The copyright of this thesis vests in the author. No
quotation from it or information derived from it is to be
published without full acknowledgement of the source.
The thesis is to be used for private study or non-
commercial research purposes only.

Published by the University of Cape Town (UCT) in terms
of the non-exclusive license granted to UCT by the author.



EHREEE

A Second-Generation NDE Inspection
Robot

University of Cape Town
Department of Mechanical Engineering

Ian Alan Baldwin 2006



{"; " o k? &4

DECLARATION

This thesis is submitted in complete fulfilment of a M.Sc. (Eng) (Mechanical Engineering)
at the University of Cape Town.

I know the meaning of plagiarism and declare that all the work in the document, save for
that which is properly acknowledged, is my own. Each contribution to, and quotation in,
this thesis from the work(s) of other people has been attributed, and has been cited and
referenced.

I have not allowed, and will not allow, anyone to copy my work with the intention of
passing it off as his or her own work.

Signature:

IAN ALAN BALDWIN
Date:

19™ JaNUARY, 2007




BACKGROUND

Since the early 19505, Non-Destructive Evaiuation (MDE) has been revolutionizing all
ficlds of industry but particularly prodoction and maintcnance. For the manufacturing
sector, the widespread implermentation of accurate NDE technigues [such as ultrasonic
inspootion) as well as the introduction of fracture mechanics, allowed engineers to more
accurately predict the lifefime of compenents before fallure [1], leading te an increasad

rejection in faulky orsub-standard compenents.

A similar revalution took place in scctors invalved with maintcnance and inspecticn. Flaw
detectien would enable techinicians to establish wihether failure was imminent, improving

safety and prowventing scencs as shown in Figure (A) 1 bolow:

FIGuRE [AY 1: PRESTICH SIMELNG

This unfortunate photograph s of the Liberian-owned Prestage sinking off of the Spanish
Costa de la Muerfe [Death Coast) in late 2002[ 5], The Prestige was bound for Singapore
and carrying 77 QG0 Lennes of crude oil, and the resulting slick had enormous
envirenmental, sedcal and econemic impacts on the region, Better and more rigoreus

inspection prodcdures may have prevented the Prestige’s cataclysmic failure,

RoBoTICcs & NDE

Inspection of maring vessels in dry-dock can be a hazardous jok. Manual NDE technigues
require technicians to make usc of scaffolding and gantries to be able to gain access to
all sections of a ship's hull, which in some cases may be in excess of six stories off of the
dry-dock floar. It is also time coensuming: in the cxample of a medium-Segd Qrain carmer,
it may fake fechnicizns several months fo fully inspect the hull and certify the vessc

soaworthy.

Shown overleaf in Figure (A) 2 is a typical setup at the Rebertsen Diry Dock in Capo
Town:



Froiunr (&Y 20 Manuasl THSPECTTSY
Visible in the image 1= the scaffolding the technicians use to gain access to the
extremities of the hulls. Warking an a platform which can be in excess of cightecn metres
off the dry-cock floor poses a serious accident risk fa personnel. Use af 5 Remately
Gperated Vahicle (ROV} wauld eliminate rizk to NOE personnel while potentially being

At to reduce overall inspection tinme.,

&5 a3 result of the growth of robotics as an industry, increasingly more systems are baing
developed that are capable of conducting NBE inspections Robotics inspechon systoms
reduce the risk to technicians, and are capable of performing a variety of inspection

procediras.

Fiunrr (&) 3: RFFINFRY 'RRTS

Figure {A}) 3 shows two robots development for use in petraleum and petrachemical
environments. Mepfare, on the left, is a petroledm-staragse inspection vehicle 16/,
cquipped with a payleaa consisting of video cameras and Ultrasanic Testing (UT)
equipment, The adjacent frame shaw the Explorer I [17], a vehicle designed for pipe
inspection in a live-gas envirorment. While these platforms are well-swifed to their

designed task, they do nal adapl well to maring inspectior.
PREVIOUS DEVELOPMENT

Development of a dedicated NDE capatle robol was the subject of 3 2004 conjaint
undergraduate thesis project [26] [27]. Shown in Figure (A) 4 overlearl is the end result
of the project, dubbed Pinky:



FiGURE [A) 4: PrEvio.. s NDERDI
As g first-generation profotype Pinky performed adequatcly, however in arder to produce
a platform that would be capable of performing in an industrial envirohment major
improvements had to be made to the concept. These included rugaedization of the
piatform, expansion of the NDE technigues used as well as cost evaluation of the

platform, as a whale, to ensure market competitiveness,

This project took the experiences gained from the first NDE prototype and incérparated
them inta the next generation NEEbot.

FIGLURE (&) 5 rROBOT Saayi | LING ON A VERTICAL Wall

eRobot is a 2" generation inspection robot fusing the pawer of moedarn embedded
computing technology with the diversity of low cost robobics. Althouah orimarily
desighed for the inspection of masine vessels in dry-dack, eRobot makes use of a highly
modular design i order to be able to Tylfil 2 variety of inspection tasks. Custom-sinteread
magnets and custom made drive-units allow cRobot to adharg ta ferrn-magnetic
structures and to travel inverted if required.

Communication s realised over a standard wirgless (WiFi) network and Jtilises a

standard LAM architocture ta provide full internet connectivity, allowing the loaaing of



position and data to its assooated sorver and wehsite, Cantral of the robot 15 made
possible by a standard joystick and |aptop, giving the operator full and intuitive control of
the vehicle, An cmbodded computer running opan-source soffwars and utilising custom
communication and contral programs ensures a rapid and accurate responsc to any uscr-
input. Making use of Diffcrential Global Positiamng System (DGPS) fechnalogy, eRobat is
capatile of downloading carrectional data from its associated GRS server, allowing for

accurate 3-dimensional positioning,

EROBOT: CAPABILITIES

SPECIFICATION

DESCRIPTICH

Straight line specd

Manoouy rability

0.2 mis

Full manoeuwrability with sufficient

adharence to travel invertod.,

| Cperating Range

Oporating range of over 30 metras

Operating Cycle - Cantinuous operation for a 2 hour period,
Il
m mo= Fir LT L
a Multiple Payloads Capacity to accomimodate a vancty of NDE
-
o, technigues
P ||, SRS
Madular Besign Allow for incorporation of alkternate drive or
sensof modules.
Weight Weight of & kilograms allows ONC-pCrson
operation,
Priofilc Prafile allows travel in standard 14° pi[-hing.
" Human Interface Basic user Interface with minimal learning
or traimning,
LR | .
- ﬁ Expandability Capacity for future implemantation of sealf -
2
ﬂ E navigation and crivirgnmental awareness
= = =
8 £ Data Acquisition GPS enablad to allow co-ardinate magpping
Media Feed Capacity for real time video streaming
i Commerdally competitive - Economically competitive with equivalent
M marker-available patforms.
1|
'-gl Expansion & Embedded computing allows for future
Lpgradeability devalopment of mare advanced capabilities.

TanLl [A) 1: CAPABILITIES



CONCLUSIONS B RECOMMENDATIONS

In conclusian, the base performance of the robal was acceptable, Although the vehicla s
nok ready for the rigours of an industrial setfing, it provided a useful prototype to fest the
validity of the concept itsclf as well as other concepts (navigation, networking and so onj.
The main parformance criteria of the systam are analysad below and recemimendations

are made for future development work on the vehicle,

MECHANICAL DESIGN
Cesign of the rebot in A modular fashicon allewed for the simple assembly/disassembly
for frequent modificabions, and was considered a success. Structurally thie robob was
seund, ard showead no sign of wear at the end of the project. Howewver, reduction in
the weight of the robot chassis by re-designing the vehicle with an aluminiam

chassis would beneafit the ovarall peformance,

ELECTRONICS AND COMPUTING
The use ol the PCA104 stack meant that doevelopment time was minimal, as pre-built
programs and code could be implemented and tesked guickly on the platform without
having to go re-compilation or porting, Nevertheless, replacement of the PC/ 104
with a capable madern microprocessor wWelld reduce the space, weaight and power

requirements of the Computing Module whilst maintaining equivalent capabilities,

NAVIGATION
Use of the networked GPS system showed the feasibility of using a Wircless LAN to
disseminate positioning information amongst nodas gr clients, though use of the
system in a restricted or "urban-camyon® environment should be avoided as severc
signal degradation eccurs. An alternative Urban-Canyon Navigational Aid such as
the new Antaris 4 SuperSense” Indoor GPS |42 | would allow the vehicle to repart
accurale positioning mformation, whilst nol requiring any modification Lo the existing
LaM Architecture.

DATA STREAMLING
Use of an an-board QuickCam web camers showed Lhat Lthe ides of visual inspaction
was possible {which was expected), but it also showed that a redesign weuld be
required if industry-standard pictures are to be obtainecd. A software upgrade and a
switch to the Real Time Streaming Prefecol would allow the FireWire bus fo be fully

utilised providing video-streaming capabilities in addition to high guality stll images.
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1. INTRODUCTION

BACKGROUND
This report details the design and development of an industrial inspection robar capable

of carrying Nan-Destructive Evaluation [(NDE) couipment and perfarrming NDE tesls.

Since the early 1950°%5, NDE has been revolutianizing all fields of industry but particularly
praduction and maintenance. For the manufacturing secrar, the widezpread
implernantation of accurate NDE technigues {such as ultrasonic inspection} as well as the
intraductian af fracture mechanics, allowed engineers fg more accurarely predicr the
hfetime af cornponents before failure [1], leading to an increased rejectian in faulby or

sub-standard components.

A similar revolution took place in sectors invsived with maintenanes and mspection, Flaw
detection and characterisation (the classification of the type of defect) wauld enatle
technicians Lo establish whether failure was imminent ar if thare was still a substantal
safety margin, thus striking A talance ebween safe operafion and costly maintenance

downtirme (21,

MEE has facilitated accurate, rapid inspoction ranging frorm the smallest of components to
entire structures. Shawn in Figure 1-1 below are images of various electronic
companents and Pnnted Circuit Boards (RCB). Wisible on the left frame is an X-Ray scan
of a modern die for an Integrated Circdit (IC) chip, The centre image shows a through-

hole in a mult laver PCB that has not been fully plated due ta poor solder re-flow and the

rght frame highlights incensistencies 10 drill spacing on another FCB [31.

dédbapaiinis
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Fioiurr 1-1! X-RAY THSPECTION OF ELECTRONIC COMPOMNENTS AND PCR'S

MNOE 15 not confined to the small and Figure 1-2 overleal shows ane of the |largest ships
in the world, the Kpock Newis, The Enock Neowvis is a supertanker, or a transport vessel
that is capable of transporting mare than 500,000 deadweight fonnes of crude ail [4].



FiGoR= 1-2: THF MASSIVE KNoos Nevis
This particular vessel is in excess of 480 mctres in length and has a 68 metre girth, and

detailed inspecticn of ber imternal compartments is a bhiuge, but vital, task.

Even in an enormous freighler such as the Kook Nevis amall internal flaws in the hiull
could lead to failure of the structure as a whole, with disastrous conscquences, Structural

integrity has led to many maritime disasters, ana of which s shown in Figure 1-3 below:

FISURE 1-3; PRESTIGE SIKKING

Thiz unfortunate phetegraph is.of the lapanese built, Greek-operated, Bahamas-
registcred and Liberian-owned Prestige sinking off of the Spanish Costa de la Muerfa
(Death Coast) in late 2002[5]. The Frestige was bound for Singapore and carrying 77 000
tonnes of crude 2il, and the resulting slick had enarmals environmental, secial and
sconemic mpacts on the regicn. Fishing restrictions were enforced along the coastline,

depriving communities that depended on the sea of their livelihood.

Criticism was heaped upon the shipping community, one claim being that single-wallad
yascels were no Innger suitable for the transport of damaging content such as crude il
[&] (Exxzon Valdez, which ran aground in Prince William Sound, Alaska, causing massive
enviranmental damage, was also of single- hull construction [7]). Another single-hulled
wvessel the Erfka sank off the coast of France in 1999, and the subseguent Prastige sinking
prompled the European Union (EW) Eo call for a phasing out of single-hulls to be
completed by 2015 [&].

Sewvere structural degradation was cited as being one of the primary factors for Lhe ship's

bl splitting clean in half (2], Afler Lhe accident, the EU called for an increase in the

I



number of inspections conducted on dangerous freights from once to twice yearly, putting
urder pressure maintenance warkers who were already struggling with the initial

inspection quota [61.

Analyzing the entire structure of such a vessel for structural deficiencies is an incredibly
manpower-intensive task, requinng the vessel to spend cxtended penads of time 10 dry-
dack, According to Mr, Janathan Wamstekor - owner and operator of Sonometrics, a Cape
Town based maring inspection company - a medium sized cardgao vessel could spend Folr

b Five months in dry-dock if it had to undergo detailed inspection.

Traditional methods employed in industry call for rope-aocess inspection teams o
conduct MDE inspection on the sides of the ves=el by hand [9]. This is a |engthy process

and in additinon the warking conditions in the dock are hazardous to NGE persanneal.

The implementation of & robolig inspection solubicon would not anly clirminate the dangoer
to non site MDE personnel buk could also affard aother advantages such as reduced

inspection Lime,

RosoTIics B NDE

Robotics as am industry has expenenced rapid growth fuelled by the massive boam in the
glectronics and computer industries [10]. These advances have allowed the replagement
of human technicians with robot stations, as is becaming increasingly commanplace in
industry, Figure 1-4 shiows & weld nspector checking mounts on 8 nuclear reackor vessa|
[11], Adjacent to the weld inspectar is BONATE 1T a non contact ultrasound nudear

Boiler inspoector, [ L2

Fioure 1-4: ROBST TMNSPECTION STATIONS

Applications of robatics (0 a fairly standardised, repetitive environment such as an
assombly [ine or inspoction station is markedly differcont to the implementation of an
imspection system in a marine dry-dock. Environmental conditions inside a modern
factary are Cightly contralled, whereas 3 robol operating in & maring erviranmeaent will
have to deal with all types of real world phencmena, ranging from hostile waathear

conditions to careless dockside persanne!,



However, implementation of such a system would afford NDE personnel safer working
conditions as well as potentially reducing inspection time. This combination of factors
illustrated the need for the implementation of robotics and automation.

Mr. Wamsteker was first struck with the idea and approached the Department of
Mechanical Engineering at UCT to propose the idea as a research project. Consultation
with Mr. Warmsteker vielded the basis of the design requirements (a full set of which can
be found in the Performance Specifications section beginning on page 12).

The first criterion was centred on the vehicle's ability to traverse a ship’s hull. Mr.
Wamsteker indicated that a vehicle that could attain a straight-line speed of 0.5 m/s
would provide suitable capabilities for rapid inspection.

Operating in the testing environment of the dry-dock, the platform is required to be
reliable with a low maintenance overhead. Effectively, this meant that the robot should
only need to be recharged at the end of the day (meaning a 6-8 hour operating cycle)
and should not require maintenance more than once a week. The duty cycle was
determined to be too demanding for the project initially, and was revised down to two
hours.

Mr. Wamsteker also stressed the need for the vehicle to be remotely controlled. He noted
that some ships were in excess of 6 stories high from the bottom of the dry-dock, and as
such the operator should still be able to control the vehicle. As such, 30 metres was
agreed to be the minimum range for the robot.

A simple, user-friendly interface would allow marine technicians with a minimum of
training to operate the vehicle. Lastly, the project is required to be commercially
competitive with currently available inspections, including manual inspection.

CURRENT TECHNOLOGICAL TRENDS

As a result of the growth of robotics as an industry, increasingly more systems are being
developed that are capable of conducting NDE inspection. The petroleum sector is an avid
proponent of remote NDE technology, due to the huge amount of piping networking and
storage vessels that comprise a petroleum refinery, where even a mid-size oil refinery
may have in excess of 350 miles of piping [13].

Need for pipeline inspection was highlighted by the February 2006 spill at Prudhoe Bay in
Alaska, site of the Beyond Petroleum (BP) Prudhoe Bay Oil Field where 16 “"anomalies”
(highly corroded regions) were thought to be in one section of pipe. However on detailed
inspection after the spill it was found there were over five thousand [14]. Spills such as
these have major ramifications in terms of environmental cleanup costs [15].




FiGurE 1-5: REFINERY 'BOTS

Figure 1-5 shows two robots develepment for use in petreleumn and petrochemical
envirenments. Meptiune, an the left, is a pefroleum-sterage inspectian vehicle |16]. I8 can
nawvigate on either the internal or external side of the tank, and adheres to the tank by
means of magnatic drive fracks, The sensor payldad consisrs of a vides carmeara and
Ultrasonic Testing {UT) eguipment tn conduct detailed inspecticn. Fower is provided o

the unit by means of a tether which also provides a data bus to and from the vehicle,

Figure 1-5': right panel is an image of the Exoforer 1, a dedicated gas pipeling
inspection rebat funded by the United States Department of Energy (DeE) [17]. The
Explorer 15 a wirgless NDE inspection unit capable of evaluating the structural integnty of
pipelings. The system makes use of a modularised design ta nouses its on beard
electronics and cameras. Design in this fashion not only exploits the advantages of
medularity, but it alse allows rhe vehicle Fo turn through bends in pipes, as well as

ascend verticaliy.

Fobots are aptly suited to other hazardous applications, one popular example being

pressure vessel ihspection n nuclear reactors.

FIGURE 1-6: 'BoTs For HAZARDOUS OPERATIONS (HAZOPS)
Shown in Figure 1-6 are two inspection rebots. On the left is Pioneer, a vehicle designed
and developed at one of the powerhouses of modern robot development, the Robotics's
Institute at Carnegie Mellon University [18]|. The primary mission for Fioneer was the
inspection of Reactor 4 at Cherncby| power station in the Ukraine, Ploneer carries an
impressive array of envirenmental sensors in addition to an onbeard core-borer {for
retrigving material samples on-site) as well as a mapping unit for creating 30 models of
the interior structure of the reactar.



In the adjacent phatae is the ROSLG 1T, designed at the Department of Electranics and
Computer Science at the University of Scuthampton in the United Kingdom. HO8UG 1 1S
a leggead ratal capahble of pertorming autonomaous fleor to wall fransfers, and is ideally
sulted for conducting inspection in chvironments with very limited access (such as

nuclaar reactor pressure vessels) [ 191

ITnspection ol a ship-hull will require a rebot platform that can easily raverse the hull, 4l
Fhe while remaining firmly adhered. A cross-section of seme of the alternative Research

andl Development [(R&DY dedicated wall-climbing robals are shown in Figura 1-7 balow:

Fioinm 1= Wall CLIMBERS
On the left i Figure 1-7 is WALLY, developerd by (he Dipartimenta Elettrico Elettronico é
Sistemisico (DEES) of Carania University [20]. WAMLY is a prototype robot designed to
conduct surface inspection on industral chimneys and storage tanks, The centre panel
shows an imaage of SURFY, also develapead by DEES, which is anathar aniculared
preumatic powered inspoction robot [21 ], The Tennessee Technical Wniversity Centre for
Energy Syslams Research (TTU CESR) robat or the riaht was develepad a analyse the

thickness of water-walls in coal fired power plants [22],

In industry, commercial inspecrtion robots are readily available for a varicty of rasks.

FIGURE 1-8: EvEREST VIT: RowveR™ FaMILY

Shawn in Figure 1-8 above are the Rovver® tamily of visual inspection rebets from
Ewveorest YT {now amalgamated into General Electric® Inspection Technologies), mainly
for remale pipeling inspection 23], The smallest member of the fFamily is (the R400,
leftrost "hot in Figure 1-8) capable of conducting inspection in pipe diameters as small

gs 4" {~100mmb. Maximum range for the serigs (5 200 melres and the largest varsian,



the RA0OT {Figure 1-8 right} is capable of carrying adddional sensary equipment for

other inspection tasks

FIGURE 1-9: MaRAT® INSPECTION RIS0TS

Similar to the Rovver family are the MARAT™ series of industrial inspecsian/cleaning
robots, The MARAT robots use a commen chassis and different paylead medules to fulfil

different tasks [ 24].

Cne of the major disadvantages of commergially available platforms s cost. For example,
the P2-AT, a commercial robot platform targeted at developers (shown in Figure 1-10)
costs Iy excess of USS3 000, just for Fhe base unit, Some af the more advaneced systems
cost upwards of BSDs A0 000 | 25,

Flcorz 1-10: P3-AT
As such onc of the design critenia that the project will ain to fulfil will be the
development of an eguivalent system that would be able to compets canmercially in the

markct-place,

From this brief [and by no means exhaustive | overview, it becomes apparent that there
arc multitudes of inspection systoms avalable and in development, involving both

standard inspection NDE technigues as well as more advanced ones such as ultrascund.

Each system has unigque attributes Ehat facilitate its function; hawsewer, no system
completely fulfils Ehe exact reguirements of Mr, Wamsteker and as such a now system

woulkd have to be developed.,
PREVIOUS DEVELOPMENT

Development of a dedicated NOE capable robet was the subject of a 2004 conjoint
undergraduate thesis praject [26] [27], Shown in Figure 1-11 cverlesf is the end result
of the preject, dubbed Pinky,



Froure 1-11: 2004 THESIS NDEBS™
Finky utilised standard Phillips” electric screwdriver mators as drive units. Visitsle in the
left Frame of Figure 1-12 isihe awminium frame and the drive whits arranged in gairs,
located at the front and rear. Adhesion was accomplished with custom-sinterad cylindrical
rare-earlh Neodymium magnets, one of which was located an each of the four grive

wheeals,

Frosume 1-12: Pragy: A PHYSICAI RREAK DOWN

Inspection was performed with a modified Panameatrics'” hanag-held ultrasanic thickness
gaugea [encasea in a protective housing, visitxle in the centre panel of Figure 1-12) with
controd being implemented with an embadded PC/ 104 computar and custom circuitry

iFigure 1-12 right panal}.

As g primitive test-beg, the NREbot performed adeguately. However, while the vehicle
was cdpable of adharng firmly ta farro-magnetic walls, it was not capabla of turning or
ascending vertically. The madified {some wallld say jerry-riaged) MDE payload was also

subiject to regular inconsistencies,

In arder ta preduce a platform that would be capable of performing in an indystrial
anvironment, majar improvemeants had 1o be made to the concept. These incluged
(amaongst othars): ruggedization of the platform, expansion of the NDE technigques usea

as well as cost evaluation of the platiorm, as a whale, to ensure market competitivenass.

This preject took the experignces gamed from the first NDE prototype and mcorporated
them inte tha next generation MCEbot, The raport begins with a description of the



platform, followed by an cxamunation of all the major aspects contributing to its
performance. Concluding the repart s a discussion with respect to recomimendations for

future waork,



2. [EJR[OIBIO[T!: FINAL SOLUTION

[For wideo foctage of the robot in action, please see the accompanying DVD.]

FiaurF 2-17 FROIMO AL TACHED 10 46 VERITICAL METALLIC =LATE

eRobot is a 2" generation inspection rohat, It fuses the power of modern embedded
complting technolooy with the diversity of low-cost robotics. Primarily designed for the
inspection of marine vessels in dry-deck, 2Robot makes use of a highly madular design in
order o be able to fulfil 3 variety of inspection tasks.

Custom-sintered magnets and custom made drive-units allow eRobaot to adhere to lerro-

magnetic structures and to travel inverted IF reguired,

Communication s realised aover 3 standard wirgless (WIFH network and utilises &
standard LAM architecture to provide full internet connectivity, allowirg the logging of

position and data to its associated server and website.

Control of the rabat is made possible by a standard joystick and laptop, giving the
aperator full and intuitive contral ol the vehicle. An embedded camputer running dpen-

14



source sefbware and ulilising costarn communication and central programs ensures a

rapid and accurare respense fo any user-input,

Making use of Differential GPS technology, eRobot is capable of downloading correcticnal

data from ifts associated DGPS server, allewing for accurate 3-dimensional positioning,

320 mm

540 mm

200 mm

FiGurL 2-2) OhLRALL LIMLNSLONS
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Performance Specifications

2.1 Specifications: KEY

Specification Tabkle Key |
Critical = aw
Acbeantagcous .
Desirable (=)
Achieved |

Fully implementer] ! [~ ;:4.:.'
Partial jmplementation e B

Net Impiemented [

TABLE | | SPECIFICATION TasLE KEY

Shown in Table 1 above is the Specification Table key. The top section describes how
each parformance criteria was rated. & critical aspect of the design was part of the

original design specifications as were discussed with Mr Wamsteker.

An advantageous criterion was one which was mentioned by Mr, Wamsteker as beaing
potentially useful, howewver it was not paramount to the success of the project. Lastly,
a desirable artribure was one addecd by the author as an aspect that could be
potentlally useful to the end-user. The Achioved section details the degrec of
Implementation of the design criterla. Three bars show a FUll implementation of the
cricerion, twa bars Infocrs a partial ar incomplete implementation with mere

development reduired. One bar means there was no attempt at implemeantation.

2.2 Specifications: TABLE

SPECIFICATICN DESCRIPTION RATING | ACHIEVED

Physical Attributes

Minimum stralght line speed | 0.5 mfs ' T'T R I

Manoewvrability Full manoeuvrahility with | Bl | o &
sufficient adherence to

travel inverted.

12



" Operating Range

Minimum cperating Range

of 30 metres

Cperating Cycle

Operate continuously for &
period of ab least 2 haurs

Mulfiple Payloags

Accammaodate a variety of

NDE technigues

Maodular Mresign

Allow for incorporation of
alternate NDE payloads ar

drive tachnrigues

Weight

To weigh no marg than
Bka's, to facilitate casy
transport by ong operator

-

Frafile

Hawve a crass-sectional
area small enough to
allow travel In standard

14" piping

Ceontrol & Interface

Human Interface

Easy videp-game |ike
intuitive user contral,
rrmimal learming ar

training

Expandability

Aliow for implementation
of self navigation and

environmental awareness

Crata Acguisition

2D mapping cnabled to
prasent data in a simple

effoctive way

&

Media Feed

Real time streaming to
allow rser g robol visw

perspective

13
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SPECTFICATION DESCREIPTICH RATING | ACHIEVED

Miscellaneous

Commercially competitive Economically rmust 1T AR 11
romrets with squivalent
market-availazle

platforms & techiniguies

Exjransinon & Upgradeability Allaw for incorporation of | B8 s
more efficientfadvanced

rechnigueas.

2.3 Specifications Justification

From the specifications table it can be seen that not all majer reguiraments wera fully

met. In particular, these were the straighz-line cperating speed and the duty oycle,

STRATGHT LINE SPEED

A rminimum of 0.5mys was specified by Mr. Wamsteker in the initial design
specifications. When the rehot was tested, it was found that the ot could only
atkain 0.2 mfs. As such, ik failed the initial criteria; however suggestions for design
modifications hayve been made in the Recommendations sacton in arder to
improve the vehicle’'s speed,

DuUTY CYCLE

A duty cycle of 2 hours was initially oLtlined for the platform, naving been throttled
dewn from the initial 6-8 heur specification, This full extent was unfortunately naver
tested due to the failure of some equipment in the testing process.

Thig is fully documented in the Testing secrion, and recommendations for
perforrmance improvement have been made 0 the Conclusions &

Recommendations secticn on jpage 63.



3. DESIGN

As is the case with any cross-disciplinary proiect, the design of cRobot spanned a
number of engineering fields, Befare any detailed or embadiment design work was
undertaken, a concepiual design phase was performed, forming the basis of the
upcoming detaited design phase,

From the conceptual design, detailed machanical and electrical design phases were

performed, providing the necessary schematics and data for manufacture.

3.1 Conceptual Design

Various conceptual robot configurations were envisioned for the new generation
robot, bearing in mind the successes and failures of the preceding prototype. This
generation of robeat had to addrass the previous inadeguacies that were highlighted

by the imtial design,

Specifically, this iwnvolved the drive configuration, as this was where the initial

protetype Underperformed sbbstantially.

TRIKE

F1GURE 3-1! TRIKE CONCERT

Conceptually, the trike concept has 2 number of advantages over a conventional 4-
wheeled design, All drive elements are |located at the rear, and steering could be
accomplished merely by either varying speed of each drive wheel with a front
neutral "jockey”, or by having an active steering nose wheel and standard rear

wheel drives.

15
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FIGURE 3-2: TRIKE: SCHEMATIC

Although simplistic in nature, this version of the trike concept did not lend itself to

the envisioned madular design as much as other concepts, and was discarded.

REVERSE TRIKE

FIGURE 3-3! REVLRGC-TRIKC

This concept |s similar to the trike concepl oullined above, but differentiated by
having the drive wheels near Ehe fronl of the vehicle, and the trailing neutral
“jockey” at the rear, Having the drive/adhesion unils in this configuration would
allow the substitution of drive units and/or payload wilbout the need for major

reconfiguration,



-
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Froiupe 3-4) REVERSE-TRIKE SCHEMATIC

QuUAD

FloiuRe 3 57 QUAD CONCEPT

This concept, due o its inherent simpl city was the ene selected for the first
generation of robot. In addition, with four wheels instead of three, the quad
pravides more adhesive power than tha previous two concopts,

However, due to the demanding reguirements of adherence and low rolling friction,
the gquad concept requlres substantially more driving control than the other twa
concepts. This was due to the fact that the wheels, due to the intense adhesive
force of the magnets, did not allow for any “scuffing”. Therefore IF this concept was
to bocome viable, a differcntial drive systam would have o be develsped, adding
substantially to the complexity of the desion.
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FIGURE 3-61 QUAD SCHEMATIC
Althaugh the quad concept was mare accommedating fora modular design, the
difficulties in implementing a successful driving system eliminated it as a viable
cancept,

SELECTED COMCEPT

Previnus experience with the quad concelt had shown a number of
deficicncies inherent (0 the design. A lack of porceived
expancabelity eliminated the cancept of Lhe tnke, As suUch, it was

decided that the reverse-trike offered the mast agvantages, and was sclected.




3.2 Mechanical Design

FLstrE 37 EXPLODLL WIEW

Defailad design af the platferm had ta take into aceount several factors:
MOoDULARISATION

Paramount to the success of the robob was its ability to adapt to different
environments, Develaping a drive system that was capable of adhering to [and
provicliceg grip and ferro-rmegnetic surfaces and being capatle of traversing other
enviranments [such as the interlar of a piping network) successtully would have
Been an exceadingly complex task,

Instead the entire design was conceived as a System of modules, which could be
canfigurad apprepriately depending an the envirenment . Far the case af marine
mspection, three magnetic wheels were required, howewer If the "bot was usced ina
standard "rover” role, they could be substituted for a set of large nan-magnerie
high-profile wheels.

Theretare each madule had ta be self-contained with anly the minimal amaunt of
cornections reguired to other moadules, as extensive necd for assembly/disassermbly
wauld regate the enfire purpnse.

MATERIAL SELECTION

From the outset, High Density Poly-Ethylene (HDPE) was chosan as the material of
cnoice. HOPE is a low cost urethanea plastic with a nurmber of characteristics that
make it uscful for robotic construction. Primarily, HOPE is cost cffective with most

standard thicknesses below 40mm being readily available in a variety of colours. Tt

L)



is also casy to machine, with high cutting speeds being used (up to and including
1033rmmdmin Smm desp cuks) leaving an cxcellent surface finish.

Orange Perspex™ was used primarily in the canepy constructicon, and gave the
[placfarm an aesthetic appeal. Howewer, Perspex dlso is very tough and peoviced
good structural reinforcemeant, particularly for the front secticn of the frame,
FABRICATION

T reduce manufacturing errors to a minimum, all parts were designed to be
machined on the Department’s CNC Centre, consisting of 4 3-Axis Milling machineg
and a 2-Axis Lathe.

However, the work cnvelope of the CHNC mill was only 300mn250mmx2 50mm
(Length, Width and Height). Therafore each module (or the components that ik
consisted of, IF it was not one-picoe) had to fit comfartably inside the mill's wark
wolurme,

CEsiGN CRITERIA

As with any rcmote sclf-powered application, the lighter the platform the less
demanding it is in terms of powear requirements, Therefore, use of Finite Element
Analysis (FEA)Y technigues to determine the optimal design in terms of structural
inteqrity and weight were considercd.

Proviously regarded a5 a post-design add-on, the infusion of acsthetic appeal to the
platform should procecd conjointly with the Mechanical and Electrical design,
crnsuring the ‘ol was not anly functioral, but also pleasing to the cye.

Taking into account these design critaria, the following sections analyse the design

of sach maodule.

DRIVE UNITS

20

FIGURE 3-8: DRIVE UNITS

As eRobot was designed destined inltially for marine inspection, its capacity to
adhere to vertical surfaces was crilical, As such, design and fabrication of the drive



units was one of the most critical aspects of the design, A number of desiagn
iterations had to be performed before a solution was reached,

In the tnitial (1st Generation] prototype, electric-screwdriver motors were used,
These provided insufficient power to effectively mowve the platform vertically, and
therefore other motors had to he sourced,

& relatively inexpensive alternative was to use standard windscreen- wiper motors,
which are readily available from scrap yards and motor spares shaps. They run off
of 12V, and are specdified to provide up to INm of Torgue [ 28]. However, they are
notorious for power consumption (running under full load, it was seen that a single
motor could consume up to 2 Amps at 12V

Prelimimary housings wore developed and Lested to evaluate the motor's

performance.

FIGURE 3-0: GEARBOX COMPONENTS {LEFT) AND GEARBOYX {RIGHT)

Shown in Figure 3-2 are the components of the first gearbox and the gearbox
itself, This initial 'box was a 3-piece assembly, and there were issues in locating
the rotor completely accurately within the housing. Any amounl of play led to
either the rotor locking complelely, or failing to mesh with the helical drive gear.
However, with careful assembly (and the use of shims! bwo functional gearboxes
were assembled and used in an initial test vehicle {see the Frame section?,
showirng the concept to be feasible.

Once the validity of the design was proven, an improved version of the gearbox
was designed. The new design reduced the number of structural components from
three to two {allowing for more precise lecation of the rotor) in addition to

incorporating weight saving features.
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FIGURE 3-10: GEARBOX EXPLODED
Figure 3-10 shows an exploded view of the final design. This design also
incorporates a notched aluminium shalt encoder, as well as fecesses {or the
accompanying opto-isclator. In addition, a temperature sensor was mounted on
the interior of the motor casing to allow far manitering of the thermal performance

of the motor.

FIGURE 3-11: GFAREBOX SHOWING SHAFT FNCODER AND TEMPERATLRE SENSCR

In erder to adhere to & vertical Terro-magnetic surface {such as a ship-hull} eRobot
made use of permanent rare-earth Neodymiom magnets. However, neosdymivm
rare earth magnets are very brittle as g result of the sintering process and require
some sort of protection. The magnets are also very smooth, and afford almost no
traction. As such, a wheel assembly had to be designed that would accommodate
the magrnet and aliow it to adhere to an underkying ferre-magnetic surface, while
simultanesusly protecting it lrom the harsh working conditiens and providing grip
on Lhe surface.



Material selection for the wheels was not trivial, and a vanely of compounds and

technigueas were evaluated hefore a salution was reached.

FicuAE 3-12; TAIAL WHEELS

Initially, plain electrical shrink-tubing was Uscd around the wheel; howevear this
cxhibited vory poor traction and wear characteristics. On consultation with
Advanced Material Technalngies (AMT) {a Cape Town bascd composite spediality
company ), it was decided that a casting-silican "shoe” would be preferable to plain
shrink-wrap.

In Figure 3-12 (laff), the [destroyved) silicon shos can be secn in the lower-right
corner. Although displaying better traction and wear characteristics than the shrink-
tubing, it lasted 2 mera 10 minhutes of testing.

An alternative composite, a casting poly-urethane was evaluated next (Figure
3-12, right), and this showed exceptinnal traction capabilitics. Howewver, resilicnce
was again an issuc and the shoc did not last substantially longer than the previous
attempts.

It was noied thal Lhe casting procedure used left a substantial number of air
bubbles in the mix, degrading the structural integrity of the compound. In addition,
the ridged galvanised steel discs whose purpose was ta pravide a greater area for
adhesion of the matrix only served to initiate tears on the inner surfaces of the

stioo, rapidly lcading to Failures,
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Magnet Poly-urethane

l | /' shoe

Steel Hub PVC Covers

FIGURE 3-13: RE-DESIGMELD WAEEL ASSEMBLY
The solution (as seen in Figure 3-13} was to redesign the wheel assembly with
PV covers eliminating the sharp inner edges, In addition casting of the entire

wheel was performed in 8@ vacuum chamber to redece the number of air bubbles

present.

FIGURE 3-14; MACHINING THE MOLDS (LEFTY, THE MIILD ASSEMBELY {CENTRE] AMD THE WACULUM
SETUR (RIGHT)

Shown in Figure 3-14 are the steps far casting the wheel. Firat the mald negative
was machined on a CHC milling maching {left), the wheel asscembly 1o be cast was
assembled (centre} and placed in & hame made vacuum chamber (right) which
consisted of @ vacuum pump and a reinforced Tupperware® container. Selling Lime
was spedified an the packaging ta be 16 hours, howewver due fo the cold weather at
the time [temperatures were 10 the 15-19°C range), cach whool took appraximatoly

2 houdre to saf complelely,
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FiGURE 3-15; FINAL WHEEL ASSEMBELY
This final revision, with smoothed internal surfaces and reduced air-bubble content
exhibited markedly better performance in terms of both traction and resistance to
wear, and in fact lasted the entire length of the project without neceding
replacement,

FRAME

FizurE 3-16: FRAME

Core to the entire robot is the main chassis or frame. The premise behind the
frame was that it would remain central to the system, capable of interfacing with a

variety of drive units and sensor arrays,

In arder to cvaluate the viability of the frame, and its capacity to carry load, a trial
unit was constructed. Shown in Figure 3-17 cverleaf is the preliminary chassis
used to evaluate the performance not anly of the chassis as a structural memeber,
bt also of the [oad carrying capabilities of the robot and the viabibty of using the

rear wheel as a free-slipping jockey.
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Fraiml 3-171 TLSTING 2 18%5T5
In this task the robot chassis was powered from a standard bench pawear-supply,
and its ability Ee manoeuvre in the vartical plane was evaluated, {For the videos,

please see the accompanying DYDY,

FLsurre 3-18: EXPIODFD VIFW [F FRAMF

As tho cantral module af the enbire vehicle, the frame was reqguired to house all the
necessary elactronics and power supplies for the add on modules. Spacifically, this
comprised tho Paower Supply Unil (PS5, the Electromnes Module (EMY and thi
Computing Module (CM). Also wisible in the abowe image are the cancpy sections,
which servod bobh to protect thoe intermals of thoe vehicle and sccommodate Lhe GPS
Active Anfenra (in fhe rear canopy unrit) fo ensure the uBlox had an unebstructed
shky-vidw.

Asscmbly and disassembly operations arc crucial in g constantly-cvolving
development project. As such, the €M and EM were designed to be easily
exfractable. The CM slidios into grooves machined into the frame, whilc the EM is

fastened and unfastened by means of 4 easily accessible hex-bolts.
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FIGURF 3-17: TRETINLG CHASSES
In this test the robot chassis was powerad fram a standard bench power-supply,

and its ability to manoeuyvra in the vertical plane was cvaluated, (For the wideos,
please see the accompanying DV,

Fiouke 3-18: EXPLODED WIEW DOF FRAME

As the central modisle of the entire vehicle, the frame was reguired to houss all the
necessary electronics and power supplies Tor the add-on modules. Specifically, this
comprised the Power Sypply Unit (PSW), the Electronics Module (EM) and the
Computing Modulz (€M), Also wisibla in The above (mags are the canopy sections,
which served both to pratect the internals of the vehicle and accommodate the GPS
Active Antenna [in the rear canopy unit) to ensure the uBlox had an unobstructed
sky-wiow,

Assembly and disassembly operations are crecial in a constantly cvalving
developmeant project. As such, the €M and EM were designed ta be easily
extractable, The CM slides into grooves machined inta the trame, while the EM is
fastenad and unfastenad by mcans of 4 casily atcessible hex-balts,



HCPE |15 relatively dense, and therefora verious weight-saving features wore

incarparated into the design; however care had to betaken te ensire that the

frams still had the reguired rigidity to hold the entire vehicle together.

Flaure 3-19: FRAML WLLGH T RLGUC TN [LLF 1) ARLD BATILRY IMSLRTS (RLGHI )

Shown in tha left panel of Figure 3-19 ara some of the weight saving insats that
wiore machined in to reduce the overall wemght of the frame, The right panel shows
the PSU with its asseciated switches. These Single-Pale Double-Throw {SPDT)
centre-off switches allowed for cach battery to have three mades: ©n, OfF ancd
Racharge, allewing for the hattaries to be replenished fram an external charger

without hawvirg b remone the module,

, &

FI1GURE 3-20: FRAME: PaRTIALLY ASSEMBLED {LEFT) AKD FULLY 8SSEMELZD (RISHT)

Figure 3-20 shows the frame in variows stages of assembly. Wisible in the |eft
irage 15 the partially asscmbled frarme with the rear brace and the botbom cover
yvet to be assambled. The right image shows the assembled unit, with the prefective

plastic layer still covenng the Perspex bulkhead.

Alzg visible in the images are the circular gpenings for the conling fans, These fans
were reguired to regulate the tempoerature of the on-board clectronics and waoere
designed in such a way that air was drawn over the motor casings providing

simultanesus cooling for the drive units,
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TATL UNIT

Froune 3-21: Tar Unie
In Greler to overcome the difficulties af the peevious prototy e, the drive
configuraticn was modificd from 4 to 3 with the rear wheel baing a "jockey” wheol,
The function of the Tail Unit (TW) was 0 allow the jockey whesl to rotate
completely around its axis, allowing the rokot to be driven forwards and backwards
Wil equal ease.
As with all of the medules, design of the TU had to allow for the fact that other
modules could be attached, and therefore should not dictate design requirements
specific bo its peeds, Therefore, g slot and four 3mm bolts provide a standardised

interface tfor securing whatewear further modules may be attached.

JIREK

Froure 3-22¢ REAR (EEFT) ANM EXPLOREMR (RIGHT)

As can be 2een in Figure 3-22, the unil is mainly an assembly of teo moembers, a
top and bottom section which bear the structural load. The jockey wheal itself runs
on a double bearing set, The top bearing is a conventional decp-groove beanng,

while the bottom one is a thrust bearning.



The top and bottom smembcrs are fastened together by means of an array of ning
amm hex-baetiz, ensuring structural sigidity.
As the sear's capacity to handie |ead was of primary concern, a basic Finite Element

Analysis (FEA) was conducted on the assembly, to cnsure b would not deform
substantially under lead.

FIGURE 3-23; FINITE ELEMENT ANALYSIS

Figure 3-23 gives a graphical representation of the analysis, and the maximum
deflection of the shaft under load was only 2 millimetres, which was dearmed
acoepiable,

A unifermly distributed lead of 10 kilegrarms was placed on the internal bearing
rocess of the lgwer section. This was 125% of the design weight of the entire robot,
leaving a large safety factor. The resultant maximum von-Mises stress was 1.9MPa,
an with the yield strength of HRDPE being approx 25MPa, there was a substantial
safety factor for the assembly. In the abowve figure, the red gradient corresponds 1o
2.0 MPa, whilst blue 15 unstressed.

This led to the developrment of the machining models ard the production of the
required G-cade “or the CHNE. Both sections were [abricated frem solid blocks of
HOPE. In beth cascs multiple machining cperations were reguired, more for the top
section (5 as opposed to 3 for the bottom section),

Crne major difficulty in the fabrication of the tail unit was the hitch sub-assembly. In
the initial trial design, the jockey wheel ran on two silver-stee| half-shalis and
mafing hubs, and was covered in electncal shrink-tubing o allow for slippage,
Hewever this arrangemaent did not provide the wheel with continuous smaoth
rotation, due 1o censtant misaligrement of the half shafts. This meant that the
magnetic disc itszlf would have to e medified to allow a shaft to pass theough.
Machining of the shaft hole was a delicate procedurs as the magnets fhemsealves
wera vary brittle; however Mr, Glen Neowins of the Mech. Eng. werkshop did an

excellent job.
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Y Nylon
Shroud

a

.-t; . Magnet

Bearings & Housings

F:GURE 3-24) HITOH: EXPLODEDR
Figure 3-24 =hows the fingl desian, The maunet accommodates a salid alurminiurm
shaft (to prevent channelling of the magnetic flux inta the bearings causing a
reduction in operating life) and is encompassed by & nylon shroud, The entire sob-
assemily, including the liearings and hausing, is attached to the alamimiam hitch
by maans of iz Imm hex bolts,
Shown in Figure 3-25 are the bao main elements of the tail anik daring

rmanufacture:

FIGURE 3-257 MACHIN MG OF TAIL UKIT COMPOMENTS

In total, the fabrcation of the final drove anits took aver 10 hours, with 12

individual machining operations and one cambined aperatian. The structural



sbiffness aof the assembly was excellent, and the unit iftselt was assthetically

pleasing.

o,
FIGURE 3-2&: TAIL UNIT ASSEMBLY

Figure 3-26 abave shaws various shats af the tail unit in assembly. The ribs wisible

ire oth the ceptre and |eft frames of Figure 3-26 were inserled into the design

after the FEA analysis during the design process shawed excessive doflection of the

assembly under [oad,

Pa¥LOAD Bay

FIGLRE 3-27: PAYLCAD BAY

As the name suggests, the payload bay 15 respansible for accammeodating the
MIE/inspection aguipmeant for the velicle, The madular desian of all the sections
allaws for the replacement of ona inspacion module fer anothear with minirmal
cffort.

For this test vehicle, a FireWire™ camera was used tn caplure images af the
underlving surface, 1o allow for post-examination, This particular camera, a Fire-j*
carmera was capable af capturing a 640 pixel x 480 pixel stream at 30 fps in videa
rrode, Althouob maore sutked Lo streaming meaedia, the camerg was designed fo bea

used in still capture mode.
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FieUHL 3 28 FRONT SHOWING FIREWIRE CAMERA

Figure 3-28 =haws the Fire-l and its associated connector. Also visible in the image
are the weight-reducing volumes that were milled sut tokeap the weignt of the bay

Ler & TR

FIGoRE 3=297 FRCHT [IF1 1) AND FXPLOSLO VILW {RIGHT)
The bay is of single-plece constructian, and required 18 operations and a total
machining time af approximately & hours to complete (not including set-up and
programming). Initially, the bay was going o he canstructed of several inter-
locking sections (as the Hercus CMC lacked the work cnvelope to fabricate it oul of
ane selid secticn) however the Department of Mechanical Engineering took delivery
af a bigger CHC in late October 2006,

This allowed the authar ta re-design the bay to take advantage of the greater work-
wolume ot the bigger CHC. As such, the bay 15 mare rigid and required fewer

fasteners Lhan the comparative multi-plece design,



FIGURE 3-30: FROMI D MaCIILMING

Shown in Figure 3-30 s the single-piece hay as designed {lcft) and baing
machined an the CHNC (right]. The aperation in pregress is the smaothing of the
faccted cdges using 2 ball-nose cutter. Tn arder to abtain a quality surface finish,
Che cutter s stepping along at Q.3mm intervals, and as such canstituted one of the
most time-intensive oparations.

MANUFACTURE B ASSEMBLY

Manufacture of the platform was accomplished almost cxclusively on the CNC
machinery of the Department of Mechanical Enginearing. Desigh for CNC
manufacture allowed for more complex geometry than would otherwise be possible.
In additian, once the authar had shown proficiency in the CHNC process, he was free
to use the machines at any time,  This allowed far a much greater scope of
independence than wotlld otherwise be possible,

An averview of the design progess fram concept to construction for one of the parts

that was machined {thercwere over 30 in tetal) is given below,

v

FEGURL 3-31: PaRT, WORK-FIECE, MANUFAZTURING MSDEL
&n the left of Figure 3-31 s part to be manufactured once design has been
campleted in Pro/ENGINEER. Fro/ENGINEER is & parametric 3-dimensional CAD
[Computer Aided Design) software package widely tsed in industry. Boeing, Airbus
and John Ceere are some of the biggest uscrs of Pro/ENGINEER software,
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At Ehis point it should be noted that mechanical design of the robot had to take into
accounl the limited work-cnvelope of the Hercus, The introducticn of the new
Syntech CNC in fate Novembier had a minimal effect on the project.

FIGURE 3-33: (53-COLE SIMULATLOM

The machine G-code generated by the post processor was checked on g simulator
befare it was taken to the maching, This allowed for last-minute error-checking to
provent crrant code from (ausing an expensive mishap later on. Shown below s a8

chronplegical cross-secticn af the CHNC machining process as it matured:

Froilipe 2-34: BASIC MANUFACTURE
Shown above in Figure 3-34 arc semc of the carlier machining attempts, The
leftmost image was a failed attempt at the Tail Unit top section, Centre and night
are images af the final unit.

FrcusRe 3-35: DIFFERENT MATERIALS Bt TECIINILES

Varizus materials were used in the project, all praviding different challenges, The
alumirium tail hinge is shown on the left, with one of the Perspex™ Computing

Module (CM) supports shown in the centre. Manufacture of the side pancls of the
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frame was testing, in that accurate locating of the part (to perfonm the reverse-side
machining operations) was tricky as the camponent had complex and non-
perpendicular geomeatry. This particular problem was salved by machining the

negative shapc of the part into a block of wood, and pressing the component in.

FIGURE 3-36: MULTI-FROCESS MACHINING

Same components had to underge multiple machining operations. The drive units
wizre composed of two individual companants fone of which is shown on the left in
Figure 3-36; wh:ch reqguired machining «n kath the tap and hottom surfaces.

These wore then assembled together and the bearing recosses and locating holes
were machined in (Figure 3-36, centre}. Finally an agsthetically appealing round

was rmachined in with a ball-nese cutter (Figure 3-36, right).

FIGURE 3-3/1 EXTENDED ONE-PIECE MACHIKING

With the introduction of the larger CHC machine, it boccame possible to perform
mare complex machining tasks. The Payload Bay frame has bheen dizcussed
previously, machining scguences from which arc shown in Figure 3-37 above. On
thio l2ft is the roughing sequenace {identifiable by the contaur-like ridges ieft

behindy, with the surfacing sequence an the right hand =ide.



Flaure 3-38: Trerlal PROTOTYRES (LEFT) AND FIMAL COMPOMNEMTS {RTGHT]

Finally, Figure 3-38 shows the differances in the frame sccticns of the initial

prototype {left) and the final scctions {right),
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3.3 Electrical Design

DEsSIGN ENVELOPE

As design for all individual modules was performed concurrantly, a design velume
or envelope had to be allocated for the required low-level electromics, 16 was
uncertain 4t the time of allocation hew much space would be required for the
clectranics module, However, it was known that the module would be reguired to:
1. Dis=ipate the heat generated by the motor driver circuitry

2. Interface with the uBlox Global Positioning System unit

3. Electrically and physically separate the computing and electronic circuitry

Use of Pro/EMGINEER and Eagle CAD {a freely available Electrical Computer Alded
Design (ECAD) package) allowed for the design of boards that were clectranically
correct, in additian to being of the right farm to integrate seamlessly with the
mechanica: design.

DESIGN OUTLINE

FIGURE 3-39; E_ECTROMICS Moy _E (EM)

From the allocated design volumo it was passible to segment the cicctrical
camponents into layers, a short description of which is given below (maving from
the bottom layer upwards);

FIRST LAYER — POWER CIRCUITRY

This layer was responsible for isolating 8 motor-contral signal from the PC104

Computing Module (€M}, and accommodating necessary electronics for the

drive mokors.



SECOND LAYER — GPS INTERFACING CIRCUITRY AND SPEED CONTROL

Use of the GPS board required providing il wilh supply vollages, as well as a
reduced voltage for antenna gain-switching, and connectors to the en-board
serial porks, Tn addilion the layer would gecommadate the interface dircuitry

far the motor thermal and speed sensors.

THIRD LAYER —ADCITIONAL CONTROL MODULES
The third laver was designated for any olher control modules thal would be

needed during the course of the project,

LowWER BOARD

As menticncd previously, the purpose of the lower beard was bz isclate a Pulse-
Width Madulated signal from the €M andd deliver an amplified PAM signal (el fram
OV to 5W) to the input of the LME 18200 H Bridge driver chips.

For this board the H-bridge chips are maunted on the salderside. This was betalse
the tabs of Lhe H-brdge had to Be in thermal contact with the underlying alumirkum
Basc: In this case, insets were machined intn the base during manufacture, to allow

far a grealer heal transfer from Lhe H-bBridge to the base.

Fizinpt 3-40! BoTToM POARD [ LFT) AND H-BRIDGE RECESSFS [RTGHT)

Layourt

Opto-
Isolators

FlaURE 3-41: ELECTROMNLCS ! H-BRIDGE INSETS [LEFT) AND UBLOX GPS (RIGHT)

e
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Sewveral revisions were mado during the course of the project. The LMD1 8200 Motor
Driver Chips have an ntegrated thermal protection circuit, which meant Lhat ance
the chip's temperafure exceeds 158°C, Yhe outputs are no longer driven,

Coaling was therefoqse vital, and as such mounting on the underlying aluminiam

bBase was critical. This led to the initial (ovorly optimistic) design g5 shown below:

Flosurl 3-42: IMNLAL Boakn

The initial design allgwed for each motor: driver chip to ke sunk into the aluminium
base, affording excellent thermal contact to the aluminiurm, Wtimately it proved to
e unworkatzle, 25 it required each lead of the 11 pin H bridge to ze routed by
means of a wire cnto the baard itself. This led to an overwhelming number of
connegtions A3 can e seen from the extreme right panel of Figure 3-42 {dubbed
unsindly "the Porcupine” by same bystanders).

#As a result of this, Ehe design was revised to incorporate the chips in an inverted
pasition on the selder-side of the board, which is oot unusual but can lead 1o some

sc¢ldering difficulties.
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Fioure 3 430 THERMAL PLOT
Shown in Figure 3-43 above 15 a thermal plot of the heat How thiough the boand,
Clearly wisible on the right-hand plat are the high-intensity arcas correspanding to
the H-Lxridge heat tabs. The use of Finite Element Analysis software in this way
allowed for a visualisation of the coshing capacity of the different allminiom basc
designs. ITn this gnalysis, the lue ragion corresponds to the ambient temperatuqea
fassumed to be 257C) with the yellow sectizns corresponding to the thermal

maximums of the H-Bridges {.e, 158°C).



CENTRE BDOARD

FrourrF 3-44: CENTRE BOARD { _EFT] AND GPS INTERFACE (RIGHT)

Interfacing with the uBlox™ GPS module was the primary requirement for the

scrcand (centre) board.

Due to the stacking procedure on the PC/LD4, both serial ports had to be sacrificed

fice, their dedicated Interrupt Reguests or IRGs were required by the other

boards), and sc thercfore a USE-to-serial converter was integrated in to the system

{visible in Figure 3-44}. A USB-to-TTL converter would have been marg
appropriate, as the lagic levels undergoes a shift fram USB to RE23Z to serial;
howeyer a USB-to-senal converter was casicr tu obtain,

This required the use of a level shifter, as RS232 voltages operate from -3V o -15Y

{lagic “high") and 3V to 15V (lagic "law™), TTL and CMOS |logic requires 0Y to 5,
and so a MAX2322 transcoiver chip was used. The MAXZ32 is a full-duplex chip,

allowing concurrent transmission and reception,

LayouT
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FI1GURE 3-45: CENTRE BOARD

The unusual geametry of the board is due to the design methodology used. As the
basc board was of primary concern o the motion capabilities of the robot, the
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centre board was designed to allow access to all the Malex®™ connectors of the lower
bioard,

Design of the boards was an iterative cycle between Prof ENGINEER and Eagle CAD,
A ooard cutline was generated in ProfENGINEER and exported as a .gxf file. This
was coaverted (DY means of a soript denerator) into @ sketch on the dimension
layer of Eagle’s Beard editor,

iﬂ_ _"‘. #IM_J'FJ
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FIGURE 3-46: PART-= .D¥F- BRD-> TIF == ASSEMELY

All of the required tracks and pin placements were partormed, taking carg net to
wiolate the perimatar of the board. From the board editor, & 6 [le was exported
showing all the campenceat placemeants, The (B file was imperted back infe

Pro/ENGINEER , and coaverted intc a texture, This texbirre was then mapped onto

the initially generated beard design, and then populated with 30 models of the
Componeiks,

Cesign in this method was scmetimes labonous, hewewver it ensurer that there wers
a mirimum of interferences when Lhe module was assembled. Provision could alss
be made lor the minimum Sead-radii of all the wire cennectars, ensuring thak thick
wires wollld net pravent the umt being assembled.

DIFFERENTIAL GLOBAL POSITIONING SYSTEM (DGPS) Caro

432

In order to obtain accurate DIGRPS data, a transportable PCA104 node was developed
A% 4 dedicaled GES-streaming server. This lightweight unit’s sole functicn was the
streaming of GPS data kack 12 the main Server in order to calculate DGRES data. A
Tull explanabon of the system architecture can be found in the Communication,
Mavigation & Control section. Shown cverleal in Figure 3-47 s the Soard as
designed in Eagle CAD:
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FIGURE 3-47; DGPR3 BoARD

The board was designed to be stackable on a standard PC/104 bus. The uBlox GPS
unit usad in the project has two sernal outputs, and these are accommodated on Fhe

board by means af two DBY serial headers, visibie in Figure 3-47.

BoARD MANUFACTURE & ASSEMBELY
Fabricating boards Used to be an intensive process, both Anancially and with
respact to time. As the EM reguired exacting shapes and layouts in order 1o be able
Lo integrate with the rest of the robot, 1t was decided to attempt fo fabricate the
boards an the Departments Hearcus CHNC 3-Axs Mill,

Documentation on the mill states the acauracy of the slides ta be 0.01mm. This
corresponds to @ board accuracy of approximataly 3mils (not to be confused, as the
author imitially was, with the metric slang for millimertres. 1 mil in board fabrication

parlance is 1/10060' of an inch.)

Qi conaultatian with Cadshop, a Pretoria bhased CNC board milling specialist, a
variaty of milling tools were purchased. The width of the tools ranged frarm O.4mm
(15 mils) & 0.7mm (27 mils), The tools shipped were long series, and it was
olwinus that same sort of tool adapter wauld have to be constructed to prevent

tools failing repeatedly at the neck,
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Ficu-L 3 48 TOOL SUPPOHRT AMD ADARPTOH
This meanl Lhat Lthe minimum spacing (track/track, trackfvia, etc) was 27 mils. A
set of design rules was constructed in Eagle CAD to cnsure Lhal this was nat
yiolated. Howewer, 27mil spacing meant that tracks could not be routed betweaen 1C
leads, This, in conjunction with the fact hat only a single-sided koard could be

fabricated with any accuracy, gave rise to a crowded first board,

FIGURE 3-49: BCARD MANUFACTURF: TRSTING
Shown in Figure 3-49 are tho nitial testing steps thatl were performed to see if in-
hause board fabrication was possitzle. An end-mill sharpened to a cone was the
initial test-tool and as can be scen from the contre photograph the tracks (although

wery burred) can be éasily discegrned.

Frourr 3-500 BoAaRD maN AT IURE! PRODUCTION

In order L 2nsure that the board was completely flat when machined {as the blank
PCBE had a tendency fo curl)] a base plate was ground, then drilled on the CNC and
tappod. Thus allowed for Lhe board Lo ba fastensd By no less than twenty-sixz 3mim
bolls, ensuring the board was uniformly flat.



ASSEMBLY

T o e =
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FIGURE 3-510 ASSEMBLIL B51 1 GH BOARL
Figure 3-51 shows the end result of the manufacture, with the components

soldered in and the H-Bridaes ¢n the selder side ready for incorporation into the

electronics module.

Mearing the end of the praoject, it became possible to use the Deparlment of
Electrical Engincering’s LPEF PCB Milling Maching, &ll beards after the initial drive
board were thern manufacturad on the LPKF, allowing for tighter tolerances, in the
arder of 10mils,

In Figure 3-52 the base and bottom beard of the EM aszembly can be seen, as
cornparad to the initial board. On the right of Figure 3-52 the board is being
installed inte the dedicated electrenics bay of the robot.

FIGURE 3-52; BOARD ASSEMELED (LEFT} AMND IMSTALLED 1M ROBOT (RIGHT)
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4.1 Embedded Computing

Central contral and communication for the rebot platform was achicved with use of an
cmbedded PC/A104 stack, The PCA104 format is a particular computing standard that
prometes stacking — that is, varicus modules can be stacked progressively onte cach
other adding capabilities to the base molherboard, and 15 very cammaon a0 Autemated
Teller Machine's [ATM's) and other high iateasive embedded applicaticns.

Ficigl 4-1: THe PCA104 "S1ack” (RENDERLD)
Shown above (s a Pro/ENGINEER rendering of the PCA104 stack. The stack itself is A
mixture of RTD Embedded Technologies Digital L/ boards, and Advantech
convertional PCALOL god PCSLOS-Plus components.

HaroWaARE DESCRIPTION

46

A= menticned provieusly, the PCALO4 architecturs is very modular and used for a
variety of embedded tasks where robustness and size is important. Amoengst other
things, PC/104's can be found in veading machines, medical inslruments and
industrial centrel systems. The system used in this case is alse PC/104-Plus

compatible, meaning bothy 134 and PCI buses are available.

Mare information on the architccture can be found at the PC/AL049 Embedded

Comsortium’s website, [29]



PLCM-3370 8 POWER SUPPLY

Froiume 4-2: AnvanTroH PCM3I370

Each PC/104 unit Is commoniy referred To as a "stack”, Each stack muost have a
motherboard and Central Processing Unit {CPUY, which together 1s commonly
referred to as & Single-Board Computer (SBC), This SBC was an Advantech PCM-
3370, running an Ultra Low Voltage (ULV) Celeron™ 650 processor, with
flZ2Megabytes of RAM. The board accommuodated both PC/104 and PC/104-Rlus
connactors, allowing the addition of the Real Time Devices (RTD) data acouisition
boards and the USE and PCMLCIA expansion boards. In its factary configuration,
the PCM-32370 had 3 fres interriipts avallable for paripheral devices, howoever the
Basic Input-0utput Systern ({BIOS) allowed for peripherals {such as the on hoard
USE, serial ports, Ethernet port and so ond to be disabled, freging up resources,

The PCM-3370 was a power-hungry unit, reqgueiring bwo 11, 1Wolt Lithidm-1on
battenes configured in parallel in order to provide sufficient powsr 1o the unit, Tn
the cases where the battery voltage started to drop (and were not capable of

providing 3 Amps peak cuerrent) the upit would exhibit erratic Boot behavior,

A SOW PCM-PS0 power supply regulated the power from the batteries and provided
+12%, +5%, grouncd, -5 and -12V supphes, Unfortunately, the power supply did not
have a through-header for the PC/104-Plus bus, which required the stack to be
assembled in a certain order,
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DMB420

FIGURE4-Z: RTD DMG420

Real Time Devoas (RTD) are manufacturcrs of a large varicty of “computer
modules and systems for Industrial and Aeraspace Applications” [30]. In particular
they develap a large number of Input/Qutput (TO) dewices in the PC/ 104 farm
factor, One of these boards That the Deparrmeant possassad was a DME420 Data
Acquisition board, with 8 differential {16 single-ended} analagua inpur channels, 2
12 bit Analogue-to-Digital Convarter (ADC) and a host of timers and counters, all

usaful for senscr monitoring and samplineg.

DMEB1E

FicueL 4-4: RTD DMBES1E

Also developed by RTD i2 the DRGS1A, which is 2 Pulse Width Modulator (PWM)
and Digital IO beard, The DMBB1E has & dedicated B-bit PWM channels and &
digital [/Q porls, making it wery useful for confralling morors.



PCMCIA ExPaNSION BGARD

F GURF 4-5: AnvanTEcH PCMCTA Expansion Capn
Wireless netwaorking capacity was provided by the PCMCTA expansion baard, which
had two slots for Type AL/ or CardBus cards, In the case of eRobet, an 802,119
WIiF card was used, In conjunction with the boaster geral, Lhe czrd had & rated
working range of 1km. This was very optimistic, however as the network became
unstable {excessive nimbers of dropped r:lac:ke_ts_} aver 250 metres,
IEE1354 FIreWIREES /USE 2.0 EXPANSION BOARD

FIGURE 4-6: FIREWIRES/USE 2.0 Expansich BoarD

As the PCM-2370 motherboard only bad bwo USE L1 conneoctions, an add-oen
expander board was used to provide 3 FireWire™ ports and two USE 2.0 ports.
However, the usb-uhci and usb-ohci Linux drivers would not allow peripheral
access to both the on-bBoard and the expansion board ports, Therefore 1he low-
speed native USE 1.1 ports were sacrificed for the add-on USB-2.0 ports.
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OPERATING SYSTEMS
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EROBOT:

RedHat Linux was chosen as the operaling systoerm
far fhe rebot. This chojce was made fairly early on in
the develepmoent oycle, for 2 humboer of reasons.
Firstly, 1t was ocbscrved that the loading and
unleading of drivers in Windows® 2000 was
sometimes erratic. This may have been due te the
way the device drivers were loaded (i.e. only when
calls were made to the device driver). &lse, nodes on
the wireless network had a nasty habit of disglacing other nodes al randam times
(although in retrospoct this may have been duce to the ad-hoe architecture of the
relwiork ).
Secondly, frem the documentaticn an the two Digital I/0 boards, RedHatl Linux 2.0
(Shrike) was the most recent open-source platferm for which development had
begn dene, As most al the chipsels that were being used were comman to standard
PC's, compatibility for the rest of the PC/L04 components was not an 1ssue,
Although cpen-source RedHatl has been discentinued (and has boeeh re-named
Fedaora) RedHat 2.0 was shill supparted as a legacy bild ab UCT's Linux Enthusiast's
Group (LEG) wobsite |31 |,
s '_T‘ SERVER CLUSTER!
o .; U b U n tU \ Utuirty is a Debian-based Linx
distributian that is rapidly becaming cne of
the most popular flavours of Linux, Ubuntu was chosen for the servers as itis
relatively easy Lo mstall and canfigure (compared Lo ether mare pawerful bl
complex versiors such as Slackware), Ubuntu has a very user-friendly package
rmanager knowo as apt, and this in cenjunction with ao Ubuotu mirrar hosted at the
UCT LEG website greatly simplitied the irstallation ard cenfiguration of soffware
packagoes,
DGPS NODE:

The DGPS node was a minimalist PC/104
stack with Windows® 2000 as the
Dperating System (0%). Use of the
Windows® 05 allowed access 1o a grealer

rnumber of binaries (txecutable files)

develpped for GPS applications than



would otherwise have been possible with a Linusx-snly architecture. In addition the
incarparation of a Windows maching shows the compatibility of the system for 5
wvariety of operating systems.

SOFTWARE
Use of 2xisting programs and code allows for a guicksr davelopment-test oycle than
wiplld e possible if code was to he develaped independently for every element of

funcbienality.

e

o"’a "

ot

FIGURE 4-7: SOFTWARE, GrsD, GPSDRIVE AND APACHE
A5 such, epen-source software was utilised as much as was feasible to develop the
system. An overview of some of the maost parfinent software Used is outlined bealiw,
GPSD
gpsd is an cpen source daemon that is capable of menitoring several GPS
tevices on 4 system and making the data avallable on TCP port 25947 [32].

This enabled the GPS data from therobhot to be made available on the LAN,

GPsDRIVE
GpsDrive is a "car {bike, ship, and plane) navigation system)” [33]. GpsCrive
I5 a Linux application that allows the plotting of 8 NMEA-compatible recejver
an g scaleable map; however masl imporlantly for the project i stores Lhis
data in an eXtensible Mark up Language database (XML file, making the
dara available for post-processing, GepsDrive makes use of Gpsd Lo access GPS

devices.,

APACHE
Apache iz an established open-source web-server developed at the Apache
Software Foundation. Apache is an easy-to-use, highly configurable web

server that supports Perl, Python, Tal and PHP scripting [34].

Shown in Figure 4-8 overleal is a screenshot of the wehsite developed for the
rebot fa full mirror of the website is availlable on the accompanying DvD).
Cevelopment of the website provided the author with experience in wvarious aspecis
of Web design, including €ascading Style Sheats (€85 for a4 more aesthetically
pleazing site and Perl Common Gateway Interface (CGI) scripting for dynamic

website content,
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A5 ane of the initial hopes for the system was that users would be able to view the
robot data over the web in real-time, the implementation of a web: Server and &
MySQL database on the vehicle maant that the lead time to devalop a fully-fledged

eysterm that would make this possible 15 sigmificantly reducod.,
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FIGURE 4-8: WEBSITE RUNNING ON EROBOT
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FIGURE 4-9; SCREENSHUT, XAWTY
Staring images from the FircWire camera would be casential in order 1o correlate
the ro-ordinate d¢ata from the pesitiohing system with the data cbtained from the
camara in crder to build a complete picture of the ship hull. Xawtv 15 an open-

sourse program that allows image captiure frem webcam devices.



4.2 Wireless Communications

Most of the common Linux variants have a package manager utility that enables the
installation and upgrading of packages and binaries. Without the package manager,
inztallation of modules hegomes 2 nightmare of manual depandency searches,

In order to allow the robot b download and install required packages, a LAN was

el up as shown below:

Laptop

Wireless
Access Paint

Client node
(PCI104)

Fromer4-140: LAN

In this LAN architecture, the server is free to ageess the internat, Running on the
server is the Firestarter dasmon, which is an open-source firewall packaaes for
Linux. The server then shares its network connection pver the wireless netwark with
the LAN clients, which include the rebot and a {aptop.

One of the major advantages of this setup is that the server acts as a gateway
between the LAN clients and the interpet, ensuring that malicious network traffic is
filtered cut. In addition, any number of clients maybe added to the LAN without
excessive [T administration Issues. OF course with the additicon of g client that
wishes to access the internet, internet bandwidth for the remaining dients is
reduced,

This network type, known as a2 Managed network {as opposed to the point-to-point
or Ad-hoc network, used in the 19 generation prototype] exhibited substantially
better client performance in terms of link uptime. Prewiously, it was not uncormmon
for the robot to lose the network connection with the laptop severgl tmes an hour.
In an industry setting this lgss would be unacceptable, and weuld have potentially
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Far-reaching conseduences if the vehicle was operating in a space that was difficult

fo manually access.

This basic sefip, once tested and seen to be viable, was modificd to implement &

redundant data storage node, a5 well 45 the HaPS nade.

J Laptop

Gateway

e I
AN B

Backup Server ﬁ

FiglrE 4-11: Fuid LAMN ARCHTEEC LRI

DGPS
node

Robot
client

The main servcr maounted the backup-server's disks acress a Network File System
[NFS), [rata stored on theanain server was then written to the network disks owery
& hours (there were four file systems) by cron, a Linux scheduling dagmon.

METHODS B IMPLEMENTATION

One of the major igsues with the inibal desian was the latency or dead-time
betweaeon when the user moeves the jovstick, and when the control cammand 1s
implemeanted on the platform. At times {in the Windows™™ crvironment ), this was
in excoss of 15 seconds,

As such, ane of the challenges of this revision was to reduce (or it possible,
eliininate) the latency. One advantage of human-generated contrel commands (e,
from a jaystick) is that the cantrol implementation only has to be faster than the
reaction times of tho uscr, AS such a reaction tirne for the rabot (e from when the
uscr inputs a "stop”, toowhen the rabot actually steps) must Be under half a sccond.

PROTOCOL SELECTION

In the first generaticn robot, Matlab® in conjunclion with a cammunity-develeped
tool called P-net, was used fo control the robot, P-net worked by cstablishing a
Transmission Contrel Protocol (TCP) scssion between a hest and dient node. As



rmentioned previously, this delay (runming under Windows=" 2000) was sometimes

in the arger of 15 seconds, and never exhibited better performance than 4 seconds.

In order to reduce this delay, the decision was made to migrale from higher-level
inferpreted langlages (such as Matlaty) to a lower lewel language such as C+ 4+ In
addibion, & protocol switch was made from TCP to the User Datagrarm Prolocol
{UDP). UDP iz a connectionless profocol, meaning there is no error ehecking ar
handshaking between the host and clients.

- ey | is ! s ' : ey
] Teukie PO Ciggcnsljon Port
12 Saquapre Mobar
il Acknmwedgmon Number
TCP £ Dhata (Mgt Fpaaad Flage | WAL
124 Chepikaarm gt Punler
LIE]] DEcps Gplionsy
- Tuta
E Him 1% % 1
[ ] s Pod Reeimaiipn Pud
u D P 3 Length Chiprkaum
it Data

FIGURE 4-12: TCP s UDP
In Figure 4-12 above, a comparison of the packet headoers 15 made between the
UDP ana TCP [35] [36] pratacals, with the TOP header at the tap. As can e seen
from the headers, the TCP protocol requires a lot more data overficad per packet,
requiring acknowledgement fram the recipient to make sure the connection is intact
and data integrity will not be compromised.
Conversely, in the UDP packet, all that is reguired is @ destination address and port.
This greatly speeds U the packet transmissian speed: however iF comes at the
{potential) sacrifice of data integrity,
Howewver it sholuld be noted that the potential for daka lass {or "dropped packets” as
they are referred to) is reduced in this network, merely because of the small
numbear of nodes constituting Lthe clients and Whe correspanding minimal amaunt, of
netwaork traffic. As clients nodes are increased, data integrity checks will have to be

implemented on all dhienl-side applications.

CoDE DIAGRAM

Shown in Figure 4-13 nverleaf is a graphical interpretation of the control flowchart
far the systom, Cn the user side, an oporator makes use of a joystick ta seng

commands acrnss the wireless nebwork to the elient (in this case eRobot).
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FIGURE 4-§3: OVERALL CONTRGL
The client is responsible for interpreting the user command and imelementing the
approgniate commands to fhe drive units ar sensoers. This methodolegy was chosan
as it reguired an absolute miniemum of network traffic — 3 simole command of
“forward” could be transmitted from the User side, with all the required
implemcntation {acvcessing the motor driver and turning both dove metors on)
wislld Be implemeanted by software on the glient.
Open-source projects such as the Joystick Wrapper Library [ 37] and Practical C++
Sockets (28] cnabled the author to construck a systom that was vory Fosponsive to
userinput and had reaction times in the arder of millisecands.
For a Mull eode listing, plegse see the documentation in the Appendices and the

dccompanying DVO,

4.3 Global Positioning System (GPS) Locating

The Global Positicning Systom (GPS) has been in wideseread civilian usc since the
i -nineties, allawing for relatively accurate positicning for outdoor enthusiasts,
Howcewer, it was only until the removal of Sclective Availability [SA) in 2000 that

GPS Recame 4n acourate (within the order of metres) navigationsl aid,

Officidlly known as Mavigationdl Signdl Timimg and Ranaing GPS (NAVSTAR GPS),
it is cperated by the United States Air Force 50" Space Wing and consists of 24

space vehicles in mediume-cdarth orbit in six orbitdl plancs [39],

Pricc and availabilty of GPS capable units in South Africa have decreascd and
increascd resoectively, with scveral rescllers in the Western Cape area having off
the-shalf develspmeant Boards ready lor purchase, For this preject the local braneh
of RF Design was used for all GPS hardware requirements.



FIGUKE 4-14: ANTaklS RCB-1] RECEIVER
Shown in Figure 4-14 above is the Antaris RCE receiver usad in the project. This
model Is spedifically designed for embedded applications, requiring a standard 5%

power supply and providing a host of features such as;

Feature Descripticon

Active Antenna Supearvision | Allows fur antenna shut-down/start-up

for power consarvation

DGPS Support Support far_l-l"rcoming Differential GPS
' data to facilitate more acoyrate
positioning ;
' Hot/Warm/Caold start Dfferent switch-on methods; :

HOT: Recoiver has valid ephemoris,

dlmanac and time, 3.5s Time-to-First
" Fix {TTFF}

Warm: Valid ephemeris, valid

dlmanac, not time, 5% TTFF

Cold: Yalid almanac, 34s TTFF

NMEA,/ uBlox message output Multiple message uutput"f'u:;rrnats allow
foar compatibility with ather

softwarc/systems

TABLE 2 UBLDY ANTARTS FEATURES

DATA QUTRUT

NATIONAL MARINE ELECTRONICS ASSOCIATION (NMEA) DATA STRUCTURE

5 <Address> {,<valua>} *<ohecksum> <OR><LE>

TaiLE 3: WMEA 2ATA STRUCTLRE
The MMEA GPS specification is ene of the most widely used throughaout the
world and is supported by most makes and modcls of GPS units, As such it 5

uscful for interfacing with commearcially/publiclhy available software.
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The data consists of a starting % sign, the address antry (which describas
whether the packet is a positional fix, satellite data, et cetera) and the
corresponding value, The pepultimate value is 3 checksum for the packet,
with <CR=<LF> always terminating the packet. A full descripticn of the
protocel can be found an the MMEA webste [40],

UBLOX DATA STRUCTURE

I
Clazs | ID Length Payload EK A | CK B

Synch Synch

Charl Char?

TABLE 4 UBLGX DATE STRUCTURE
uBlox have developad an in-house proprietary system for data display [41 |
The uBlox data structure s mare descriptive than NMEA 0183 structure;
however it is not widely recognised in the cpen-source community, The first
two characters are the synch characters p and B isignifying uBlox), followerd
by the message class which defires the basic message subset and the 10 Field
which describes the miessage payload. The length defines the size of the
payload, and the 2-byte checksum provides errcr-checking capability.

GPS5; ACCURACY

Depending on the roceiver (notall makes and models are egual) & cornvention:al
GPS signal can be acourate to within several metres. Althaugh this is significantly
better than onginal GPS accuracies before S48 was turnaed off (typically =2m!) of
still provides teo much ef a margin of errar far reliatle rebot positioning, Several
technigues are avallable for the reduction of GRS errar, some of which are described

bl

REAL TIME KINEMATICS {RTK) CORRECTION

By far the most advancad (and hence most difficult to implement} strategy,
Recal Timne Kincmatics corrcction s based on the use of carner phase
measuraments of GRS satellite signals. RTH finds application in a variety of
systems, bul when used in corjuncton wath GRS it s commanly referred to as
Carrier Phase Enhancement GPS {CPGPS). A full explanatizn of the
mechames of CPGPS s bevand the scope of this thesis, however it is suffice 1o
say it reguires sophisticated statistical and analysis technigues with full
access to the raw satellite signal. However, acoess to satellite feeds is not

provided, so soime other method of error carrection had ta be inplemented.



as Carrier-Phase Enhancemant GPS (CPGPS). A (ull explanation of the
mechanics of CPGPS is bevond the scope ol this thesis, however it is suffice
to say it reguires saphisticated statistical and analysis technigues with full
access to the raw satellite signal. However, access to salellite feeds is not

provided, so some other method of error correction had to be implemented.

DiFFerenTIAL GLOBAL POsSITIONING SYsTEM (DGPS)

Differantial GPS (DGPS) 15 a widely used technigue that uses a corrected
feed from a well-surveyed base station bto provide correctional vectors to GRS
clients {n the area. The pripciple factar behind BGERS (5 that the majority of
GPS errar is generated by the lomosphere (the portion of earth's atmosphere
reaching upwards from 85 kilnmetres), and as these errors are usually
constant for receivers within the same onespheric conditions, a large portion

of the error can be eliminated.

Of course errors generated from multi-path receptions {where the GPS signal
reflects off of local structures ie. trees, Buildings, ete} can not be aceounted
for, and the correction data will not be apphlicable to those receivers

experiencing differing ionospheric conditions.

DGPS CorrRecTION DATA

eRobot &,

- &
L
|
| GPS
’ i Sateliites

T,

I‘i _.--—"‘_—_ -DGFS

Router Hode

Ficure 4-15; DGPS SETUR
GPS correctior data requires an accurately mapped base-station. In the case
of the robot, the base station will be changing all the time, as the mobile
portions of the system {i.e. the DGFS nade and the robat) are transported
fram lecation to location. As such, the method used far the positioning is
known as statistical DGPS.
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In this case, the readings from the robot GPS system are subtracted from the
readings given by the stationary base station, giving the difference in position

between the base station and the vehicle.

Data from the robot and the station are streamed across the network,
meaning any node can have access to the data from every other node. As the
data can be streamed on any port, each node can be given an individual port
setting to identify itself.

4.4 Data Streaming

An important aspect of the robot’s performance was its ability to stream data back
to the user. Making use of the 802.11g standard allows a maximum transfer rate of
54.0 Mbps. Note that in this case, the standard is defined in megabits per second
and this translates roughly into 6.75 Megabytes per second. A problem was thus
encountered in real-time video streaming. A raw RGB (Red, Green and Blue) or
YUV (PAL system of analogue video) frame can easily be in excess of 9 Megabytes.
This is calculated by frame size (640x480) and muitiplied by image “depth” (in the
most intensive case, 32-bit colour).

At a standard 30 frames-per-second (fps), this would be 270 Megabytes/second,
or 2.2 Gigabits/second. This would overwhelm the network, and therefore to
reduce the size of the stream, encoding is used.

However, encoding time introduces a large latency time into the stream due to the
compression on the server-side, and decompression on the client side. Using
Video-LAN Client (VLC) and Video-LAN Server (VLS), popular open-source
streaming software, the best latency time achieved was in the order of 3-4 seconds
using an MPEG-2 codec.

NDE PAYLOAD SIMULATION

As there was no dedicated NDE equipment developed for the robot, a standard
UniBrain Fire-i FireWire® camera was used (Figure 4-16, left), the principle being
that the camera could record high-definition images of the surface for post-analysis
in conjunction with the recorded GPS data.



5. TESTING

5.1 Mobility

[For videos of the vehicle in action, please sce the accompanying DYVG.

FIGURE 5-1: TESTING OF YEHICLE OM & YERTICAL FERRO-MASNETIC BOARD
Shown in Figure 5-1 sbove is the “testing area” used for the robot. It consisted of
d conventional chalkboard holted aonto a wall, While this was probably not
completely represcntative of a real life environment, such as a section of ship hull,
it did provide taxing conditions far the fobot,
Firstly, the thickness of the board was in the order of 1-2 millimetres, This means
that the magnetic fuox channelled smto the board from the magnets was reduced,
praviding less adherence capability for the robot. Ship hulls {in good conditian) are
orders of magnitude thicker, and thus will afferd more adhercnce capability,
Sccondly, surface of the chalkboard was coated with an aggregate of chalk and
Dil/grease. This provided a low-Ffriction surface which sorely testad the traction
charactoristics of the drive whecls,
VERTICAL ASCENT
Althaugh the chassis of the robat is relatively light (& kg's inclusive of the CM}, the
wiright of the drve anits (including wheels) increased the weight Lo over 8 kg's.
This weight of course had a detrimental effect on the robat’s vertical speed. Despite
this, it managed to successiully navigate the entire periphery of the baard.
HORIZONTAL TRAVEL
When not requiring a direct vertical ascent, the rabot perfarmed adeguately,
travelling horizontally (both backwards and farwards) with a minimurm af difficulby,
This bodes well for its operation in the field, as most scanning would be done in the
harizontal plane, with vertical asconts only being performed at the terminal point of

the inspection run,
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5.2 Control

With the implementation of the control code in C++, reaction times of the robot
were negligible. Use of UDP streaming across a sparsely-populated network meant
that control messages were delivered almost instantaneously, with a typical
delivery time being in the order of tens of milliseconds.

This was well with in the specified target for the system, and was one aspect of the
system that performed well.

5.3 Navigation

GPS POSITIONING

Testing of the platform in the test area practically negated the use of the GPS, as
no signal could be obtained. Although the GPS is optimised for use in what is known
as “urban canyons” (i.e. the restricted sky-space between tall buildings), it was not
capable of attaining a signal in the bottom of a building, which was expected.
DGPS Feep

Once the server was initialised, it was possible to stream data over the internal
network. Initialisation involved positioning the DGPS server so it had access to a
substantial portion of the sky, allowing multiple satellite-vehicle signals. Over a
period of time, the positional error for the stationary DGPS box tended towards
zero. However, this data was of limited use as the robot GPS unit was not capable
of receiving a signal.

5.4 Data Acquisition

Because of the proximity of the camera to the surface of the chalkboard and the
lack of sufficient lighting, images obtained from the device were of poor quality.

5.5 Duty Cycle

Model-aircraft Lithium Polymer batteries were used for the Power Supply Unit.
These units are prolific energy suppliers, capable of supplying 7 Amps (peak
current) at 11.1 Volts. Unfortunately, due to their age (the batteries were over 3
years old) 2 battery failures were experienced. Replacement batteries could not be
sourced quickly, and therefore full testing of the platform’s operational capabilities
was not possible.

corn Do bedvian RS
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6. CONCLUSIONS & RECOMMENDATIONS

“..[we] decided it was better to come up with a few recommendations, less than ten. No-

one takes more than ten recommendations seriously”
Neil Armstrong, remark made during the Challenger Space Shuttle Investigation
Hansen, 1.R., 2003, "First Man: The Life of Neil A Armstrong”

In conclusion, the base performance of the robot was acceptable. Although the vehicle is
not ready for the rigours of an industrial setting, it provided a useful prototype to test the
validity of the concept itself as well as other concepts (navigation, networking and so on).
The main performance criteria of the system are analysed below and recommendations
are made for future development work on the vehicle.

MECHANICAL DESIGN
Design of the robot in a modular fashion aliowed for the simple assembly/disassembly
for frequent modifications, and was considered a success. Structurally the robot was
sound, and showed no sign of wear at the end of the project.

However, the weight of the robot chassis overall meant that the drive units were
required to work harder and draw more power from the PSU leading to a reduction in
the operating time of the robot. In addition, the vehicle failed to ascend at the
required speed.

Recommendation:
Aluminium Chassis

Use of an aluminium skeleton would reduce the weight of the robot considerably.
HDPE could still be used for panels; however the aluminium frame would be
responsible for the rigidity and structural integrity of the vehicle.

Redesigned Tail Unit

To compensate for its lack of structural strength, the tail unit was over-designed. In
this way it was detrimental to the operation of the vehicle, as the increased weight
induced serious performance penalties. A re-design of the unit with aluminium bracing
would allow for a lighter assembly.

ELECTRONICS AND COMPUTING
The use of the PC/ 104 stack meant that development time was minimal, as pre-built
programs and code could be implemented and tested quickly on the platform, without
having to go re-compilation or porting. In this regard the capacity of the PC/104 was
not utilised to its full extent, meaning that further behavioural work could be carried
out on the platform without the need for any modifications.
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If Che robot is to e implemented in an industrial setfing as is, the excesgive

computing power of the CM would net be required.
commendation
Replacement of PC/104

Moddern micropracessars such as the ARMS (used in handdbelds and GPS units by
FALM®™ and Garmin® respectively) can sdpport a multitude of peripherals induding
rnetworking, Bluetooth and high -speed cata-transmission protocols such as USE 2.0,
Replacement of the PC/ 104 with a dedicated microcontroller such as the ARMS would

reduce the space, weight and power reguiremesnts af the CM,

MAVIGATION

Lse of the networked GPS system showed the feasibility of usmg a Wireless LANM to
disseminate positioning information amangst nedes or dignts. GPS Is an excellant
outdoor navigatianal tool, and with further refinement in itsimplementation as a
nawvigational aigd would be a usefll system for accurate pesitioning of the rabatis),
though use of the system: in @ festricted or "urban-capyon™ environment should be

avoided as severe signal degradation ocours.

Recommendation

b4

Alternative Urban-Canyon Navigational Aid

@.

FLGURE B-1: ANTaR1S SUPCRSENSEY DATA 1IN A SHOPPIMG Ma: |
Use of the standard uBlox Antaris GPS was not feasible for accurate navigation in a
sky-restricted environment such as a ship dry-dock. Nearing the end of the project,
uBlox released @ new version of the Antans ling, the ntaris 4 SuperSense” Indoor

EFS. The website describes the unit as providing:

YLuitra low power consumation, croviding refiablfe indoar coveraga for any GPS-

endcowed application, ba it 3 handheld device or other. ¥ [4.2]



Replacing the Antars with the Antaris 4 SuperSense™ would allow the vehicle to repo
acourate positioning information, whilst mot requiring amy maodificabion to the existing

LAM architectore,

A5 GRS is not well suited for precision altitude measurement, a redundant altitude
recording system [(such as an ullrasomc pulse-ccho syslerm that uses Time-af-Flighl

calculations to determine height above the ground) should be implemented,

DATA STREAMING
Uese of the QuickCam showed that the idea of visual inspection was possitzle (which
was cxpectod], but it also showed that a redesian would Be required i industry-

standard pictures are to be obtainecd,
Recommendation
Software Upgrade

Upgrading the cntre systoem o a currently supported Linux sersion would allow the
FireWire bus to be fully utilised, To improve the itnage guality, ssper-bright LED's
should be embeddod aroend the periphery of the camers to ensure adeoguate hahting

Dedicated Streaming Systemn

Switching to a dedicated streaming protocal such as the Real Time Streaming Protoc
would tacilitate the streaming of real-time wided ower the nebwork. This would allow

oporatar to view the inspoction surface as the robot is 10 motion.

This would mean the vehicle would only have to stop to inspect surfaces that the

operator considered to be suspedt, speeding up the inspection process.
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NMEA - National Marine Electronics Association

PCB - Printed Circuit Board

PCI - Peripheral Component Interconnect

PCMCIA ~ Personal Computer Memory Card International Association
PSU - Power Supply Unit
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| Appendix A

Literature Review




SUMMARY

This Appendix forms part of the eRooot project at the University of Cape Town.

FIGURE {A) 1 EROBOT TRAVELLING &34 VERTICAL WALL
This literature review serves to present the reader with a cross-sechian of tho state of the
art of robotic inspection, A basic overview of the varicus methods of robot locomation is
presented, in addition to a review of current Non Destructive Evaluation (NDE)

technigues currently used in remote insgection.

& variety of commerncially available robaots and research projects are then presented, with
a brief overview of pertinent ar interesting features of each design. The penultimate
section presents sgme of the current and pending patents relating to the fiekd of robotic

inspection, with the final section consisting of conclusions drawn from the review.
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Table 1) Motor comparizans
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1. INTRODUCTION

This Appendix provides insight into the current trends invalving rebotics and automatien
in the field of Non-Destructive Evaluation (NDE], MIE has boen steadily ovalvind since
the nineteen-forties [ L], and combined with the rapid growth in robotics has providad the

means for accurate, fast inspaclion systems,

A summary and descriptian of some af the mare widespread systams are proschted here,
Robots involved in inspection employ a variety of methods for both |ocoemotion and
adheosion, a brief outling of which is alse discussed, Some rohot platforms were included
that were not invalved in NDE or any type of inspection, but possessed desirable design

attributes,

1.1 Plan of Development

Ir order to pravige the reader with some hasic robobic hackgraundg, an overview of the
commeaen methods of robot lecometion is discussed, incluging the drive systems of
basic legoed and whesled robors, Fallowing this is an overviey of the most popular
mekhods of adhering rebots to structures, and a brief background on the NDE methods

that current robots employ,

In the subsequent section is a detailed breakdown of a large cross-section of the
currently availzble MDE and inspecbon robots, The penufbimate section gives details on
currently available patents concerning robots, inspection and NDE. This appendix

closes with concluding remarks about the pertinent aspects gained from the review,

1.2 Limitations and Scope

The scope: of this Literabure Boview 15 limited to those robotic platforms that are
involved with NDE and general purpose inspection. This Appendix must not be
considered a definitive review of all of the currently available inspection robots, It
merely presents a cross-section of what is currently availahle. In addition, anly a few
of the more commaon NODE methods pertaining fo rabots and automation kawve been

birigfly presented; an exhaustive review on NDE methods was not conducted.

Some literature pertaining o rohobic platforms that are not involved with inspection

has been included with the intention of broadening the design horizon,
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2. COMMONLY USED METHODS OF
ROBOTIC LOCOMOTION

2.1 Tracked or Wheeled Robots

Wherls and tracks are the easiest methaod of lacomotion fa implement on a rebot

whether it must travel harizontally, or 15 required to traverse an nchned (or vertical)

surface.

FIGUsE 2-1: WHEELED S0OEOTS
Figure 2-1 above shows a variety of robaobs, from fhe famous Mars Sajourner (left) | 2]
ter the military explarer robot Mini-Andras 11 [3], ‘and the Department of Energy’s
“mini-robot” (right] [4]. As can be seen;, wheelad robots are found in diverse
applications fram exploring Mars, to transporting hazardous rmatenals and miniature
explzraticn, When considering the design of the drive train for wheeled or tracked

robots, the most commaoanly used methods are discussed below:

ELeECTRIC DRIVE MOTORS
As was expected, by far the most cammenly used method of wheeled propuision
was the electric motar. Electric motors are available in a variety of sizes and they

are by far the easiest to interface and therefzre are the most used.

ULTRASONIC DRIVE MOTORS
Recently, the advent of ultrasonic motors has Bequn to revolutionise traditional
thinking about drive systems. NASA's Jet Propulsizn Labzratory {3JPL) has been
instrumental in developing Ultrasonic Motors (USM]), as they have potential for use

in space missions |5].
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Traveling Wiy

FIGURE 2-2: LILTRASONTIC MOTORS

Ultrascnic motors produce excellent low speed torgue and have a Boilt-in breaking
syatem. In addifion they reguire less power than eguivalent sized clectric motors.
&5 csn he see in Figure 2-2 abiove, the Ulitrasonic Motor cansisrs of a stator and a
ratar, which s where the similaritics to a conventicnal motar end.

The stataer is constructed of piezoelectric elements which, when excited by a high-
freguency voltage signal {typically in the range of 30 kHZ) beging to ascillate in a
meanner that generates a travelling wawe. Frictian between piezoelectric elements
on the stater and bhe relor cause 1the rotar to ratate in a8 direction opposite to thal

aof the wawve [5].
2.2 Walking Robots

Walking robots can provide capabilities not afforded by conventional wheeled
technigues, such as hetter all-terrain capability. In the field of inspection where the
rabat's enviranment is uncertaing, legged mation offers premising advantages, howeyver

the difficulty in relizble implementation of such a system may negate scme of these,

il

FIGURE 2-3: LESGED ROBOTS
Legged robigts are ecoming more prolific in both industry and the homea. The novelty
sensation Aibo® 60 (Figure 2-3, loft) has become a househald toy, with same
astounding capabilities. Mo lass popular is the LEGO MindStarms® Kit [ 7], which is
rapidly becoming the rapid protobyping platform of choice. Gn-the right in Figure 2-3
i the Sprawlita™ |81 robat which uses pneumatic drives and wss built in the novel
Surface Deposition Manufacturing (SDM}Y method, in which clectrical components are

embedded into the design while it is "grown®”,
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One of the complexities of legged robot gesign s dynamis stability, With wheeled
rixbots, the eentre-of-mass (COM) of thoe rebet s (usually) supported in the centre of
three (or more] peints of contact and therefere COM requirements are less of a design

issu than with legged robots, whose points of contact are in constant miotion,

Bipedal robots have to deal with a constantly shifting centre of mass which makes the
issue af dynamie statelity miore complex, Rabats with moare legs, such 45 Sporawliia use
an aiternating gait ceommen in nature |5, where three legs are grounded at any ene
fime, This leads to a stable platform, but can restrict speed.  Legged robots ubilise a

variety af metheds to achicve lecomotion, seme of which are described baiow:

ELECTRIC MOTORS { SERVO AND STEPPER])

=
.
e

"

Frizims 2-4:Wal KING ROBGTS! Bl SCTRIC MOTORS

The mest popular drive configurabion for walking robots is the sise of stepper or
servo motors to provide the desired leg motion. Figure 2-4 jllustrates a numeer of
different walking robots; on the left Is the bipedal walking rotxar Asime [9] desigred
by Honda; the centre image shows a six-legged walking rocot designed by IT
Innovation for hazardous-environment inspection [107 and the final image on the
right is @ Mabile Robotics Research Group prototype walker |11 1,

Servos and steppers are easy to inkerface and run off the same power as the
cantralling electranics, which makes them a legical first choice for most robotiz
platfarms. Disadvantages of servo or stepper motors are their relatively low power

to weidht ratio in companson to that of hydraulics or pneumatics.
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PHEUMATIC DRIVE

FIGURE 2-5; SARAWELITA AND BOADICEA

Prcumatic cylinders are widely uscdn robotic applications. The most popular use
for preumatics is in pick-and-place robafics, these are typically stationed robots
Ehat perform tasks in a limited woerk envelope, Howesoer, Sprawdita (pictured in
Figure 2-5, |=ft} uses pneumatic rams for perambulation, while Boadicea |12 ]
{Figure 2-5, right] uses pnoumatic cvlindoers s "air muscles” to obkain its walking
gait,

Prigumatic systems rely an Righ pressure air to facilifabe the extension and
contraction of pneumatic rams. Various types of cylinders are available such as
single-acting, doublg acting and a hest of others. The disadvantage Tor remale
rabotic systems is Lhe need to have g restrictive tether, or an en-board compressor
and storage unit.

Preumatic drive syslems can typically be found on rebaLlic platforms in the
manufacturing secter, particularly thosc robots performing pick-and-place
operations {such as chip placers in an industrial Printed Circuit Board
manufacturer).

H¥DRAULIC DRIVE

FleipL 2 B WL-12 306,
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Hydraulic systems arc similar to pneurmatic systoms in that a fluid 1s forced inta a
cylinder Lo extend a ram, howevear whilg pngumatics makes use of air, hydraulics
makes use of liquid (typically i}, While pnaumatics is typically restricted to lighter
waork, hydraulic systoms are capable of heavicr application forces, maklng tham
wital in heavy-duty industry.

Urfortunataly, hydraudlic systams suffer from the same disadvantages as pneumatic
systems; thoy require @ hydraulic pump and storage facilities as well as the usual
complament of valves and piping. One robat that succassfully used hydraulics to
achieve human-like maotion was the WL-12 [15] (Figure 2-6, previous page), This
robot was the designed and built in 1986 at the Takanishi Laboratory in Japan and
makes use of clectrenically controlled hydraulic cylinders to develop a human-liles

walking gait.

ELECTRO-ACTIVE POLYMERS (EAP)

Fioitpl 2-7 SWimMING RO

EAP rechnolagy isa rapidly developing branch of rabatics. This technolagy s usually
describad as "artificial muscle” in that electrically stimulating the polymer will
produce & contraction, just as in a hurman muscle.

Robot develnprnant, particularly in the ficld of Biomimezics has bencfited fram this
technical arvance and soon robots may be developed that can mimic the behaviour

of insccts and animals exactly,

EAF's hava applications outside of robotics (for inskanca in the replacemant ar repair
of hiurnan muscle tissuc) and therefore vast amaounts of Research and Developiment
(RED) work |5 baing conductad an thair development.

Figure 2-7 is 2 computer-renderad image showing a8 swimming rabot develsped

using a type of EAP [ 14 | as dorsal fing, emulating a2 sbing-ray’s swimming motian,
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2.3 Motor Comparisons

Shown in Table 1 is a comparison between vanious types of mator [ 15], The first four
ertries in the table are for eleclromagnetic B motors. The smallest commercally
available maotor s the Namiki 7CL 1701 which is arly 7 mm in diameter. Highlighted in
hnld at the foot of the table s MITS Smim ultrasonic mator. Comparing these two
malors shaws that the ultrasonic motor has approximately 35 Limes the stall torgue
density and power density.of more Lhan 5 Jimes the power density that of the /CL-

LR L

e Staail
| Favgive
Avsutor Technology © Bensity S
(Wikg) | Deusit
e L {3 kg
WeCallMIT electronwgtietie 15 311
Ltotar
Namild TCL-1701 13 006G
Sarces hvdranlie rotary actator L2 BeH
Ul electiopuizinnntic servoyalve 20 2300
MITL shape memory atloy 1 G
BV ALPAA pubymerie actuator I &
Burlzizh piezo mehworin ot o ; 3 1
Maguetostrietive Wave motor ) &
Human biceps nsele 4 S0
AIIT & sman USA (FusiaLsreen) | 148 2.9
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3. COMMONLY USED METHODS OF
ADHESION

3.1 Magnets

Magnels provide an 2asy solution to the problem of adhercnce (to ferra-magnetic
sfructures} as they are relatively cheap 1a obitain and are available in an array of sizes

drid strengths.

PERMANENT MAGNETS

FIGURE 3-1: NCLADYMIUM RAIE-CARTH MAGNETS

Permanent magnets are sed in a wide variety of applications from latches to
cathode-ray tubes [ 167, Neadymium rare carth magnets arc some of the most
popular, and can be sintered fo a specific strength and orderad in a range of sizes
and geamctries, as can be scen m Fegure 3-1717].
Meadymium magnets are availlable locally, hawever problems could arise if custom-
specification magrets are required as the majority of rare-earth magnets seem to
be manufactured in the Far East and as they are classified as hazardous materials,
franspartalion 1o Sauth Africa s difficult,

ELECTROMAGMHETS
Electromagnets are safe to store, do not require advanced manufacturing processes,
and can also be designer in a variety of atrengths and geometries. However,
clectromagrets cannot achieve the same flux dersity as strong permancnt magnets
can (for the same physical size],
For example, a grade N42 Neadymium-lron-Borarn magnet has a magneto-motive
farce of 11, Q00 ampere turng per centimelbre [18°, An eguivalent {physical] sized
'C' shaped clectro-magnet, 15 cm in length, would have a maximum of about
10,000 turns (using 28 gauge wire}, Taking into account the resistance of this

length of wire {approximately 1 kilometre), it would require over 300 volts to
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generate 1.5 amps in the coil, giving a total of about 15,000 ampere turns or 1000
turnsfcentimetre, This is approximately 10% of what the permanent magnet is
capable af. As such, eleciro-magnets impoge design penalties in terms af power

censumption and physical constraints.
3.2 Vacuum Adhesion

Vacuum methads are Bypically used when the structure/ahject that the rahot adheres
Yo g net ferromagnetic, Use of vacuum technigues allows adherence to a wide variety

of structures; however the implementation of such a technique is generally complex.

PMNEUMATIC VACUUM

Flgure 3 2: VerlBLE
Pneumatic adhasian s becoming more sopglar as designers are lacking to traverse
structures/envirconments that are not ferromannetic,. Shown in Figure 3-2 abovie s
the Vertibug® toy, which successfully uses suction cups to traverse smooth surfaces
191, This toy 15 capable of walking up #nd down windows, and uses 4 vacuum
system o ensure sufficient adhesion with its "suction cups® to the underlying glass.
However, vacuurm adhesicn ko cogrse surfaces is very difffcult to implement, and

poses an inferesting design challenge,

VORTEX

FIGURE 3-3: VarTrx Ho DG LLC VMEP
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The basic concept of vortex adhesion is the “reverse bovercraft” pomaple [200,
Large amounts of air are drawn up through the yvehicle by high speed fans. This
generakes a low pressure zone between the robot and the underlyving surface,
provedcling an adhesive forco,

Figure 3-3 [previous page) shows an industrial inspection robot that employs
vortex adhesion, Issues with the design may arise when the vehicle is required to

perform & wall-wall or wall-floor transition or If there is an on-board power falure.,
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4. NDE METHODS: A BRIEF OVERVIEW

With continuing advances in computer technoiogy, rebots are becoming able to carry
mare fupctional payloads than befare. In arder to Detrer understand the methods
employed by the inspection robots in the next section, a bnef overview of the most

commoaon forms aof NDE is presanted hara.

4.1 Ultrasonic Testing

Ultrasonic Testing (UT) can be described as the workhorse of the NDE industry. UT is
raliable, accurate, and rugged and is responsible for a lange percentage of the
inapection done jnindustry | 1], The primary weakness of UT is its reliance an coupling
fluid,

UT BASICS
LT is based on the theory of wave reflection. An acoustical wave s imparted into a
speciman, with the time taken for the wawve to return to the source from either an
inclusiaon (flaw) ar fram the back wall of the object being known as the time of
flight. This, cembined with the known spoeed of sound in the material, enables the
distance travelled by the wave fg be calculated, which providas both thickness data

for the specimen as well as flaw depth and size [21°.

Pulser/Receiver I

Trantduoes
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FiGURE 4-1: UT: Bastc THEQRY
In Figure 4-1 above [21], the grapgh an the loft shows the waveform that is
received by the recaiving transducer. Some of the ultrasenic wave is reflacted by
tho small crack present in thie material, with the majority being reflected by the
rear of the spacimen (giving the largast "spike”).
The hasic components of an UT system include a pulser) recaiver unit (which is

contained in Ehe transducer), coupling gel and waveform analysis components.
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Shown in Figure 4-2 belaw {22] is the sensor side of the system. The transducer is

in contact with the test material by means of cauplant,

Comval Cable Connector

Signal Wire
Efrctrodos - Groyrd Wire
Piezoelecin ear Plate
Ebartdat

FIGUHE 4-2; TRANSL: . CER CROSS-SECTION
Couplant 1s present to facilitate the transmission of the pulse from the transducer
Nt the test material. Coupiant is a wital part of UT; however it is a hindrance to
any rcmote system wishing to make use of UT as a testing procadure,

ELECTRO MAGNETIC AcCOUSTIC TRANSDUCER (EMAT)

EMAT'=s are an alternabive to the conventional ultrasonic fransducer; howewver they
can only be used in electrically canductive materials,

They gre =similar in that they also impart an acoustical wave into the specimen, but
they diffcr in the respoect that they do not need couplant. An EMAT generates wawves
in the test specimen by means of electro-magnetic induction, the process is

completely non-contact.,

Plezocalecirle UT EMAT LIT

Loronlz Forcs
Maognetlc Field

Witrosomic
Waiwe

Fiauar 4 3 ComMpasison o UT akG EMAT MODES OF OPERATION

Shown in Figure 4-3 |23 is the basic opcoration of an EMAT, compared 10 that of a
standard pieso-electric transducer. & strong magnetic field is praduced at the
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surface of the test specimen by either a permanont or an electro-magnet, A Radio
Frequercy (RF) corrent is intraduced into the wire, which will cause the wire to
induce eddy currents in any electrically conducting material in iks proximity. If a
static magnretic field is present, these currents will experience Lorente forces which
will induce a shear wave into the material. This wave |s functionally similar to the
ore induced by standard Wirasonic Testing techniques.

In the receiving phasa, the reverse process pcclrs and an eddy corrent is induced in
the EMAT caoil circuitry, which is then measured by =sensing electrenics. This system
is completely ron-contact and it does not require the surface fo be in good
carsditios, which 15 usually a reguirement 10 stardard UT [24].

4.2 Eddy Current Testing

Eddy Current Testing (ECT) is an extremely reliable, non-contact measuring techaigus

that has found widespread use in the MDE environment. ECT elimirates the reed for a

probe to be in direct contact with the surface object or structure being evaluated, and

this allows for rapid scanning.

ECT Basics

FIGUAE 4-4; EDDY CURIENT BASICS

ECT begins with an AC voltage heing applied to a coil, as car be seen on the eftin
Figure 4-4 [25], The frequency i5 determired by the tochrician, and depends on
the type of test being conducted. The alternating current set up in the coil produces
dlyrarmic magaetc field (Figure 4-4, centre-left), ono which s canstantly
expanding and collapsing,

Wheanr a specimen is placed near the coill eddy currents are deneratac in the
spacimen due to the inductive effect of the dyramic magnetic field, Grce the oddy
currents are generated in the specimen, they will begin formirg their own
secordary magaatic figld (Figure 4-4, centre-right), which will oppose the primary
magnekic field.

Whenr a fiaw is present in the specimen, {(Figure 4-4, right) the eddy currents wiil

be disrupted and the secondary magretic field produced will be weaker. Comparing



the nan-flawed readings to the flawed readings will give an indication of the

severity of the inclusians or flaws,
4.3 Visual Inspection

Visual Inspection {1} is probably the widest used method of inspection, and by far
the simplest. A number of industrics, from construction to maintenance employ large
rumbers of skilled NDE technicians to visually examing structures or camponoents, For
example, visual inspection is the standard for bndge inspection in the Us, and over 80

percent of aircraft inspection 15 visual |26 ],

The major disadvantage of VT is the inability to detect any flaws or inclusions that may
have developed beneath the surface. In this regard, V1 may serve o provide-an initial
analysis, but further (more therough] inspection technigues must be conducted in

order to fully analyse the integrity of the structure or component,

VISUAL INSPECTION BASICS
Skilled MOE technicians examine the structure or component in question for any
signs of Haw or defacts. Technicians may use mirrors, boroscopes and magnifying
glasses N order to better inspect the surface of the abject. As can be expected, the
results a technician atitains purely through visual inspoction can be affected by a
nurmber of variables, such as ambient light, envirenmental conditions and even how
fatigned the technician is. A numbor of tools are available to the technician, as
distussed in the following sections,

VIisuaL INSPECTION AIDS: LIQUID PENETRANT
Possibly the first Torm of any Meon-Destructive Evaluation, is the process of Ligquid
Penetrant Inspection (LPT). Tn the late Nineteenth Century raillway-yards used the
“pil-and-whiting” method to reveal cracks in tracks. The track was dipped in ol and
than pasted in whiting {chalk and alcoheol), Any cracks would seep oil back onto the

white surface, and thus become visible [27].

FISURE 4-5; LIQUIC PEMETRANT TESTING
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Techmgues have advanced somewhat fram the oil-and-whiting, and the l&ft imaae

of Figure 4-5 {previous page) shows the penetrant inspection of two wheels from a
time-af-fight spectrometer from the Inatitut Laue-Langevin in France [28], The use
of Wrra-Vialet jpenetrants makes cracks all the more visible under fluorescent light,

as can be seen in the faited compaonent in Figure 4-5 an the right [29].

VisuaL INSPECTION AIGS: MAGNETIC PARTICLE

A-22

I arder ta azsist technicians while conducbma Yisual Inspection, Maonetic Particle
Inspection {MPI) was developed. Although anly effective with structures and
companents that hawve ferromagnetic properties, this method greathy enhances the
accuracy with which technicians can detect surface cracks.

In this technigue, cithor wet ar dry particles are used to canduct inspection. As the
name siggests, anea technique wses particles in a salution, while the athar uses
them in & salid Tarm, These particles are ferramagnetic and are highly visible {either

through natural appearance or the ability to Auoresoe).

FloiLhb @-6 MAGNLTIC PARTICLE INSPECTION

The kasic idea behind MPI is the flow of a magnetic field through a material. When
a magnetic field passes through a ferra-madanetic specimen, it will take the path of
least (magnetic) resistance. Air has a lower magnetic permittivity than the metallic

specimen, and therefare the Hlux lines tend tao pass through the specimen.

If a surface crack is present in the specimen, magnetic poles will form at the tip. 1
magnetic inspection particles are now pplaced an the specimen, they will adhere to
whera the flux lines break out of the specimen i.¢. at the surface of the crack. This
provides an excellent quick way to nhserve where surface-breaking cracks have
formed.



5. DEDICATED NDE INSPECTION
ROBOTS

This section covers rohots fhat are specifically designed for MDE inspectiaon and use
dedicated MDE inspection metheds (sdch as Ultrasonic Testing, Eddy Current Testing ef
cetera) with unigue ar pertinent design features highlighted,

5.1 NASA MACS

Frasre 5-10 NASA MACE
NASA's Multifunclion Automated Crawling System (MACS) 15 ono of Lhe forofront
robots in terms af NDE, and was developed at MASA's Jet Propulsion Labaratory
[IPLY [307. The vehicle uses suction cups to adhere to surfaces and is used in a
variety of industries. MACS uses ultrasonic motars instead of normal electric molars
and this lowers power consumption as well as increasing terque, Developnment of
MACS was greatly aided by the cancureent developmeant of NASAs exploratary Mars
Rowvers,

5.2 Pioneer

FiGure 5-2 PIGNFFR CNSPECTION ROBOT

Ploneer was specifically developed Lo be deployved in the Unit 4 reactor building at

Choermobyl power station in the north central Ukraine [31] The explerer vehicle is
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capatile of deploying a variety of sensors and taking physical samples of s
environment, ln addition to this, Fiopeer is capable of mapping the environment to

cregte photorealistic 30 models of the building interior,

5.3 Neptune Tank Inspector

FISURE 5-3 ! MEPTLNE INSFECT 10N KOLEOT
MNeptune is designed spedifically for the inspaction of Alowve-ground Storage Tanks
{AST 5] while immersed in petroleum products, Meptune |5 capable of performing
both ultrascund and visual inspection on the inner surfaces of AST's [32]. The
entire syseam consists of the rabot, a depgloyment systcm and a position-tracker in

order to ascortain its cxact lecatian inside the tank,

5.4 TTU CESR Inspection Robot

FIGURE 5-4: CESR :NSPECTION ROECT
The Centre for Encrgy Systems Rescarch (CESR) at Tenncssec Technical University
fTTU) develapead this inspecticn robat for the analysis of water walls in ceal-fired
poawer plants. Hales in such walls can cause a severe drop in officicncy which calls
for the entire plant to be shub down, which can cost in the arder of $20,000 1o
100,000 per heur [23].
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This ralwet has the akiity to travel where temperaturas are (oo extrame for

technicians and can be deployed rapidly as no scaffalding is reguired.

5.5 NETL: EXPLORER II

Fiause 5 5! EWpPoo%Er 11

This robot designed by the Mational Ensrgy Technology Laboratory (NETL) in the
Linited States s ntended for use specifically in live gas pipehines to analyse
corrosian, 1t was designed because of the concern over the ageing pipelinge
infrastracture theoughout major mebropalitan centres in the LS, Features of thea
rabot include a tether-less design and the ability to operate in extremely hazardous
enviroryments. Explorer I1 boasts an advanced sensory payload, including both
visyal and LT teating equipment. [34].
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6

. GENERAL INSPECTION ROBOTS

6.1 Toshiba Micro-Inspection Raobot

FLSURE B 1 TOSHIBA INSPECTION ROEOT
This micra-inspection mbof is capable af inspectian in pipes as small as 1 inch
[~25mm). Mowel features of the rabot are a matipulator {visible at the front of the

vehicla in Figure 6-1) and planetary drive whesls to ensure the robot does not
become trapped casily [25].

6.2 VERSATRAX Family

A 20

FrzurE 6-2: VERSATRAXY ROBOTS

The MerzsaTrax family of robots are developed by American Standard Rabatics and
are belled as robots for operalion 1n hazardous enyironments T36].
VERSATRAX 150

The YorsaTrax 150 pipe inspecticon system (Figure 6-2, [coft) 15 3 long range pipo
inspection systerm, ASR uses g very modular design for all of its systems, allowing
for great faxibility and adaptation ta changing environments. Accarding to the

[terature on the 150, it is suilable for sewsers, storage tanks, pressure vessels and
steam headears.



VERSATRAX VLR 300

This pipe inspection system (Figure 6-2, centre-left) is the largest in the VersaTrax
range, and is desigied specifically far use in hydro-electnic schemes, Az such, tho
VLR 200 is suitable For piping in excess of 300mm. The large piping netwarks in
Mydro-clectric power schames require a unit with an extended range, which is
sccommadated by the VLR 300 up to a maximum of 1830m. This unit is alsg depth-
rated to 100m and carries 4 cameras far inspectian.

MICRO CGTV

Resianed for long distance inspection, this inspection robot 1= capable of changing
profile to accammadate varied terrain types (Figure 6-2, cenfre right). The
Variable Geometry Tracked Vehicle (VWGTV) is capabile of translfonming Trom a
standard crawler profile to a triangular one whilst remaining fully operational.
Standard with the platform are a pair of CC0 cameras {(ore black and white, the
other calour) with a 300" rotational tilt.

VERSATRAX DEeEP BLUE

An underwater subimersible, the Deep Blue (Figure &-2, right) is designed for doep
missions, According o the literature, the unit has a 305 metre tether, and is also
depth-rated to 305 metres, The unit is capable of being controlicd by wircless game
controllers or by user-developed software, giving it great marketplace appeal.

Standard with the unit are two vides cameras and high-intensity halogen lights,

6.3 DanDuct CLEAN Family

Danluct are a specialist duct ceaning company, offering a variety of duct cleaning

solutions [3/].

FIGURL A 30 DANDUCT A0ROTS
DAaNDUCT: INSPECTOR
The Inspector (Figure 6-3, |eft) is a small, remote-controlled inspection robot. The
Micra Inspector has remarkably small dimensions: 65mm x 150mm % 80mm (38w |
* Hi, and a weight af anly 1.5 kg, making it ideal lfor duct inspection. Mices
Inspector provides video feedback with the aid of 2 wide-angle digital cameras with
ultra-bright LED's providing illumination. The range of the "bot is limited b 30

merres due to tether restrictions.,

A-27F



DanDucT: MuLTI PURPDSE ROBOT

This Multi Purpose Robot [MPR) (Figure 6-3, centre) is a combinatizn of
imspaction and cleaning rabot, The platformn itsclf is uscr-controllcd via a joystick.
Like Ehe previnus mentinned Inspector, the MPR has dual wide-angle cameras as
well a5 variatile-intensity halonen lamps. Locometion is accomplished by 4
independent drive wheels, and in additicn to this two separate drive motors ars
responsible for driving the cleaning head (which can be adapted for cither round or
sguare ducting), Range, like the previouws robet, is limited to 20m due bo the
umbzilical tether.

DANDUCT: ICETECH SYSTEM

& completa system called IceTeoch (Figure 6-3, night) completes DanDuct’s robotic
range. IceTach is a dry-ice (solid carbon-dioxide) cleaning system, with the robot
acting as the end cffecter providing pressunsed dry-ice Be the cleaning surface. A
3607 ratating nozzle at the front of the vehicle allows the TeeTech robot to apply

dry-ice to every scetion of & pipe intenor completely remoaving grease and dirt,

6.4 MPRS Project: URBOT
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Fioiure G- URBOT

The Man Portable Robotic System s an American military project for the
deployment of highly mebile robots inte hasardous envirenments [ 381, As can be
szeen in Figure 6-4, the URban roBOT (URBOT] has an invertibile chassis, meaning
a self-righting mechanism (it the cvent of Lhe vebucle being overturnad) is not
raquired. Centrel is implemented on board by a PowserPC ipEngine, which provides &

Ficld Pragrammable Gate Array (FPGA) allowing for highly configurable behawvicur,



6.5 DEES - University of Catania

DEES, ar the Digartimento Elefirica Eleftronice & Sistemistica ay the University of
Catania in ltaly has a weall founded robolics program, and have developed a number
of wheeled and legged rabofic eystems designed ta aperate in the harshest of
conditions.

SURFY

FIGURE 6-5! SURFY ROBOT
SURFY is as a rohat capable of traversing vertical and inclined surfaces. Pneumatic
actuators are used o achieve suction, while an electric maotor s respansibie Tor
direclional contral. AL Lhe time af publication a dedicated inspection system had not
been developed for the platform, however inspection 15 hoped to be achieved by an

independent NDE capable rabotic manipulator [ 397

WALLY

FISURE & B WALLY ROBOT
WailY is anather dedicated wall-clirmizing rabot, and is intended for use in
industrial plants, storage facilities, and coal-fired power stations. WALLY |5 capable
of manoeuwring in small spaces, as well as having the ability to carry a multitude of
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MOE sensours, Pneurmatic suction cups are responsible for adhesion, while pneumatic

pistons control positioning of the arms [ <40,
6.6 MARAT Robots
MARAT is a California-based company that specialisez in "Technology and

Innovation” [41]. Of particular interest is their ranging of cleaning and inspection

rotots,

FIG.AE 6-71 MARAT [NSPLOTION ROBOTS
MARAT INSPECTION ROBOT
This robot (Figure 6-7, [eft), made by MARAT = a geperal-purpnses visual
inspaction robot, The systern runs off of standard mains pawer and Is compatible
with 220V/110¥ at either 58 or 80 Hz. Ancther robof that is developed specifically
for pipe Inspecticn, if has modest dimensions of (0 W x HY 203 x 159mm x
140mm with a total weight of 3.5 kg, The range is limited by a 30m tether,
MARAT WoRrkKer ROBOT
Very little literature is available about the Worker Robot from MARAT (Figure 6-7
centre, right), but as these pictures suggest it is capable of incorparating a variety
of sensar maedules onte ong Basic chiassis in & very modular method.

6.7 SCRAPPY

FIGiRF -8 SCEAPPY INSPECTION SYSTEM

Scrappy, otherwise known as the EPFL-ASL Air duct Inspection Robat (42|, was

dlesigned specifically for air-duct inspection. According fo the designers, most
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existing air-duct inspection platferms were not capable of inspecting all the existing
Eyvpes of ducting, and as sUch Scrappy was designead, Scrappy can operate up to 34
metres away from the operating statien [ifs range is limited by a tether) and has a
camora capable of pan and tilt motiors with a zoom capability of 10X, Shown in
Figure 6-8 (previols page) is Scrappy (1eft and 13 associated control laptop
frighth.

6.8 ROVVER Family

FIGURE 6-9: ROWVER INSPECTIDN ROBZTS
The RowverE: fanuily s developed by Everest VIT, now amalgamated inta Gereral
Electric Tnspection Technalogies |42, The smallest of the Rovvers® is the R400
[Figure 6-9, |zft), which is capable of conducting viswal inspectior an pipes as
small as 4" in diameter. Visual feed is provided by an an-board calour camera with
halogen lighting, with full pan and tilt furctionality, The range of the unit 1s
restricted Lo 200m due to a lelther. Mext up in size and fupctionality is the RSO0
[Figure 6-9, centre) which is capable of inspecting pipe diameters froam &”
upwards. Largest of the series s Lhe R200 (Figure 6-9, -ight), which 15 designed
for large bore pipe inspection. The R-series robots have automatic camera levelling
fealures thal allow constant, clear vicws throughout their Lravel Lhradghaut piping
networks, In additien, the R9O0 iz capable of carrying additional inspecticr

pavloads o further chhance its versatilicy.

6.9 RoboProbe Technologies

RoboProbe is a commercial campany that specialises in “professional remaetely

operated television and robotic systems” |40

MICROMAG MAGHETIC CRAWLER

MICROMAC (Figure 6-10, averleat] in the literature from the RoboProbe website is
describied as a waterprool inspection robet that can traverse stecl plating at any

inclination to the harizontal as well as a multitede of other surfaces,
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Fraui 6-10: MICROMAG
Adhesicn is provided by two Neadymium rarc-carth magnets, and the range is
governed by a 36 metre tether, Video capabilities are provided by & pan and tilt

colour camers.

MANOMAG MAGNETIC CRAWLER

Tho MANOMAG [45], unhke its larger counterpart the MICROMAG, 15 not &
waterproof platform, However, designers RaboProbe claim the robot is suitable for
ship hull inspection, pipe inspection and reactor vessel inspection ko name a few.

The recormmmended price for the regbot is USDE35 Q00

FISURE B-11: MANOMAG



7. OTHER ROBOTS

Robols hare are presented mercly for design perspective, Some design aspects from the

platfarms below may te pertinent or useful for the dpcaming design.

7.1 Octopus Robot

Rl

Py liad Supped

FirGgurl 71 Oocams Rose

An ingeniows design developed af the Swiss Federal Institute of Technolagy [EPFL)
the Octopus robaot has 15 degrees of freedom and, as shown in Figure 7-1 above,
is capable of trayersing complex environments whilst maintaining 8 driven paints of
cortact an the ground, In addibon, Gotopus is capable aof climbing stairs and
rightirg itself when it senses tilfing [45],

7.2 Sojourner

Mg robot review would be complete without rmentiorming ane of the pinnacles of
rabat technolagy, the Mars Sojowrner [Z . Weighing in at only 11 kilograms, the
Saiournet carried asterenscapic visian system, an Atmospheric Structure
Instrument/Metecrology Package, an Alpha Proton X-ray spectrometer and three
ather cameras, Aithough only designed to last a month, Sojourner went on o last
far three, with finai contact beiro lost in September 1997,

FLGlHL 7- 27 SONUENLE
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8. ROBOTIC NDE PATENTS

There are currently g number of patents relating o the field of NDE robotics, Some
patents focus speafically on the method of adhesion or locomoticn, while others
ancapsulate the system as a while. Brigf overviews of all of the most pertinent patents

arc described belowe, All patents sourced below were |gcated using:

R ;
m# freepatentsonling

DELPHION

"ly United States Matent and Trademark Office
2

es;:@enet

8.1 Gas pipe explorer robot

120

05~y ~ 108 140 110 115

e =303
et T 304

FIGURE B-1: GAS PIFE EXFLORER REHD
Patent Locaticn: UMITED STATES PATENT
Fatent Number: US 6,697 710 B2
Ctate Patented: Feb 4, 2004
Patent Owners: Wilcox, Brian
Fatent TYPE: PATENT

As can be scen from the preceding section, gas-pipe inspection is one of the most

grative and imporfant function of autanomous reboet inspection, Correspoandingly,
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the number of patents concerned with pipeline nspection cutnumbered all the other
patents quite substantially. This patent for an articulates robot 15 designed
specifically for gas-pipe caploration. Each connectzd sogment provides drive
capability, allowing the robot to traverse a multitude of different piping sizes and
geomcetry. The leftmost section in Figure 8-1 s designated the "sonsor” scction,

with the right-most section being the communications section.

8.2 Autonomous robotic crawler for in-pipe

inspection

pY %

3 r:—'?:\/r’:?\ =

6'_

i 7
i__\ —
20 3

FLGGURL B-22 PopF AMSPLCILON RIMEOH
This patent describes Lhe design of an gulonamolus pips exploring robot that,
deoorcing to ks cesigners, is capablz of traversing unlimited cistances through
small-ciameter enclesed spaces. &5 can be seen, the rearmos: wheels are offset
from the longitudinal axis of the robot. The designers recommend seme form of
fluid-driven screw-drive with the cancept being thal Lthe rearmask section, when
rotated, will form a drive section and essentially corkscrew the robot throuagh the
I L K
Fatert Location: UNITED STATES PATENT AFFLICTION PUBLLICATICN
Patert Mumber: S 2004/0173116 Al
Date kFatented: Sep 9, 2004 {published)
Patent Owners: Ghorbel, Faithi Hassan, Dabney, lJames Bruster
Patent TYPE! PATENT APPLICATION FUBLICATION
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8.3 Non-destructive inspection, testing and
evaluation systems for intact aircraft and

components and methods therefore

FIGURE B-3; INTACT AIRCRAFT TNS2ECTICH SYSTEM
This patent describes Lhe apphcation of an entire system to the NDE evaluation of
an entire gircraft, without the need Lo disassemble the aircraft into its (ndividual
cormpenaents. This concept is unigue becauss L does nol require the aircrafl Lo be

field stripped, which greatly reduces the mamtenance period.
Parent Location: UNITED STATES PATENT

Patent Number: US 6,637,266 B1

Date Patenled: Oct 28, 2003

Patent Dwiners: Froom, Couglas Allen

Pafcnt T¥PE: PATENT

8.4 Inspection robot

7

FIGURE B-4: INSPECTION ROBOT

This patent dsscribes the design of a rabot designed for a number of inspection
environmenzs, In the cxtrome left of Figure 8-4 Lhe two drive wheels marked 7 are
naticeable, hoth of which are part of an articulated head, The scctions 8,9,10 and

11 describe the inspection cameras, arive circuitry ang power supply, The rear unil
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{at the right of Figure 8-4) is responsibile for letting out and retracting the cable,

depending on the direction of travel of the robot,
Patent Location: OMPI

Patent Mumber; WO 2004016281 Al

Date Patented: Foeb 26, 2004

Patcnt Ownoers: Cylergie, Elvo

Patent TYFE: PATENT

8.5 Multifunction Automated Crawler System

FIGURE 8-5: MULTIFUNCTION AUTOMATED CRAWLER SYSTEM
This crawlar, devaloped at the California Institute of Technolagy, was designad to
addrass the perceiverd need for a manoeuvrable platform capable of effectively
adhering to a wide waricty of surfaces. 1n addition to two rails (visible on either side
af the rahot in Figure 8-5 ghove) responsible far straight ling mavement, the robat
also possessis a central adherence section that 15 capable of rotating the robot to
arientate it in any directicn.
Patent Location: UNITED STATES PATENT
Patent Number: 5,830,553
Date Patented: &pr &, 1999
Patent Owners: Bar-Cohen, Yoseph; Joffe, Benjamin; Backes, Gregory
Patent TYPE: PATENT
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8.6 Apparatus for obstacle traversing

FIGURE B-6: DBESTACLE TRAVERSING ROBOT
By far one of the most unusual leoking robots, this behemoth is designed to be able
to traverse any bype of terrain or obatacle. As can be seen in Figure B-6, the robot
is comprised of 4 articulated scgmenks, cach with 4 pairs of drnve fracks, This
incredibly larma number of fracks gives the vehicle the ability to mowve in any
nrientation, regardliess of which track s in contact with a surface.
Patent Location: UNITED STATES BPATEMT
Patent Number: & 774,597 B1
Date Patentad: Aug LG, 2004
Patent Qwncrs:  Borenskein, Johann

Patcnt TYPE: PATENT
8.7 Method and apparatus for inspecting a

submerged structure
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FIGURE B-7; UNDERWATER INSPECTION ROBOT
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This design is one af the most partinent when considering the future direction of an
autonomous MEOE inspection robot, This platferm is cagable of inspecting the
structure of the ship full by means of NOT inspoection cameras das well as ultrasonic

probes,

LANE

FISURE 8-8: SYSTEM OVERWIEW

In Figure 8-8 above, an overview of the system is presented. Control of the system

is shore based, wilh & tether praviding power and receving feed from both cameras

and ultrasonic probes.

10
32— 30 e 3
iy 1 38 16
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FIGURE 8 9: ROBOT LOCA | 10N
Figure 8-9 above presents a cross-sectional wiew of 1he vessel in dack, with the
robotic system attached. All Lhe points labelled 16 are ultrasenic beacons, which
engbiles exact control and positioning of the robot on the structure.

Patent Location: UNITED STATES FATENT
Patent Mumber: 6,317,387 B1
Date Patented: Mawv 13, 2001
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Patent Owners: D'Amaddio, Eugene R Harms, Stewart E. ; Bergeron, Bmale E.
Slate, Edwin 4,

Patent TYPE! PATENT

8.8 Robotic apparatus and method for treatment of

conduits

FicUaE 5-10: ROBOTIC COMDUTT THSFECTION SYETFM
This patent covers the inspection of canduit systems with the aid af a robotically
controlled platform. This particular system is capable of deploying smalloer
inspection units inta conduits that Branch off themain artery. This requires the
main platform ta traverse only the main artery, while branches can be inspected by

the en-board mini-robot.

Patent Location: UMITED STATES PATENT
Fatent Number: US 6,887,014 B2

Date Patented: May 3, 2085

Patent Owners: Holland, Cal

Patent TYPE: PATENT

8.9 Wall climbing robot

O —

B1

FIGURE 8-11; WaALL CLTMREING HOBRT
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This particular wall climbing robot (Figure 8-11, previaus page) 15 capable of
climbzing vertical suifaces, as well as making the transition frem horizontal Lo
vertical. It accomphshes this by means of re-usable hol-melt adhesives {labellad
1% on rotors [labelled 90). Besigner De Fario makes the observation that magnetic
climher robots are only useful on ferromagnetic surfaces, while rabots emplaying
suction cups falter on surfaces that are irregular ar dirty.

Patent Location: UNITED STATES PATENT

Patant Mumbesr, US 6,793,026 B1

Bate Patented: Sep 21, 2004

Patenl Crwwners: De Fario, Thomas L.

Fatent TYPE; PATENT
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9. CONCLUDING REMARKS

As can be seen from the number of inspection robots, pipe and duct inspection platforms
are readily available in the commercial sector. A wide variety of tethered, and tether-less
systems can be purchased for most needs, from 17 piping inspectors to sewer-mapping
platforms. Some systems are capable of accommodating a variety of inspection methods,
while some are dedicated purely to one inspection method.

However, what becomes apparent from the literature survey is the fact that the majority
of the systems are not inter-disciplinary. All the robots reviewed were designed for one
specific environment; be it pipe, duct or aircraft inspection. Every aspect of their design
was focused on their one task, no robot could be found that would easily adapt to
different environments.

From this, the concept of a multi-disciplinary robot capable of a variety of inspection
techniques becomes a feasible idea. One robot that is capable of performing duct, pipe,
aircraft, marine and storage inspection becomes a commercially attractive prospect. Even
if the platform is not completely inter-disciplinary, if it can just perform a few of the
various industry inspections, this will promote far greater consumer interest than a
dedicated sole-purpose inspection platform.

A-42



REFERENCES

[1] 2006, "History of Urasound™, NDT Resource Centre. Accessed gn January 12" 2007.

Available at; htto: /Swww . ndt-

ed org/EducationResoyfces/CommynityColleges/Ultrasonics/ Introductionhistory. hitm

[2] 2006, "MASAE Mars Exploration Pragrarn — Mars Pathifnder”, NASA Jet Propulsion
Lataratory. Accessed on lanuary 12" 2006, Available at:
hitp://mars.pl.nasa.govmissions/past/pathfindar bhtml

[3] 2006, "Mini-ANDROS 117, Northrup Grumman, Accessed on January 12" 2007

Avallable at: http:fhwww es northrapgrumman.com/remotec/miniandros2 him

[4] Marse, [, 1998, "Mokie Rabotics Research af Sandis National Labaoratories”, Sandia

Mational Laborataries, Albuguergue MM,

5] Bar-Cohen, ¥. Bag, O., Grandia, W., 1998, "Rofary (Mftrasonic Motors Actugted by
Travelling FHexural Wawes”, Proccedings of the Smart Structures and Materials
Symposium, San Diego CA, 1-5 March 1998, Paper 3329 §2

[6] 2006, "ERS-7M3 AIBO”, SONY® Electronics. Accessed on January 12 2007, Available
at: http:/fvwenw, sony . net/Products/aibo/index.btm|

[7] 2007, “"Mindstorms®, Lego Mindstorms. Accessed on January 12" 2007, Available at:

http: S mindstorms. lego.com,

[8] Clark, ), et al, 2002, “Fast and Robust: Hexapedal! Robots via Shape Depousition
Manufacturing”, the International Journal of Robotics Rescarch, Vol 21 Issue,, 1011,
October — November, pp8&1-568,

[%] 2007, "Asimo - The Honda Humanoid rebot”, Honda, Accessed on January 12 2007,
Available at: hitp: /fwarld honda com/ ASTMO/

[1&] 2007, "RoboSense — Project Summary and background”, 1T Innovation. Accessed on

innovation. soton.ac. ukfroboscnse/summary.shim

[11] 2007, "Mokife Robotics Research Group — Our Reboets”, Mahile Rohetics Research
Group, Edinburgh University. Accessed on January 12" 2007, Available at:

http:/fwiww ipab.inf.ed.ac, ukSmra/robots, html

[12] Binnard, M.B, 1995, "Design of & Small Preumatic Walking Robot”, Masters Thesis,

Department of Mechanical Engineering, Massachusetts Institute of Technology.

[1L3] Daya, B., 1999, "4 Multilayer Percepirons Maodal for the Stability of a Bipedal Rabot”,
Meural Processing Letters, Vol 9 pp221 227, Kluwer Academic Publishers, Printed in
the Netherlands,

A-43



[14] Anton, M., ct al., 2004, "Towards g biomimetic EAR robot”, Procesdings of the 2004
Towards Adtonameds Robotic Systems (TARDS) Conference, Colchester, LK,

[157 Flynn, &. M., 1998, "Perfarmance af Wtngsonie Miel-matars wsing design of
cxperiments”. Journal of Smart Materials and Structures, Vot 7, no. 3, pp286-294,

Great Britain.

[16] 2004, "Magnetics Technology Center — PM Applications Guide”, armmold Magnetic
Technologies, Accessed on January 12" 2007, Available at:

http: /Ay arnoldmaanetics. comyd mic/ madqnets permanant apres htm

[17] 2006, "MAGCRAFT Advanced Magnetic Materiz/s”, Rare Earth Magnets, Accessed on

January 12 2007, Availabic at; hilp://www.rare-earth-mauacts.com,

[18] 2007, "Chapter {; Magnetism — Cafcwlating the strength of a magnot”, Science Toys.
Accessed on January 12" 2007. Availzble at; http:/fsci-
toys. com/scitoys/scitoys/ magnels/calcalating/caloulaling. bml

[19] 200/, “Gtherfand Toys”, Otherland Toys. Accessed on January 12'™" 2007, Availakle
at: httpdfvew otherandtoys. couk/climbtronwverti? 800w, g

[20] 2005, "Vorfex HC LLC - VMEP LWall Climbing Rabat”, Vartex Holding, LLC. Accessed
an January 12M 2007, Available at: hitp:/fwwweviortexho,oom)

[21] 2006, "Basic Prindpics of Wirasonic Tosting®, NOT Resource Center. Accessad on
January 127 2007, Available ab: http:/Swww ndt-

acl org/EducationBosorces/ Community College/Utrasoni cs/introdu ction/description. bt

ol

[Z7] 2006, "Characierstics of Frezoelectrc Transducers” NDT fesource Canler. Avcessed
on January 12" 2007, Available at: http://fvwwe.ndt-

ed.org/ EducaticnResad rees; CommunityColleges Ultrasonics/ EquipmentTrans/characier
sticspt. him
[23] 2007, "CMAT Technalogy ™ Innerspec Technologies. Arcessed on January 12'7 2007

Available at: bttp/fwwweinnerspec.comdsite/emat . asp

[24] Chahtzaz, A, Brassard, M., Pellerier, 4, 2000 "Mobde Inspection Systerm for Rall
Integrity Assessment” Proceedings of the 15 World Conference of Non-Dostructive
Testing, 15-21 October, Rome

[#5] 2006, "Basic principles of Eddy Cuyrrent Inspactian™ NDT Resource Center. Accessed
on January 12™ 200/, Available 2t http://vovww. ndt-

ntoET htm

A-44



[2&] Good, G,'W,, Nakagawara, V.B,, 2005, "Wision Standards and Tasting Reguirements
for Mon-Destructive Inspection (NOI) and Testing (NOT) Personnal and Visug!
Inspactors”, for Krebs, WK, Aviation Maintenance Human Factors Program Manager,
Final Report, 15 August.

[ /] 2006, "Tntrodiction and Histary of Penstrant Inspection”™ NDT Resource Centar.

ed.org/ EducationRezgurces/CommunityCollege/PenetrantTest Introduckion/histary htm

[28] 2007, "SMAE Photographs" Instituk Laue-Langevin. Accesscd on January 12 2007.
Available at: hitp:/fwww il fr/pages/science/DPT/ Mechanics/photos, hitml

[29] 2006, "Panatrant Testing Materals” NOT Resource Center, Accessed on January pigeis
2007, Avalable at: hrep: ffwesraw ndl-
ed.org/EducatinnBesources/CommunityCollege/PenctrantTest/ PTMaterials/ptrmaterials,

[t m

[30] Bar—Caohen, Y., "Biomimetics - bUsing nature as an inspiring mode! for innavation”,
let Propulsion Laboratory, (IPL) California Institute of Technalogy, Pasadena CA

[31] Slifkn, A, et al., 19949 "Picnear: 4 REobot for Structural Assesaiment of the Chernoby!
Shefter”, Proceedings of the &th International Tepical Meeting on Robaotics and Remolte

Systems, Amerjcan Muclear Society, Pitksburgh, Pennsylvania.

|32] La Rasa, 3., Messina, M., Muscats, G., Sinatra, R, 2002, "4 { ow-cost ightwaight
climbing robot for the inspection of verlica! surfaces” lournal of Mechatronics, Yol 12,
P 71-96

[33] 2006, "Center for Energy Systems Research: Inspoction Rabots”, Tennassee Tech
University, Accessed on January 1270 2007, Available at:
Rt ffwww . cesr tntech edu/tesearch/rebot/robot. hitml

[34] Schempf, H., 2006, "Explorer I Wireless Saif-powered Visual and NOE Roboli:
Inspection Svstem for Live Gas Distribubion Maing”, Phase I Tepical Report, Carncgie
Mellon Wniversity, The Rabotics Institute, Pittsburgh, PA

[35] Suzumari, K., el al,, 1999 "Micro Tnspection Robot far 1 - in Fipes”, ITEEE/ASME
Tranzactions on Mechatrenics, Mol. 4, no. 3, September,

| 36] 2007, "American Standard Robotics: Ground Eobots”, American Standard Robotics.
Accessed on January 127 2007, Available at: hitp:/fwww.asrohotics.com/products

|34] 2006, "Duct Cleaning Equipment”, Danluct Clean. Accessed on January 12M F 0y,
Availabile at: bitp:fwww danduct. com/

A-45



Appendix B

Design and Manufacture
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SUMMARY

This Appendix forms part of the eRobot project &t the University of Cape Town,

F:GuUrE (A) 1: EROBOT TRAVELLING ON-A VERTICAL WALL
The perpose of this Appendix is to presant the reader with an overview of the dasign
process for each modele of the rabot, & breakdown of the novel or enigue feateres of
cach aspect is highlighted, and the Appendix concludes with a review of the design

PrOcess,

[Please see accompanying DVD for all 3D models. Note that all models are fully
viewable in Pro/ENGINEER's ProductView Express.]

[Please see the Accompanying DVD for all 3D models]
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L
Tail Unit

Payload Drive Units

Bay

Froiunr -1 Expoonrs VIEwW 2 LROED |

320 rm

540 mm

200 mm

Figure 1-1 = an cxploded viow of the robot, showing the various medules thatl comprise
the gwarall system. Design of the vehicle reguired a high degree of madularity if tha
platforrm was going Lo be capable of perfaorming in differant endironimeants.

The design methodology wused in tha robot was very much "tep-down”, Parls and
companents were created in the overall assembly, and then refined at the part level. This
cnsurad that &'l components mated correctly after manufaciure,

The vehicle is comprsed of four separate modules: the Drive Units, main Framss, Lhe
Tail Unit and the Payload Bay. A review presenting the main design features of each

madule s presentod noxt.
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2. DRIVE UNITS

Frotrr 2-1: Drive UriTs

2.1 Wheels

Design of the wheels had Lo account for the Fact that the robot was required to
adhere firmly to a ferro-magnetic surface, whilst concurrently maintaining a law
ralling resistance. It becarmne apparent guickly that wheels would have to be custom
made and as such a local company, Advanced Materials Technology (AMT), was
consulted,

FIGURL 2-2: WHFF| TFETING: Mol n MANUFACTUSE (LEFT) AND TRIALS [CEMTRE, RIGHT)
Shown in Figure 2-2 s the machining of a mold-negative on the CNE (left), as well
as the initial prototypes. The initial attempt (Figure 2-2, cenfre} was made with a
tyvpe of readily-available casting silican, with which the author had had some
success praviously, The silicon casks easily and sets within 8 hours. &s can be seen
fram the photograph, the wheel had failed completely, Although the traction on the

B-9



B 10

tasting area was excellent, the silicon had a tendency to rip easily, As the finish of
Lhe whes| was excellent [meaning the silicon had cured properly], an alternative
compeund was tried, Figure 2-2 {right) shows the results of the new compound, a
type of poly-urethane, Adain arip was excellent, but résilignce was an issue,
Howewver, the surface was still very facky [implying an incomplete cure} and so was
re-attempted. In addition, the galvanised-steel ritbed plates that were
manufactured to assist with the grip [(visible in Figure 2-2 at the tep of each of the
centre and right frames) served only to initiate tears on the inside of the wheel, The
wheeal desian was revised to accommadate radnded PYC-jackets to ensure tears

were minimised. Figure 2-3 shows an exploded view of the final design;
Poly-urethane
/shoe

Figure 2-4 shows the components before (lefty and after assembly (right]. The ribs

Magnet

u/l ..

Steel Hub PVC Covers

FlatpL 2-2 0 FinAL LESIEN

that are visible in the image were designed in to give the wheel mare traction
during operation, howewer the effect of this was minimal and could have been left

oLk,

FiGuRF 2 40 WIHEEL COMPONENTS (LEFT] AMD ASSEME_ED {RIGUIT)



As the previcus curing attempr of the poly-urethane compound had been

unsuccessful, a reviscd meathod was implamaentaed,

FIGuRF 2-5 CAS MG PFRATIN

The presence of air butbles in the casling matrix of the whee| meant a low pressure
ervironment would have to be implemented te remowve them,

Shown in Figure 2-5 is the authar's implementation of @ dedicated casting
crvironmenl, A plaslic Tupperwarc™ container wilh a Fesle®™ quick-fit cannactgr
farmed the casting chamber, with conventicnal silicon paste usoed as Lhe s2alant,
Adjaczenl Lo the chamber is a conventional vacuum pump wikth a silicon-tubing hose
and nozzle. The wooden boards visible on the left frame of the image are required
to maintain the structural integrity of the chamber whilst under low pressure,
Figure 2-5 (rlght) shows Lhe clements used in the casting pracedure. On the laft in
the image is the vacuum chamber, with the casting reactants and releasa-spray in

the contre, and a digikal scale to cnsure accuracy an Lhe right.

FIGURE 2-5: MEW WHEEL (LEFT) AND ORIGINA [RIGHT)

Figure 2-6 shows a comparison of Lhe final wheel and the original, The final wheels
worked very well and lasted the length of the project without requiring

replarement.



2.2 Gearboxes

Critical to the success of the project were the design and dewvelopn-ent of Ehe drive
wheels. Stanclard windshield-wiper metars from 2 Toyota Corolla were psed as the
prime mevers, Howewer, the standard aluminium castings that housed the units

were not suitabile for the project, and so the housings were recesignad.

J 6:¢

FIGURE 2-7: L=== DRIVE UNIT

Figure 2-7 shows the mam components (shaded) of the loft gearbox. As can be
seen from the figure, the gearbhox cansistes af pao High Density Paly-Ethylens
(HDPE compononts ferming the main heusing. The drive shaft runs an bwo deep

groove ball bearings to ensure alignment with the driving worm gear on Ehe rotor,

Grub screw
6 inset

!’1

Transferring torque to the drive shaft from the main gear required a selid

F
|

f/A {

inset
FItHIRFE 2-8' Grar SUH-ASSEMiY

mechanical cennection. An tnset was machined inte the main gear which allowed for
the design af a mating PVC insat, This prowvided a mounting poink for four grub

screws that would secure the main drive shaft to the gear.



FLouRF 2 90 GRaR MaciilkibeG (LEFT) AND COMPONENTS (RIGHT)
This arrangement cnsurcd that che shaft did not slip on the main gear, which was
an issue in previous prototypes. Shown in Figure 2-9 is the gear having the main
insct machined (right) and the various componants of the sub-assambly (right].
Implementation of this gear sub-assembly insured cxcellent torgque-transfer, while

ar the same time being relatively easy to disassemble.

FiotprF 2-10:0 GEARLOE COMBCNENT
Figure 2-10 above shows one component of the gearbax assembly, Every effort
was made to reduce the weight of these gearboxes, as can be scen by the weighl
saving features visible above. Although the gearboxes themselves weare light, each
gearbox {inclusive of motor casings and wheels] weighed over a kilogram, an issuc
which will have to be addressed in future vorsions,
Ac the drives were anly simple DC maotors, speed control had te be integrated into
tho design. As ready-made cncoders could not be localed easily, the decision was
made to implement a custom solution,
The encoder design needed to ensure that it was isnlated from the main gearbnx
and the rotor/brushes to ensure it did not become contaminated with grease and/or

carbon depaosits,
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FIGURE 2-11: GEARBDX COMPARISONS
Figure 2-11 shows 8 side-by-side companison of one of the carly gearbox efforts
and the finel version. Visible in the new version are the recesses for fhe custom-
buill encoder wheels, as well as the weight-redocimg features arrgyed around the

main hearing housing,

FIGURE 2-12; ENCCDDERS

For the encoder rotors, aluminium discs were designed and fabricated, with the
encader slots Being machined on the CNC. Each encoder was fastensd to The rotor
shaft oy means of a grub screw. Several attempts were made to manufacture the
geariaxes heforg a complete set was suocessfully fafricaredn.

The encader is (selated frem the main gearhiog By means af a standard o-ring
located on the rotor shaft. When assembled, beth HDPE cemponents mesh
completely around the enceder tself, isalating it from the rator and brushes,

The eacoder itscelf has 20 slots, which at the roter's running speed of approximatoely

1200 rpm gives 800 “transitions” per second.
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F:GURE 2-13; ASSEMBLY; REAR WIEW
Shown in Figure 2-13 is the rear view of the left-side gearbox, with the drive
wheel and matar casing cutlined. The meotars Usad relied ¢n a simple bushing at the
rcar of the motor ¢asing to locate the rotor, This generated a substantial amount of
heat when qperated continueushy, and is an issue that requires further

considoration,

Firoiurpe 2-14: THE TRIALS OF 120 WE] OPMENT

Az menficned befare, the gearboxes ook saome trial and error before a full workahble

set was made, Figure 2-14 shows the "gearbox graveyard”,

B-15



3. FRAME

The Frame formed the cope modele of the system, and was required to interface
with gl the cther maddles. The frame was respensisle for housing the Computing
Module (EM}, Elcctronics Madule (EMY and Power Sopply Unit [PSUW), in addition

to 2eing rigid encugh to provide striectural strength for the entire vehicle.

3.1 Design

Froiee 3-1: Flramt

Fioune 3-20 FIamME SECTIDNS

A5 can be scen in Figure 3-2, the frame 1s a composition of HDPE panels and Porspex®
sections and tulkheads, Shown in fAint wiretrame 10 the image is the outline of the
PC/104 "stack” forming the core of the CM.
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FIsURE 3-3; CANDPIES

The canopy secoions of the vehicle woere essenbal for isclating the robots® interior
electronics from the environment. The top canopy saction (Figure 3-3, laft) was
also respensible for housing the uBlex Antaris GRS antenna. This was housed

ciutside the robat to allew for maximuim signal acquisition.

F.GURE 3-4: FrRaME: EXFLODED
The explodaed view in Figure -4 shows the vanouws compotichts that constitule the
frame. Also visible in the image are the fans and fan-recesses that wers required to
keep the PC/104 motherboard cosl The location of the fans allowed for the

simultanzous coaling of the PC/104 and the exterior cases of the Drive Units.

FIGUKE 3-57 CM AND FRAME
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Shown in Figure 3-5 on the previous page are the CM and the assembled
campongents of the frame. 4s the supports for the PCA104 stack in the Camputing
Module were not load-bearing members, weight-reducing grooves were machined in
as much 25 passible. This aperation proved difficult as thin Perspex”™ features

cracked relatively easily during machirnng.

.2 Manufacture

As much as was possible, campanents were machined from solid HRPE to reduce
the need for fasteners and complex assembly. Shown below as an example s the

procedure for machinmg the bottom cover (the companent responsible Tar shielding

the internals of the robot from the underlying surface) st2rting with Figure 3-6.

FIGURE 3-0! BOTTOM-COVER MACHTNING (1]
A stock piece of plywood was machined out fo accommodate a salid Block of HDPE
as shown in Figure 3-6 (lcft] above. The slots that would allow the unit to slide

into the frame were machinad in next, as shown in Figure 3-6 (nght),

FLSupe 3-7: BOITOM-COVER MACHINING (11}
Once the piece was secured, it was roughed and then the exterior was Minished with

a bell nose cutter as shown in Figure 3-7 zbave,



FIGLRE 3-8 B TOM-COVER Mac ining [TI1)
A= hnlding the component 10 a vice to machine the intariar walld have heen
impractical {with the designed wall thicknzss, the componcnt would have begun to
deform ance machining bedan) g solid block of wood (showa i Figure 3-8, |aff

abowe) was hollnwed out nn the CNC o accommodate the semi-finished compnnent

-

(Figure 3-8, right),

FIGLRE 3-2: BO1TOM-COVER MaCiiinING (IV)
This arrangement allowed machining out of the intericr of the component without
ahy problems, Shown in Figure 3-9 s the componant being machined {lcft) and
aonce finished (right). Figure 3-10 shows the |eff-side panel {lefth and front section

(centire] baing machined, with the final frame components on the right,

FIGLRE 3 10! WARIOUS HACHINING OPLRATTINS
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4.1 Wheel

B-20

A5 the design of the rabot required a bri-cycle arrangement, the Tail Unit (TW) was
responaibic for housing the rear jockey wheel, Design and develgprent of the front
drive wheels had resulted in units that were resistant to wear, had a low rolling

resistance and provided good adhesion to an underlying mekallic sutface,

Howewver the design requirements for Ehe rear wheel wore different, I the case of
this trailing jockey wheal, the design must allow the interior magnet fo adhere to an
underlying mekallic surface whilsk allowing it to slip casily on the surface (as well as

being resistant to wear),

F:GURE 4-2: JOCKEY WHEEL ASSEMBLY

Shown in Figure 4-2 5 the original design. A solid alurminium section
accommuodates two extended brass bushings with nylon stabiliscrs, Twao silver-stee|
half shatts ran an the bushes and were |ooated on two steel hubs attached to the
maunct, The adyantage of this design was that no modification of the magnet itself



was required. Large clectrical hcat-shrink tubing was shrunk aver the assermbly,
both to add additional integrity to the hub/magneb/hub sub-assembly and to
provide a low friction surface between the wheel and the underlving surface.
Unforcunately, the half-shafts did not run smoethly inside the bores of the bushes
[which was attributed to rusting, which became visible after only a day or two] and

therefare a re-desian was Necessany,

Shroud
Magnet

Bearings & Housings

FIGURE 4-3 ! HITCH: EXFLOGED

Figure 4-3 shows an expleded view of the final design. As the solid aluminium
section worked well, it was incorporated into the final design. However, if was
necessary ta machine a bare into the magnek, which was accomplished by Mr. Glen
Mewins of the UCT Mechanical Engincanng workshop,

A solid aluminium shaft was fFabricated (to prevent both rusting and the channelling
of magnetic flux into the bearinas, reducing their life) which was pressed into the
magnef. Mylon shrouds encompassed the magnet and provided an excellent low-
friction interface botweoen the whcal and the underlying surface,

The bearing housings were designed as to make use of the previous locating holes

for the brass bushings.,

4.2 Design

Design of the Tail Unit (TW) required it to be structurally scund as it waould be
supporting marc than 1/3™ of the weight of the robot, It also needed to
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accommodate the hitch assembhy and allow it to perfarm & 360° rotation, so as to

allow the rebot to travel backwards.

e

FIGURE 4-4; REAR; EXPLODED
Figqure 4-4 shows an exploded view of the final design. The coemplex internal
grometry of the top and bottom HOPE compaerents was implemented to reduce the

cverall weight of the unit.

FIGURE 4-5; FIRST DESIGN ATTEMPT
Shown i1 Figure 4-5 abowve iz the top section of the first desigs, Although the
design was aesthetically pleasing and had excellent surface firishes, it had locating
defects and was excessively heawy. Further work was done oo the 30 models to
easure that the weight of the design was reduced.
Voery elementary Finite Elerment Analysis {FEA) was conducted o the assembly to
determire whether it was shill structurally sound after all the weight-reducing
teatures had been added.



FIGURE 4-6. REAR FEA
Figure 4-6 above shows a screenshot of the FEA done on the rear assembity. A
uniformly distmbuted load of 10 kilograms was placed an the internal beanng recoss
af Ehe lpwar section. This was 125% of the design weight of the entire rabak,
leawing a largoe safety factor. The resultant maximum van- Mises stress was 1.9MPa,
and with the yield skrength of HOPE being approx 2Z5MPa, there was a substantial
safety factor for the assembly, In the abowve figure, the red gradient correspaends to
2.8 MPa, whilst blue is unstressed.

FicurF 4-7 RLaR COMPONENTS

Figure 4-7 above shows the interior detail of the final sections.

4.3 Manufacture

FiGURE 4-8: MazHINTNG RLAR (1]
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Sametimes due ra the cemplex geometry of a part, Ir became almost impossitle o
fix it into & vice or with standard clamps. As such, a common method developed
was o machine the negative of a part inta @ block of wood, This allowed rthe part ta
be aocurately and rigidly located in place, Shown in Figure 4-8 [previous page) is

the rear rop-section before and after maunting. Figure 4-9 shows the part during

rmachining.

F:GuURE 4-3; MACHIMING REAR (II)
Assembly of the Tail Unit was relatively simple ance the lengthy machining process
was complete. Shown in Figure 4-10 Lelow is the lawer section being assembled

imto the rotaot:

Fraurl 4-10: RLar assimiuly (I}

The quadrant of large holes araund the central shaft hale that are visitle in the left
framc of Figure 4-10 arc for tightcning of the bearing plate balts of the top
bearing azsembly. This allows for fightening af the bolts withaut having ta

disasscmble the entire TU.

Figure 4-11 gverteaf shows the shaft, bearing and cther components that
comgleted the Taill Unit, The use of sliding (HZ/B7) fits on the shaft allowed for easy
azsembly/disassembly.



FilugkL d-11: RLAR ASSFMABIY (IT)
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PAYLOAD BAY

5.1 Design

B-26

Flou&l 5-10 PeyLosl Bay
As the name suggests, the Payload Bay module was responsible for carrying the
robots Mon-Dostructive Evaluation payload. Far testing purposes a FireWire camera
was Used to take images of the underlying surface. Although the FireWire camera
was inferior to an industry standard inspecticn camaora, it sufficed for a testing

platform.

FIGURE 5 2 F3GNT [LEFT) AND EXPLCDED (RIGHT)
Figure 5-2 shows the FPayload Bay and its exploded view, Arrival of the Mechanical
Engincering Department’s new CHC milling maching allowed the author to machine
the Payload Bay from a salid stock of HDPRE,

This greatly simplified assembly issues, although the piece reguired 24 sequences

in 12 separate machming aperations.,



FIourRr 5-3: FRONT SHOWTHG FIRRWIRE CAMERA
Shown in Figure 5-3 is the rear view of the assembled Paylaad Bay. In the centre
of the figure is the FireWwire cameara. As the FircWire connectors and cabling had
very large bend radii, they wers included in the 30 model to ensure that Lthe
camera assembly would fit into the designated space inside the bay.
Alzo visible in Figure 5-3 are the weight-saying insets. These were added after the
first round of machinmng as it was found that the solid scction was too heavy Lo be
effectively used by the vehicle.

5.2 Manufacture

FIGUXE 5-4: PAYLOAD BAY AS DESIGMED (LEFT) AND DURING MANUFACTURE (RIGHT)
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Figure 5-4 {provious page) shows the salid unit as designed in Pro/ENGINEER
fleft) and during the manufacturing process (right}. At this stage in the
manufacture, the faceted faces of the unit are being smoothad with a balt-nase

cutter, The cotter is stepping goross at 0.3mm, meaning that the entire operaticn

took in excess of & machining hours to complete,

FIGURF 5-5! RowcHong [1EF 1] ArD IMMER MILLING [RIGHT)

The use of the raughing and finishing procedures in Praf/MANUFACTURE (an add-on
prismatic-machining module to Pro/ENGINEER) greatly simplified the machining
procedures, Figure 5-5 shows the companent disring the raughing stage (left) and

during fhe inner-milling phase (right).

Freidet 5 61 COMPARISON OF [NITAL STOCK AGAINST THFE FIMAL ASSFMPLY

Figure 5-6 shows a comparison of the eriginal stock size against the final

componcnk,



6. ELECTRONICS

Design of the Electronics Module (EMY began with @ mock-up to ensure that the intended

boards and cemponents weuld fit inte the robat's designated electronics bay.

6.1 Mechanical Design & Manufacture

FLGURL -1 EM MoOCK-LIP
Figure 6-1 shaws the first mock-up of the EM. As can be sean in the components
view (left], two clectronics boards were initially designed for, This was revised later
o in the design process to three, Also, the LUBlox Antaris GPS antenna was
mounted in the EM. This was also changed as malti-path errors and cbstruction by

the owerhead cancpy was a cohlcern.

F:GURE 6-2; G-CODE EYALUATICHN

Cnce design of the electrenics was complete (sce 8.2 Electrical Design) it was
necessary tn manufacture the boards. As time was pressing and the out-seurging of
a board to a dedicated Printed Circuit Board {PCBY manufacturcr weuld have been
costly and time consuming, It was dedided o attempt in-house board manufacture.
Eagle CAD, Lhe electrical design packane, has a very large on-line support

community. One of the tools that was developed and published on the Eagle
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website was a G code generator. This package was downioaded and a custom Linux
shell script written to canvert the ganeric G-code fo a G-code format that the
Hercus CHC mill was compatible with,

Figure 6-2 shows a test of the G-cade on a pigce of PYC. The "tocl” in this case
was A broken end-mill that had been sharpened to a point. As can be seen fram the
photograph, the tracks are clearly discernable, and so it was deaded to proceed o
the next phase of board development,

Several PCB cutters weare obtained fraom CadsShap, a Pretoria based PCB spedialist.
Az the tonls supplied were long sernies, an adaptor was designed to accommodate
them inte the mill's standard Loal adaplors and ta provide support for the taal neck

as showr in Figure 6-3:

N

Ficiirl &-3: ToaL acar ok
& piece of scrap single-sided bgard was obfained from Mr. Samueal Ginsberg of UCT

Electrical Engineering, and a trial board was milled, shown in Figure 6-4:;

FIGURE 6-4: TRIAL BOARD

There were mixad results for the first board. For the initial cutting stages, the cut

was excellent. Unfertunalely the whole process was very slow. This was because a



canventional PCB milling machine has a spindle speed of about 20,000 revaluticons
per minute (rpm) whereas the maxinom spindle speed of the Hoercos 15 4,000 rpr.
Therefore the recemmended cutting speed was reduced by a factor of 5, which
translaled inle 1 ineh per minute, or approximately 25 mm per minute, The 0.5 mm
cutter used imitially cut well: however it broke mid-cycle, visible in the top-iefl of
Figure 6-4 (previous pago, righth, This was replaced with a O.7mm cutter, which
initially cut too deep and slow {Figure 6-4, right, right hand sigdel leaving a
substantial burr,

Onee the initial speods and feeds had been determined (through more trial and
error) 2 steel plate was ground and CHC-drilled to be used as a #CB mount Figure
6-5, |ofl). This allowed for the PCB to be fastened by a twenty-four 3mm hex-hbolts,
ensuting that the board was complotely flat {Figure 6-5, centre-left).

FIGURE 5-5: FIRST BOARD

The firsl production board was then milled (Figure 6-5, centre right) and routed
out {Figure 6-5, right},

Friziins G-6G: BOARD PRAULATION AYD INSTALLATION
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Dnce the board was popilated with components (Figure 6-6, pravioys page, fop-
left} it was mounted on the EM base (on which the H bridge driver-chips were
mountcd, Figure 6-6, top-right} and mounted in the robol's clectrenics bay
(Figure B-6, centre]. Az can be saen from the image, there was an exgass of

wiring, and this ultimately led to the design be'ng unworkabic, The board was

redesigned as shown in Figure 6-7:

FIGURE 6-7, BOARD BE-DESIUN
This beard did net have the GPS ntertacg as the Frst desian did, and was solaely
responsible for H-Lridge cantrol, leading to 8 much cleanar board. In addition the
H-briclge chips were mountad on the board’s solder side, eliminating the need for
intercennect wires {as in the first prototype) whilst still allowing for a solid thermal
conncction with the underlying aluminium, Figure 6-8 compares the final beard
(left) with the initial one {right).

FIG.RE 6-8: BiARD COMPARISCH
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FIGURE 6-9: WHAT HOT T8 DO

6.2 Electrical Design

FIGURE 6-10: Fryual ELECTROYICS MOCULE

Shown in Figure 6-10 s the final Electronics Module, The module was capable of
contralling the two drive motors and interfacing with the uBlox GPS coard. Figure

6-11 overleaf shows a schematic of the lower Doard:
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FIGURE 6-11; LOWER BCARD SUHFMATIC
After the initial prototype of the board proved impossible Lo successfully implament,
the baoltom beard was redeszigned to ke solely respansible for the H-bridge cantrol.
The board incorporated fuses to prevent currenl overlcad and apto-iselators to

prhysically separate the incoming control signal from the rost of the board,

FrausL 6-120 Lowes BoARD
Figure 6-12 shaws the Pro/ENGINEER model of the final bottor board. As the
trating of the H-bridges to the underlying allminilrm was crucial Lo ensures
conduction of heat away from the board, they were mounted on the underside
fsalder side) of the buard, Figure 6-13 shows a thermal plot of the H-bridges:

FIGURE B-13: Liwrr Loars! HEAT CORSIDEZATIONS
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This wery basic model placed two heat sources at the rear of the H-bridge tabs. As
in the H-bridge documentatian it states that the culputs are no longer driven at
ESB°C, this was determined to be the temperature where the maximum thermal
stress would ocour, The surrounding temperature was assumed ko be 25°C, and this
was assumed to be at the interface af Ehe altminium baard and the exteriar af the
vahicle.

Once the lower board design was completed, the middie board was designed aroundg
it. The function of the middle baard was te interface with the uBlox Antaris GRS shit
and the temperatore and specd sensars of Ehe dove usnits: The cut-out sections are

for lower-board Maolex™ connectars to pass through.
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FLiurl f-F4: CENTRE SDaARMD

Figure 6-14 shows a schematic of the lower board, Interlacing the sBlox 1o the
Computing Module reguired Ehe Use of both a USB-to-serial and a RS-232-tg-TTL
level shifter. In this case & USB-1o-TTL converter would have been more
appropriate; howewer a2 R5-232 to serial converter was readily available. Shaown in
Figure 6-15 below s the interface between the USB-to-serial and the R5-232-to-
TTL {MAX-232 Integrated Circuik):

FIGURE B-15: CFNTRE s0aRD: GPS INTI RFACE

Design of the beards took place in an iterative fashicn, The outline of the board was
generated in Pro/ENGINEER to ensure mechanical compatibility with the module.
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This outline was then exported as a dxf tile, and then imported into Eagle CAD as a

board cutline: Figure 6-16 shows the design process;

FIGURL G-16: DI 510N PROCESS: SOLID MODEL->. DX =EaGIL CAD->_ TiF- 54010 MODEL

im
i QE:-EE'- EE,

5=

i
o

.8

Onee the outling was impoarted into Eagle, all the track routing and compencnt
placemont was completed, making sure nat to violate the beoard baundary. This
placement was exported into a L8 image file, and imparted back into Pre/ENGINEER
45 a texture. The board was then papulated and, once 1t was ensu-ed that there
wara o interferences, the board was manufacturad.

The Differential GRS (DGPS) node required a board designad specifically for the
PCALO4 stack: Per kind favaur of Mr. Samucl Ginsberg; the author was taught hiow
to use the Department of Electrnical Engineering’s LPKF PCB milling machine, This
allowed for much tighter tolerances (=5mils as apposed to £27mils with the Herous
method), and thus allowed the design of the DGPS board a3 shown in Figure 6-17

| o

Serial Port U

B ox Headar

o O
gttt | MAX232
ssees o] level shifter

'\f‘_‘:f'u o )L

.-‘_'I:"*. w

FIGURE &-17: DGEPS BOARD

G -

This board accommuodated headers for a the two an-baoard serial ports of the uBlox
Antaris board, as well as g level shifter to convert the PC/104 RS-232 logic to TTL

logic.
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7. CONCLUDING REMARKS
As design s by naturc an iterative process, there are a pumber of improvements that
rould be made to the system in the next stage of the vehicle's devetopment, Each module

is analysed below and recommendations are made for design Improvements:

7.1 Drive Units

Although care was taken to reduce the weight of the drive units, cach one still
weighed over a kilagram, including the wheels. This weight reduces the payload
that the vehicle can carry. As such, the re-design of the wheels with a reduced

amount of poly Urethane would ke heneficial

Fioiupr ¥-1: WHFFL REVISTON

Figure 7-1 shows a possible implementation, Hollow HDPE inserts are responsibilc
for housing the magnets, wilh the grip being provided by a relatively thin poly
urethane insert, significantly reducing the amount of dead weight,

7.2 Frame

The frame interfaced well with the other modules; however a re-design
incorporating an aluminilm skeleton and thinner HOPE pancls would reduce the

weight of the robot whilst pot compromising on structural integrity or strength.

7.3 Tail Unit

Owerall the Tail Uit fulfilled its purpose, however Lhe inlernal weight-reduction
Teatures provided a large amount of space that was not effectively utilised. Battery-
monitoring electronics or gther inlelligent modulas could be incorporated into the

redar unit without compromising on weight.
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7.4 Payload Bay

Implementation of proper NBE testing equipment or a high-definition camera wauld
make the Payload Bay mare effactive.

7.5 Electronics

Alchouab the H-bridoes worked adeguately, a better selufion would be the
implementaticn of powser MOSFET's ard a MOSFET driver chip for each drive unit,
Incorparation of g batlery-monitorng rreuit would allow for more accurate
monitering of the robot’s conditicn.

A= the heat generated froum the PC/104 was of primary cencern, the ceoling fans
were wired to be permanently on. This is not reguired when the robot is idling {i.e,
CPL usage Is low), Therefore implementation of fan-contral circuibry would allow far

ewtended battery |ife,



Appendix C

Computer System Setup & Code




SUMMARY

This Appendix forms part of the eRabot project st the Univiersity of Cape Town,

FIGURE (A} L; ERCEBOT TRAVELLING ON A VLRETLCAl wWall
This Appcndix details the design of the computing astwark and code that was
imalemeaated for the eRobot systom. A detailed physical breakdown is given of all the
systems used in the praject, followed by Flowcharts and descriptions of the individual
code segments thiat canstituted the Binanes on both host and client-side of the netwaork,
The final section draws conclusions frem the design and performance of the code, as well

A5 making recommendatians for future design waork.

[All cede is available on the accompanying DVD]
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1. INTRODUCTION

Thiz Appendix provides the reader with a detailed breakdown of the Ccomputing systems
used in the eRobot praject. The system was a mixture of Linux and Windows® operating
systems, all oparating on a wireless network, The systemn made Wse of a large amount of

compuling hardware from the PC/104 embedded form factor to standard 18M-clone PCs,

Previous experience with the wireless robot communications had shown that high-level
languages Introduced excessive latency inlo Lhe system, and therefore all coding was
done in C+-+ o maximise the system responsiveness. All source code 15 given on the

accompanying DVD, and compilation suggestions are given for gll code segments.

Shown in Figure 1-1 below are shots of the PC/104 "stack” at the beginning and enrd of

the project.

FIGURE 1-1; PC/A104 EvoLUT oM
Figure 1-2 shows [esting of Ehe PWM corde {left) and of the GRS systern (right].

FiourL 1-2: SySiem TUSTING: PWM [LEFT) AND GPS [RIGET)
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2. SYSTEM DIAGRAM

2.1 System Overview

Laptop
Gateway
Router DGPS
s ‘ node
Robot
Backup Server client

FIGURE 2-1: LoCAL AREN NETWORK TOFOLDSY
Figure 2-1 shows the architecture of the Local Arca Notwork or LAN Lhal was
implemenled for Lhe projecl. Vilal e the success of the project was the availability
of an internet connectian fer cvery nede on the netwerk.
With the internet’s propensity for viruses and cther malicious code, connecting an
unprelected maching or nelwork Lo the jplermeal is very unwise. Therefore a
gateway machine was used to act as a filter for the internal network fram the
outside world.
Data redundancy is always necessary, and as such a dedicatcd backup server was
auded Lo ensure dala inlegrily in the case of a system failure.
Wircless connectivity (or WiFi) is provided by Lhe Linksys®™ Wireless Access Poinl
{WAP). Clients an the network consisted of a Compag™ laptop for the operator, as
wiell 85 the DGPS node and Lhe roboet client itseif. Brief descriptions of Lhe varigus

elements are given overleaf;

G,



2.2 Descriptions

GATEWAY

C-B

@ : ”
-~ ubuntu

The gateway server [running Ubuntu Dapper Drake) was responsible far filtering aut
malicious attacks from the internet, whilslk permitting the clients to access any data
streams they may require. These streams inclyded the RTCM-s01 04 DGPS data
stroam on port 2101, the Hyper-Text Transfer Protocol (HTTP)on port 840, and
standard file transfer protocaol (ftp) and sccure shell (ssh) (ports 20-21 and 22). It
is never a good idea in terms of security bo give ports public access, particularly ftp
which is susceptible to a waricty of attacks.

Conventional firewall tactics on Linwx machines makse use of iptables (an
administration tocl for IPv4 packet fAiltering and Nebwork Address Translation, NAT
[c1]); however a novice uger can do more harm than geed on & machine, Another

alternative is the use of the Firestarter [£2 | firewall daemon.

c:v_ e A e

Firdwall  Edik - Evenfs  Pulicy  HLlE

4 '} -
4 i i

'i Blatus - Eysptg | Fradiciy

| Firewalt
i
| Status Ewenks

a Taal e
InEouing (H] L]

DuEzand a a

FIGURE 2-2; SCREEMSHOT! FIRFSTARTIR
Firestarter is a simple firewall with a very user-frigndly Graphical-User Interface
{GUI} Lhat enables the u=er bo block ports, filter traffic and restrict LAN aclivity,
The daemaon alse allowed port forwarding, so that any request on port 80 (the
standard HTTP pork for intermet traffic) would be forwarded fo the rabal, which
hasted the wab-pagde for the system.
&s any node on the clemenk would have to pass domain-name resclutions (for
example, mapping of the domain name such as www.google.cd, 24 Lo
209.85.129.11/) onto the gateway, it was dedidead to implement a Domain-Namae



Server (DNS) on the gateway, speeding up the query-response of the system., This

was accomplished with the BIND [c32] package.

ACKUP SEFWE: _“
- ubuntu

Ubuntu Edgy Eft was installed on the backup server. This server had cne 20 Giga-
Byte (GB) and three 80 GB hard-drives specifically for data storage. The server was
configurad as a Metwerk File Server (NFS) on the netwark, As such any nods could
ke configured 1o have access Lo the data.

The main {gateway) server mounted the three hard drives locally as nefbwork-
drives. Theraefore when any data was written 16 these "local” drives it was in fact
being transferred o the hard-drives on the backup server.

Cron i5 a Linux dagmon that allows the regular scheduling of any user-specified
jobs and is ideal fer a backup, Entries were made 1 the gateway's crontab file to
write cormpressed for tarred) archives of all data an the disk every day, Once a day
this comprassed archive would be written to the 20G8 hard drive.

ROUTER

Fioirr 2-2: LiNKSYS WIRELESS-G ACCESS POINT
The author had access (g a Linksys Wireless-G Access Point, and this was used to
provide wireless access for the network. The access peinl was g-standard, meaning
that a maxirmum of 54 Maga-bits (Mb) per second at 2.AGHz was pessible. Taking
into account the cluttered effact of 3 dackyard enviranment, it may be prudent in
future versions Lo make use of the Wireless a-standard, which gperates in the 5
GHz band and has less potential far RF inlerference [cd.
As the unit is just an access pent, it doess not have routing capabilities. This was

net required though, as the gateway server weuld provide access Lo the intermet.



LapTOP

- —

-2 ubuntu

Ubuntu Breszy Badger was installed on the user laptop. Brecey (as it 1s more

commanly known) is a8 versian of Linux that is very easy to install, and the in-built
package manager known as apt rosolves dependencies autornatically, making
installation of new packages a simple task.

As with most other Flavours of Linux, use of the system without an internst
connection is a very tedious affair, UCT has a local mirror of a broad array of Linux
software, called the Linux Enthusiasts Group or LEG, The LEG website was
inslrumental in the development of all the Linux ntachines [c5].

The laptop in question was a Compaq Presario 1. BGHz AMD Athion-XP machinea,
with 512 Mega-Bytes of RAM, This maching previously had Windows® ¥p
Fraofeszional Senvice Pack 2 (5F2) installed, and ran very slowly, With the
installation of Breezy, machine performance was noficeably belter {although
installation of a less power-hungry Opcrating Systern (@8] such as Windews™ 2000

would also hawve improved performanca).

ROBOT CLIENT: SOFTWARE

-
.~

redhat

FodHat Linux was chogen a5 the aperaling systam for the roliot. This choice was
made fairly early on in the development oycle, for @ nurnbier of redsons,

Firstly, it was ohserved that the loading and unleading of drivers in Windows® 2000
was sometimes crratic, This may have besn due to the way the device drivers were
laaded {i.e. only when £alls were made to the device driver]. Alse, nodes an the
previous wircless network had a nasty habit of displacing other nodes at randsm
times [although in retrospect this may have been due to the ad-hoc architecture of
the network) and Linux offered more powerful network-configuration taols,
Secondly, from the documentation on the twe RTD Digital I/G boards, RedHat Linux
9.0 (Shrike) was the masl recenl spen-source platform far which developmeant had
been done, As most of the chipsets that were being used were commen to standard
PC's, compatibility for the rest aof the PCALO4 components was nat an issue.
Alrhough open-source RedHat has been discontinued {and has been re-named
Fodora) RodHat 9.0 was shill supporled 85 & legacy build at UCTs Linux Enthusiast’s
Group (LEG) webhsite,

le)



ROBOT CLIENT: HARDWARE

Fresurr 2-4. THE PC/A104 "sTa0K” [REMAFRLD )

Contral control and commuonization for the robot platform was achieved with use of
an embedded FC/104 stack. The PC/104 farmat 15 a particular computing standard
that promotes stacking - that 15, various modulos £an be stacked progressively anto
each ather adding capabkilities to the base matherboard, and is very common n
Automated Teller Maching's JATM s and othor high-mtensive ermbedded
applications. Shawn in Figure 2-4 above is & Pro/EMNGINEER rendering of the
PCALD4 stack, The stack itself is a mixture of RTD Embedded Technologies
Digital [0 boards, and Advantech conventional PC/104 and PC/104-Plus
COmMponents,

The PC/ 104 architecture is wory modular and vsed for  variety of embeadded tasks
where robustness and size is important. Amongst other things, PC/104' can be

found in vending machines, madical instruments and industral conkrol systems. The

el
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sy sterm used in this case s also PCA104-Plue compatible, meaning both 154 and PCL
busas are available

Mare information on the architecture can be found at the PC/104 Embedden
Consortium s website | ch].

PCM-3370 & POWER SUPPLY

Fia.Rre 2-5; AnvanTECH PCM3AZF0

Fach PCALO4 unmit is commonly referred to a3 a “stack™, Each stack must have a
motherbeard and Cenfral Pracessing Unit (CPW), which together (s commanly
refaerred to as a Sindle-Board Computer (SBC), This SBC was an Advantech PCM-
3370, running an Ultra-Low ¥altage (ULY) Celercn® 650 processar, with
S1Z2Megabytes aof RAM. The beard gecommadatend both PCALO4 and PCALO4-Phus
connactors, allowing theadditicn of the Rezl Time Devices [RTD) data acquisition
Braards and the USB and PCMCIA expansion boards, In its factory-configuratian, the
PCM 3370 had 3 free interrupks availabla tor peripheral devices, howevear the Basic
Input-Outpuk Systam (BIOS) sllowed for penipherals (such as the on-board USE,

zerial ports, Ethernat port and so on) to be disabled, fresing up resources.

The PCM-2370 was 2 power-hungry urit, requiring two 11 . 1%Wolt Lithium-Tan
batteries configured ir parallel in drder to provide sufficient power to the unit. In
the cases whera the attery voltages started to drop [and weare nat capable of
providing 3 Amps paak current) the unit would exhibit erretic boot behaviour,

A BOW PCM-P50 power supply regulated the power from the robct's hattery pack
and provided +12V, +5%, ground, -5% and -12¥ supplies. Unfortunately, the power
suppply did rot have a throuah-header for the PCA104-Plus s, which reguired the

stack to be assembled ir a certain crder.



DM&420

Fia.re 2-6: RTD DME4 20

Rcal Time Devices {RTD) are manufaclurers of & large varicty of "computer
modilles ane syslems for Industrial and Acerospace Applicalions” [c7 . In parlicular
they develop a large number of Input/Qutput (109 devices in the PCALO4 farm
factor. One of these baards that the Gepartment possessed was a DMEAZ0 Data
Acquisition board, with 8 differential (16 single-ended) analogue input channels, a
12 bit Analogue-to-Digital Converter (ADRLC) and 8 host of timers and counters, all

uscful for sensor monitoring and sampling,

DM6B16

FiGurl 2-7: RTD DMAaS 16

Alse developed by RTD s the DMESLG, which s a Pulsc Width Modulator { PWM)
anid Digital [/3 board. The DMEELE has 8 dedicated 5-bib PAWM channels and 8
digital I/3 ports, making it very useful for controlling motors,

Yeas Bsalelwin 200
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DMG6420

FIGURE 2-5: RTR DME420
Rez| Times Deyices (RTD) arc manufacturers of a large wvariety of "computer
madules and systems for Industrial and Aerospace applicetions" [£7]. In particular
they develop a large pumber of Input/Qutput (104 devices in the PE/LOD form
factor, One of these bzards thet the Depertment possessed was a DMG420 Data
Acquisition board, with 8 differential (16 sinale-cndeod) 2naloauc input channels, a
12 bit Analogue-te-Digital Converter (ABCY and a hest of timers and counters, all
dsefizl for seasar marntaring and samiphing,
DM&E16

Fiaure 2 7: RTD DMGELEG

Alzo developed by RTD is Ehe DMEE16, which is a Pulse Width Modulztor [PWM)
and Digitel I/0 board, The DMES16 has 8 dedicated 8-bit PWM channels and &
digital I/O porfs, making it very Lseful for controlling malors,
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PCMCIA ExpraNSION BOARD

FIGURE Z-8: ADvaNTECH PCMCIA Exiransion Bosrn
Wireless networking canacity was provided by the PCMCTA expansion board, which
hiad twa slots for Type LI or CardBus cards. In the case of eRobot, an 802,119
WiFi card was used. In conjunction with the hoaster gerial, the card had a rated
warking range of lkm, This was very octirmistic, however as the network became
unstakle fexcessive numbers of dropped packets) aver 250 rekres,

IEE1394 FIREWIRETD /USE 2.0 EXPANSION BOARD

FiiuRF 2 -9: FIREWIRES/USE 2.0 Expansion BoarD

&5 the PCM-3370 matherbaoard only had bwo USE 1.1 connections, an add-on
expander board was used to provide 3 FireWire™ ports and bwo USB 2.3 ports.
Howevyer, the usb-uhel and usb-ohci Linux drivers would not allow peripheral
access to both the on-boeard and the expansion board ports. Theorefore Ehe lowe:
speed native FSE 1.1 parts were sactificed for the add-on USB-2.0 parts,
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DGPS NODE: SOFTWARE

‘Windows 2000

The DGFS node consisted of another PCA104 node with Wireless Netwaorking
capability, The only PCMCIA adaptor avallable was a dual slot PM-1028 adaptor
baard. Unfortunately, this hoard was nof PC/104-8lus compatible, meaning that
ohly the Integrated System Architecture (ISA) bus was avallable. Linux has
notorious ISA suppoit, and therefore Windows™ 2000 was installed on the machine.
Use of the Windows® 05 allowed access to a groater number of binarics {executablo
files) developed for GPFS applications than would otherwize have been possible with
a Linux-onby architecture. In addibien the Incorporation of 8 Windows machine
exhibits the compatibility of the system for a variety of aperating systems.

DGPS NoDE: HARDWARE

WIRELESS NETWORKING

Figure 2-10 highlights the wireless adaptor board. A Surecom™ b-standard 11

Mega-Bit wireless card was used to connect to the wireless netwaork,

Frourr 2-10: DGPS: WIRELESS ADAPTOR

Althouah this allows & transfor speed of only 1,375 Moega-Bytes, this was mare than
sufficient for the DGPRS node. RTCM-data is typically in the order of 50 hytes-per-
second [E8], which constitutes less than a percent of the nebwork traffic, Even with

ather additional networking overhead, the bandwidth would be far from saturated.

A 33"



POWER SUPPLY AND SINGLE BOARD COMPUTER (SBC)

Ficuse 2-11: DGPS: POWER SURPLY AND SBC

These were identical to the Fower Supply and SBE used in the Rooot client stack.
Inthe case of the DGPS siack, 1he wireless-natworking adaptor ad 1o be adjacet

to the power supply, as noither unit had @ PCLO4-Plus header.,
IEE1Z94 FIREWIRELD /USB 2.0 EXPANSION BOARD

FIGLRE 2-12: MGPS: IEEE394,/USB2.0 EXFANSIGN BosRD

Although the DGPS node did nat require the wse of high-spsed Firawira or LUSE 2.0
corpections, this board was included to gllow for future expandability of thoe umit,
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3. HOST-SIDE CODE

The host-side code was reguired to analysc the human input from a joystick, and
translate that into & rabat “message” that would be transmitled to the vebicle, The
advantage of this systern is that the additien and/or modification of behaviour on the
robot itself will not require modification of the host-side code. Thes will allew the addition

of mare robots into the netwaerk without having to re-develsp the system.

3.1 Flowchart

Main Routine
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FIGURE 3-1: HOST: MAIN ROUTIMNE
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Robot_controiler
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FIGURE 3-2: HUST: REAOT CONTROLLER
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3.2 Description

As can be seen in the flow-diagram of Figure 3-1, the main routing consists of an
infinite while |oop, If & joystick event ocours, then the value of the x and y axes
are passed to the mbel contraffer code (via pointers). Nate all cutput data s

shown in red and input data in green,

The code also checks for a designated escape sequence, defined as buttons 6,/ and
8 on the joystick, IF all three dee pressed simultaneously, then the code breaks out
of the while inop and exils gracefully. It is also possible (hul nat advised) ta exit the

code by pressing Ctrl+c (Linux) to kill the process.

Once the robat canfraller function has been passad the pointers to the x and v data
walues, it passes them through a chained if....else if ladder. This section of the
code is wary rudimentary; howsver it manages to perferm within the specified
cdesign requiraments, If the x and v values correspond to g pre-determined

condition, a cantral cemmand will be issued.
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FIGUKE 3-4: JOYSTICK QUATRANTS
Shown in Figure 3-4 are the guadrants of the joystick, One unusoal aspect of the
joystick to note is that the positive/negative directions of the Y-axis have been
roversed. The highlighted sections in the figure show the differeont control command
regions that were utitised for testing the vohicle, namely; forward, backwards, left
and right, All ether positions are designated "stop”, This was to cnsure that the
robot did not start maowving if it somehow reciived an errant packet from the

nabwork,

The robot controfler would then pass the required command fo the robot comms
catle. The sole function of this code (shown in Figure 3-3, previods page) is to
sond the command message across the netwaork to the cRobot cient node (with a
netwark IP address of 196.28.2.75) on porl 50040,

3.3 Limitations

£-20

This code is wory rudimentary and served only fo test the robot. Howewver design of
Lhe code attempted to Follow Qbject Oricntated (00) principles so that improved
functionality could be guickly implemented.

For instance If a better design is implemented for the robot controfler code such as
a hashod lookup table instead of an if..else if ladder, then the robot controffes
otiject module could simply be replaced and the code re-compiled.



3.4 Required code/libraries

Reduires;

Description Linking notes

Joystick wrapper library for -ljsw (library)
interfacing with the library

Simple C+ + seckets for transmitting -|1Sockets —Ipthread —lssh {libraries) _
LUDP packets

robot. controller Compile to object module

robot_cantraller.o

' rebot_romms Campile ta object madule

robot_comms.o

rohot_hid Compile to object module rcubcut_hid.g

ThelF 1t RFYUTRFRD CORES TRRARILS . HOST

When compiling the binary executahble, the fallowing procedure could be used:
3.5 Compilation steps

g++ - robot_controller.cpp

g++ - robot_comms.op

i++ - robot_hid.cpp

0++ robot_controller.e robot_comms.o rebot_hid.o —o binary_executable —|jsw -

ISackeks —Ipthread —lssh

[All code is available on the accompanying DVD]
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4. CLIENT-SIDE CODE

The client-code was responsible for analysing a confral message sent fram a
userfoperator, and implementing the correspanding low-level contral functionahity, Coade
for the client was kept 45 ganeric as was feasible, allowing for cade madification withoin

having ta rewrite Ehe project.
4.1 Flowchart
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FIGURE 4-3: CLIENT: DMGE1 6 CONTROI I FR

4.2 Description

Shown in Figure 4-1 {page 22 is the main routine of the chent-side code, As can
be seen il is a very simple rowtine, cansistng mainly of an nfinite loop, All the data
handling is done in the Socket handler when an event on the specificd port s
detectad; therafore the main laap is mestly empty. In this routine the
SocketHandler class s imilalised and a check is dane {2 see whether the program
can attacty or *bind® to the port, If this cannot be done, the program terminates,
Otherwise it enters the mfinnte loop, as the check {to see f sockers arg prasent)
dlways refurns true,

The robotSocketClient code is where the majority of the functicnality is perfermed.
Once an event on the specified port is detected, the payload of the packet is
extracied and compared 1o a Contral Table {identical to'the one on the Host-side

code), When a match is found (through a ladder of if..else if statocments) the
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appropriate set Puise Width Modulation (PWM} commands arc scnt to the DMGELS
motor controller,

In the flew diagram (Figure 4-2) the PWM value is given as a peroentage. In the
case of the rabot, 100% is defined as the motor fully en geing forwards, 50% s
stationary and 0% is fully on going backwards. Once the desired micticn has been
astablished (i.e. turning left will require the left motor to be stationary {D4%) and
the right motor to be full on forwards {100%)) the DMBEE16_controller Functions
Sct_left rmotor pwen aned Set_right mokor pwem are Called with the corresponding
valles,

The DMGS1E& contreller's flinctions test to see if the driver for the beard is loaded
correctly, and if not, exits, If the driver s leaded, the 15 PWHM chup an the board is
activated, and the 1% and 2™ channels of the chip are |oaded with the left and right
PWM waluc,

4.3 Limitations

Although the system is far from optimised, the aentire process fram user input to the
PWM valuc bicing sent to the motors s within tens of milliseconds, weall withig the
design requirements. Refinements o the code cowld include running the program as
a process or a dacmon to prevent it dominating centrel of the consale, Also, the use
of more refined look-up methods (hash-fables have bean mentioned previcusly)

widld avoid the use of laddered if...else if statcments.

4.4 Required code/libraries

Description Linking notes

Simple C++ sockets for transmitting -|Sockots —|pthraad —lssh (libraries)
UDP packets

DME8E16 Library ldm&E16 -lpthraad
robotb client Compile to object module rebot _client.o
robotb socket client Cormpile to ckject module

roborb socket clignt.o

DMGE16 controller Compile to ohject module
CMESLG controller.o

Table 2: BLOUlRED COLESLISHAZILS ) CLIENT
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4.5 Compilation steps

When compiling the binary executable, the fallowing procecure could be used:
B++ -crobet EHent.epp

y++ -¢ robot socket client.cpp

g++ -c DM6E16 contraller.cpp

g++ robot_chient.o robot socket_client.o DM6816_controller.o —o
binary_executable -15cckets -lpthread —lssh -ldmGB16 -|pthread

[All code is available on the accompanying DVD]
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5. CONCLUDING REMARKS

Although the implemented code worked sufficicently well to satisfy the design criteria,
Ehere are several improwvernents that can be made to the system. Thaugh every attempt
was made ta madularise the code completely, some of the routines are too nter-
dependant. Refinement of the individual modules will allaw for mare rapid future code

develepment.

Although no errant packets or commands were enceuntered throughout the course af the
rroject, mare error checking and intelligence will have to be built into the systom when

more nodes are added and there is a resultant increase in network traffic.

Implementation of 8 GUI an the server side woulld give the user a more Intuitive feel for
the contrel of the robat, In addition, video-foed and other data could be incorporated into

the interface.
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ACRONYMS

DGPS - Differential GPS

FTP - File Transfer Protocol

GPS - Global Positioning System

GUI - Graphical User Interface

HTTP - Hyper-Text Transfer Protocol
ISA - Integrated Systems Architecture
0OS - Operating System

PCI — Peripheral Connect Interface
PWM - Pulse Width Modulation

RAM - Random Access Memory

RTCM ~ Radio Technical Commission for Maritime Services
SBC - Single Board Computer

SSH - Secure Shell
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