipnal reeeived. For example, if an 1R signal of 150 was received, mitiate the watlang
sequenee. Tn this way each buiton on the IR rmsmitter can be assigned to e certam function. (Refet Lo appendiz H
where the progrem listing is given and an explumation of what it does for 8 more detailed insight into how (he
gotmands where pul to usc.)

For the 1K cortrol, 2 Sy TV remode control was used with 24 bttons, $ince eontrolling the head movements as well
as starting and stopping all of the pre-programimed sequences required more than 24 buitons, some of (he buttons were
given thore than one function, depending on whal mode the sardvark was in. For example, pushing the onfoff butten
would put the aardvark either into *Head' or *Walk' mode. 1n 1lend mede, the volume contrel buttons would be used to
tieve the head up and down, while in Walk meode, these burtons would be used to chanpe the walking specd.

Depending on the lighting conditinns, this allowed the aprdvark 1o be eontrolled from up to Sm away. The biggest

problem wes interference from other hight sources, such 23 sundight and flucreseent light. This made the remate ¢omtrol
systeth unreliable in such conditions, and so the control box was uili
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3.7 Construction of The Control Box

R S R
Connection tn
Aardvark
Push Left/Right head tip/own head
button e TV ement

isplay
Serial inpur feom PO
tu IMandy Board
Power Suppl s ;
mmh]lp : charger/programmer wmit
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SLTYOE

12v Supply 16
Handy Board
charper unit

Figure 42: Top view of the control bax

Upper eyelid
control

Lower eyvelid
comtral

Figure 43: Front view of the control bux
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Fipure 44: Interior of the Control Box

After having controlled the aardwvark wilh the IR remele, 1L beeame clear that thas woudd ool give suitably realistie head
movetrents, And that the TR was not always meliable due o inlerlerence fom other light seurees. Also, the auther
wanted to provide s neater method of supplying power Lo the aardvark (rather than the numerous wires nmmng Tom
the batierics to i), and also to integrate the charger/programmer interface for the Handy Board so that only one cable
had to be connoeled o the sardvark lor all these functions. The control box provided the solution to this problem, and
the way in wluch il docs so 15 describod bolow:

3.7.1 Head and Facial Movements

A standerd compunier parallel cable was used to carry all the signals from the conirel box to the aardvark, as well as
supply the necessary powet, 23 pin male and fumale hepders were mounted in the control box And on the aardvark
rospectvely so that the ceble could he disconnected from etther 1f necessary.

Control of each of the head movements was achicved by ¢ommecling » potenbometer (poth across one of the Handy
Board's analog inpul ports, and then programming the Flandy Beard to positien the correspanding survo acconding to
the voltage measured al the port. Thus turning & ok on the control box would vary the voeltage wpplied to the port, and
the servo wonld move accordingly.

To make thiz gystom work correelly, it first had 1o be calibraied. This was done by measuring the full range of voltapes
that the pot would produce, and the tange over which the serve would have to move. A ratio was then deternined
between these 1wo, and this was ssed i the ealenlabons thet the program mede contituensly as it detenmined where the
serve should be positivoed,
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To meke it possible to control the pitch and vaw movements of Lhe head at he same time using only one finger, a
jovstick was built. This was done by mounting one of the pots 10 the base of the contrel box, and (hen mounting the
second pot to the shaft of the first one, at nght angles, The st pot was nsed to control the piteh motion of 1he head,
and the second one for it yaw molion. Onoee the svsiem had been calibrated, the joystick did work, bt the head tended
to jitter comtinmously. This was dus 1o nodse in the signals from the potentioeters, as they wore poor guality, Also, the
joysack enly meved (he pols a small amount, causing only a small change in theit resistance. This small change hard to
be used to move the serves over a relatively larpe mnpe, so Lhere was a large multiplication factor that was usced it the
software. This added fo the jittering problem of the hoad. In opder to alleviate this problem, e pots where replaced
with better quality cmes, and the joystick system abandoned For one using ta knobs, This mesnt that a latger portion of

the pot’s rnge conld b used, reducing the multiplication facter in the program. This combinalion ovided better
results and it elirinated the jitter,

Figure 45: Prtentinmeter used to control the apper evelids

For tbe gyelid and mouth movements a amilar svstem was used, but mnstead of using knoehs 10 tem the pots, small
levers where used instead This wasz dome (o make 1 possible to conltol many mosvements simultanecusly, as the levers
could be controlled with one finger each, whereas the knobs required the thumb and forefinger.

The erponomic lavout of the levers and knohs on the box was also carefully considered. The levers for cotirolling the
eyclids where placed in fronl where the torelingers would naturaily fall while hotding the bex. while the mowh control
leaver was plactd where the right tnmb would naturally fall. Tnitally when the jovstiek wes used, it was placed so (hal

it could be mowed by the left (humb, bl the kmobs which replaced it required that both hands be vaed 10 contmol the
head movetnents.

Flgure 46: Hands i position oo the contrel box — right thomb on the mouth movement leyer
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Figure 47: Forefingers in position on the eyelld control levers

3.7.2 Push Button Controls

To controt the walking and other pre-programmed segquenwss, tour push butions where added to the control bos, Each
of these waz imnterfaced to a dighal inpot port ol the Handy Board. Inothe program routine where (he Handy Board
checked the steles of its maleg inpul porls for the hesd movements, 1t was now also mede to check the states of the
digital input ports 1o which these push buttons where connectes. Depending on the states ol the input ports, the
program would hranch to carry oul a set of instructions (for example, if push button A wes pressed, a dipital 1 would
appear on inpud port 13, and this would cause the program (o branch to the *wink® rouline. Hence pushing this button
wiuld make the aardvark wink)

Smce [ butloms were nol enough o cover all the commands that need © be sent to (he aardvark, vanious button
combinations wert also used, and the huttons had more than one firnction depending on what mode the aardvark was
in. When first tumed on, the aardvark would be in *set-up” mode. In this mede, the butlons could be used to change the
spred al which the aardvark wonild walk and perform the other pre-proprammed noutines. Then, toce both the upper
left and ripht buttens where pressed amnltaneousiy, the psedvark would cofér “control’ mede, where all the head
movemert controls would be getivaled, and pushing the butions would indbate or stop the varous rotines, (for
exxample, pushing the upper left bution weould atart the walking rountine, while pushing the upper right button would stop
the walking) Again, various bufton combingtions were vssd 10 inerease the number of commands that could be tssoed.
In addiicn to this technigue, a delay technique waa also uwed — {8 pushing & button #nd relcasing 1 would sipnal onc
command, white pushing the same bution and holding it down for more thm a second would signal a different
command. This made it possihie to control &l the movements and sequences necessary for the Mming, bul meanl that
the vanous tten combinations had to be memorized by e operator,
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3.7.3 Power Supply Interface

To PC serial port

Power input jack To Handy Board
Fipure 48: Handy Board changer and programming mterface

Since the servos were not powerfal cnovgh o earry the necessary batteries for long-term continugus aperation of the
aardvark, an external Gv power supply hed to be provided, The portable lights used for filming were powered by &v
lead acid hattery packs, and these would be available em (he film logaton, 2o it was decide 1o make use of them. The
battery packs were already fitted with a standard male 4 pin Cannen cennector, and s0 a female version of the
connector was housed in the eomtrol box to allow the battery i0 be connected to it Power from the connector was fed
through a toggle switch, and then to the paralld cable otupl pins. This &v supply was connected to the power input
pins of the mini SSC in the aardvark, and thus used bo power the 8 leg scoves,

Figure 50: Canon 4 pin connector
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The servos that were controlled direcy by the Handy Board were mainly mini scrvos, which require a 4. 8v supply.
The contril box was used 0 house a woliape regulator TC that reduced the &v supply down 10 4 8v. Thiz 4.8v supply
was then fed to the external servo power supply pins of the Handy Beard via the parallel interface cable.

Ta ensure that the Handy Board’s Mi-Cad baitery pack did nol loose its charge while operating the aardwvark For
extended periods, 10 was necessary 1o supply the Handy Board wath 12 volts while i1 was in use. This was important
while doing the (lming, as the Ni-Cad batiery was used to pewer the Handy Board’s RAM — 1f the power failed, the
program stored in memory would be lost, and the board weuld have to be reprogrammed. This would require access to
g computer, which would have disnupted the [lming process. The Handy Board could cither be powered directly or via
its cherging/propramming unit. To use the latter option, the ciromt hoard for the charging/programming omt was
howsel inside the control box, A separete povwer supply socket was inserted i the wall of the control hox, and
cotmecied 1o the power input point of the charger unit. The pewer otput of the vnit was then fed to the Handy Board
via the parallel cable To charge the Handy Board’s balleries while out [ming, & 12+ lead aeid batiery was connected
to the socket that fed the charging ot When 2 mains power supply was aveilable, 1be hatteries conld be charged by
using # 12y transformer, instcad of the lead acid battery.

3.7.4 Handy Board Programming Interface

To download & progrum into the Handy Bonrd's BAM, it is connected to the serial port of a computer. This is done via
the programming wnil, which eonverts the 13v R3232 signal from the computer to a 5v signal, which is sent {0 the
Handy Board. [Tzually a standard telephone cable corries the signal from the programming umit to the Handy Board,
with BTE] plugs én cach cnd (telephone plugs). The cable plugs into BJ11 jacks on the Handy Board and programming
upit The programming wnit was houwsed 1o the control box in such a way that the 23 pim seriat inpui socket was exposed
50 that 1t could =till be comnected 1o the senal port of & compuier as yual. The serial ootput of the wat was then carried
to the Handy Board by the parallel cable that alzo carried the eontrol signals and power supply.

The Handy Board 15 supplied with an LCD sereen that plugs mbo it. This 15 very useful for debugping a program, as it
can digplay text while a program runs, giving the user feedback as to which part of the program is being executed. Tt
was roealised that when the Handy Board was mounted inside (he sardvark, it would not always be easy to see the LCT
sereen, and 30 the screen was mounted in (he control box instead. To commest the sereen 1o the Handy Board, a length
of ribbon cable was used, This was fitted with male headers at both ends that plug into sockets on the Handy Board and
the control box. Since the screen needs 14 lmes to interface it (o (he Handy Board, it was ool possible o use the parallel
cable that cames the control sipnals and power supply for this, 3 not eneugh lines were available. The sersen is thus
not alwavs connected to the Handy Board, but is plugged in while debugging a program or when a visual output 13
teguired.

Figure 46: Programming/charger onit housed inside the control hox
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3.8 Walking

One of the main requirements of Ardie was that he should be able to walk, as this would help to bring him to life, and
would provide continoity in the filming (i.e. being able to move into a shot and then out again).

From the cutset, the legs had been designed and built to carry the weight of the aardvark, and to have the movement
necessary to for walking, but it was not until all four legs had been mounted on the chassis that the aothor could
experiment with actually making the aardvark walk, and in fact, determining if this would be possible at all.

3.8.1 Dynamic vs. Static Stability

Most robotic walkets have 6 or eight legs, which makes them statically stable while walking. This is because they can
always have at least 3 leps on the groond at a time, forming a tripod oo which to balance while the other leps are
brought forward. Thos at any point in the gate, if the action was frozen, they would be stable. In the caze of animals,
both biped and gquadruped, a dynamically stable gate js vsed. This means that they are stable while walking as long as
they keep moving — if the action were frozen at any point in the stride, the animal would be unstable and would
possibly fall over. This dynamic stability is achieved by *falling into’ the step and helps to give a smoother walking
action,

To replicate dynamic stability artificially in & robet would reguire a gate that tock into account the dynamic properties
of the robot. To best achieve this, sensors (e.g. accelerometers) should be used to detect the motion of the robot, and
this feedback psed ncaleulatiog the next step. Since the budget available for building the aardvark would oot cover the
necessary processing power and sensors for such a systeny, it was not possible to develop a dynamically stable gate for
the animatron.

3.8.2 Statically Stable Gate For a Quadruped

Because it was pot possible to develop a dynamically stable gate, a compromise had to be reached, and this would
mean developing a statically stable gate for the quadruped. Ardie would thus not be able to mimic the gaic of a real
aardvark, and the walking motion would look rather artificial, but this would be satisfactory for the film.

in grder for Ardie to be siatically stable while walking, be would need to have 3 legs on the ground at a time, with his
centre of gravity over the triangle that those three legs formed. While balanced like this, the fourth leg could be brought
forward, To test this svstem, a windows based application was developed ustpg Visual Basic. This could be msed o
control the mind 85C o drive the leg servos directly (not via the Handy Board), and to animate the walking sequence.
fSee Appendix J for a listing of the program). Initial trials showed that it was possible to achieve a sitatically stable gate
for Ardie, as ilustrared in the sequences below:

Figure 52a: walking sequence part one. First, the legs are shified so that most of the weight iz over the front legs. The
front left leg is then dipped slightly, and this frees up the back right leg. The back right leg is then tucked up and
brought forward, before being straightened and placed on the ground just behind the front right foot.
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Figure 52b: Walking sequence part twe. The back right lep is then driven forther and the other legs adjusted so that
the weight is taken off the front right leg, This leg is then tucked up and brought through, before being stretched out to
the froot. The ether legs are then adjusted so that the weizht tips onto the extended front right leg, and this frees up the

rear lett leg.

Figure 52¢: Walking sequence part three. The rear lefi is then tecked up and brought forward to be placed behind the
frome left foot. As was the ¢ase with the rear right leg earlier, the rear left is used to take the weight off the front left (the

other legs are adjusted to help this tee), and the Font left is then free 1o be cked up and brought forward,

Figure 52d: Walking sequence parit four. As the froni left is brought through and stretehed out te the front, the other
legs are adjusted so that the weight tips onto the front left leg, fresing up the rear right.

At this point, one ¢yele of the walking sequence has been completed, and the cycle is then repeated. The first cyele is
slightly different to the rest of the eyeles though, a3 it starts off with Ardie in the standing position, whereas the other
cyeles siart with him in mid stride. The forward motion of the body is assisted by driving the three legs that are

supporting the weight, backwards, as the fourth leg is brought forward.
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3.8.3 Using the Weight Shifting Mechanism to Assist The Walking

Unce the wallong had been achieved, it was realised that Ardic would not be able to walk very fast, as time was needed
for tive weight to tip from on set of three leps o the pext at sach stage of the walking sequence. e fipping action was
slow hecause the aardvark was almost balanced af the point where 1he tipping cccwred. Tn order to speed up the tipping
action, this balance needed to be upset, 1f the centre of wravity of the aardvark was brought further forward, it would tip
forwards mere quickly, but would then tip backwards slower, or perhaps mot at all. [0 onder 1o spoed up the tipping
setion it hoth dircctions, the centre of gravity would have to be shifted. To achicve this, the emboard Ni-Cad hattery
pack was mounted on a sliding hare that vould be driven back and lorth by a scrvo. The walking routine wes then
adjusted to jnclude this new vanable a3 follews: Whiles (he sardwvark was balanced on three legs, the weight would be
shifted 5o that it was oa®r those three legs, to make (he stance more stable. When it was necessary for the aardvark to
tp onto the next grep of three legs, the adjustable weight was shilled to put the aardvark off balance, thus aiding sl
speeding up the tipping acfion.

It practice, #t was found that this system did work to a degree, but did not help to apeed up the walking very much. The
higgest problem was that the adjustable weight conld wot be moved {ust enough by the servo, and =0 a delay in the
walling was necessary each time the weight was to be moved. This made the walking sequence appest staggered and
less realistic,

3.8.4 Other Uses Of The Weight Shifting Mechanism

The adjustable werght did prove be very useful in ather muncenvres though, such as the sitting up manoewne, [for thiz
the weight 1z shifted to the rear so that the front legs can both be freed. When relurning to the standing position it is
necessnry o shiff the weight o the fiont o that the rear legs can lilt 1he rear end of the aardvark. Without the shittable

wedght this manoenvrs would pot be possible,

Figure 53: Sequence showing Avdie sliting up.
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4 The Filming of Ardie

The footage of the real aardvark for “The Earthlings” was taken in the “Tussen Die Riviere” game reserve in the Free
State, which lies in the triangle of land formed by the junction of the Caledon and Orange rivers. A male aardvark
(Timmy) had been researched there on and off for 4 years, and had been habituated to the extent where one could walk
alongside him and even pat and scratch him while he burrowed for termites. Timmy had a radio transmitter implanted
in his abdomen, and a receiver was used to track him down each night for filming. When the author travelled up to the
game reserve with Lynne and Phillip Richardson, most of the footage for the hour-long documentary on aardvarks and
aardwolves had already been taken, The aim of this trip was to obtain footage for the ‘making of movie, which would
show how “The Earthlings” was filmed. Ardic was to feature in this making of movie, and the idea was to see the
making of the film from his perspective. In order for this concept to work, the Director hoped to get the following
shots:

»  Ardie watching the camera crew as they explained to him what they were doing and how their equipment
worked — this would require him to walk into the frame, stop, move his head and eyes while the explanation
was given, and then walk out of the frame.

»  Ardie and Timmy together — Ardie watching Timiny as he burrowed for ants, Ardie ‘shadowing’ Timmy as he
walked through the veld. This would require Ardie to interact with Timmy using head and eye movements,
and to walk over rough terrain.

»  Ardie going into and emerging out of an aardvark burrow. This would require him to walk up and down a
steep sandy incline.

Until going out into the bush, Ardie had only been tested under ‘laby’ conditions — he had only walked on fairly flat and
even surfaces. Ideally he should have been tested under realistic conditions before going off to do the filming, but time
constraints on building him prevented this. The Director realised that most of the shots she required would be very
demanding on Ardie, especially on his walking ability, and was prepared in advance to have to make compromises.

it did not take long to realise that compromises would have to be made for his walking ability, as he did not fair well at
all in the rough terrain. Because he was only just balancing on three legs while the fourth was being brought forward, it
did not take much to upset this balance. A small tuft of grass or unevenness in the ground was enough to trip him up.
Also, he was unable to walk on a gradient (even very gentle), as this would upset the balance while on 3 legs.

In order to get the shots of Ardie walking into frame with one of the camera crew, we could prepare a level piece of
ground before hand, and film as many takes as we needed to get the shot. When it came to filming with Timmy
however, this was not possible as Timmy would be on the move most of the time, When Timmy did stay in one spot for
a while we managed to position Ardie near him and then film the two of them together. It was interesting to see
Timmy’s reaction (of rather, lack there of) to Ardie. He had become so used to having people watching him, and
camera equipment pointed at him, that he seemed totally unaware of any human presence whatsoever. He did give
Ardie the odd sniff, but didn’t show much surprise or interest.

For the shots of Ardie and Timmy walking together, it was realized that a plan would have to be made. Ardie could not
walk fast enough to keep up with Timmy, even on clear, level ground. It was decided to mount Ardie on a skateboard
and pull him alongside Timmy, while framing the shot so as to cut out the board. A set of mounts was made on a
skateboard for this, but this still didn’t solve the problem. Even with the skateboard, fairly level ground was needed,
and in fact the right set of conditions never presented themselves and so the shot was never taken,

Filming Ardie going into and out of a burrow also required some cheating. For this, a small sled was made from a sheet
of alominium, onto which Ardie could be mounted. He was mounted so that his legs were free to move and he could
still carry out the walking action. The sled was then dragged up or down the entrance to the burrow at a rate that
matched the moving legs, and the shot was framed to exclude the sled The final effect was fairly realistic, and
hopefully would be convincing enocugh,

To film Ardie inside the burrow required quite a bit of manual labour. A vertical shaft had to be dug about 2m from the
entrance 50 that it intersected the burrow as it levelled off. This required digging a hole almost 2m deep, which was
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large enough for the cameraman and his equipment to it in. It was very difficult to make the floor of the burrow level
enough for Ardie to walk on, and so the aluminium sled was used again, dragging him into and out of the shot.

Because it had not been possible to film Ardie and Timmy walking together, Lynne decided to take some blue screen
footage of Ardie, so that he could be superimposed onto a different background in the post-production stage if
necessary. This involved hanging a blue sheet that ran onto the floor, and filming Ardie in front of it. Ardie was filmed
walking from various angles and with different lighting positions to match the possible lighting conditions that the
background onto which he would be superimposed might have.

What made it even more difficult for Ardie to walk was that he had to have a mock-up of a mini video camera attached
to his head. The ‘lipstick’ camera is a 3CCD digital video camera approximately 40x30:x20mm (plus lens) in size, and
was used to film in tight spaces (such as inside the burrow) and for Ardie’s POV shots (Point Of View). This would
give the effect of seeing things from his perspective. The real camera was mounted to the end of an inverted monopod
for filming, and not on Ardie, as the camera was very expensive and could have been damaged. Ardie was filmed with
the camera mock-up camera on his head, to make it appear as if the POV shots had been taken by him. It was only
decided to do this while out on location, and so the author did not have time to adjust his walking sequence for the new
weight, and had to build the camera out there. The body of the mock-up as made from aluminium, and one of the real
lenses was attached to it. This added weight to the front of Ardie, affecting his balance. In order to restore the balance,
the adjustable weight was shifted to the rear, and an extra battery pack was also added to the rear. Not much more
weight could not be added, as this would place strain on the servos, and so the balance was not fully restored.

Although Ardie didn’t quite meet the requirements as far has his walking was concerned, when it came to the head and
facial movements, he did very well. By using the control box, the author was able to produce realistic movements with
the head and eyes, and could make him interact with what was going on around him. For example, when the film crew
were demonstrating their equipment, or when Timmy was digging in front of him, Ardie was able to follow the action
with his head, and blink his eyes from time to time. Also, the mouth movement made it appear as if he was talking to
the crewmembers, asking how their equipment worked etc.

Another aspect of the Ardie that it had not been possible to test properly before going out on location was his
durability. It was realised that once out on location, if anything went wrong it would be very difficult to repair, and
could jeopardise the filming. While building Ardie, the author had this in mind all the time, and did try to make him as
robust as possible. This is why it was decided to rebuild the legs using aluminium rather than Perspex, and why
aluminium was used for the ‘rib cage’. This design strategy seemed to have paid off, as no mechanical problems were
encountered with the legs even though Ardie was subjected to some pretty rough conditions (and even managed to
survive falling from a desk onto the floor before a demonstration at UCT).

One area where a few problems did arise was with the servos. Although high torque servos where used for the legs,
these were put under much strain while walking, and were operating at close to their maximum rated torque. In the
manoeuvre where Ardie sits up, the servos for the hind legs are put under even more strain, as they take the full weight
of the robot. It was while doing this manoeuvre on uneven ground that the gears in on of the servos stripped, disabling
the leg. Spare gears or a spare high torque servo were not available on location, so a complete repair could not be done.
A spare standard servo was available though, and the author managed to use this to solve the problem. The damaged
servo had been used to drive the upper part of the leg directly. The lower part is driven by a servo that is first geared
down, so this servo is under less strain. The damaged servo was swapped for the one that had been driving the lower
part of the leg, and the spare standard servo was then used to then drive the lower part. It was found that the standard
servo did actually produce enough torque to perform this function, and the leg was back in action.

Another incident that occwrred was with the mini servo that drove the head from side to side. At one point while
filming Ardie and Timmy together, Timmy reversed into Ardie and knocked his head. This pushed his neck to the side,
stripping the gears in the servo. Luckily this did not render the servo totally useless — some side-to-side movement was
still possible, but to a limited degree. A spare set of gears was not available, but Juckily this was on the last night of
filming, and so most of the shots had been taken. The servo was easy to repair with a replacement gear when the author
returned to Cape Town.

While on location, various other modifications and improvements had to be made as the filming progressed. Also, the
role that the Director saw Ardie playing in the movie changed somewhat as she saw what his capabilities were.
Although a fur coat had been made for him, Ardie looked more impressive with his coat off, and so most of the filming
was done with him ‘naked’. Also, because he was now meant (o be seen as a robot, it did not matter if there was a
visible tether running to him. This made it easy to control him with the control box and keep the battery connected
permanently. Below are some photographs taken while filming on location:
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Fipure 55 Filming Ardic and Timmy together
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Fipum 57 Timmy feasting ot termites,
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5. Conclusions

This report has shown how an animatronic aardvark was built, programmed and controlled while being filmed for a
National Geographic wildlife film. The animatron met the requirements that were set out by the Film Producer, by
being able to walk, move its head, eyelids and mouth. Although a realistic dynamically stable gate could not be
achieved for the animatron, a satisfactory compromise was reached by developing a statically stable gate. It was
possible for a single operator to control the head, evelid and mouth movements using the control box, to give the
impression that the animatron was interacting with its environment. Although the animatron was limited to walking
over smooth terrain, the Film Producer was able to film most of the required shots, and was very happy with the
animatron’s performance.

6. Future
Work

Since the Film Prodycer is interested in using the animatron for future productions, additional work will be done to
improve its performance. The walking sequence will be revised with the aim of making it more stable and aliowing the
animatron o walk on rougher terrain.

For research purposes, the author also intends to convert the animatron into an autonomous moebile robot, by adding
sensors, and modifying the control program so that it can use the input from the sensors to make decisions for itself. As
an example, infra red proximity sensors could be interfaced to the Handy Board, and these could be used to detect
obstacles. The animatron could then be programmed to roam around in an environment with obstacles, and avoid these
obstacles. For this to be possible, additional walking capabilities would also need to be added, such as turning and
walking backwards.

Since most of the mechanics and electronics of the animatron are left exposed and visible, it serves as a good
demonstration as to how mechanical and electrical engineering can be put to use. The animatron has been used for
demonstration purposes on numerous occasions, both to school children and university students. The author intends to
keep Ardie involved in such demonstrations in the hope that other students will become interested in the filed of
animatronics and robotics.
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Appendix A: The Author’s Background

Robwatics is a field that has interested the author since 1996 - originally in the basic form of being able to control
mechanical devices from a computer, and to feed input from sensors ioto the computer. The 4th year thesis project for the
auther’s BSc in Mechanical Engineering at UCT mvolved these two - an astomated warehouse packaging system was
developed and a working model was built to test the concept. His interest in the field grew, and after travelling Evrope and
wotking in London for two years, he decided that he would Tike to do an MSc in robotics. After researching which
universities offered such a course, the amhor travelled to the United States to wvisit a fow of the campuses. He was most
impressed with the facilitics and the research being conducted at the University of Southern California in Los Angeles, and
decided that he would like 10 study there. In order to apply for the MSe at USC_ it was necessary 1o have a backpround in
compiter science (the course iz a MSc in Computer Science, specializing in Rebatics), so the author returned 1o UCT and
enroiled m first and secomd vear computer science concurrently in 2004, He decided to make the most of his time at UCT,
so looked imto the possibility of doing a MSc in Mechanical Engmesring, It was discoyercd that Professor Andrew Sass
had become interested in the ficld of robotics, and was enthusiastic for the auther te do an MSc under his suporvision.

From the outset, the aim of the author™s thesis was to research various aspects of rohetics, and to create a rescurce of
robotic related information for future students to use. It was also hoped to tuild a small autonomeus mebile rebot thet
could serve as a test-hed and working example of the various things that had been researched. During 2000, mformation
was collected and an HTML. based resource was developed. A small mobile robot was also built, The primary function of
this robot was to test the capabilitics of a microprocessor board that had been ordered from the United States {the Handy
Hoard). The robot (Tina) had limited sprace for sensors and batteries, and so the awhor intended to build a bigger version
that could carry all the sensors necessary to demonstrate what had been researched thus far,

Figure 58: Tina — the antonomons mebile robot

Just before construction oo the bigger version of Tina began (end of January 2001}, the author was approached by Lynne
Richardson of Africa Wildlife Films wilh an interesting proposal. Africa Wildlife Films is 2 Cape Town based company
thai produces wildlife films - they have produced films for the BBC and Discovery Channel, 83 well as National
Geographic, for whom they were in the process of producing a film on aardvarks. To research and film the aardvark,
various modern technelogics were wsed, suweh as radio tracking devices, and Ground Penetrating Radar (to scan the
aardvark burrows). The producer decided that there would be sofficient interesting mraterial to put together a 20-minute
"making of" movie, 10 explain how all these technologies were wsed. She decided it would be a good idea to have an
animatronic agrdvark character 1o tel! the story of how the movic was made, and through who's eyes the viewer would see
this being done. Professor Sass agreed that building the animatron would be a suitable exercise for a Masters Thesis, and so
the author undertook this challenge insicad of building the whecled robot.
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Appendix B : Communication Between Handy Board and SSC

In order to control 14 servos, it was necessary to use a Mini Serial Servo Commander in conjunction
with the Handy Board. The mini SSC is usually controlled from a PC’s serial port. The SSC receives
commands via serial communication, and these commands have the following format:

<Sync> <Servo number> <Position>

First the number 255 is sent to indicate that a command is being sent, then a number between 0 and 7
is sent to indicate which servo the command must be applied to, and finally, a number representing the
position that this servo must be moved to is sent. This number ranges from 0 to 255. Once the
command has been received, the SSC will move the servo into position, and then hold it there until a
new position command is given. To move a number of servos at the same time, a number of
commands in the format given above are sent sequentially, and the SSC carries them out as it receives
them — the first servo movement does not have to be completed before the next is initiated.

When the Handy Board is used to communicate with the SSC, it sends commands in the form given
above. The code for using the Handy Board’s digital input pins as a serial communication port was
written by Fred Martin and is hidden within a library file. Once this library has been loaded onto the
Handy Board, the following lines of code are used to send a command to the SSC:

pa7i9600(255);
pa’7i9600(servo);
pa7i9600(pos);

‘pa7i9600()’ is a function that sends whatever is given as a parameter to the SSC. ‘servo’ and ‘pos’ are
variables used to give the servo number and position.

On the hardware side, PA7 of the handyboard (digital input 9) is connected to the serial input pin on
the SSC, and the SSC ground pin is connected to the handyboard’s ground. As well as an RJ11 jack,
the SSC also has a pair of riser pins that can be used for serial communication. These pins were used
to connect it to the handyboard.
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Appendix C: Extract from Handy Board datasheet

1 Specifications
The Handy Board features:

® 52-pin Motorola 6811 microprocessor with system clock at 2 MHz.

o 32K of battery-backed CMOS static RAM.

e Two L293D chips capable of driving four DC motors.

# 16 % 2 character LCD screen.

e Two user-programmable buttons, one knob, and piezo beeper.

o Powered header inputs for 7 analog sensors and 9 digital sensors.

e Internal 9.6v nicad battery with built-in recharging circuit.

o Hardware 38 kHz oscillator and drive transistor for IR output and on-board 38 kHz IR receiver.
o 8-pin powered connector to 6811 SPI circuit (1 Mbaud serial peripheral interface).

® Expansion bus with chip selects allows easy expansion using inexpensive digital I/0 latches.

¢ Board size of 4.25 x 3.15 inches, designed for a commercial, high grade plastic enclosure which
holds battery pack beneath the board.
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2 Ports and Connectors
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indicator nGasior

Figure i: Lubeled Handy Board Diagram

Figure |, above, shows a labeled view of the Handy Board's ports. connectors, mnputs, and outputs. In
the following. each of these is briefly deseribed.

1. Power Switch. The power switch is used 1o turn the Handy Board on and off. The Handy Board
retains the contents of its memory even when the bound is switched of ©.

2. Computer Connector. ViathisRJ11 connector, the Handy Board attaches to a desktop computer

(using the separale Inferfice/Charger Board ).

3. 4 DC Motor Outputs and Indicators. The Hardy Board's four motor outputs arc located at
this single | 2-piv connector. Each motor outpul consists of three pins; the motor connects to
the outcr two pins and the center pin is not used. Red and green LEDs indicate motor dircetion,
From top to bottom. the motor outputs are numbered G to 3,

4. Start Button. The Start butlon is used to control the exccution of [nteractive C programs. Also,
its state may be read under user program control.
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5. Stop Button. The Stop button is used to put the Handy Board into a special bootstrap download
mode. Also, its state may be read under user program control.

6. Low Battery Indicator. The red Low Battery LED lights for a briefinterval each time the
Handy Board is switched on. If this LED is on steadily, it indicates that the battery is low and
that the CPU is halted.

7. Power/Ready indicator. The green Power/Ready LED lights when the Handy Board is in normal
operation, and flashes when the Handy Board is transmitting serial data. I the board is powered
on and this LED is off, then the Handy Board is in special bootstrap mode.

8. 9 Digital inputs. The bank of digital input ports is here. From right to left, the digital inputs are
numbered 7 to 15.

9. 7 Analog Inputs. The bank of analog input ports is here. From right to left, the analog inputs arc
numbered 0 to 6.

10. IR Output and Indicator. The infrared output port is here. The red indicator LED lights when
the output is enabled.

11. IR input Sensor. The dark green-colored infrared sensor is here.

12. Analog Expansion Header. The analog expansion header is a 1 x4 connector row located
above analog inputs 0 to 3.

13. User Knob. The user knob is a trimmer potentiometer whose value can be read under user
program control.

14. Battery Trickle-Charge Connector. The battery charge connector is a coaxial power jack to
accept a 12 volt signal for trickle-charging the Harxly Board’s internal battery.

15. Charge Indicator. The yellow charge indicator LED lights when the Handy Board is charging
via the coaxial power jack.

16. SPI Expansion Header. The SPI expansion header is a 2 x4 pin jack that allows connection
with the 681 1’s serial peripheral interface circuit. See the CPU and memory schematic diagram
for a pin-out of this connector.

17. LCD Screen. The Handy Board is provided with a 16x2 LCD screen which can display data
under user control.

18. Plezo Beeper. The Handy Board has a simple piezo beeper for generating tones under user
control.

19. Power Expansion Header. The power expansion header is a 1 x4 pin jack that provides access
to the unregulated motor power and ground signals,
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Appendix D: Mini Serial Servo Commander Datasheet

Data Sheet s

R - ]

Serial Servo
Controller (SSC) 5
for R/C Servos

Lisp a computers seviad poit to comto! S
standard R-C serves for rabotics, auiomation, s
and animatrorfes, Ming 8505 acconr serial icailena.

61 g 5 e
AT m )

input &t 2406 or QG0 bps, owlpur elghe rock-

steady channels of servo-ronirol signals,

Easy Motion Contral

RA serves are Che positionding motors usesdt in radiv-conood cars, boats, and gtanes. They are
poputar [ar small-scale roboties, automation, and speciad efforrs because of thek low vosl small
size, imd high proctston.

O Mind 550 1T allowes sou to cantrol wp e eighe servos theough o compates's secial port using
simple inst ructions at 2400 ac 3600 bps, Program youre computer to send thee bytes—

<245 {syncl> <servod> <pusfiions
...and the Mini 55C moves thar servo re the sperified position, and Keeps 1t thers until wld
to change 1he position. Two Mbnd 55Cs can shiare the same secial port toeonteol up te 18 servos,
or, you may special arder Minl SSCs with highee serve members and somtrul up us 255 servos.
Contact us lor details,

Muost Mint 35C applications require you to writc your own programs [ the host conpuier
you plan touse, The manuals include examples i BASLC for Stamp” microcantiiters and
PCs running TS But you can use any combication of hardware and softwace that can drive
an R5-232 serfal port. H you don't want to program visit aur weh page nnd foll e the links
to thivd-perty soliwae packages for Windows (www. geetron .com/sso htm).

Meat Features

The Mint 550 1 is an assembled and tested module that features a cormvendent phone-style
Jack for serial input, three-conductor servo connectors, pover'synr LED to verify correct
aperettinn, and swiichahle renpefresaluiion Diom S a1 8367 per unil pe TR0 a1 0,725 unit.

Ordering information
Agsartheit binl 85C i (S=C-ATDE b R e R R L T S e O
PC | DEY sena cable ar Mo S50 0 ISSBEACBL) i crarrec o mensserras s eaces s remem st rrrass mmane - rewears o UG

: P20 5, Fronage Rond, Sune F Siema vista, AL BR35 L1558
Scott Edwards ElectrUHECS, Fnc. Ehi G30-430 1802 = | 520-AR0-062 3 » wienar seelion.com
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BICIN w20 - 0100
. Power requirements (Mini 88C)....ov i 7 & 15 Vde @ 10mA
Table 1. Basic Power requirsments (380} ... .ererersn 4.8 1 6.0 Vdo {current varies)
specifications Sadal input connecky ........header posts (both), Spdc phone jack (Il only)
Sedal Input....eceieenis R8-232, or inveried TTL/ICMOS, 9600 or 2400, N&1
Operating lomperalung.........ccooomrimmeviaecesend 0° to B0°C {32° o 122°F)
Servo outpuf connector ......3-pin header, §.1"spacing: (PVWAMY+VYGND}
PUlBs MBOUBIICY. ... vvresreranessarrmacoressarerammereessresorsssenssanssnorsosnsancas =50 Hz
Pulsewidih range (Normal)........ccoveennenesmemeransenens 10020ms
Pulsewidth rangs (Minl 88C I, 'R"ju'nper L+ 1) JNT D5102.5ms
Pulsewidth al slartup (eentamd) ... seronervesrennsnssramesers 15ms
Pulsewidth resolution (nommial........coonimmermsmiesases 4 us
Pulsewidih resclution (Minl 8SC I, "R° jumper L+21) TR B us
Servo numbers ("I Jumper o) e e s d Qo f
Seonvo numbars ("1 RIMPEE M) ..o ssesnssmesseenns =18
Table 2. Program The following code examples move servo number 5 b position 200, For more
Examples in BASIC detailed examplas, ase the user manuals at wwy . seetron, com

BASIC Stamp |

' No jumpers at *I* or *B"
SERQUT 0,N2400, (255,5,200)

BASIC Stamp Il
' No jumper at "I*; install jumper at *B"
SEROUT 0,%$4054, [255,5,200]
QBASICIOuickBASIC on PC nanning DOS

' Mo jumper at *I%; install jumper at VB
OPEN "COM1:9500,N,8,1,CD0,C80,D80" FOR CUTPUT AS #1
PRINT #1, CHRS (255) ;CHR$({5);CHRS(200);

Table 3. Sources for  Lymamotion {robotic kits, servos)
Servos, Robolic Kits phr 308-382-1818 = Net wuw, 1ymmot jon. con
and Related Hems Towsr Hobbies (servos)

ph: 1-B00-837-4980 or 217-308-3838 - Net www. towerhobbies. com

CK Design Tech (heavy-tutly servos)
ph: 805-522-3750 » E-malt ckdsgnaaol.com
H 1939 5. Frontage Road, Suite F, Sierra Vista, AZ 85835 USA
SCOtt Edwards Emm'cs' Im' ph: 520-459-4802 » fax; 520-459-0823 » www.seelron.com
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Appendix F: Program Listing for Handy Board Library File.

The code listed below was written by Fred Martin, and contains the basic routines used by the Handy Board. This code is
lpaded into the Handy Board’s memory along with the aardvark control code.

/* for Handy Board v1.2 */
il
maintained by Fred Martin (fredm@media, mit. edu)

VERSION HISTORY

June 12, 1998 fredm
moved analog and digital to separate file, "hbsensor.c®, to make room for substituting these functions with expbd functions.

March 1, 1998 fredm
re-wrote _raw_amalog() in assembly

May 13, 1995 fredm
imported from lib_r22.¢ by Fred Martin and Randy Sargent added random{) lib function
*®

Faddad 2ot l al L]

/* TIME PRIMITIVES */

ek Shhhbhbhdddd /

Faddis ephhkid Rkl haa
/% location of various time stuff: %/
* 0x14: time in milliseconds  #/

! FEEIISRERD R R

void reset_system_time()
{

pokeword(0x14, 0);

pokeword(0x12, 0);
»

mseconds() is now a € primitive that returns type <long>
#/
/* returns time since reset or reset system tHime in seconds ¥/
float seconds(

return ({float) meeconds()) / 1000,;
}
void sleep{float seconds)

{
msleen((long)(int)(seconds * 1000.));
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void msleep(long msec)
{

long end_time= mseconds() + msec;

while (1) {

7% if the following test doesn't execute at least once a second,

msleep may not halt */
long done= mseconds()-end_time;
if (done >= OL && done <= 1000L) break;
¥
¥

void beep()
{

tone(500., .1);
}

/* 1/2 ¢ycle delay in .5us goes in 0x26 and 0x27 %/
void tone(float frequency, float length)

{
set_beeper pitch(frequency);
beeper_on();
sleep(length),

} beeper_off();

void beeper_on{)
{

bit_set(0x1020, 0b00000001);
bit_set(0x1022, 0b00001000);
H

void beeper_off)
{

bit_clear(0x1022, 0b00001000);

bit_clear(0x1020, 0b00000001);

bit_clear(0x1000, 0b00001000); /* turn power to spkr off ¥/
}

void set_beeper_pitch(float frequency)
{
pokeword(0x26, (int)(1E6 / frequency));
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Jdd o ok ool o o ok o o o o R o o e 1 ofs o o o o o e afe e s ofe o sy ofe ot s oo e e oo s o #/

™ *
/* MOTOR PRIMITIVES *
I *

/® fd(n) sets motor n to full on in the green direction %
i* bk(n)  sets motor o to full on in the red direction  */

/% motor(n, §) sets motor non at speed s; *f
* s= 100 is full on green, #
* §= =100 is full on red, *
* §= 0 is off &

I* off{n) turns off motor n &
* *f

* alloff) wurns off all motors #f

" ao{) turns off all motors ®f

* #

/* #/

* motors are numbered 0 through 3. #
['!l*****#***#**#**###***#******#*‘1 & o o o ok F R e kRRREkRRgRE */
,TT* 22 E 2L 3] fhfh g kfhhhbdhhhdddbihhhg */
/* location of various motor stuff for PWM routine #/

/% ¥

/* poke byte into "motor” to be output by PWM #

# motor: 0x0e */

/*  low bits of "motor” determine directions; */

/*  high bits determine on/off state. #/

I/ #f

/* internal speeds are bit masks *f

/* i

/* speed0: 0x22 &/

/#* speedl: 0x23 &/

/% speed2: Ox24 #f

/% speedd: (x2S #f

Tadid i b il il Al bt bl b bttt bl bttt bl ittt bl LT

int _motor speed{={7,7, 7,7} * init to full on */int _speed_table{}= {

0b00000000, /* speed O */
0b00010001,
0b01001001,
001010101,
0b01010111,
0b01110111,
Ob01111113,
Ob1113131% M speed 7%/
b
void fi{int motor)
{
_set_motor(motor, 0, 7),
H
void bk{int motor)
{
_set_motor{motor, 1, 7);
3
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void off{int motor)

bit_clear(0x0¢, 1 << (4 + motor));
}

void alloff()
{

poke(0x0e, 060000000),;
}

void a0()
{

alloff();
}

void motor(int m, int speed)

{
if (speed>100) speed=100;
if (speed<-100) speed=-100;
if (speed >=0)
_set_motor(m, 0, (speed +3)/ 14);
else
_set_motor(m, 1, (-speed + 3)/ 14);
}

void _set motor{int motor, int dir, int speed)
{
bit_set(0x0e, 1 << {4 + motor)); /* tum motor on */
if (dir)
bit_set(0x0e, 1 << motor); /* set direction for backward */
clse
bit_clear(0x0e, 1 << motor); /* set dir for forward */
_motor_speedimotor}= speed,
_set_motor_speeds();
}

void _set_motor_speeds()
{
int speed( 1= (_speed_table] motor_speed[0]] << 8)
+ speed_table] motor speed{1]];
int speed23= (_speed_table] motor_speed|2]] << 8)
+ speed table] motor_speed[31};

pokeword(0x22, speed01);
pokeword(0x24, speed23);
b
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[ERRdRERREREEER R EEEE]

/*** SENSOR INPUTS #**#/

JEdckdikdkokdobkbdgdkokdok b/

int stop_button()
{

return | (0x40 & (peek(0x7H)));
}

int start_button()

return ! (0x80 & (peek(0x7H)));
}

void start_press()
{

while (Istart button(});
while (start_button());
} beep();

void stop_press()
{
while (Istop_button(}));
while (stop_button(});
} beep();

int knob()
{

return _raw_analog(7);
}

Jlrdbkd ok gk kbbb ek bR kb b kk/

/% wMulti-Tasking Support ##%/

Jrbidckiob b dd i dd bbbk bR ddd ok

/* gives process that calls it 256 ticks (over 1/4 sec)
more to run before being swapped out

call repeatedly to hog processor indefinitely *#/
void hog_processor()
{

poke(0x0a, 0);
}

/% defer is now a C primitive */



/*ii****####t##****#*#*#****#***#/
/%% System Interrupt Control *+%/

/***********#********************/

/%
These functions allow you to turn on and off various features
controlled by the system interrupt routines. The more features
you turn off, the faster vour code will run,

On reset, the features have the following state:
pulse width modulation ON
infrared decoding ON
LCD printing ON
quad shaft decoding OFF
IR tranmission OFF

This uses approx. 30% of total CPU time.
Approximate benchmarks:

x Feature % of CPU
PWM 3
IR decode 11
LCD printing (active) 8
LCD printing (inactive) 1
quad shaft decode 5
IR transmission 1

*/
/*

pulse width modulation control:

if off, all motors run at full speed

if on, speed bytes are used to determine motor speed
*f
void system_pwm_on() {bit_set(0x39, 0b00000100);}
void system_pwm_off() {bit_clear(0x39, 0b000001060);}

/%
printing to the LCD

WARNING: printf's will wedge once the print buffer becomes full

if system printing is disabled */
void system_print_on() {bit_set(0x39, 0b0000000L);}
void system_print off) {bit_cdlear(0x39, 0600000001 );}

/* random numbers from pecking at 2 MHZ system clock ¥/
/* input from 2 to 32767 %/
int random(int mod)
{
return (peekword(0x100e) & 0x7{) Y% mod,
}
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Appendix G: Program Listing for Expansion Board Routines

The code listed below was writien by Fred Martin, and contaiss the routines for communicating with the Handy Board
Expansion Board, This code is loaded into the Handy Board's memory along with the aardvark control code,

/% expsens.c
maintained by Fred Martin (fredm@media mit edu)
VERSION HISTORY: June 12, 1998 fredm
*f

int analog(int port)
{

if (port <2) {
printf"Port is in use by expansion bd\n");

return -1;
} else if (port <7) {
return _raw_analog(port),
} else if (port < 16) {
return 255 * |digital(port);
} else if (port < 24) {
return _exp_snalog{(port-16)<<8);
Yelseif (port<32) {
return _exp_analog(({port-24)<<8)+1);
3 else {
printf{" Analog port out of range\n”);
beep();
refurn -1
}
3
int digitai(int port)
{
if (port < 7) /* analogs */
return analog(port) < 128;
if (port=="T) /2 TIC1 ¥/
return {(peek(Ox1000) & 1);
if (port==8) /* TIC2 ¥/
return {(peck(0x1000) & 2);
if {port==9) /* PAL %/
return (peck{0x1000) & 128);
if (port < 16) /* normal bit of 7Y as gotten from digital chip %/
return {{{peek{Ox7HT) >> (port - 10)) & 1);
if (port < 32) /* expbd analogs %/
return analog(port) < 128,
else {
printf{"Digital port outof range\n");

retorn -1;
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Appendix H Listing of Aardvark Control Program

The code listed below contains the routines used to control the asrdvark. Note comments are colored blue.

walkSteps = int ir;

int headVert;

int headbori;

int ulids;

int blids;

int mouth;

int head VertNew,
int headHoriNew;
int headVertOld;
int headHoriOld;
int mouthQld;

int mouthNew;

int walkSteps = 100;

/*This is the part of the program that starts running when the Handy Board is switched on*/

void main()
{

sony_init(1); /*activate the IR Deceiver — the program now monitors the state of the IR input %/

while{1)
{

intir now = ir_data(0); /*set the ir_now variable to the value that is read at the IR port®/

iftir_now > 0) /*if the value of the IR port is greater than one, it means that an IR signal has been

received. Update the ir_now variable to this new signal®/
ir=ir now;

/*The program now branches to a subroutine depending on what the value of the IR signal was*/

iffir == 149) /*branch to the setWalk routine if the IR signal was 149%/
setWalk();

if{ir == 244) /*Set the walkSteps variable to 100 and branch fo the walk routine if the IR signal was

244%/

{
walkSteps = 100;
walk();

}

if{ir == 129) /*branch to the stand routine if the IR signal was 129%/
stand();

iftir = 135) /*branch to the sit routine if the IR signal was 135%
sit();

iffir == 141) /*branch to the walk routine if the IR signal was 141%/
walk();

Continmed. ..
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iffir == 163) f*branch to the head routine if the IR signal was 149%/
head();

/*As well as checking the state of the IR signal, the program also checks the states of the ports connected
to the push-buttons on the control box. Tt will then branch to a routine if the correct combination of
buttons being pressed is detected®/

if{digital(12) == 1 && digital(14) == 1) /*If buttons 12 and 14 are pressed, jump to the controlBox
outine®/
controlBox();

/*This is used to speed up the walking and sitting routines by reducing the number of steps that are
inserted between the programmed waypoints in the routines™/

if{digital(12) == 1 && digital(13)==1)  /*If buttons 12 and 13 are pressed, increase the 'steps’
variable by 0.5 and display the variable on the screen. #/

{
steps +=0.5;
beep();
printR"\nSteps = %{", steps);
ir=0;
H

/*This is used to slow down the walking and sitting routines by increasing the number of steps that are
inserted between the programmed waypoints in the routines®/

iRdigital(14) == | && digital(15)==1)  /*If buttons 14 and 15 are pressed, increase the 'steps’
variable by 0.5 and display the variable on the screen. */

{
steps -= 0.5;
beep();
printi{"nSteps = %{", steps);
ir=0;
3
}
sony_init{0), f*deactivate the IR decoding routine so that the processor doesn't have to monitor the IR
port constantly®/

/*This routine makes the aardvark stand by driving the servos to their positions for standing*/
/*Refer to the code listing for *ssc.¢” for an explanation of how the moveTo function works*/
void stand()

{

3

moveTo{130.0, 82.0, 120.0, 110.0, 120.0, 75.0, 122.0, 160.0 );
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/#This routine makes the aardvark sit up by driving the servos to a series of pre-determined waypoints®/
void sit()
{
ir=0, /*reset the ir variable to 0, so that ir the IR control was used to initiate the 'sit’ routine, the program will
not jump back to this routing from the 'main’ routine continuously®/
servo3 = 4402; /*Drive the adjustable weight to the rear®/
moveTo(112.0, 82.0, 135.0, 125.0, 100.0, 75.0, 167.0, 160.0 );
moveTo(77.0, 82.0, 160.0, 125.0, 100.0, 75.0, 167.0, 160.0);
moveTo(62.0, 82.0, 175.0, 125.0, 80.0, 75.0, 182.0, 160.0);
moveTo{62.0, 82.0, 175.0, 125.0, 80.0, 135.0, 182.0, 90.0);
moveTo(87.0, 62.0, 155.0, 169.0, 60.0, 160.0, 192.0,65.0);
moveTo(132.0, 18.0, 120.0, 2080, 60.0, 160.0, 192.0,65.0);
moveTo{132.0, 18.0, 120.0, 208.0, 110.0, 55.0, 132.6, 180.0),
moveTo{132.0, 18.0, 1200, 208.0, 120.0, 90, 152.0,2240 );
moveTo{132.0, 180, 120.0, 208.0, 1200, 0.0, 127.0, 2350 );
moveTo(180.0, 82.0, 90.0, 110.0,135.0,0.0, 147.0, 2350 ),

}

/*¥Routine to make the aardvark stand up again after sitting*/
* void standFromSit()
{

ir=0,

moveTo{180.0, 82.0, 90.0, 1250, 90.0, 0.0, 167.0, 2350 );
moveTo{180.0, 82.0, 50.0, 125.0, 70.0, 40.0, 177.0, 2100 );
s2rvo§ = 2556, /* Drive the adjustable weight to the front®/
moveTo{180.0, 82.0, 90.0, 1250, 60.0, 40.0, 187.0, 2100 );
moveTo{180.0, 82.0, 75.0, 1250, 90.0, 40.0, 162.0, 210.0);
moveTo{180.0, 82,0, 750, 125.0, 900,400, 152.0, 1650,
moveTo(150.0, 82.0, 100.0, 125.0, 90.0, 40.0, 152.0, 165.0),
moveTo(140.0, 82.0, 110.0, 125.0, 100.0, 70.0, 1420, 1450 );
moveTo(130.0, 82.0, 120.0, 1109, 120.0, 75.0, 122.0, 160.0);

}

/*This is the routine that is run when the aardvark is controlled by the IR remote, and is put into 'head mode'/
/*The state of the IR port is constantly monitored, and the program branches off to various subroutines depending on the
value recieved at the IR port®/

/*These subroutines are used to control the movement of the head and facial features with the IR remote®/
void head()
{

headVert = 2450,

headHori = 2300;

beep();

sleep(0.2);

ir=0;

init_expbd_servos(l), /*Initialize the servos connected to the Handy Board's expansion board*/

while(ir I= 165) /*Continue until a value of 165 is read on the IR port - this will take the robot out of 'head mode’
*/
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int ir_now = ir_data(0);

if{ix_now > ()
ir = ir_now;

iffir == 146) /*If the IR value read is 146, reduce the headVert variable by 60%/

headVert = 60,
ir=0;

}

if{ir == 147) /*If the IR value read is 147, increase the headVert variable by 60%/

{
headVert += 60,
ir=0Q

}

iflir == 144} /*If the IR value read is 144, reduce the headHori variable by 60%/
{

headHori -= 60;

ir=0

}

ifir == 145)/*1f the IR value read is 145, increase the headHori variable by 60%/
{

headHor += 60;
ir={;

3

if{ir = 182) /*1f the IR value read is 182 branch to the knodding routine*/
knod();

if{ir == 252) /#1f the IR value read is 252 branch to the head shaking routine®/
shakeHead();

if{ir == 132) /*1f the IR value read is 132 branch to the 'lookUp' routine®/
TookUp();

if{ir=137) /*If the IR valye read is 137, branch to the 'lookDown' routine®/
lookDown();

iffir == 134) /*If the IR value read is 134,branch to the 'lookLeft’ routine*/
lookLeft();

if(ir == 136) f#1f the IR value read is 136,branch to the lookRight' routine®*/
lookRight();

iffir = 135) /*If the IR value read is 182 branch to the 'lookCentre’ routine®/
lookCentre();

if{ir == 150)
ir=0;
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if{ir = 140) /*If the IR value read is 140,branch to the blinking routine*/

blink();
if{ir == 128) /*If the IR value read is 128, move the top eyelids up*/
topUp();
iffir==131) /*If the IR value read is 131,move the bottom eyelids up*/
botUp();
iffir == 133) /*1f the IR value read is 133, move the top eyclids down*/
topDown();
if{ir == 128) 7#1f the IR value read is 128, move the bottom eyelids down*/
botDown();
if{ir == 149) /*1f the IR value read is 149,branch to the ‘controlBox' routine®/
controlBox();
servol = headVert, /*Move the servo that controls the vertical head movement to the new value of
*had Vert'*/
servol = headHori; /*Move the servo that controls the horizontal head movement to the new value of
‘hadHori"*/

printf{™nd = %d 1 = %d", headVert, headHori);, /*display the values of the 'headVert' and headHori'
variables*/
mslesp(101); /*pause for 10ms */

init_expbd_servos(0); /*Deactivate the Handy Board servos®/

3
/*Routine to make the head nod*/
yoid nod()
{
for(i= 0,1 <3; i++)
for(head Vert = 2090; headVert < 2960; headVert ++)
servol = headVert;
for(headVert = 2950; headVert > 2080; headVert )
servol = headVert;
3
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/*Routine to make the head shake from side to side*/

void shakeHead()
{
inti;
beep();

for(i=0; i <3; i++)

for(headHori = 2980; headHori > 1720, headHori ~-)

servol = headHori;
for(headHori = 1720; headHori < 2980; headHori ++)
servol = headHori;
}
ir=0,
}
/*Routine to make the head look up*/
void lookUp()
{
whiletheadVert >= 22114)
headVert -= 20;
servol) = headVert;
}
r=0;
}
/*Routine to make the head look down*/
void lookDown()
{
while(headVert <= 4142)
headVert += 20;
servo0 = headVert,;
3
ir=0;
H
/¥Routine to make the head look left*/
void lookLeft()
{
beep();
while(headHori >= 1113)
{
headHori = 20;
servol = headHori;
H
ir=0;
}
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/*Routine to make the head look right*/
void lookRight()
{

beep();
while(headHori <= 29850)
{
headHori += 20;
servol = headHori;
¥
ir=0
H
/*Routine to move the head to the center®/
void lookCentre)
{
headVert = 2450,
headHori = 2300,
servol = headVert;
servol = headHori,
ir=0
}

/*Routine to make the evelids blink®/
void blink()
{

servol = 1503;
servo3 = 3544,

sleep (0.1);

servo2 = 2530,
servo3 = 2361,

sleep (0.2);

servol = 1503;
servo3 = 3544;

ir=0,

}

#Routine to move the top eyelids up*/
void topUp()
{

servoz = 2816;
ir=0
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/*Routine to move the top eyelids down*/

void topDown()
{
servol = 4155,
ir=0;
}
{*Routine 10 move the bottom evelids up*/
void botUp()
{
servo3 = 2231,
ir=0
}
[*Routine to move the bottom eyelids down¥/
void botDown()
{
servod = 1243;
ir=0;
}

/*This is the routine that is run continnously when the aardvark is in '‘Control Box' mode. The input ports that the control
box knobs and push-buttons are connected to are confinuously monitored, and the program branches to various
subroutines from this one, depending on the state of those ports*/

void controlBox()
{
beep();
ir=9;

sleep(0.2); M*give an audible response to confirm that 'Control Box' mode has been entered®/
init expbd servos(l); [*Initiatize the Handy Board controlled servos®/
servod = 3200;
mouthOld = 1113 + 80*( - 92 + analog(20));
while(ir |= 149 && (digital(13) == 1 && digital(15) == 1))
{
int irNow = ir_data(0);
ifirNow > )
ir = irNow,
/*These formulas calculate the positions that the servos for head movements must go 1o, depending on
the values read from the knobs. The constants in the formulas were determined in the calibration
process®/
servol = 1867 + T*analog(18),
servol = 1282 -+ 8*200 - analog(19));

mouthNew = 4077 + 123*(102 - analog(20));;

Contirmed. ..
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if{abs(mouthNew - mouthOld) > 100)
{
mouthOld = mouthNew,
servod = mouthNew,
3

/*These formulas calculate the positions that the serovs for eyelid movements must go to, depending on

the values read from the evelid pots. The constants in the formulas were determined in the calibration
process*/

servoZ = 2530 - 15%(116 - analog(16));

servo3 = 2504 + 63%( - 103 + analog(17));

ifdigital(13) == 1 && digital(15) == 0)
blink();

/I button 12 is pressed and then released, the walking sequence is started. If it is held down for more
than a second, the tracking sequence is started®/

i{ﬂdigital(u) == 1)
beep();
sleep(1.0);
ifldigital(12) == 0)
{
walk();
init_expbd_servos(1);
3
else track();
3

/*If button 15 is pressed, the aardvark will sit up*/
if(digital(15) == 1 && digital(14) ==0)
{
sitQ;
sleep({1.0);
}

/*f buttons 15 and 14 are pressed, the aardvark stands up again®/
if(digital(15) == | && digital(14) == 1)

standFromSit();
3
init expbd_servos{0);
beep();
ir=0;
}
/®routine to shifi the adjustable weight to the front*/
void wi)
{
init expbd_servos(1),
servos = 2556,
msleen(1501),
init expbd servos(0);
}
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/*routine to shift the adjustable weight to the rear®/

void wh{)

{
init_expbd_servos(l);
serves = 4402;
msleep(1501);
init_expbd servos(0);

H

Froutine to shift the adjustable weight to the middlet®/

void wm{)

{
init expbd servos(l);
servos = 2800,
msleep(1501);
init_expbd_servos(0);

3

/*routine to make the aardvark walk. */

/* This is done by using a series of “moveTo’ commands. The coordinates in these commands were obtained by using the

Visual Basic application for programming the walking sequence. Each of the eight numbers is a position reference to

which on of the leg servos must me moved. Afier every couple of such moves, a routine is included to check if the *Stop’

button has been pressed on the control box.*/

void walk()
{
int takenSteps; /*integer to keep track of the number of steps taken™/
float oldSteps = steps;
sieps =4.5;
wm(); /*move the adjustable weight to the center®/

/* The first series of moves are to get the aardvark going from standstill. Once each leg has been brought forward

once so that the aardvark is walking, the program enters a loop that repeats the walking sequence®/

moveTo{130.0, 82.0, 135.0, 125.0, 120.0, 75.0, 142.0, 160.0 ), /* stand */
moveTo{130.0, 82.0, 135.0, 75.0, 100.0, 75.0, 127.0, 160.0 ); /* wf, frec br %/

stems = oldSteps;

moveTo(130.0, 82.0, 135.0, 75.0, 85.0, 21.0, 127.0, 160.0 ); /* Lift & tuck br */
moveTo(130.0, 82.0, 135.0, 75.0, 70.0, 91.0, 127.0, 160.0 ); /* bring br through */
moveTo(130.0, 82.0, 135.0, 75.0, 70.0, 196.0, 127.0, 160.0 ); /* straighten br */
moveTo(130.0, 82.0, 135.0, 75.0, 110.0, 231.0, 127.0, 160.0); /* br to ground */
moveTo(153.0, 82.0, 135.0, 115.0, 115.0, 231.0, 127.0, 160.0 ); /* wb, free fr */
moveTo(173.0, 147.0, 135.0, 115.0, 115.0, 231.0, 127.0, 160.0 ); /* lift & tuck fr */
moveTo(153.0, 162.0, 135.0, 140.0, 125.0, 231.0, 127.0, 160.0 ); /* bring fr through */
moveTo(138.0, 217.0, 135.0, 140.0, 125.0, 231.0, 127.0, 160.0 ); /* bring fr through */
moveTo(74.0, 217.0, 135.0, 140.0, 125.0, 231.0, 127.0, 160.0 ); /* bring fr through */
moveTo(64.0, 92.0, 135.0, 140.0, 125.0, 231.0, 127.0, 160.0 ); /* straighten fr */
moveTo(64.0, 92.0, 120.0, 140.0, 160.0, 231.0, 117.0, 125.0 ); /* wf, fr to ground */
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/*At this point, the program enters the loop which repeats the walking sequence until the stop button is pressed, or
the desired umber of steps have been taken*/

for(takenSteps = 0; takenSteps < walkSteps; takenSteps++)

{

moveTo(64.0, 920, 120.0, 140.0, 155.0, 141.0, 117.0, 196.0 ); /* free bl */
moveTo(64.0, 92.0, 110.0, 180.0, 155.0, 141.0, 192.0, 176.0 ); /* lift & tuck bl */
moveTo(89.0, 127.0, 110.0, 180.0, 160.0, 136.0, 192.0, 46.0 ); /* straighten bl */
moveTo(114.0, 127.0, 105.0, 225.0, 160.0, 121.0, 142.0, 16.0 }; /* bl to ground */

/* Check to see if the stop buton has been pressed. If so, the legs are moved to the standing position and
the walking loop is exited*/
if{ir deta(0) == 148 || digital(14) == 1)
{
takenSteps = walkSteps;
ir=148;
steps = 6.0;
moveTo{112.0, 82.0, 135.0, 125.0, 120.0, 75.0, 142.0, 160.0 ), /* stand ¥/
steps = oldSteps;
break;

3

moveTo{114.0, 33.0, 85.0, 225.0, 160.0, 121.0, 122.0, 16.0 ); /* wh, free f1 ¥/
moveTo(99.0, 33.0, 75.0, 225.0, 160.0, 121.0, 122.0, 16.0 ); /* wb, free fl */
moveTo(99.0, 33.0, 75.0, 115.0, 160.0, 121.0, 122.0, 16.0 ); /* wh, free fl */
moveTo(99.0, 33.0, 115.0, 44.0, 160.0, 121.0, 122.0, 16.0); /* lift & tuck f1 #/
moveTo(99.0, 33.0, 175.0, 44.0, 160.0, 121.0, 122.0, 16.0 ), /* bring {1 through */
moveTo(114.0, 33.0, 175.0, 134.0, 160.0, 121.0, 122.0, 96.0 ), /* wf, tip to f1 #/

*Check for stop condition®/
if(ir data(0) == 148 || digital(14) == 1)
{
takenSteps = walkSteps;;
ir= 148;
steps = 6.0;
moveTo(112.0, 82.0, 135.0, 125.0, 1200, 75.0, 142.0, 160.0 ), /* stand ¥/
steps = oldSteps,;
break;
}
moveTo(114.0, 32.0, 175.0, 134.0, 1600, 121.0, 112.0, 96.0 ); /* free br */
moveTo{124.0, 32.0, 160.0, 119.0, 95.0, 10.0, 112.0, 96.0 ); /* lift & tuck br ¥/
moveTo(134.0, 0.0, 140.0, 119.0, 65.0, 100.0, 102.0, 96.0 ); /* bring br through */

moveTo(134.0, 0.0, 140.0, 1190, 80.0, 195.0, 102.0, 96.0 ); /* straighten br */
moveTo{134.0, 0.0, 140.0, 119.0, 125.0, 200.0, 102.0, 96.0 ); /* br to ground */

Contimmed...
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Check for stop condition®/
iflir_data(0) == 148 || digital(14) == 1)
{
takenSteps = walkSteps;;
ir= 148;
steps = 6.0,
moveTo(112.0, 82.0, 135.0, 125.0, 120.0, 75.0, 142.0, 160.0 ); /* stand */
steps = oldSteps;
break;

moveTo(159.0, 0.0, 140.0, 139.0, 130.0, 200.0, 102.0, 96.0); /* wb, free fr */
moveTo(184.0, 80.0, 140.0, 139.0, 130.0, 200.0, 102.0, 96.0 ); /* lift & tuck fr */
moveTo(124.0, 209.0, 140.0, 139.0, 130.0, 200.0, 102.0, 96.0 ); /* bring fr through */
moveTo(54.0, 209.0, 140.0, 139.0, 130.0, 200.0, 102.0, 96.0 ); /* bring fr through */
moveTo(54.0, 114.0, 140.0, 139.0, 130.0, 200.0, 102.0, 96.0 ); /* straighten fr */
moveTo(54.0, 114.0, 120.0, 134.0, 135.0, 180.0, 102.0, 86.0 ); /* wf, tip - fr to ground */

/*Check for stop condition*/
if(ir_data(0) == 148 || digital(14) == 1)
{
takenSteps = walkSteps;;
ir= 148;
steps = 6.0;
moveTo(112.0, 82.0, 135.0, 125.0, 120.0, 75.0, 142.0, 160.0); /* stand ¥/
steps = oldSteps;
break:
H
3
steps = 6.0;

moveTo(112.0, 82.0, 135.0, 125.0, 120.0, 75.0, 142.0, 160.0 ), /* stand */
steps = oldSteps;

ir=0,
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Appendix I: Listing of Program for Controlling the SSC via the
Handy Board

The code listed below contains the routines used to control the SSC from the Handy Board. Note comments are colored
blue.

float serv0;
float servl;
float serv2;
float serv3;
float servd;
float sexvs,
float servd,
float serv7;

float steps = 4.5;
/¥Routine that sends a command to the S8C in the form of a servo number and position. The pa7i9600 function is included

in the pa7i9600.ich file — a library file that contains commands for sending serial information from the Handy Boardto a
mini SSC.*¥/

void ssc(int servo, int pos)

{
pa7io600(255);
pa7i%00(servo),
pa7i%600(pos);

3

/*Routine that moves each of the eight leg servos 1o a desired position. The move from the old positions to the new ones is
done in a certain number of steps. Since the servos are not necessarily all moved the same amount, the routing has to
calculate how much to move each servo during each step, so that the servos all finish their movements in the same mumber
of steps. By increasing or decreasing the number of steps, the motion is ¢ither slowed down or speeded up — this technique
is used to control the walking speed.®/

void moveTo{float s0, float 51, float 52, finat s3, float s4, float s5, float s6, float 57)
{

int ¢

/*First the difference between the current position and desired new position for each servo is calculated®/
float Giff0 = 0 - serv0;
float diff1 = sl - servl;
float diff2 = s2 - serv2;
float diff3 = s3 - serv3;
fioat 4iff4 = 4 - servé,;
float AiffS = &5 - sepvs;
fioat iffS = 86 - serv6;
float diff7 = g7 - serv7,
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for(c = 0; ¢ < {int)steps; c++) /*loop repeats step times™®/

{
/*The move increment for each servo is calculated by dividing the total amount that the servo has to
move, by the total number of steps*/
servl += diff0/steps;

/*Each servo is then moved to the new position®/
$8(0, (int)servo);
ssc(1, (int)servl);
$5¢(2, (int)serv2),
550(3, (int)serv3),
ssc(4, (int)serv4),
ssc(3, (int)servs);
ssc(6, (int)serve);
ssc(7, (int)serv7);



Appendix J: Code Listing for Application to Program the Walking
Sequence

Private Declare Function SSC_OPEN& Lib "Ssc05.d11" (ByVal commPort&, ByVal baudRate&)
Private Declare Function SSC_CLOSE& Lib "Ssc05.dl" ()
Private Declare Function SSC_MOVE& Lib "Ssc05.dll" (ByVal servo&, ByVal pos&)

Private Sub Form Load() ' When form loads,
Call SSC OPEN(2, 9600) ' open comm 5 for S8C at 9600 baud.
Call Stand_Click
Open “chaardvark\waypoints. txt” For Output As #1

End Sub

Private Sub Form_Unload(Cancel As Integer)
Call 88C CLOSE ' When form unloads, close the SSClcomm port
Close #1

End Sub

Private Sub Go_Click()
Call SSC_MOVE(0, Slider0. Value)
Call SSC_MOVE(1, Skiderl. Value)
Call SSC_MOVE(2, Slider2. Value)
Call SSC_MOVEQ, Slider3. Value)
Call SSC_MOVE(4, Slider4. Value)
Call SSC_MOVE(5, SliderS. Vahue)
Call SSC_MOVE(6, Slider6. Value)
Call SSC_MOVE(7, Slider?. Value)

End Sub

Private Sub Save_Click(
Print #1, "moveTo(™, Text0. Text; ".0, ¥, Textl.Text; .0, ™, Text2.Text; *.0, "; Text3.Text; ".0, *; Textd. Text; .0, ",
Texts Text; ».0, *; Text6.Text; *.0, ", Text?.Text; ".0 ", ™); /* *, descrip. Text; " ¥/

End Sub

Private Sub Sliderd_Click()
Call S8C_MOVE(®, Slider0. Value)
Text0. Text = Slider0. Value

End Sub

Private Sub Slider]_Click()
Call SSC_MOVE(], Sliderl. Value)
Text1.Text = Slider]. Value

End Sub

Private Sub Slider2_Click()
Call SSC_MOVE(, Stider2. Value)
Text2.Text = Shider2. Value

End Sub

Private Sub Skider3_Click()
Call SSC_MOVE(, Slider3. Value)
Text3. Text = Slider3. Value

End Sub
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Private Sub Sliderd_Click()
Call SSC_MOVE(4, Sliderd. Value)
Text4. Text = Sliderd. Value

End Sub

Private Sub Slider5 Click()
Call 88C MOVE(S, Slider5. Value)
Texts. Text = Sliders, Value

End Sub

Private Sub Slider6_Click()
Call SSC_MOVE(®5, Slider, Value)
Text6. Text = Slider6. Value

End Sub

Private Sub Slider? Click()
Call 88C MOVE(7, Slider7. Value)
Text7. Text = Slider7. Value

End Sub

Private Sub Stand_Click()
Sliderd. Value = 177
Skideri. Value = 81
Shider2.Value = 60
Slider3. Value = 100
Sliderd. Value = 85
StiderS.Value =78
Sliders. Value = 167
Slider7 Value = 165

Text0. Text = Slider0. Value
Textl. Text = Sliderl. Value
Text2. Text = Shider2. Value
Text3 Text = Slider3. Value
Textd. Text = Sliderd. Value
Text5. Text = SliderS, Value
Text6. Text = Slider6. Value
Text?. Text = Slider7. Value

Call Go_Click
End Sub

Private Sub Text0 Change()
Slider0. Value = Text0. Text
End Sub

Private Sub Textl Change()
Slider]. Value = Text]. Text
End Sub

Private Sub Text? Change()
Slider2. Value = Text2. Text
End Sub
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Private Sub Text3 Change()
Slider3. Value = Text3.Text
End Sub

Private Sub Text4 Change()
Sliderd. Value = Textd. Text
End Sub

Private Sub Text5 Change()
Sliders. Value = Text5. Text
End Sub

Private Sub Texté_Changs()
Slider6. Value = Text6. Text
End Sub

Private Sub Text? Change()
Slidex7. Value = Text7 Text
End Svb

--= The End —-
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Appendix K: Calculation of Overall Dimensions

Since the leg servos could produce a maxinum torgue of 0.5Nm, the dimensions of the legs had to be adjusted so that this
maximum wotld nat be exceeded while the animatron was walking. As the rear legs would be longer that the front ones,
the hip joint servos for the rear legs would be subject to the greatest moment arm (the torque required by the knee joint
servos woyld be less as the pear assembly helps to increase the torque they produce). For this reason, all calculations were
based on the rear legs being in the position during the walking sequence that would produce the greatest moment at the hip
joint servo. {As illostrated in figure 593,

Snee this caleulation had to be made while the animatron was still in the prototype Perspex phase, an estimation of the
final weight had to be made. Based on the known weight of the servos, the Handy Board and the batteries, the total
projecled weight was estimated at 3kg. 1t was assumed that the weight would be distributed evenly among all four legs, so
that each leg would have to carmy 0.7 5kp.

To determine the maximuwm moment arm that conld be supported, the following formula was nsed:
D=TIF

Where D= moment anm
T =torque produced by servo {0, SNm)
F — force applied ot moment arm (F =M x g =0.75kgx 9.8 = 7.35N)

Inserting the above values into the equation produced a resulting moment arm of D = 0.068m. 1t was decided ro add a small
safety factor, and so a final moment arm of 55mm was chosen. Working backwards from this value, the dimensions of the
upper and lower limbs where calcolated, and then the overall dimensions for the rest of the animatron where scaled
accordingly. This resulted in the animatron being approximately 14 scale.

Fiymice 3459, Bear Jem i posilem prodicing maamam torgue arn.
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