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SUMMARY 

BACKGROUND 

Si nce the early 1 '150's, Non -Dest,-uctive Eva! uation (N DE) ha, been revo l utio n iZlng ~II 

fields of industry but particularly prOductIOn and maintenance. For the m,mufacturing 

:;ector, the wide'rre'd implement"tion of ~c[ut-ote NDE techniques (suc~ os ult,-osonic 

inspection) as we ll a'i the intrOliuction of fracture mechanics, allowed engineers to more 

accurate ly rredict til e liletime of components [" .. fore lallure [1] , leading to an incre~se d 

rejection in I~ulty or sub-stand.rli components. 

A slmil~,- ,evolution took pl oce in sectors InvolvNI with main tenance ami inspection_ Flaw 

detection wou Id enab le teell ni cian~ to establ i sh wllethe r I'ai I ure was i mmi nen t, i mprov' ng 

safety ~nd preventing scenes ~s shown in Figure CAll below; 

FIG',.! ., (A) 1: PRI-'Y";/ ,LN<JNG 

Th IS U nlortunate photogr. ph is 01 the Li ben a n-own~li Prestige si nki ng off of tile 5 I'" nish 

Costa dp la Muertp (Deat~ CO"st ) In lote 2002(~]. The Prestige wos bound lor Singapore 

and carry ing 77 000 tonnes of crude oil, and tile resulting slick Il"d enormous 

envlt"onmentol, social "nd economic impacts on t~e region, Better and more rigorous 

inspection procedures m~y IMve prevented the Prestlg(!'S cataclysmic I~ilure, 

ROBOTICS & NDE 

Tn srection of marine vessels in dry-dock can be" Il"zardousjob M"nu,,1 NDE tecMniques 

re quite technici~ns to m~ke usc 01 scafloldlng .mi gantries to be able to gain access to 

"II sections of a shi r 's hull, which in so'ne cases may be in excess of six stories oft 01 the 

dry -dock f loor. It is ~ Iso time consuming: in the eMmple of 0 rncclium-slle<1 grain carrier, 

it may take tecl1r1icii'n~ sever,,1 months to rully insrect the hull and celtily the vesscl 

se~worthy. 

Shown over le.1 in Figure (A) 2 is. typicol setup.t the Robertson Dry Dock In Cape 

Town, 
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FleLJ"' (A) 7' ~l~NLJhl lN5P'CTT8~ 

Visible in the IIn"9c i~ the 5Cdffold,ng the tcchn',clans usc to gain access to tl1e 

extremities 01 the 11Ulls. Working on a plattorrTl which c~n be in excess of ciqlltccrl metres 

off the dry-dock floor poses a "",-,ous accident risk to perso"nel. Use of a Remotely 

O perate<:l Vehkle ( ROV) WOlJld elimi"ale risk to NDE personnel wllile polcntl~lly be,nq 

~blc to reduce ovcr~1I ,ns>,"c\lofl t,me. 

As" res.ult of the \J1"O"th of rol:>ot,cs as an Industry, "ncreasit'lgly more systems are l>eing 

de~eloped that Me capable of conducting NDE inspcctiOll. RotxJtics ",spcctl~n systems 

reducc the risk to technicians, and arc ["p"ble ot pertorm"'9 " vntiety 01 ;"srection 

procedlires. 

Fll;U" ' (A) 3, RFFJNFRY '~8TS 

Figu~e (Al 3 shows two robots developmcnt for usc in petroleum and pctrochcnlic.' 

environments. Neptune, on the left, is a petrolellm-s\wage inspection ~ehicle _1[,], 

equipped with a paylo~d consisting of video c.meras ""d Ultrasonic Testing (UT) 

equ i ~rTlen\. The alij acen t frarT le show the Explorer II l' 7 J, a ~ell ide dCSlg ned for pi pe 

inspection in a live gas elwiro"ment While these pl"tforms ue well suited to tlwir 

designed task, they do not ada~\ well to rTlMlne inspection. 

PREVIOUS DEVELOPMEN T 

De~elopme"t of a dedicated NDE capable robot was thc slIbJect of a 2004 con10int 

unde rgr~duatc thesis project r261 r211 . Shown in Figure (A) 1 overleaf is the e"d result 

of tile project, dubbed Pinky 

" 
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FIGURe (A) 4: PRoVTQ; S NDE,,{)[ 

As a fir~l-gelleratioll prototype Pinky pcrformcd ~dequately, however in order to produce 

a pliltform that would be c~pable of p"rformlng in an industti,1 environm~nt major 

improvemcnb had to IJe made to the concept These included ruggcdilation of the 

p:atform, exp,nsion of the NDE techniques ,,;.cd as wel l as cost eVilluiltion of the 

pl~tform, as a wllOle, to enSure milrket competitiveness . 

This proJCCt took tile experiences gillned from the first NDE prototype and incorrorated 

til em into the next gener~tion NDEbot. 

GENERATION NDE BOT 

FTGURE (A) S· FRo,\{)] "'AV; I u~G ON A V~kTICAL WHL 

e Robot is il 2'" generation insp"ction robot fUSing the power of modern embedded 

cornput",g teclHwlogy with the diversity of low cost robotiCS. AltilOUgll primarily 

designed for tile mspection of macine vessels in dry-dock, eRoll0t milKes use of a highly 

modul~r deSign In ordcr to be alJle to fulfLl a v'tiety of inspection tasKs. Custorn-sintered 

magnets ilnd custom made drive·units ~llow eRobot to adllere to ferro-milgnetic 

structures and to travel invcrted ,/ required 

Communication is realised over a standard wireless (WiFI) network and jtllises a 

st~ndard LAN ardlitccture to provide full intemet connectivity, allowing the logging of 

'" 
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IX>Sltioil alld data to Its ~ssoaated server and weiJsite. COlltrol of tile roi)O\ is made 

possiiJle iJy J standard Joystic~ and laptop, g iving the operator fu ll and Int,"t,ve control of 

tile vellicle. An embedded coon~uter runni,,,) Open-source sottware and uti lising custom 

cOITm,unicat ion and control programs ensure~ a rapid and accurate response to any uscr­

input. Making uS(' of Dlffercntiill Gl obal Pos it'lon lnq Systern (DGPS ) teclmo logy, eRooot is 

c~paiJle of (\<)wnloading correctiona l data trom its associat~d DGPS server, allowing for 

accurate:1 dlinellSlonal posltioninq. 

ERoBOT: C "PABILI11ES 

SPECIFlCATIO"' ---------------'D"'"''''''R''C'''.'CO"N'''-
Stra ight II ne 5p'~0Ci,c-------c,'",_;,.,,7(,;--------------

Md ,ooeuv ra oi I,ty Full nnnoeLJVrai1i lity witll sufficiellt 

ildhercnce to tr~vellnveltcd. 

Ope;,,",',,',"'""""";' --------cO'~C;;,.,7,,;r") ran()e of over 30 met res 

Oper~tinq Cycle 

Mu lt iple Payloads 

Modu lar D6ign 

Continuous oj)€ration for a 2 hour period. 

Capacity to ~ccommodatc ~ y~,-,ety of fiDE 

tecl1niques 

Allow to r Incorporation of ~Itern~tc dnve or 

sensor modules 

Wei gilt ot 8 Ki lograms ~lIows one-person 

operation. 

fo,;co;,;;",.-----------------1-'O'~ofi l e allows travel in standard 11" piping. 

---~'R;,~""an Interface Ba~ i c user- ',nterface With minim~1 Icarnirtg 

or tn ining . 

" • 
" o 

! <,C,C,C,'"',C.C,;";,,C,.-------,CC,C,C,Ccity for I\JtLJre implementat ion of ~elf-
~ navig~tlon ~nd environmental awareneSS 

~ -","~~""~-------cec"","" .... D~ta Acquisition GPS enabled to allow cr)-ordinat~ mapp"'g 

Media Feed Capa<; ·ty fo r real t ime Video streammq 

; Commercially competitive Economically competitive Wlttl equiva lent 

mar ket-ava ilahle I~atform~ 

r"c,',',;,,',c,"',C,,&c------ i Emberlderl <;ompLJting al lows for future --­

Upgraa"a il ility development of mOre advanced capabilities. 

TA"ll (A) 1. CANBIUTIES 
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CONCLUSIONS l!. RECOMM . NOAnONS 

Tn conclusion, lhe base performance of the re-bot wa" acceptable, Allhough lhe vehicle is 

not ready lor the r igours 01 a~ mdustrial setting, it I)(ovid&l a u"Rlu l prototYrp to test the 

volldity of the concept Itself as well as other concepts (novigatoon, networking ond so on), 

The main performance criteria of lhe :;ySlew are analysed below and recomrnendatio~s 

are rrode for future development work on the VphlClp, 

MECHANICAL DES1GN 

De~'lg~ 01 the rol)ot in " modular r"<,hion allowed lor the simple assemhIY/dlsa~"Rmbly 

for frequent mudlficatlons, and wos considered d succe55. Structur"liy thc robut wa s 

SOLJnd, and <,howed "0 sig~ of wear at the e~d 01 the project . However, reduc\io~ in 

the weight of the robot mossls by re-des lgnlng the vehicle with an aluminium 

chassis would benefit the overall pertonna~(e 

ELECTRONICS AND COMPUTING 

The u"e or lhe PC/104 stack meant that development time wa" minimal, as pre-built 

rrO<Jrarr~ a~d code could lo e implemented and test&l qLJickly on the platform without 

IMVi ng to go re-CUm pi 1&10" or purti r>g, Nevertheless, replacement of the PC/1 04 

with a c"p"I)le moclern microprocessor WOLJld reduce the srace, weight and power 

requirements of the Corrputlng Module whilst maintaining pqulvalent capabilities , 

NAVIGUION 

Use of the networked GPS system showed the feasibility of using a Wireless LAN to 

disseminate positioning inrormation amo~gst nodes or clienls, though use or tile 

system in a restricted or 'urban-canyon" environment should be avoided as severc 

signal clegradallon OCCurS. An alternative Urban-Canyon Navigational Aid such as 

the new Antoris 4 SUp"'rSense"' lndoor GF'S l42J would allow the vehicle to report 

accLJrate positioning informalion, whilsl not reqUIring any mooification to lhe eXlsling 

LAN "rchitecture. 

DATA STREAMING 

Use Or"n Oil-board QuickCam web Camero showed that the iclea or visual i~spectio~ 

was poss ible (which wos expKted), but it also showed that a redesign would be 

required if induslry-standdrcl pictures Me to be obtoine(l. A software upgrade and a 

switch to the Re "1 Tirre Strearring Protoco l would "ilow the FireWire bLls to be fully 

utillsecl provicllng video-streaming capabilities In adclillon to high qua lily Slill images. 
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1. INTRODUCTION 

BACKljROUND 

This reDoct d"t~ll, the design and dcvdopmpnt of ~n indu<;t"~1 inspection robot cnrable 

ot carrying Non-Destructive Ev~lua\ion (NOEl cquiprnenl.rxl pcrforrnito;! NDE lcst, . 

Since the early 1950's, NDE has been 'evolutloniliny dll field, of inclu,lry lJut particul"riy 

production and mnintcnance For the miwulild"uring sector, tilt widesrreild 

irnplernent~tion of accurate NDE tcdlniqucs (such as ultras.onillnSpcltion) "5 well as the 

Introduction of frileture mecll~nics, .. llowed engineers to mOre accurately predict tile 

I,[ctime of components before failure r1] , Ic~ding to an increased rejPCt.on in taulty or 

sub-st;mdard components 

A simll~r revolution took rl~ce in sectors involved with rn~inlenance dnd "'speclion, Flaw 

detection and cfldracterisation (the classification of the t¥pe of defect) would enable 

te-cllnicians to establish wheliler failure was imminent or if there was still a substantial 

safpty margin, thus striking" balance i;.etwepn safp oreration and costly mainten~llce 

ao,·,ntirne 12]. 

NDE 11~S facilitated accurate, ,~pid inspation ranginU from the smallest of components to 

pntirp st'uctures Shown in Figu re 1-1 below are im~ges of ~"rioLJS ~e-ctronic 

components and P rinted Circuit 8 0ards ( P C8 ) Visible on the lett frame is an X-Ray scan 

Of" modern die for ~n Inte'l'Jtc<1 CI'lUlt (IC) dip. The centre imaue SIIOWS a through ­

holp in a multi layer PCB that has not bH'n fully rl"tf'd due to rnor solder rp-flow "nd th e 

n'J'lt frdme highlights iroconSls.tencies "1 tlrill spalinu on another PCB 13]. 

F";URF 1·1' X-RAY TN5PECT10N GF fI.ECP.ONJC COf1PQNENT5 ~ND PC8's 

NDE os not confined to the small and Fig ure 1-2 ove,lp~f shows anp of the I"rgest s~lrs 

in the world, the Knock Nevis. The Knock Nevis is a supertanker, or a transport vessel 

that is capablp of tr"nsrorting morp t~~n 500,000 dp~dweig~t tonlles of crude oil r4] . 

, 
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FTGoR O 1-)' TH'- 'MSS'V' KNOCK NfVI5 

Thi~ pil'ticlJlar v",,,,,,1 is "' excess of 480 metres In length ilnd has a 69 metre girth, Md 

dct~llcd inspection of ber ',nternal cornpartrn~nh is" i1LJge, but vitill, tilsk 

Evc~ in "n l'r1ormouS freigbler such as the Knock NevIs small intem"l tlaws in the hull 

could lead to tailLJre Qf thp ,tructu,I' as" wnole, with dls"strou5 lo~scqucrlCcs, Strllctur~1 

integrity t1"s IcJ to rn,my rn~ri\imc disasters, one 01 which is shown in Figure 1-3 I'elo~." 

FI~U"E 1-3, PREST!GES:~KING 

This unfortuna!f' pl1Gtograph is of tile lilpilnec,e built, Grc"k-ope,-~tcd, B"nilm~5-

registered "nd Liocriil[\-Qw"cd Pr~stige sonking off or the Span'lsh Costa de fa Mu~rte 

(Deilth Coast) in late 2002 r51 . The Prestige W~5 bound for Sing"porc and carrying 77 000 

tonne5 of <Tudc oil, and tile rcsultlng slick had enormOLJS ellvironmental, social and 

economic impacts on the region Fisning restrictions were cnforced ~Iong thc co~5tli"e, 

depriving communitlcs that dep"'nded On the sea of their livelil100d 

Criticism WilS heaped upon the shipping community, one d~im l;.eing that singll'-w~ lled 

vessels we,-I' no long.,.. suit~ble for tne trilnspott of d~milging cOlltellt SUdl as crude oil 

[oj (Exxon Valdez, whidl ran aground on Prince Wil l iam SOLJnd, Alask~, causing m~ssivl' 

e"vi rOn mental d~ mage, w~s also of si Ilgll" hull construction P1 ). Anotner 5i ngic-hull ed 

vl'ssel tnl' Erika s~nl< off tne lO~St of F r~ncc in 1999, an d the subsecuent Plestlge si nkin g 

prompted the Eu ropean Union (EU) to call for ~ pl1~Slng out of single-hulls to be 

completed by 201~ r61 . 

Severe structur~1 degr~diltion w~s citN ~s being onc of the primary factors for the ship's 

null splitting clc~n in hall lSj . After the accident, the EU called for an increase in the 
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numb~r of inspections conducted on dilngcrous freights from once to tWI[~ YCMly, putting 

ul){jer pressure m~i"te"ance workers who were alreauy strU()Qr"'Q with the initi~1 

Inspection Quot~ r61. 

An~lyzing the entICe str1J(;ture or suell a vessel ro r strLJctur~1 deric ienoes is ~n incredil'ly 

m~npower-lntenSJv~ t~sk, requIring the vessel to spcnd extended periods oftlm~ In dry­

dock AccorJinQ to ~1r. JonMhan Warnstekcr - owroer ~nd op~rator of SonomctrilS, a Cape 

Town based marine inspection comp~ny ~ m€dlLJm sized [~rgo V€55el (QLJld spend rOut 

to five rnonths in ury-dock ,I it had to "roderqo ud~iIL'<.I in'~l'ltio". 

Tr~ditiolBI methods ernployed in industry call for rope-~ccess inspection teams to 

conduct NDE inspect ion on the sides of the vessel by h~nd r91 . This is ~ lengthy process 

~nd in addition the working conditions in the dock are hazardOLJS to NDE personnel. 

The irnplernentat,on of a robotic inspection solution woulu not only elirnlnate the JanQ~r 

to on site NDE personnel but COLJld also ~fford otller ~dv~nt~ges SLJch ~s reduced 

inspection tirn e. 

ROBOTICS & NDE 

Robotics as ~ro muustry Il~S expenenceu r~piJ gmwth fu~lIeu by the m~sSlve boorn in the 

electronics ~nd computer indLJst"es [lOj . Tllese adv~nces have allowed the repl~cement 

of hum~n technici~ns with robot stiltions, ~s is becoming incre~singly commonplilce in 

industry. Figure 1-4 shows a weld InSpeclOr checklnQ mounlS on ~ nuclear reactor vessel 

ll1j . AdJ~cent to the weld inspector is BONNI[ III, ~ non contact ultrilsound nucle~r 

boiler inspector. riLl 

F1GUR ~ 1 -4 ' ROB8T TN5P~CTJON 5T,'T18~S 

Ap~lic~tlons of robotics In a f~irly st~nd~rdlSed, repctltive environmcnt such ~s iln 

~ssembly line Or inspect ion station is rnMkeuly uiflerent to the irnplernenUtion 01 an 

""pL'Ction system in ~ m~rine dry-dock. Environment~1 conditions inside ~ modern 

f~ctOty Me tightly controlled, where~s ~ robot operatirl<.) in a marine environrnenl will 

h~v~ to d~al with ~II types of ,-eill world phencmen~, r~nging from host ile we~ther 

conditions to careless dockside personnd 
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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. Wamsteker yielded 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]. 

4 
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FIGURE 1-5' REFINERY '~OTS 

Figure 1-5 shows two robot' dev"IGpm~nt for U5" in p~trokum ~nd petro[h~mic~1 

.. nvironnwn!s. Neptune, on tile left, is a petro lelJrn-storagf' in'pection veh',cle PCJ , It can 

n~vigat" on ",the, th~ intern~1 or extem~1 sid" of the tan~, ~nd ~dheres to th~ tank by 

mean' of magn .. tic drive tracks, Thl' 'efiSOr payload consists of a vidl'o carnera an~ 

Ul tr~s.onic Testi ng (UT) equipment to conduct d~ta il e~ i nsp~[tiGn. Power is provided to 

the lInlt by me~"s of ~ tether which also provides ~ d~t~ bus to ~"d from the vehicle. 

Figure 1-5 'S right p~nel is~" Image of the Explorer II, ~ dedic~ted g~s pipeline 

inspl"Ction moot rLJn~e~ by the Unite~ States D epartment or Energy (DoE) ,17J . The 

Explorer is ~ wireless NDE inspecti on uni t c~pable of "V~lu~tlllg th~ structura l Integrity of 

pip e l in~s The system makes use of a mO~LJlaris&l ~esign to hOLJse its on boar~ 

~Iectronlcs ~fld c~m~r~s. D~slgn in this f~,hlon not only exploits th~ advaflt~ges of 

mOOLJIMity, but it ~Iso allows th", vehicle to turn througll b .. n~s in pipes, ~s w~11 ~s 

ascend v~rtlcaliy. 

Robot, ~r" ~ptly s.uited to oth~ r h~l~ rdous ~pplic~tions, one P:OpUIM "~~mple being 

pr~ssu", ~ .. ssel inspectiOfl in nuclear reactors 

FIGU~E 1-6, 'BOT5 FOR HAZARDOUS OPERATIONS (HAZOPS) 

Shown in Figure 1-6 Me two insp!'Ction robots. On th .. 1 .. 1t is Pioneer, a vehic le design~<I 

and dev~loped at one of the powemouses of modern robot developrnent, the Robotics's 

In stitute at Carn egi .. Me l lon U niwrsity (1 I) J _ The pri m~ ry mi ,sion for Pioneer w~s the 

inspectiofl c( Re~ctor 4 at Cherflobyl power st~tlon In the Ukr~lne, Pioneer carries all 

impressiv~ array of environment~ 1 s",nsors in ~~~itjon to ~n onboM~ cor~ - bo ,-er (for 

retrieving milteri~ 1 s~mp l ~s on-site) ~s w~1I ~s a m~pp"'g Wilt for cre~ting 3D models of 

th .. interior structure of tll~ reactor 
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In the auj«Gent pl1oto is the RO[JUG II, d~'ilgne~ at th~ Department at ClectronlCS an~ 

computer SCICI"lCC "t thc Ulllvcrslty of South~mpton ill the Un 'ltcd Kl llgdom. i!O/3UG II IS 

a legged robot c«pi<h le 01 perrorming autonomous rloor to wall transrFrs, an~ i'i i~~ally 

sUltcd lor conductlnq Inspectioll "' environmcnt, with vcry lirnitcd i<ccc,s (,uch "S 

nuclear reactor preo,sure v~~s~ls) r191 

Inspection or i< ship-hu ll w ill re'lUlr~ a robot platform that can ei<sily tri<verse the hu l l, «II 

th ~ whi Ic rcm" in Il1q II rmly ~dhcrcd. A cross-section of somc of th c " Itcmatl vc Rcscarch 

awl Development (R&D) u,,<licaled wall-climbing robots i<re shown in Figure 1 -7 below' 

i r 'P 

i~ ~ 
~ 

011 the left In Figure 1-7 is I,VALLY, uevelopcd ily the D,,,artimento EI~lIriw Elet/ronico e 

SiStcmiSIW (DEES) of Catania UnivprSlty [ 20] \VAI I YIS d prototype robot designed to 

conduct surface Inspcctioll 011 Industr,al ch,mncys "nd storagc tonks, Thc ccntre ponel 

shows an imi<ge or SURFY, also ~ev~lopeJ ily DEES, which is another at1.iculatM 

pneumatic powcred i llspcction robot r211 . The Tcnl1csscc Tcchl1ic~1 U llIvcrsity Centre lor 

Energy Systems Research (TTU CESR) roilot On the right was d~veloped to i<ni< lyse th~ 

thickne'i'i or watet -wa l l'i ill coa l fircd p;:lwcr plant'i [221 , 

In in~ustry, comllwrcial inspKtion robots are rcadily available for a v"ricty of tasks. 

FIGURE 1-8: EVERESTVIT, RO, .. "ER'" FNlIlY 

Shown in Figure 1- 8 above are tile Rowcr" ramlly of visual inspection robots fmm 

Evcrcst VIT (now ~m~ l g" rnateu into Gener" 1 Electric'" Inspect ion TectllloloQies), maonly 

ro, rernote pip~line inspf>Ction [J:JJ . The sma l lest member or the rMll'rly is (th~ R400, 

leftmost 'bot in Figure 1- 8 ) capablc of conductinq Inspectiol1 "' pipe diametcrs ~s sm~11 

"S 4- (-lOOrnm), Maxirnum range ror the series is )00 "'Nr~s i<n~ tile largest wrsion, 
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the R900 (Figure 1~8, right) is capable of carrying adJ'tlon~1 sensory equipment lor 

other inspection tasks 

FIGURE 1-9. MARAT'" INSPEcno~ R030TS 

Similar to 'he Rower r~mily dte the MARAT" seri6 01 in~lIsttial i"speeio"fcleaning 

robo~s. rhc MARAT robots use a comrr<ln chas,"s ~nd different p~ylood rrxxJules to fulfil 

difteren' t~sks lJ4j . 

One of the m~jor diSil~v~ntilges or commelciilily M~ililble rld~lo"ns I~ cost For eXilmple, 

the P3-AT, a comrnemal robot plotform targeted at developers (shown In Figure 1-10) 

costs i" e",:es~ of USS3 000, just fOI the b~"e unit Some or the more ~Jv~nced wstem~ 

cost upwdfds of U50S/0 000 ll',j . 

FIGJ", 1-10' P3-AT 

As such one of the desi"n crrtend thdt the prolect Will ilim to fulfil will be the 

~e~elopme"t of an equivale"t system thot woul~ be ~ble to com rete commercially In the 

market-place. 

From this brief [aOO by no mea"s exhaustivej overview, it becomes apparent that there 

dre rl1ultitudes 01 Inspection systerl1s ilvdrlilble amlin developrnent, involvlnU both 

standM~ i"srection NOE tech"iqLJeS as well as more ad~~I'lCe~ ones SoUch as ultrasound 

E~ch sys~em has unique attributes thdt Idcilitdte its function, however, "0 sy~tem 

completely fulfils the exact requirements of nr. Wamsteker aOO as such a new system 

would ha~e to be de~eloped. 

PREVIOUS DEVElOPMENT 

Development of d deOllilted NDE cdpilble robot WilS ~he sub)Cct of a 2004 conjoint 

u"dergraduilte thesis project [26j [27J . Shown in Figure 1-11 overleaf is the end result 

of the project, dubbed Pinky. 
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FTGlJRE 1-11,2004 THESIS NDE~o~ 

I'mkv utilised stilnciMd Phillips" ciectrlc screwdriver motors as Miw units. Vi<;ii,le in tile 

I~ft l 'rJme 01 Figure 1-12 is the a'uminium frJme anti \lIe drive units arrilngcd In parrs, 

located ilt the front dnd re~r, A~11eSlon wa~ ~c(omplished wltl1 (ustom-sintereri cylindrical 

rare-earth Neotlymium magnets, ooe of whid! was located on ead1 of the four drive 

whe~ls. 

FIC","" 1-12' P,NkY' A P"Y5IC~1 ~REAKJOWN 

Inspection w~s performed with a modifi~d Pilnametrics '" hilnd-hcla ultra<;anic thickness 

gauge (encaseo in a prot~ctive housing, visii)le In the Lentre panel of Figure 1-12) with 

control being implemented with an emb~dd~d PCi104 comput~r an~ (u~tom drCuitry 

(Figure 1-12, ri~llt panel). 

As a primitive teSl-betl, lh~ NDEbot ~erforrned ade~lIately. However, wllile the vehiLle 

was cap~ble of ildh~rlng firmly to f~rro-magnetic walls, it w~s not capal)le of turning or 

ascendmg v~rti('Ally. The modiried (some would say jerry rigged) NDE ~ayload was also 

sublect to regul~r inLonsistencies, 

In ord~r to produce il platform thilt would be capabl~ 01' performing in an indu~trial 

environrn~n\, major improvemenlS had \0 tJ.e made to tile concept. These inLllKIea 

(il mong~t oth~r~): ru gged iz~tion of th~ pi atlOl'm, ex panswn 01 the N DE t~ch ni ques u~eo 

as well as cost evaluation of tile platform, as a whole, to ensure market competitiven~ss. 

This project tool<. the ex~erierKes ~ained from tile first NDE prototype ~ntl Pncorporatea 

them into th~ next gener~tion NDEbot, T11~ r~IXlrt b""in~ witl1 a d~-.cril)(ion Of the 
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platform, followed by dn ~xammatlon of all th~ major aspects con t ribu ting to its 

perform"nr.e. Concluding tile r"'IXltt i~" discussion with respect to recornrnenddtions for 

futur~ work. 

, 
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2. 1£I!IlIQIruOiTI: FINAL SOLUTION 

[For video footage of the robot in action, please <;ee tile Mcolnl;anying DVD.] 

FIGURe 2-1' CROIlOI hllADID IO~ VERIICALMETAlUC 'LU, 

eRobot is ~ 2"- generation inspection robot. It tuw, the power or modern elnDedded 

computing technology with the dive,-,.ty of low-cost robotiCS. Primarily designed for tile 

inspection of mMine vessels '" dry-dock, eRobot makes use or a highly modular design ill 

order to De able to lullil a variety 01 inspection t~5ks. 

Custom-S'rltercd meg nets and custom m~de drive-unit~ allow eRooot to ~dhcre to ferro­

magnetic ~tructures and to travel inverted If required. 

Communication i~ re~lised over ~ standard wireless ( WiFi j network and utilises a 

standard LAN Mchlt~turc to provide lull internet connectivity, allowiry the logging of 

position and data to its associated servCr and webSltc. 

Control or tile robot is made possible by a st~ndMd Joystick ~nd laptop, giviny thc 

operator full and intuitive control or tile veilldc. An embedded computer running open-
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sOurce :;oftware ~nd ulilisin~ CUSIOr!l cor!lrlluniC~lIon ~nd conlrol programs ensures a 

r~pid and acrllr~t" respons" to ~ny lIser-lnput. 

Making use ot Dltterenti~1 GPS technology, eRooot;5 capahle of downlo~dlng corrcctlon~1 

d~t~ f rom Its ~sso[l~t"d DGPS 'iC'r-IN, ~llowlng for ilccurat~ 3-dim~l1sional ~ositioning. 

540 mm 

320 mm 

E 
E 
o 
o 
N 

FIl'lJRll-l: OVlRAll """NSllmS 

" 
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Performance Specifications 

2.1 Specifications: KEY 

KOY 

<, 

Fu lly 

Shown in Table 1 abovc is thc Spcdfic~tion T"ble key The top section desc"bes how 

each perfo",.,nce criteria was rated, A critica l ~spect: 01 tile clesi(jrl was part or ti,e 

orig in,, ' design spccifiG,tlons." were discussed with Mr Wamsteker, 

An advantageou§ ~riterion w~s one which w~s mel1tioned by ~1r. Warnoteker ~s being 

potenti"lIy useful, however it w~s not pMdmount to the success of thc project L"stly, 

a de§irable attriloute was Ol1 e ¥Ided loy the autl,or ~s ~n aspect "'at could be 

potentl"lIy useful to thc el1u-uscr. The Acnlc'lcd section det"ils the dcgrcc of 

implernentation of tl1e rlesign criteria Thre e bar§ S110\o"" a full imp l ernent~tioll or the 

criterion, two bar§ infers" palti'" or incompletc implemcnt"tion with more 

development required One bar rne"ns the re Wdo riO ~ttempt "I implernentdtlon. 

2.2 Specifications: TABLE 

1 i i , , , 

" 
sufficient ad l1erence to 

t ravellnvcrted. 
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" 

, , 

" 

Hum~n Interface 

EXpilndability 

Data Acquisition 

Media Feed 

of 30 metres 

, " 
petiod of at least 2 hOllrs 

NDE techniques 

'" 
~Itcrnate NDE payloads Or 

drwc t~chniques 

" 
~rc~ sm ,,11 enough to 

~llow travel In standa,-(! 

14" p iping 

Contl:ol , Inberf .. c .. 

Easy video-game like 

intuitive lIser control, 

rnrnimallearning Or 

tr~in·,ng 

Allow for implementatIOn 

of self navigation al1d 

"nYironmcnt~1 ~w~rC"C55 

3D mapping enabled to 

rresellt data in a simple 

effective way 

Real time 5trc~ming to 

allow user a robot view 

perspective 

••• ••• 

• ••• 
... ••• 

•• •• 
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SPECIFICATION DESCRIPTION RATING ACHIEVED 

M1"cell aneou" 

Commcrci~lly competitive Economic~ l ly must ... ••• 
compete witll equivalent 

m~rket"avull~:~ e 

platforms & tectrn ique, 

ExpanSion & UMrad~ability Allow lor incor,)()r~tion crt • .... 
rrlOr~ effl[i~nt(ddv~nced 

t~ctmique5. 

2.3 Specifications Justification 

Frorn t he ,;:>eotieatrons t~ble it ean be spen that not all nldior re~lHremenl" wer~ fUlly 

mct. In purt lcular, these were the stralgh: line operutlng specd and the duty cycle. 

STRAIGHT LJr-E SPHO 

A millimuin of 0.5"'/5 was ,pecifie<:1 by Mr. Wa",st~k~r In the inltl il l de,ign 

speci tic~t i on,. When the robot was tested, ,t was tound tl1M the iXlt COUld only 

att~ln O.L 01/5. As 5udl, It f~lled the Inlt,,1 crlte,,~; however suggestions lor deSign 

modific.ations h~~e been made in the Recommendations ,ec't'on in order to 

irnprov~ the vehicle's speed . 

DUTY CYCL~ 

A duty cycle of L hour5 w~s initia:ly oltlined for the pl~tforrn, having been throttled 

down from tile initia l 6-8 hour SpeCIf ication. TI1is full extent "as unfortunately never 

tested due tD the lailure 01 SDrne equiprnent in the testing process. 

Thi, i, fully documented in tl1e Testing section, and recommendations for 

perforrnilllCe Irn prov~rnent have t;cen rnilde In the Conclusions & 

Recommendations secti-:m on page 63. 
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3. DESIGN 

As is the case with any cross-di,cipliMry project, the design of cRobot spanned a 

number of engineering fields. Before any det~iled or emtxldimcnt de,ign work wa, 

undertaken, a conceptual design pha:;e wa5 performed, forming the basis of the 

upcoming detailed design phase. 

From the C<lnceptu~1 design, det~iled mech"nic~1 and electrical design pha5es were 

performed, providing the necessary 5chematic, and d~t" for m~nuf"cture. 

3.1 Conceptual Design 

Variou5 conceptual robot configurations were envisioned for the new gener~tiQn 

robot, beMing in mind the successe, ilnd failures of the preceding prototype. This 

generation of robot had to address the previous Inadequacies tmt were highlighted 

by the ,mtla l deSign. 

Specifically, thiS mvolved the drove confi\lurat,on, as thiS was where the initial 

prototype underperformed substantially. 

TRIKE 

fIGURE 3-1: TRIKE CONCEPT 

Conceptually, the trike runcept has a number of advantages over;') runventional 4-

wheeled design. All drive elements Me IOCilted at the rear, and steering ruuld be 

~ccomplished merely by either varying speed of e~ch drive wheel with a front 

neutral '·jockey·, or by having an active steering nose wheel and standard rear 

wheel drives. 
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Drive i AdhesIOn Units .. 
Payload Bay 

Comlnunlcatiolls 

• • 

FIGURE 3-2.. TRIKE, SCHE~IATIC 

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

the envisioned mOdular design as much as other concepts, and waS dis.carded. 

REVERS~ TRIKE 

FIGURE 3-3: R[v[Rs[-T~IK[ 

This concept IS Similar to the trike Cllncept outlined above, but differentiated by 

h~ving the driYe wheels near the front ollhe vehicle, and the trailing neutral 

"Jockey" at the rear, Having the drive/adhesion unit5 in thi5 conligur~tion would 

~llow the substItution of drive units Mdjor payload without the need lor major 

reconfig u ration, 
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QUAD 

I~~J T 

JOCKEY RiJ/II 

----

DRIVE UNITS 

PAYLOAD 
CAY 

FIelJ", 3 -4: R,',',." -TRIKl SClllMA TIC 

FJ(;L!R l 3 5, QUAD CONC~ PT 

TI1iS concept, due to its inh~rent simplcity was the on~ s~le[ted for the first 

gCllcr~tion of robot. III ~ddltIOIl, with bur wheels instead of three, tile quad 

pro,'ldes more ~dhesive r<'wer than the pr~vious two [OClCcptS. 

However, due to tile demanding req\J ; rem~nts of adherence Md low rolling friction, 

th~ qu~d concept requires 5ubst~llt'I ~lly morc drivlllg conlrollllan the other two 

concepts. This was due to the fact that the wheels, d\Je to th~ intense ~dhcsivc 

rorce of th~ m""nets, did not allow for any "s.cuffmg". Therefore if this concept was 

to become vi~blc, ~ differential drive system wOlild have to be developed, adding 

substantially to the complexity 01 tile design. 
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Drivel Adhes ion UnIts 

AddItIonal 
Payload Bay 

FIGUR, 3-6: QUAD SCH,MATIC 

Although t he quad conccpt W~5 morc ~ccommod~t'ng for a modul~r dC""91l , the 

d ifficulties in inwlernent",g a ,;<,cressfu l d r iving system el irni n'tec: it ~~ ~ vi ~ b l e 

concept. 

SELECTED CONCEPT 

Previous experience w iTh the quad concl'pt 11~~ shown ~ nurnber 01 

dclIC'CIlC If'S I n~ercnt '" t~c dcslg", A I~ck of pcccclvcd 

expdrl rl ab,l ity elirn'rlated the w!ltept 01 the trike As such, it w~s 

rever~e-trike otte ri'd t~e rno~t adv~nt~9"s, ~nd w~s sclcctuJ. 
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3.2 Mechanical Design 

FIC;"_l J, 7: EXI'LOUll) VI'_W 

Detailed d~sign or the r'alrorm had to take into acmunt several ractors: 

MOOUl~RISATION 

Paramount to the ~uccc:;" of the robot ''''dS its dbility to adapt to different 

environment5. Develop'lng d dc;ve 'ystem th~t Wd5 cdpable ot ~dhering to (dnd 

providing grip on) ferro-n,a!)neliC surfaces lind be",!) capable of traverSifl!) otller 

envi..onm~nr5 (such as th~ 'Intenor of a riring network) succe5stully would h~ve 

been afl exceedingly con'plex t~sk. 

Instead the efltire design w~s conceived dS ~ system of modules, wtllcil could be 

mnrigured aprrop(lar~ly d~r~nding on th~ environment For th~ ca,e or marine 

Inspectlofl, three m~gnetlc wheels we,-e required, however If tile 'bot w"s used i" d 

standard "..over" role, they ~ould l>e .ubstituted for a set of large non magneti~ 

high-profile wheels. 

The,-~tore each mooule had to I)~ '~II-ront~in~d 'Nith only t11~ minimal "mount 01 

conflections required to other modules, dS extensive need for dssendJly/d,sdssen,bly 

would regate the ~nt'lre rurro5e. 

MATERIAL SElECTION 

From the outset, Hlgll DenSity Poly-Etllylene (HO PE) WdS chosen dS the material of 

choi~e. HDPE i. a low cost uretllane plastic with a nlJml>er of cl1~rarteri5tics that 

m~ke it uselul for robotic construction. Plim~tily, HOPE i5 cost eriectlve with most 

standard thicknesses below 40mm beifl!) readily available in a variety of colours. It 



Univ
ers

ity
 of

 C
ap

e T
ow

n

is ~Iso e~sy to machine, with high r,(Jtting speeds being USE'd (up to ~nd including 

lOOOmmimin 5mm deep cuts) le~ving ~n e~cellenl surface fi"ish. 

Or~nge Perspex'" was used prim~rily in tl1e c~nopy construction, ~nd g~ve lhe 

pl~tform ~n ~esthetic ~ppc~l. However .. Perspex also is very tOUQI, and provide,l 

good structural reinro'c:ement, p~rticul'rly fGl" the front section of the fr~me. 

FABRICATION 

To reduce ma"ufaC'.urlng errOrs to a minimum, ~II p~,ts were designed to be 

m~d1ined on the Department's CNC Cenlre, conSistinQ of a 3-Axis Milling maciline 

and a 2-Axls La'.ile. 

However, the work envelope of the CNC mill w~s only ~OOmmx250mm050mm 

(Length, Widtl1 and Heigl1tJ_ TI1erefore e~ch module (or the components lint It 

consisted of, if it was not one piece) il~d lo fit comfortably i"side the mill's work 

volume, 

DESIGN CRIHRIA 

As with ~ny remote self-powered a~~li(ation, tl1e lighter tl1e pl~tform the less 

dem~nding it is il1 terms of power reqUirements, Therefore, use of Finite Eleme"t 

Analy,;;s (FEA) leclH11QlIes to determine tl1e optim~1 ,1esigl1 in terms of structural 

i" tegrity ~nd weigl1t were considered. 

Prevlou~y regarele,l as ~ post-design ildd on, the infusion of aesthetic appeal to the 

pl~tform should proceed conjo'intly wltillhe Mechanical and Elect"r",1 design, 

ensuring lile 'bot was not only functioral, but ~Iso ple~sing to the eye, 

Taking into account tilese ,1esiQn criteria, tl1e follOWing sections an~lysc the design 

of e~d1 module. 

DRIVE UNITS 

,. , 
, ' , ' A 
, ,.- "'. 

fIGURE 3-8, DRIVE UNITS 

As eRobot w~s designed destined initially for mar-i"e ins~ectio", its w~acity to 

~dhere to vertical surfaces was crilical, As s(Jd1, ,1esign ~nd f~bric~tion of the drive 
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units was one of the most critical aspects of the design. A number of design 

iterations had to be performed before a solutIOn was reached. 

In the initial (l~t Generntlon) prototype, electric-screwdnver motor<; were used 

These prov'ded insufficient power to effectively move the platform vertically, and 

therefore other nlOtors had to he sourced. 

A rel~tively inexpensive altern~tive was to use stJndJrd windscreen wiper motors, 

which are readily available from scrap yards and motor sp~res shop<;. They run off 

0( 12V, ,HId are spec'fi~>d lo pmvide up to INm of Torque [28 . However, they ~re 

notorious for power consumption (running under fulllo~d, it was seen th~t a single 

motor could consume up t03 Amps at 12VI). 

PreliminMy housings were developed and tested to evaluate the motor's 

performance. 

I 

00 

FIGURE 3-9: GEARBOX COMPONENTS (LEFT) AND GEARBOX (RIGHT) 

.... 

Shown in Figure 3-9 are the components of the first gearbox and the gearbox 

itself. This init ial 'box was a 3-piece assembly, and there were issues in locat ing 

the rotor completely accurMely within the housing. Any amount or pl~y led to 

either the mtor lo~k ing completely, or f~ihng to mesh with the helical drove geM 

However, with careful assembly (and the use of shims) two runcli[lJl~1 geMboxes 

were assembled and used in ~n initi<'lilest vehicle (see the Frame section), 

showing the concept to be feasible. 

Once the vandity 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 location of the rotor) in addition to 

incorporatmg weight saving features. 



Univ
ers

ity
 of

 C
ap

e T
ow

n
FIGURE 3-10: GEARBOX EXPLODED 

Figure 3-10 shows an exploded view 01 the final design. This de~ign also 

Incorporates a notched aluminium shart encoder, as well a, recesses for the 

JccompJnying opto-isolator. In addition, a temperature SenSOr was mounled on 

the interior of the motor casing to allow for monitoring of the thermal performance 

of the motor. 

FIGlIR~ ]-11: GF;ARBOX SKOWTNG SHAFT F;NCODER AND TFMPFRATlI~f' SFNSOR 

In order to adhere to a vertic~1 ferro-m~gnetic surf~ce {such as ~ ship-hull} eRobot 

made use of permanenl rare-earth Neodymium magnet>. However, neodymium 

rare earth magnets are very britlle as a result or the sinlering process and require 

some sort of protection. The magnets are also very smooth, and afford almost no 

lraction. As such, a wheel assembly had to be designed that would accommodate 

the magnel and allow it to adhere to an underlymg ferro-magnetic surface, while 

simultaneously protecting it from the har5h workmg conditions and providing grip 

On the surface. 
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M~teri ~ 1 select ion for the whee ls w~s not tnvi ~ l , and a variety of cornpollnds and 

techniqlles were evaillated befnre a sni lition was reached. 

In itia ll y, plain e l ectri [~1 shrin k- tub ing w~s used Mound t he wheel, 110wever th is 

exilibited very pocr traction and wear character istics On consu ltat inn w ith 

Advanced Material T emnnl og ies ( AMT) (~C~p" Town based composite speCia l ity 

comp~ny), It was decided that a casting-si l icon "s lloe" would be preferab le to pla in 

s llrrnk- wrap 

In Figure 3-12 ( lett ), the (dest roye d) silicon shoe [~n oc seen in the lower rlgllt 

[orner . Alt houQh dlsplay inQ better traction and wear characterrstics t ll~n t ile shrink­

tubing, It lasted a mere 10 minutes of test ing. 

An alternat ive compos ite, a casting poly-uretllane w~s eva luated next ( Figure 

3-12. right). alld t h is showed e)(ceptlonal traction [~P<"'b il itics. However, resilience 

w~s ~g~ i n ~n ;ssue and the sllOC d id not I ~st substan ti ally longer than t ile previous 

attem pts 

It was noted ti13l the castinQ procedure used left a substanti ~1 number of a ir 

bubbles in the mi ~ , degrading the structur~ 1 integr ity of til e compound. In addition, 

tile ridQed galvan ised steel discs wllose purpose w~s In pmvlde a g re~ter ~ rea for 

adhesion of the m~tti x only se rve d to init i ~te teMs on the inner surfaces of tile 

slloe, rap id ly lead ing to failu res. 
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Poly-urethane 

Steel Hub PVC 

FIGURE 3-13: RE-DESIGNED w"~EL ASSEMBLY 

TIH? ,>olution (a~ seen in Figure 3-13) wa~ to rede~ign the wheel a'isembly w ith 

PVC CoverS elirni,,"tiflU the ,;,f,MP inner edues, In addition wsliWI of the emICe 

wheel "'." performed In " vacuum ch.mocr to reduce the number of." bubbles 

present. 

FIGURE 3-14. M~CHI~I~G THE ~QlDS (L~fT), ~HE ~·(}LD A55E~!\l¥ (CENTRE) MD THE V~CUUM 

S> lUI' (R[~HT) 

Shown in Figur-e 3-14 are the steps tor ca'iting the "heel. Fir'" the mold negative 

w"" ""Kllirlcd on" CNC mlllmQ rTl.ciline (left), the wheel a,5crnbly LO l>c [.5\ "'"5 

"S9'mbled (centre) and placed in a home mode v.cuum ch.mber (right) which 

COIls"teu of" V,1CUlHTl pump ami a reinforced Tupperwafe'" container. Setljflu lime 

<las ,;peeilled on the packag ing to be 16 IlOurs, hO<Jever due to the cold weather at 

the tl me (temperatllrC5 were .", tllc 15- 1 Y'·C rdrlQe), e'<ell wll c:cl took dppruxi mdtciy 

~4 hours to set completely 
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f:GURE 3 15: FINAL ""tlEEl AS,EMBlY 

Tlli~ rinal revi~lon, wltll 5moothed internal 5urtace5 and reduced air-bubble content 

exhlb'te~ Indricedly better perform ~ nce in \er~)s of Doth \rdCtion and resist~nce to 

wc~ r , and in fact lasted the entir~ I~ngth cf tile project wIthout nCMing 

repl~cen)ent, 

FRAME 

FIG'o"E 3-16, FRftM E 

Core to the entirc robot <s the main chass15 or frame , rhc premise bclllr1 d the 

fr~me Wc'S th~t it would re~)~in centr~1 to the ~yste~), rapable 01 inteltM.ing with d 

vari~ty 01 Mive LJnlts and sensor arrays. 

In ortler \0 cv~ lu ~ \c the Vidbility of the frdme, dna its cdpacity to [ drry lwei, ~ t r ic,1 

lInlt was [onstrLJ[t~d, Shown in Figure 3-17 ov~rlcaf is the preliminary chasSis 

use~ to evaluat~ tlw performance not on ly of the chassis as a strLlctural m~mbi'r, 

but ~Iw of the lo~d c~rryinq CdPdbilltles of the robot ~ncl the vi~billty of using the 

rear wheel as a fr~e-sliDping jock~y, 
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FL(,LJ",3 17: TLS1INl> ::'I.'~Sl' 

Tn this tpst thp robot dnssis w~s powered trom a staneiMd l>€~Ol power-supply, 

and Its ability to n1~lloeoJvre "' the vertica l pl~l1c W~5 cvalu~tcd, (ror the videos, 

plea", see thp accompanying DVDj, 

Frame 

FLGU"' 3-18: ~<rl O~FIl ""w 0' '"."'F 
As th~ ceLJtr~1 module of the prot',rc veIL ide, the rr~rTlc WdS r~qUlrcd to house dll tIle 

llE>Cessary electronics alld power supplies for the add 011 modules. Specifically, this 

COrTlpri5~d th~ Power Supply U"il (PSU j, the Elec\rorllc5 Module (EM ) '''Ld th~ 

Computing M odule ( eM ). Also v,s;ble in the above image are tile canopy sections, 

WlllO] served bot!] to protect th~ j"terndls of th~ vdlllic "rod C1CCOrTlIllOlidtC lh~ GPS 

Active Antenna nn tile re ar canopy unit) to ensure tile uBlox Ind an Uflol)srructed 

sky-vl~w. 

Ass~mbly al"K.i disassembly opcr"tiollS ~r~ uuci~1 in" constantly-evolvillg 

development project As SU01, tile eM and EM were designerl to be easily 

extracL,blc. Thc eM slid~s into g rooves machineu into the f rame, whil~ the EM is 

fastened and untastened by means of 4 easily accessible Ilex-bolts. 
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FIGURF 3 - 1 7: TF>T J "" (] lA'S]' 

In th is test the robot ChassIS WdS powerecl from" stdndard ~nch rower-supply, 

dnd Its dbility to manoeuvre in th~ vertic,,1 pl"nE W"5 evaluated. (For the videos, 

please s.ee thE accompanying DVD), 

Frame 

FIUJRl ]-18: EXPLODeD VIEW Of FRM1E 

As the centr,, ( module 01 the entire vehicle, thE frame was required to hou~ "II the 

nff.essary Electron ics ami power supplies for the Jdd-on modules. SreClilcolly, this 

comprised the Power Supply Unit (PSU), the Electronics Module (EM ) i1nd the 

Computing Modu le (eM ). AI"" viSible in :he above image Jt~ th~ CJnory sections, 

which serYed both to protect the i"temals 01 the veh',clc and occommodatc the GPS 

Active Antenna (in the rcar c"nopy unit) to ensUre the uBlox hJd ~n unol)structed 

sky-vicw. 

Assembly "nu ulsdssembly o~r"tions ar~ cmcia l in a cons.t"ntly evolving 

development project . As s.uch. the eM and EM were designed to be easily 

extract"ble. The eM slides into grooves m~chlned into the tr"me, while th~ EM is 

r"stened ~nd ullrJstened by mean, of 4 c""ly dccesSlblc h ~;(-bolts 
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HDPE is relatively dense, ~nd therefore VUIOUS weight-saving leotures were 

incorporated into the design: howe~er Care had to be taken to f"ls"re that the 

Ir~me st il l had the req u ired r igidity to hold the enti re vehIcle together. 

FL(;1I~l3-19: F~hMl WCl"HI ~'''"CI[()N ~l" I) A'" "Arll~Y jNSl~rS ("](,1<1) 

Shown in the left panel 01 Figure 3-19 are some of the weight sa~ing insets that 

were macllll)ed in to rc'(llice tile overall weight of tile frame. The right panel SllOWS 

the PSU w ith its "sSOCi"ted switches. TI,ese Si ngle- P~e Double-Throw ( SPOT) 

centre-off SWitches allowc'(l for each battery to hove tllree modes. On, Off anti 

Recharge, " "owing for the batteries to i}e rep lenished from an external chorger 

wltllOut hovlng to remOve the module. 

Figure 3-20 ,hows the frame in var ia", stages of' a,sembly_ Visible in the left 

image IS the partia ll y ossemblc'(l frame with the rear brace anti the bottom COver 

yet to be "ssembled The right im"ge 'how' the "ssembled unit, with the protecti~e 

plostlc layer still covering the Perspex bulkheod. 

AlsO vi' ible in the images are the circu lar openings for the coo li ng fans. These fans 

were re quired to regulate the temperoture 01 the on-bo~ rd electronics ~nd were 

designed in '''en a way that air was drawn over the motor casings pro~iding 

simultaneous cooling lor the dri~e units. 
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TAil UNIT 

.. . ..... {\,' 

In oreler to overcome the difficulties or the previ0us prot0type, the elrlw 

confi0u,ot ion w~s rnodifl~d frol'Il 4 to 3, with the re~r wheel being ~ ''Jockey'' w~ed. 

The runctlon of tile Tail Un 'lt (TU ) WoS to allow the Jockey wheel to rotate 

conlPletely Mound it, ~x is, 01l0win0 th~ robot to b~ rlriv~n forw~rd, ~nd b~ckw~rd, 

wi til equal e,'se. 

As With all or the rnodules, desIgn or the TU hael to al 10w for tlw ract Hwt other 

modu les could be att"c~ed, and therefole should not dictate design requ irements 

speafic to its neeels, Therefo re, a slot and four 3mrn bolts provide a standardised 

intetfoce for securing whotever furt ller modules nl~y be ~tloclled. 

A, can b~ seen in Figure 3-22, the unit is mainly an aS5ernbly of two rn~rTlbe", a 

top al1d IXlttom section which I)ear t ile structural load Tile jockey wlleel itself ,,1115 

on 0 double be~ring >ct, Th~ top ocaring is 0 conv~n tlon~ 1 deep-gr()()v~ bearing, 

whi le the oottom olle is a thrust bearing, 
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The top alld bottom members ore fostened together by means of an array of nllw 

3mm hex-i;>()lts, ensuring structural rigidity. 

As the rear's caPi\city to hondlc lood was of pmnory concern, il b"ic Finite Element 

Analy~is (FEA) was conducted 011 the assembly, to ensure It woold not deform 

substalltlally urlder load. 

FIG'"RE 3-23. FIN:n ELEr~E~T ANA,YS:S 

Figure 3-23 Qives a graphical represent~tion of the an~lysis, ~M the moximum 

defiection c( the 'hilft uMer load wa~ only 1 millimetres, which was deemed 

acceptal)le. 

A uniformly distnbuted load of 10 l<ilO<Jrom~ wos pl"CM on the internal bearing 

re[e~~ of the lower section. This was 125% or the design weight of the entire robot, 

leaving ~ lo rge safety f~ctor. The reselltilm mil"imum von·Mises "tres~ was 1.9MPa, 

and with tile yield strenQth 01 HDPE being approx 25~1Pa, there wos 0 subst~ntlal 

s~fety factor for the ~~semb ly. In the aLlOve figure, the red (jradienl correspollds to 

20 MPa, whi lst blue is unstressed. 

This led to the development of the mochin lng models ~nd the prDduction of tile 

requirM G-code 'or the CNC. Both sections were fabricated from solid blocks of 

HDPE. III both coses multiple machining oper~tions were required, more for the top 

~ection (5 as oppo~ed to 3 for the oNtom section). 

One major dilriculty ill the rabrlcation of the t~11 unil w~s the hitch sub--~sscmbly. In 

the initial tl"lOl design, the jockey wheel ran on two silver-steel half-sl'Jarts and 

matill(j hubs, alld was covered in electrlcol shrink-tubjng to ollow tor ~Iippage 

However this orrangement did not provide t ile wheel with continuous ~mOQth 

rotiltion, due to constant misaliQnment of the half slMftS. This mcont th~t the 

maglletic disc its-clf would h~ve to be modified to il ilow a Sllilft to pa~s through. 

M~chinir>g of the shat! hole was a delicate procedure ilS the magnets themselves 

were very brittle, however Mr. Glen Newins of the r~ech. Eng. workshop did ~n 

excelientjol) 
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Magnet 

~;:::~: & Housings 

F-GU" E 3-24' H-rCH: EXPLODEO 

Nylon 
Shroud 

Figure 3-24 shows tlw fin_I des iun, Tile rll_une\ ~CCOnHllcxl_tes ~ sollu _Iurlliniurll 

sl1an (to prevent channel l ing ot tile magnetic f lux into the hearings causing a 

rduction in o~erdtinu life) dnd is encC<ll~dS5CU by d nylon sl1roud . Tlw entire sub­

assembly, inc luding the I:>eMings and housing, is atta~hc~ to t~e ol'Jmlni'Jm hlt~h 

by means of S"X 301m Iw> tJO lts. 

5~own In Figure 3 -25 ore t~e two main elements of the tall 'JIli t d'Jrlllg 

In total, t~e fdbncdtiGn of the flndl drrve '.Inits took OYer 10 l1ours, with 12 

in~ iv i dLJa l mad1ining O!:>erat ions an~ one comlli ned operot ion, The structurol 
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stJttness at tile assemhly was excell~l1t, al1d tll~ lJl1it its~ l t was a~sthetlra ll y 

plc~5Ing. 

FIGURE 3-26: TAIL UNIT ASSEMBLY 

Figure 3-26 ~bav ~ shaw5 v~rious shot5 of th~ t~i l unit in ~55embly. The ribs vrsiblc 

i~ IXl\h th e centre and left frames or Figure 3-26 wert i~S€rted into th€ desigl1 

afte r the FEA ~n~ly5is d uri ng the dcsign proc~ss showed CHCS5ivc deflection of the 

assembly under load. 

P"'YLOAD S",Y 

FIG'~RE 3-27. PAYlCAD BAY 

As th~ n~me suggests, th~ payln<KI bay 15 rcspan5lbic for <>ccommodatlng the 

NDE/inspec\ion cquir.>ment ror the vehICle. The modular d€sign or all th€ s€ctions 

allows to r the r~placem~nt ot on~ Jnsp<>ctton modLJI~ tor al1oth~r with minimal 

dfort. 

Fo r lh is t~st vellicle, a Fi r~W ir~" Ciil1wra was used to captu r~ images or tile 

u~derlying surface, \0 al low ro r p::)St-€x arn i~a\io~. Th,s particular carn€rJ, a Fire-i " 

c~m~ra W~5 c~p~ble or capturing ~ MO pi~~1 x 180 pix~1 str~~m ~t 30 fp5 in vid~o 

mode. Although mOre su,t€d to s\reamrng media, th€ Camera was desigl1ed to be 

us~d in stili captur~ mod~_ 
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fJUJKl] 28: FRONT S10WIN[ FIREI'IIRE CAf'ERh 

Figure 3-28 S1101'IS the fire i and its assoclilted connector, Also visible in the irrla,)e 

~re the ,"cight-reclucirt<) Yolumes tlr~l were r'lilled out to keep the weig!1t ot the bay 

lO a r[lir',irnum_ 

• 
• • 

FIGo'RE 3-79' f~c-"r (IFII) ,'Nl) 'XI'l()~lU Vlu'.' (R](,HT) 

The bilY is of single-plcce construction. and requ ired 18 operatiolls and a total 

rnachining time or aprro'imately b hours to complete (not Includlnu set-up and 

prograrnn'mrg). hritlally. the bay was going to be constructed of several inter­

locking ",dions (as the Hercus CNC lacked the work envelope to fabricate it out of 

one so lid s.cction) however the Department of ~1""h'lIlical Engineering took delivcry 

of' a bigger CNC in late October 2UUb, 

This allowed the '"uthor to re-design the bay to t~ke ~dvant~ge of the (jre~ter work­

volume ot the bigger CNC. As such. thc bay is rnO re rigid and requ ired fewer 

fasteners lhan lile ~Or"lp,"rative multi-pie~e design, 
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FIGURE 3-3CJ: FR0,~I: MAfillNrNG 

SllOwn '" Figure 3-30 is the single-piece b~y ~s designed (left) and t:><clng 

machined on tile CNC (right). The op.cration in progress is t~e Sillootiling of the 

f3ceted edge,> using " b~lI-nosf' cutter. In order to obtain a quality surface finish, 

tlw clJtter is stepping alon(j 3t O.3mm interval,>, and as such constituted one Of tile 

most time-intensive oper~tions. 

M AN U f ACTU RE & A SSEMBLV 

Manufacturf' of the pl~tform w~s accomplislled almost exclusively on the CNC 

nMcilinery of tile Department of Mech~Il'lc~1 Enginf'ering Design f(lf CNC 

manufacture ~lIowed for nlOrc runWlex geometry than would otherwl'>e be possible. 

In addition, once the ~uthor h~d shown proficiency in the CNC process, he was free 

to IlSf' the nlachines at any time. This allowed for ~ milch gre~ter scope of 

independence th~n wOlJld otherwise be possl~e. 

An overvIew of the design process from concept to construction for one of the D~rts 

tllat w3s machined (there were over 30 in ,0t~l) is given Wow. 

f'''' • 

F'GURl3-31: PAn, '."I0~K-PTECE. "'MUfA~TuRIN( ~0DEl 

On the left of Figure 3·31 is PMt to be manufactured once design h~s been 

completed in f>ro/ENGINEER. Pro/ENGINEER is a pMarnctric 3-dlnlcnslonal CAD 

(ConlP"ter Aided Design) software pack~9" wid"y Ilsed in indlJstry. Boeing, Airbus 

~nd John Deere ~re some 01 the biggest uscrS of Pro/ENGINEER softw~re. 
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At th is po int it shoLJ ld be noted that meChanical de~lgrl of t hc robot had to take into 

accoun l tile li ml tc d work-envelope of the Hercus. Tile introdLJct ion of the new 

Syntech CNC i l1 late NovemlJer Ilacl a minimo l effcct on tile project . ... . i "1 

=-_.=_. ====Ti , .. • 

FIGURE 3-33; G-CODE SlMUl~ ' j()N 

The machine G-code gcnerated by the p:lst processor was checked on a simu lator 

before it wa s taken to the machin~. Tll is ollowed for lost-minute error-check ing to 

prevcnt erront code from c:aus; ng an expensive m isll ap later on S110W~ IJelow is a 

chron olog ical cro%-section of ti,e CNC m~chlnlng process as it matured; 

FTGURF 3 - 34. BASIC MANUfACTU_E 

Shown above in Figure 3-34 orc some of the corlle r machining attempts. The 

leftmost Imoge was 0 foi led attempt at the Tail Unit top section. Centre and right 

~re images of the final un it. 

FIGU RE 3-35; DI ffE RENT MATE RIALS & I E C:"N"l'lF ~ 

Various moter io ls we re LJWd in the project, all prov iding different chal lenges. Tile 

aIL"" i ni~m t~il hinge is ~hown on the Icft, with one of the Perspex" Computi~g 

Modulc (CM) supports shown in the centre. Manufacture of tile side panels of tile 
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frame was te't ing, III th"t accurate locating of the P'l rt (to pertortn tile reverse side 

m1Khlnlng oper~tio"s) w~s tricky ~s lIle componc"l had lomplcx ~"d no,,­

perpend icular Qeometry. Tilis parti(ular proL11em was solved hy macllining the 

negative sh~pc of th~ P<lrt into ~ block of woud, ~"d pres,;;"g the Lompo"ent m. 

F](;URE 3-36: MULTI-PROCESS MAC~lNlNG 

Some comronents h~d to undergo multiple macllil1il1g operations. The dri~e units 

were compo>ed of two i"di~IJl",lcompollents (orle of Wllich is show" 0[1 the left in 

Figure 3-36) Wll,cll required m"chil1il1g 011 l)Qth the top and hottom surface,_ 

T h e>e wcre tile" i\ssernbleJ to<Jether and tt;e bear inQ reccsses and local i r1Q holes 

were m"clllned in (Figure 3-36, centre). Final ly an aesthetically ~ppe~ling round 

w~s r"alhined in willl a ball-no"" cutter (Figure 3-36, rigllt). 

FIGURE 3-3/: EXTENDED ONE-PiECE HAc .. :f,:NG 

With the Introduction of thc I~ rge r CNC m~chHle, it bccarne possible to pClforrn 

more complex machil1ing tasks_ Tile Payloa(l Bay frame 11as b..en discussed 

previously, m~chin ing sequences from which are shown in Figure 3-37 ~bovc. On 

the left is the roughinQ seql>€nce (identifiable by the contour-like ridges ,eft 

behind), with the su ttadng sequence on the right Iland ';;de. 
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FLGLJ" l 3 - 38: 1"1 rIAL PROToTYPES (lHT) A"D fWAL CGr1PONHH5 (R Tr; "~) 

Finally, Figure 3-38 ~hows the differences in thc fr~me sections ofthc initial 

prototype (left) ~nd thc final scct lons (right), 
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3.3 Electrical Design 

DESIGN eNVELOP. 

As design lor ~II Indiv idual mOdules was p<'rfo r med (on(urrel1t ly, a desigl1 volume 

or envelope l1dd 10 be ~lIoc~I",1 for Ihe required low-level elcxtronlcs. It Wd' 

Ullcettaill "t tlw time 01 alloc"t inl1 110\"1 mucl1 SPM~ would I)~ requir~d lor the 

clf"-tronlcs module. However, II WdS known Ihdt UlC modulc would bc requlrcd to: 

1 Di""pate t lw heat gener"ted by th~ motor driver circuitry 

2. In terfcKc with thc uBlox G lobal P ositioning System unit 

J. EI""trically and physic~lIy s~p"ratc th~ computing and ~Iectroni( c'lrcuitry 

u,~ of Pro/ENGINEER and Eagle CAD (a Ireely avai la l)l e Electrical Co mput~r Ai df>d 

Dcs lQn (ECAD ) pack~Qe) allow~d for the deS<Qrl of boMcis that \"Iere electronic"l ly 

rorr""t, i ll add itiol1 to Iwing 01 tlw right form to il1t,,]rate seaml~',,"y with the 

rneclla rll ca. d~siQrl. 

DESIGN OUTLHH 

FIGUR E 3-39. E _EORONICS M ODU _E (EM) 

From thc ~lIoc~led dcslgn volume It Wd' p<Jss.ble 10 segmcnt the clcctrrc~1 

components into lay ~rs, a shott descript io l1 of which is given below (moving from 

thc bottom I~ycr upwards). 

FIRST LAYER - POWER CIRCUITRY 

Thb lay~r was r~s.p:"'A}le lor isolating a motor-contro l signal Irom the PC104 

Computing Module (CM), cmd "ccommodating ncces,ary elcctronics for thc 

drive motors 
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SECO ND LAYER - GP S INHRFACING CIRCUITRV AND S PEED CONTROL 

Use of the GP5 l)oard requirecl provi~ing i\ with sUPI~Y vol\age~, as well a~ a 

reduced volt~ue for ~ntenna gain-switch'lng, ~nd connectors to the on-board 

serial ports, In aMlilion the I~yer would accornmod~te the Interface circuitry 

for the motor thermal and speed sensors. 

T HIRD LAYER - A D<HTIONAL CONTROL MODULES 

TI'e third layer was deSIQMted for any oiller control modules that would be 

needed during the course of the project. 

LOWER B OARD 

As rnentioncc1 prev'lously, the purpose of the lower board W~5 to isolate a Pulse­

W idth Modulated ,;;gnal from lile CM and deliver an am~ifled PWM sign~1 (I,e. rrom 

OV to 5V) to the input of the LMD182UO H Bridge driver chips 

For this I)OiIrd the H-bridge mips are mounte~ on the ""der si~e. TI,is wa~ because 

the tabs ollhe H-bridue had to be in therm~1 contact with the ,",derIYlng ~Iumirtium 

base, In this case, Insets were machined into the base ~uring manllfactllre, to allow 

lor ~ grealer heal tr~nsrer from the H-t::-ridge to th ~ bas~ . 

• -
FI(llIHl 3-40: BOTTDM ROA~~ (I lFT) AN~ H-B~I~G" RFCFSSF, (RTG HT ) 

LAV OUT 

Len H­
Bridge 

Right H­
Bridge 

•• 1!.U't .' 

1j;:J 
.~ 

Opto­
Isolators 
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Sey~roi r~Yi~ions were made during th~ course of th~ project. The LMD1~100 Motor 

Driver Chips haw ~n integrated thetm~1 protection circuit, which me~nt that once 

the C~ 'IP'~ temper~ture eHeeds l~!lT, th~ outputs ~re 110 longer drivell. 

Cooling was therefo.-e Yit~l, and as ~LJch mounting on the underlying ~Iuminium 

b~se was critical. This I~d to the Initial (overly optimistic) d~sign ", <>hown below: 

Fl(,UKl 3 -41: IN1! LAl 5GAKO 

The in itia l ~esign ~llowe~ lor e;lCh motor,MiYer C~'IP to i)e ~LJnk in'o the aluminium 

bosc, ~ffording ~xcell~nt thermal CDnt~ct to the aluminium. Ultimately it proy~d to 

l)e unwork~i)le, i'S it require~ e;lCh le"d oft~e 11 pin H bridge to ~e muted by 

means of ~ wir~ onto the ooMd itself. This Il"d to on oY~rwhclm",g number of 

connections "s c"n i)e seen f·-om t~e extreme right panel 01 Figure 3-42 (~ul)bed 

unKindly "th~ Porcupine" by sOme bystand~rs). 

As 0 r~sult of this, the design was r~Yis~d to incorpor~te th~ chips in all invelt~d 

position on the $01~er-si~e of the I:>o~r~, w~ich is not unu~LJ~1 but c"n le~d to some 

soldering difficult ies. 

--
F1C;CJRL 343: TliLKMAl l'-DI 

Shown in Figu re 3 - 4 3 ~iJOve '1$ ~ t~erm~1 plot of the he"t tlow t~foLJgh the bo~·-d 

CI~Mly Yi,.bl~ On the nght-h~nd plot are the hlglHntenslty M~~S corr~sporJ(ling to 

t~e H-i)ri~ge he~t tabs. T~e use of Finite Element Analy~1S softw~fe in thi~ w~y 

allow~d for 0 ViSu~IISOtIOIl of th~ COOI'llg copoclty of the ,jiffer~nt aluminium base 

~esigns. In this ~n~lysis, the i)ILJe region correspon~s to the aml)ient temperatu·-e 

(as~umed to be 2~'C) with the yellow sections corr~spollding to the thermo I 

mOXlmums of the H-Bridg~s (I.e. 158'C). 
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CENTRE BOAR O 

F";U"F ]-44' CE~TRE BOI,RD ("EfT) I,NO GPS WTERfACE (RIGHT) 

InterfaCing wrth the uBlox" GPS mooule W~5 the primary requirEment for tile 

second (centre) board. 

Due to the stacking proce-dure o~ the PC/104, both sffial ports h~d to be ""eeifreed 

(j,~. therr dedrcated I nterrlr~t Req uests or I RQ's were requ'rred by tl1e oth.,..­

boards), and sc therd'ore ~ USB,to 5erial converter was int",)rated in to the system 

(visible rn Figure 3-44). A USB · ta -TIL converter would Il~ye been more 

approprr~te, ~s the l09 ic level5 uNJergoes a Sl1ift from USB to RS737 to serial; 

howev"," a USB-to-sfnal convfrter was eas'rcr to obt~in. 

This reqlrir!"C1 the uSe of ~ leyel shifter, ~5 RS232 voltages operate from -.1V to - 15V 

(logic 'higI1") a~d 3V to 15V (logic "low"), TIL ami CMOS lO<]ic rcqlrires OV to 5V, 

ami So a MAX232 tr~~sccryer chip W~5 used, The MA::<'7.D is a full-duplex Cllip, 

~llowing concurrent transmission and rece~tion, 

LAYOUT 

Left Isolator 
GPS Inter1ace 

Right Isolator 

FIGURE 3-45, CENTRE BOARD 

Tile unusual gC'Jmetry of the boord is due to the design methodology usE>d. As tl1 e 

b~5e bo~rd W~5 of primary concern to t11~ motio~ capabilitie-s of the mbot, th ~ 
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cefitre boMd w~s designerl to ~llow access to all the Molex" mnnectors of the low~r 

board, 

Design 01 tile boards w~s ~n ,ter~tive cycle bctwe~n Pre/ENGINEER. and Eagle CAD, 

A beard e~tlll)c w~s generated In Pro/ENGINE[R and e)(j)orterl ~s ~ .dxtl,le. This 

w~s co'werted (~y mear;S of ~ so ipt ge:ler~torl i:ltv d sketch vr; tile dlme.1Sl01l 

13yer of Ed<J le's Beard editor, 

o _ •• ~ 

. ~-;; 
.~- .. " . 
. ,.'It' 1 
t,.",'i'. 

' .. ' 

FlGURl 3 · 46 Pft.RT -,. .DXf'-". BR D-". TI f -,. ftSS[~ BLY 

All vi the requlfed tracks ~nd pill placemefits were j)ertormerl, t~klng c~re not to 

vlo l ~te tlw r Nlnwter or- tile bOdrd. From the boaru eciltvr, ~ .til file was eKpvrtcd 

shvwi ~g ~ II the com pc.1C.1t placeme.1ts, 1 he ,tlf fi le ,·,~s Imrerted I)~(~ Into 

ProiENGTNEER, 3r;d co:lverteu Into 3 texture, Tilis textltrc was then m~ppe<:J vnte 

the ·1.lit·I~l l y generated boMd design, ,nrl then r or ulated "IIth 3D models of tlw 

CemPO:1C:l ts, 

DeSign ill this method w~s semet imes laoorlous, hewe~e r It enSLJrerl th~t there were 

~ m inimLJm 01' interlerences when the module wdS dssernb led. Proviswn ceuld alsv 

be rndUe fvr the minimum be.1d-radii of al l the wire ce~n..ctOl's, ensuring that thick 

wi res would net rrevent the LJnlt bein,. assembled. 

DIffERENTIAL GLOBAL POSITIONING SYST~M (DGPS) CARD 

111 OI'der to obt~ir. ~ccur~te DGPS d~t~, ~ tr~nsro tt~l)le PC/l04 node wdS rlevelopeu 

as 3 ueuin ted GPS-strcdrn ir;g servcr. This lightwelgllt ullit's svle IU.1ctie~ was the 

stre~ll1ing of GPS d~t3 I)~ck to the rna in server in oruer to calcul3te DGPS d313. A 

f~1I explandtloll vi the system architccture C~.1 be lound i.1 the Communication, 

Navigation & Control <-ection Shown overleM in Figure 3-47 15 tile :>Odrd ds 

deSlg.1cu in E~g l c CAD, 
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o o 

fl • o o 

,:..,:X;..j." 

i 6': "":r,:;::: ~ ' 

o '11m;;llllpri - .; iM 6~ 

]] 
o 

o 

Serial Port 0 

uBiox Header 

o 
MAX2J2 

leve l shifter 

o 
FIGU"E 3-47, DGPS BOAPD 

rhe boord W~5 de5lgned to be stackable on a s\",xiard Pc/l04 bu s. Ti,e uBlo, GPS 

unit us~J in tile rr(>j~(\ l'i1S two s~ri~1 OlJtputs, JI"Id these Me ~[mlnlll(){jated on the 

hoard by me~ns of two DB'! """ . 1 hCuder5, vl5,ble in Figure 3-47. 

B OA RO M ANU FACTU RE & A SSEMBLY 

F"lJnc"ting OOMUS lI>eU to be ~rl in\~nsive proc~ss, both r,n;,,)(i~lly "nJ with 

respect to time. As the EM requ,,-E>d eXucting sh"pes "nclldyouts In order \0 ~ "ble 

l(} int~grJte Will, tile rest of th~ rahat, It WJS decidecl to JUempt to f~l:>ric~te the 

boards on the Departments Hercus CNC ]-Ax15 Mill. 

D()ClJm~ntation on the mill ,tates the accur~[y or the slides to he ()J)lmm. Th" 

corresponds to 0 baard accuracy of approximdtely 3mils (not to be confused, ~s tile 

~uthor initi~lIy w~" witl, th~ mdric 'I~ng for millimetre', 1 mil in 110M~ lal,rieotion 

porlonee is 111000'· of an inch.) 

On c(}nsult~tion with CJcI'llOP, ~ Prdori~ 11~se~ CNC I)(lM~ milling sreeiol"t, a 

variety of milling tools were purchosed. The width of the tools ranged from O.4,n,n 

(15 mils) to O.7mm (27 ,nils). Th~ tools shipped w~r~ I(}ng s~r'les, ~nd it w~s 

olwious that same 50rt 01 tool adaptor would have to be constructed to prevent 

tools fdlling repedtedly at the neck. 
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nUJ-il J 48: TOOL SUPPOK~ Arm ADAPTOK 

Thi~ rneaflL Lhi1t Lhe minimlJm sparing (track/track, track/vi", etc) was 27 nliis. A 

set 01 design rtlles was constructed in EO(JI~ CAD to e"sure LhaL lhis was not 

violi<ted. However, 77mil spacing meant thet tracks could not be routed between JC 

Icads. ThiS, "' cor'lunction wIth the f"CL Lhat only a single-s idecl ho",d could be 

labricated with any accuracy, gave rise to a crowded first board. 

FIGURE 3-49: BOARr MANUFACTURF: TF~TJNC; 

Shown in Figure 3-49 orc the ""tl~1 tcstlnq steps that wcre performed to see if ilL­

house board fabrication w"s possible An end-mil l sharpened to a cone was the 

initial test-too l and as can be secn from the centre photoqr"ph tile tracks ("ILhough 

very bllrred) Can be e"sil y discerned 

FT(;LJR F J- 50' BOAR" MA ~ LJI AU lJKl: PKODUCTION 

In ordcr to ensu re that the Ix>ard was completely I lat when machined (as the bl~nk 

PCB Ilad a tendency to curl) a base plote wos wound, then drilled On tllc CNC and 

topped. This ollowed for Lhe board LO be lasLenecl by no less than twenty-six 3mm 

boiLS, elLsuring the board was unilormly flat. 
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ASSEMBLV 

f'IGURE 3-51' ASSE'·I~U~ br;"r;', t;(JA~" 

Figure 3-51 shows tile end resLJlt of ti"le manLJfacture, with the comronents 

so ldered in and the H-Bridge, on tile solder side re~dy for Incorporation Into thf' 

f' 1e<:tronics module. 

Nearing tile end r;f the project, it became possible to use the Depar\~1en\ of 

Electric~1 Engineering's LPK~ PCB Nliling Machlnf', All boards after the initial drive 

board were then manufilctLJred on the LPKF, ""owing for tigl,ter toler~nces, in the 

order of 10mi ls, 

In Figure 3 - 52 thf' b~5f' ~nd bottom board of the EM ~ssembly can be seen, ~s 

comparee] to t.he in'lti~1 bo ~rd. On th" right of Figu~e 3-52 the board is being 

installed into the dedicated electron ics bay of the ro bot . 

FTGURE 3- 52, BOARD ASSEMBLED (LEFT) AND I ~ STALLED I ~ ROBOT (RIG~T) 
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4. COMMUNICATION, NAVIGATION & CONTROL 

4 . 1 Embedded Computing 

Centr~1 rontrol an~ mmmllnlc~tlon tor the robot pi~tform w~s ~[hievcd with use of ~n 

embedded PC! 104 stack, Tile PC! 104 format is a partlnJI~r computing st~nd~r~ th~t 

pr~,mate, st~~king - th~t is, various modules c~n be st~ckC'd progress;vcly onto e~c h 

other addlnq capabilities to ti,e base molherooard, and is very COmmOn in Automated 

T el ler Machine's (ATM ',) and ollwr 11igh inten,"ve emtJi'dded appli[~tions, 

F" .;uol· 4-1: THf f'C!104 "SlACK" (mNmKl~ ) 

Shown abOve is a Pro!ENGTNEER rendering 01 the PC!l04 stMk Tile st~~k itselr is ~ 

mixture 01 RTD Embedded Technolog ies Digital I/O boards, and Advan t ech 

conventional PC!I04 and PC!l04-Plus OOmlXlnent' 

HARDWARE DESC RI PTION 

As ment ioned previoclsJy, the PC!I04 arclilte(tllre is very modular andll,ed for a 

variety or em l;.ed~ed t~ sks wlwre robu,tne,s ~n~ ,ize is imp:>rtant. Amongst ather 

things, f'C/101's can be :ound in vend,nq mach ines, medical inslrumen\s and 

indu'tri~1 rontrol 'y,tems. The system [j,,,,j ill this c~s.e is also PC/101 -Pfu5 

compatible, meaninq both lSA and PCl buses are available. 

Mor~ information onlhe architecture can be found at the PC!10~ Embedded 

Consortium's website, [29] 
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PCM-3370 & POWER SUPPLY 

Fie;!)"" 4-2: A~vANnCH PCM3370 

Eac~ PC/104 unit is commonly referred to as a "stack", Ead) st~ck must have a 

motherboard ~nd Central Processing U nit ( CPU), which together 15 commonly 

referred to as ~ Single-Boarrl Computer (SBC). ThIs SBe was~" Advantcci1 PCM-

3370, running ~n Ul tr~ Low Volt~ge (ULV) Celeronr , 6S0 processo", with 

512Megabytcs of RAM. The board ~ccor!lrnOddtcd both PCjl04 and PC/104-l'iu5 

connectors, ~llowing the ad~ition of tile Re~1 T ime Devices (RTDl data aCQuisition 

boards ~rld the USB and PCMCIA exp~nslon bo~rds, In its factor), configuration, 

tile PCM-3370 ~a~ 3 free interrupts aVdil~lJle for peripheral deVices, however the 

BaSIC I nput- Output System (BIOS) allowed for pe"pher~ls (5uch as the on hoard 

USB, 5eria l ports, Etllernet port and won) to be (lisableJ, free'lng up reSOUrOo5. 

Tile PCM-3370 was ~ power-hungry unit, requIring two 1l,lVolt Lithium-loll 

b~tte,-,e5 configured in para ll el In order to provide SLJfficient power to tile unit. Tn 

the c~ses where the battcry voltage started to drop (and were not capable of 

providing 3 Amps peak current) the u[lit would exhibit erratic boot lJehaviour, 

A 50W PCM-P50 power supply regulated the power from t~e b~tterie5 and provide~ 

+llV, +5V, groun", -SV ~nd -12V supplies, Unfortunately, the power supply did not 

have ~ through he<Kler lor the PC/104 l'iu5 bus, Wllich reqLJire~ the stack to he 

a5semhled in a cert~in or(ler 
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DM6420 

fIGUR E 4-3. RTD DM6420 

Real T ime Dev c~s (RTD) ar~ manufacturers or a Idr'le variety of "corn puler 

module, dna syslems (or Tndllstria l and Aemsr.ac~ Appl ications' [301 . In palt lcular 

they develo r. a large number of I nput/O utput ( IO) device, in the PC/104 (o rm 

factor. One of tlrese oodrds tl1~t the Der.~rtment j)()55~55~d was a D~HA20 D~t~ 

Acq u isitlon bo~rd, with 8 d,ff crentidl (1 '" si nq Ie-ended) an~ log lie in put cl1annel s. ~ 

12 bit ArM l ogue - to- D igit~ 1 Conwrt er (ADC) and a host of t imer> dnd counter>, dll 

usdlJl fOl" sensol" monotorlng dflJ Sdmpl inrj. 

DM6816 

F OG lWl4-4: RTD DM6816 

Also deve loped by RTD is tile N1fi8tfi, wlliel1 is a Puls~ Wi dtl1 Modut~tor ( PWM ) 

and Digital I/O txlard. Th~ Dn6816 has 8 dedicated 8-b lt PWM chdnnels dna 8 

dir.j itdl I/O ports, mdkinr.j it very useful tor controlling motors. 
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PCMCIA EX~"-N5ION BO"-RD 

F'GURF 4-5: AnvAN TECH PCMCIA EXPM5ION eARn 

Wireless networking c3pacity was prOyided iJy the P'CMCIA expM15ion boMd, whicl1 

had two slots for Type lill/Ill or Card Bus cards. In the c~se of eRobot, ~n 802.11g 

WiFi card was used. In conjunction with the booster 3erial, the cNd had a r3led 

work ing rangc of Hm. ThIS was yery optimIStic, however as the network bec~me 

unstaole (excessive numloers or dropped p3ckets) oyer 750 metres. 

IEE1394 FIREWIRE@/USB2.0Exp"-NSlONBo"-RD 

FIGURe 4-6: FIREWIRE" jUSB 2.0 EXPANSION BOARD 

Asthe P'CM 3370 mothcrboard Dnly had two USB 1.1 connection" an ~dd on 

expander board was lJsed te) prcwide 3 FIr",WIr"," potts and two USB 7 0 p,,,ts 

Howcycr, thc usb-uhci <lnd usb-ohci Linux drivcrs would not allow periphcr<ll 

access te) both the on-board and the expans iof1 board p:)rts. TherefDre the low­

speed native USB t.t ports were sacrificed f,,,the add-on USB-l 0 ports. 
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OPERATING SYSTEMS 

ERoBOT' 

Re<:1Hat l.inux was cllOsen as ttle operating syskrn 

for the rohot. This choice was rnade f~irly early on in 

thc devdoprn~nt cycle, for a nurnb~r of rcasolls . 

Firstly. It was ob""rv~d that th~ loading ~nd 

unloading of drivers in Windows'; 2000 was 

sorndlfncs crratic. ThiS rn~y h~v~ iJc~n due to thc 

way the device drivers were loade<:1 (i.e only when 

calls w~rc m.lde to t l,c devicc driver). Also, nodcs 011 

; ,;"''';'"'' network Ilad a n~sty habit of displacing other nodes at random tirnes 

( ~ I thougll in rctrospect this may hav~ been du~ to thc ad-hoc architccture of the 

network). 

Se<:ondly, from the documentation on th e two Digital I/O bwrds, RedH.lt Linux 9.0 

(Shrike) w~s tile most recent open source plattorm tor Wllich developmellt had 

been done, AS rnost or tile chipsets t hat were being used were cornrnon to standard 

PC's, compatibility fo r H,e rest ot the rc/l0~ components was not all Issue, 

Although opcn-s.ource RedHat Ilas iJeen discontinu~d (and h.ls I)~~n r~ -n.lrncd 

Fedora) RedHat 9.0 was sti ll supported as a legacy build at UCT's L ,nLJ)( En thus iast's 

Group (LEG) websitc III I , 

SERVER CL USTER: 

. j ubuntu Uhlwtu is a Dehi~n-has.ed Linux 

distribution that is rapidly becornl(lg one of 

the most popula r fl~vours of LI!lUX, Ubuntu w~s cllOsen for tll~ servers ~s it is 

relalively easy to Install and configure (compared LO other rnore powerfuliJut 

complex vers;ors such as Slackware), Ubuntu Ilas a v~ry user-trielldly package 

rn ~ nag~r known as apt, and this in conjunction with an Ubuntu rn'"ror 110sted at tile 

UCT LEG wehsite greatly s;mplitied tile irstallatlon al-·d configuration of sottware 

packagcs, 

DGPS NODE: 

TIle DGPS nocle was a mlnimal,st PC!lU~ 

st.lck Wittl Windows" 2000 as the 

Operating System (OS). Us.e of tile 

Windows'" 05 allowed access to a gre~ter 

number ot binaries (execut~b le tiles) 

developed for GPS appliC.ltions than 
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would othcrwisQ hilve becn possible with il unLJ" ooly architecture, In addItion the 

incorporation of ~ Windows maO,',ne shows tile cOrllpotibi lity of the systern for a 

Vilrletv 01 operating svstems. 

SOFTWARE 

Use of existi"~! pro,)r"ms ""U code "1Iow, lor ~ quicker developmellt-test cvcle thiln 

WOLJld 1;><> poss1b le iI' eooe was to be develoPKl indf'pf'ndf'nt1y ror every element of 

f II ndlonal itv, 

".­
Gpstr"nve 

.' 
FIGURE 4-7, SOFTWARE, GPSC, GpSlJ~IIiE AND APACHE 

11. , ,uGh, open-source s.oftw~re wos utilised as much as was Ico51ble to develop the 

system. An ovaview of some oI'\l1 ~ most (",rtinent sc)/tware us~d is out l in&l helow, 

GPSO 

gpsd is an opf'n source daemon that is c"p"hle 01 monitoting sever,,1 GPS 

dev ice, 011 d sv,tem and mokmq the d"t" av",lilt>e on lCP port 2947 [:32] . 

TillS en "hied tl1e GPS diltil from the rohot to I'lf' made availah le on the LAN, 

GpSDRIVE 

GpsDrive is a "car ( I~ke, ship, and plane) navigation system)"' r331 . GpsDrive 

IS ~ unux opplicatlon that ~llows the plottillg 01 0 NMEA-compotible receiver 

on a sealea l)le rnap, however rllOSt importantly for the proj~et it sto'""S this 

data in on eXtensib le Mark up Language d"tob"se (XML) file, moking the 

dilta avai lahle for p05\ processing , GpsDrive rnakes uSe of Gpsd to acceSS GPS 

dev ices, 

Ap"'CH~ 

Apache is iln ~stab l ish&l op~n-SOLJrCR web-",.rv~r developed "t the Apacl1e 

Softwore Foundotion . Ap~che is all easy·to-use, highly conligurob le web 

server ti1at supv;rts Perl, PythOll, Tel and PHP scripting r341 . 

SI10wn in Figure 4 - 8 overl~~r is a scre~lls l lot of the wehsi\~ dewloped for tile 

robot (~Iull mirror of the website is "v" , I~ble on the "ccompanyillg DVD). 

Development 01 the webSite prov'lded the author w itl1 e"perience in various ",..)eets 

of Web d~sign, illClud lllg Cascadillg Styl~ S II~ets (CSS) fOl' a rllore ae5\hetlcally 

ple"smg site an~ Pen Common G"tewilY I nterface (CGI) scripting for dynamic 

w~bSlte con t~llt, 
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AS on" of tlw initiol hopp, for the system 1'0'" that users would be "blp to view the 

robot d"t" over the web in cedl-t',me, th ~ implementation of d web server dnd d 

MySQL (latalKlse on th~ vehirl~ m"ant tllal tlw I"ad tim" to dev,,"op a flJlly fle(lge(l 

system thdt would mdke til is poss;t>e IS signlficd"tly redu=l. 

-.-~ 

FI GURE 4-8: WEBSITE RUrmmG ON ERo BOT 

IMAGE ACQUISITION 

FIGUJ(E 4-9: SCR EENSHUT: X~WTV 

Storing im"ges from tile FireWire ("mer" would be essential ", order to correlate 

til<, co-or(linate (1010 from the IXls<tioning syc,tem WltI, tile dato oblaini'd from Ilw 

eamffo in e,rd..,- to bui ld" complete pictllre 01 the ship hull Xawlv Is"n open­

SourCe proQrMll tilat allows imaQe captlJre from welxam devices 
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4.2 Wireless Communications 

~1ost of the common LinlJx variants have a pack"']e m~n"']~r utility th~t eMbles the 

Inst~ll"tioro ~nd upgrad",g of p"ck~ges and binaries. Without the pack~ge m~n3ger, 

installation of Illodul..,; i:><'comes 3 nightm~r .. of m"nu~1 ct..penct..ncy seMches. 

In order to allow the robot to download and instal l required packages, ~ LAN w~s 

set up ~s shown below: 

• 

Server 

Laptop 

/ .......L.J Wireless 
~ Access Point 

" Clienl node 
(PC/1 04) 

FleLJ'" 4-10' LAN 

In this LAN MctHtectUI"f', the server is free to ac(:<'ss the int .. mer RLJnning on the 

se rver is the Fi re ~tarter daemon, whIch is an open-50llrce firewall package for 

LifIUX. The server tilen 5hares its network connection over tile wirel .. ss network with 

the LAN clients, which inciLlde the robot ~nd ~ I~ptop 

One of tiH' m.jor advantages of this setup i5 th~r the server ~cts ~s ~ gatew~y 

betweero the LAN client5 and the internet, ensuring that m~licjOlls n .. twork tr~ffic is 

fi lt",ed OLJt In ~dditi(}ll, ~ny number of cli"nts m~ybl' ~dded to the LAN without 

excessive IT ~dmini5tr"tion i5sues. Of COllr5e with the a(kJition of a client tllat 

wishes to access the internet, internet bandwidth for the rem~ining clients is 

reduced. 

This network typ", known ilS il Managed l1etwork (as opposed to the point-to-point 

or Ad- hoc roetwork, used If' ti,e 1" generation prototype) exhi bited Sll bst~nti ally 

better client perform3nce in terms of link uptime. PrevIOusly, it w~s not urocommon 

for the robot to lose the network connection with the laptop several times ~n hour. 

In an industry setting this loss would be lIn~ccept3bl .. , .Ild wOLlld h~ve potentially 
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for-reochlng corosequences it the vehicle was ope'-ilting In a space thilt was dLfficult 

to m"nLLally ilccess. 

This basic setup, OIKe tested Mnd se"n to be viob lf>, w~, modlflcd to Implement a 

redundilnt doto stor~gc nocic, as well oS the DGPS node. 

Gateway 

• 
Router / _. 4i-

" Backup Server 

F,GUOE 4-11: FUI I LAN A""'H IE C IE"" 

Laptop 

DGPS 
node 

Robot 
client 

Th" milin ""rver mounteu the backup-server's uisks across" Network Fi ie System 

(NFS). Ddtd stor~d on the main se,ver WilS then wnttcn to the nctwork uisks cvery 

b hours (thcrc were fOllr file systerns) by c<on, a LinLLX SClledlJli"g daemon. 

METHODS & IMPl~Mu.lr"'T10N 

O"e at the milior 'ssucs with the Inltl~ 1 uCSl'ln waS the latency Or dead-time 

octwcen wl,en the uSCr "KJVCS the joystick, ond wl,en the contro l command 15 

irn plemented on tl"" platform, At times (In thc Winuow,""-· crwironfl1ent), tlli~ was 

In cxcess of 15 sccorlus. 

AS such, one of the ch"llcngc, of this revision wos to redLLce (0 ' it possible, 

eli", inate) the I"telley. One advantage of hum~n-gcner"ted control wrnrnnnds eLf', 
from a joystick) is that the control -"np l"mentiltion only has to bc faster tllan thc 

,-"actio" t ime, of the user. AS ,uch a reaction time for the rolJOt (i e. from when tile 

uscr inputs ~ "stop", to when tile rolJOt "ctually stops) must be under half ~ sccond. 

PROTOCOL SH~CTI0N 

In the f irst g"neration robot, M~tlab'" '" conjllnclion With a community-d"veloiJf'd 

tool called P-net, WilS used to [o"trol the robot. P-net worked by establishing a 

T ""'ll1ission Control Protocol (TCP) scssion betwee" a 1"'51 "nd di"nt nod". As 
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rTWrTt,one() previously, th,5 delay (runnlnq under Wlndows"'~ 2000) waS sometimes 

in the oroer of 15 seconds, and never exhil;.;ted better performance than 4 seconds. 

III or()~r to rL"(luc~ this del~y, the dL'Cis lOll W~S m~de to miqrate from hiqher-Ievel 

interpreteo languages (such as Matlal)) to a lower levellal1guage such as C++. In 

~dd'tlOn, d protocol sWitch was ma()~ from TCP to the Us~r Ddldqr~m Protocol 

(UDP) UDP is a connectionless protoc~, meaning tllere is no error check'II'g or 

hdndsh~kin!l between the host Md clients . 

.0" 
• .. .. 

TCP 0 •. -.. .. 
"" ,,,. 

" _.-
"""" 

",,'~ 

, 
• 

UDP " .. 

.. , 
,._ ........ , ,""._._.-

''''. 
c>-<,~"""' . 

• .. . 1> 

.e • 

"", . .. ......_' .. 

FIGURE 4-12' TCP V5 UDP 

•• 

~ .. " .... 

In Figure 4-12 ~bove, d comp~rls.on ofth~ p~[ket he<Klers IS mdde betwe~n the 

UDP ano TCP r351 r361 protocols, with the TCP Ileader at the top As can l)e seen 

from the head~rs, the TCP protocol requires a lot more data overhead p~r pack~t, 

requiring acknowleogement from the recipient to make sure tile connection is intact 

dnd data integrity will not be compromis~d. 

Conv~rsely, in the UDP packet, all that i5 r~quired is a destination <Kldress and port. 

This greatly SI)eeClS up the packet transmission speeo; 110wever it comes at the 

(p:Jt~ntial) ","crifice of data integri ty . 

However it shoulO be IlOtecl that the l:>OIential for ~ata loss (or ' clroppe~ pa,kets" as 

they Me referred to) is reduced in th is network, merely bL'C~U>.c of the smdll 

number or llodes constitutillq th~ clients ami the correspOllding mill'lmal amount of 

network traffic. As clients nodes are increased, clata inte<;)rity checks Will nave to be 

implement~d 011 all di~nL-si()~ ~pplicat iolls. 

COD~ DIAGRAM 

Shown in Figure 4-13 overleaf is a graphical interpretation of the control flowch~rt 

for th~ system. On the U5er side, dll operdtor mdk~s use of a joystick to seno 

commands across tile wireless network to the client (in tllis case eRobotj. 

, , 
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T 

User Side Client Side 

· ------1~~~~]__:=;;;=--{:'-;,~~·;':;-~j---t *:;~ 
Wireless 
Nelwork 

FIGU" F 4 - I 3, O~f"Ml CONT"Gl 

The client i~ rlOs!XX1siole for iriterpreti"~1 the 1Isec command and implementing t he 

JPP'Ol)riJtl' comnlJnds to th? drive units or sensors. Th " methodology \·I~S cIlosen 

as It required an absolute minimum of network traffic - ~ simpl" command of 

"forward" could be trJnSlllitted trom tl"., user side, with all the r,,~uired 

implementation (accessing the motor driver and turning both dr ive rnotor5 on) 

wou ld be iml~"m~nted by sottwar? on th~ el,""t 

Op~n-50urce wojects such as tile Joystick WrJllper LIiJrary l37J 'Hid PrdCticdl C++ 

SOCkCt5 l38] enabled the author to construct a system that ..... ~s very rcsPQn'i'vc to 

user input an,1 had reJction times in the or~H ot millise<Corl~s_ 

For d f1l11 code listing, ~Iedse see the dOC1lnlent«tion in the A~Dendices dntl t~le 

~ccompanying DVD, 

4.3 Global Positioning System (GPS) Locating 

Th~ Glol)al PO'iitioning Systcm (GPS) has been in wid?spr?ad cl~ilian U'ie 'ilnee th? 

rnld-nineties, dllowing tor rel~tively JccurJte positioning tor outdoor enUllISldsts, 

Howe~cr, It was only unti l the rcmo~~1 of Selcctl~c A ~~ilal)llity (SA) In L(}{)U that 

GPS l)eCdrTle on J('","rJte (l"Iitl1in the order of metres) nMigdt londl aid, 

orr,"ii1I'Y ~Ilown d~ Nayiqi1tioni11 SI~lni11 T imlllq a nd R''''~llnq GPS (NAVSTAR GPS), 

it i'i oPff~tHl loy the Unite~ StJt?'i Air Force 5U'" Sp~ce Wing an~ consISts ot)4 

SPdlC vehicle~ in rnecliurn-cdrth ortit in six orbit.,1 pldncs [39 J, 

Price and a~all~bil lty of GPS c~p~blc units in South Africa ha~e dccreascd and 

increascd r?'ipectively, with s<:veral resdlel''i in th? W?stern Cape ar?a ha~ing off 

the-shelf devel-J~nlent tOdrds redcly for Plird'd,e, For til is project the 10<.;;.,1 b""lcil 

of RF Design was used tor all GPS hardw~re requir?ments 
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F1GIJ"" 4 - 14. ANTMIS RCB-ll RECEIVER 

Shown in Figu~e 4-14 ilUOVC is the AfitMis ReB receiver used ;" the project. Thi~ 

model is spe(jfi~a l ly design<'d ror "mt>edded apeHic~tion~, requiring a standard 5V 

power SLJPply and providlllQ a host offcaturcs such as: 
-----CCC~,~-.,-."O'"c,cp,,""o'nc---------, F .. " turB 

Active Antenna Superv is ion Al lows for ~ Il term~ shut-down/start up 

for pow",r cOIlservation 

DGP5 Support Su pport fo r incoming Diff~ r~"t i~ 1 GPS 

diltil to fdci litate more ~ccLlrat€ 

positioning 

Hot/Wa rm/Col d ~tart Different switch-on methods; 

HOT: R~ccivcr has valid ~pll"rncris, 

dlm~"~c d"d tiln e, 3 .::;5 Time-to-First 

FlY (TTFF) 

Warm: Valid epl""meri~, v~l ld 

almarldC, not time, 5s TTFF 

Cold: Vand almandc, 34, TIFF 

NMEAjLJBlo ~ mcss~ge output Multipl e mC';Sdg~ output formats allow 

I ", (;(}mpill ibility w ith other 

5Oftwarc/hystems 

T~ ~-LE 2. UBLOX A~rMT5 f E ~TUR E 5 

DATA OUTPUT 

$ 

NAnONAl MARINe EL~CTRONICS ASSOCIATION (NMEA) DATA STRUCTURE 

I <Addre",, > I {,<value » *<che cksUlll.> I <CR><LF> 

TAl>LE 3: NMEA ·)~TA STRUCTURE 

Tile NMEA GPS spedli~al io" is one Of In", most widely LJsed throughout the 

world and is 5uppott",d by mo~t makes ~nd models of GPS units. A~ such it is 

useful for inter/ac irlg wi th commercially/pub licly ~vailable softwa'''' 
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T~e data consists of a starting $ sign, the addeess ent ry (Wllic~ describes 

whethee the packet is 0 poSJtional fix, sotcilitc data, et cctera) ,,,,d the 

corresporl<J ing value. Tile penulti%lte value is a checksum for tile packet, 

with <CR> <LF> always termin"ting the p"eket . A fLJ 11 descript ion of tile 

protocol G,n txc fourl<J orl the NMEA wcbs·te [40] . 

UBLOX D JI,TJI, STRIJCTIJR~ 

----- - -
Sy nch Sy n c h 

Class m L .. n q th l' a y l o ;o.d OK A OK , 
Chllr l Cha r 2 - -

TMl~ 4. UBLOX D~Tf·. sTRUCTURE 

LJBlox 11"Ve developed an il1-~ouse proprietary system for data display 1411 

The uBlox dC1ta structLJre ;s mOee ucswpbvc IIlori N~lEA 0183 steuctuee, 

110wever It is not widely recognised in the open-source community T~e first 

two clioractcrs Me tile sYrich d"""ctcrs IJ arlu B (s'grlifyirlg LJBlox), followed 

by t~e message class w~'lch deflres t~e basic message SLJbset and the TD Field 

which dcsceiOCS thc message payloou. The length defincs the SlZC of the 

payload, and tile 7-byte c~eckslJ'n rrovideS error-checking capal)ility. 

GPS: ACCUR JI,CY 

Depend;rI(j on the receivcr (not oil rTIC,kes arlu modcls are equal) a convcntional 

Gf'S signa l c"n be a-::curate to within sever"' metres. AltllOUgh tllis is signific"ntly 

octtee IIlan ori(jina l GPS accueac;es l>efore SA was turned off (typ;ca"y >70ml) ,t 

sti ll provides too much of 0 morgin 01 eeror for rel i"ble robot poSitioning. Sevcral 

techrliques are available for the reduction of GPO; error, some of Wllicll are described 

below: 

REAL TlM ~ KINEMATICS {RTK) CORRECTION 

By lar tile most advanced (and ~ence most difficult to ,mrlement) strategy, 

Reol Trrne Kl rlematlcs correct'on ;s boscd on thc usc of carriee pllase 

measurements 01 GPS s"tellite Signa ls. RTK finds "pplication in a variety of 

systems, but w ilen used in conjunction with GPS it is commonly referred to as 

( ",rie l' Phase Enhoncement GPS «(PGPS). A full explanation of thc 

mechaniCS or CPGf'S is beyond the scope of this tlleSiS, however it is suffice to 

s"y it requ ires sophisticoted statistIcal and an,,'ysl5 techniques with full 

access to the raw satellite signal. Howevee, access to satellite feeds ',S riot 

rrovided, so some other methocl of erro r correction had to be Implemented. 
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~s C~rrier-Ph~se Enh~nccmenl GPS (CPGPS). A full cxpl,mation of the 

mechanics of CPGPS is beyond the scope of this thesis, however it is suffice 

to ;~y it requires sophisticated stdf"ticdl dnd ~ndlysis techn'lques with full 

access to the TaW satellite signal. However, ~cCess to silte]lite feeds is not 

provided, so ;o",e other ",ethoo of error correction hild to be implemented. 

DIFFERENTIAL GLOBAL POSITIONING SYSTEM (DGPS) 

Dlfferetltl~1 GPS (DGPS) " ~ widely uc,ed technique thilt uses J corrected 

feed from iI well sur'leyed bJS<' st~tlon to prO'llde correctlonill 'lectors to GPS 

clietlts In the ~re~_ rhe principle fJctor behind DGPS is thilt the milJonty of 

GPS error is generMed by the ionosphere (the portion of eMth's JtmQ5phere 

reilchltlg upwMds from 85 kilometres). i1tld ~s the<;e errors Me USUJlly 

constiltlt for recel'lers wlthm the same iotlosphenc condItions, iI Iilrge portlotl 

of the error c~n be ellmln~ted_ 

Of Course "rro" generat"d from multi-pilth receptions (where the GPS signill 

renects off of 10c~1 structures i.e. trees, buildings, HC) Can not be accounted 

for, ilnd the correction data will not be ~ppl'lc~ble to thos" receiv",.., 

exp"riencitlg differing iotlospheric conditions. 

DGPS CORRECTION DATA 

eRobot 

Server 

-
Router 

.... .... 
I 

.. 
'" S3tell"es 

DGI'S 

NOde 

FIGURE 4-15: OGPS SETUP 

GPS correctior dilta requIre<; an accuriltely mJpped base-stJtion. 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 OGPS node and the rooot) are transported 

from location to location. As such, the method used for the positioning IS 

known as statistical DGPS. 

59 
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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 multiplied 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. 
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5. TESTING 

5.1 Mobility 

r for vi deos of the veh Id C In "ctIOO, p lea"" ""e the aceom Pil n VI n\l DVD.l 

fIGURE 5· 1 : TE~TING Of vE~ICLE ON A vERTiCAL FERRO· MAGNETiC ~OARD 

Shown in Figure 5-1 ~oove is the ' testin\l a re~N u~ed for the rooot. It cons isted of 

a con ventiona l d1a lkboard bo lted onto a 1'1"1 1. While this was probably not 

complctely rep resent~tive of a re"l l ife environment. such ~~ ~ section of ship hull, 

it did provide tax ing condi t ions for the robot. 

FIrstly. tile tlll ck ness of t il e board W"S In tile order of 1 2 mlil imetres. rh ls ",edllS 

tllal tile magnetic nux channe ll ed into the board from tile magnets was reduced. 

providing les~ adherence c"p~billty tor the rooot. Ship hulls (in good condition) are 

orders of magni tude t!licker, and thu5 wi II afford rnore adllerence capabil,ty. 

Second ly. SUrfilCe of the chdl k lJodrd W<lS coated with an a'l'lre9"te of chalk and 

oil/grease Thi~ rrovided a low triction surtace whicll sorely tested the tr"ction 

characteristics of tile drivc w lleels. 

V ERTICAL ASCEN T 

II lthough the cha~~is of the robot is r~atively ligllt (6 kg's inclu~ive of the C~t), the 

weight of the drive units (includinq wheels) incrcilsed ti,e wei gill to over 8 kg·s. 

This we ig llt at cour~e hod a detrimellta l effect on the robot.'s vertical speed. Despite 

this, it man"ged to successfully navigate the entire periphery of the l)(lard. 

HORIZONTA~ TRAVE~ 

When not requirinq " direct ve tt ic~ 1 "scent, the robot pe tiormed "dequately. 

trave ll ing horizonta ll y (bO til backwards and forwards) with a minirnurn of difficulty. 

This tlode~ well for its oper~tlon in the t ield, a~ mo~t scannin\l would be done in the 

11Orilc,,'tal plane, with vertical ascents only being pctiorrned at the terrninal 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 fEED 

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. Howeverl 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 quicklYI and therefore full testing of the platform's operational capabilities 

was not possible. 
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6.. CONCLUSIONS 8t 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, J.R., 2003, "First Man: The Ufe 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 recoml!1endations 

are made for future development work on the vehicle. 

MeCHANICAL DESIGN 

Design of the robot in a modular fashion allowed 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 

req u i red speed. 

Recommendation: 

Aluminium Chassis 

Use of an aluminium skeleton would reduce the weight of the robot considerably. 

HOPE 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/l04 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. 

63 
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H the robot IS to be imp l emente~ in an In~ustrial S€ttlng ,<5 is, the excessive 

computing power of the eM would not be requir8:J, 

Recommendation 

Replacement of PC/I04 

M[){iern rn ivoprocessors SUcil as t he AR'1'l (used in handhelds dwl GPS unils by 

PAL~I" ~ Il d Gar m"," r,,~pcct l vely) can SJPIXJrt" multitude of pc"phcr"l~ includ ing 

network ing, BI'. Jetootll ~ n d higll Sl)€e~ qta-tr~"Smi%ion protocols sucll ~s USB 2,0. 

Rep l "cem~nt of the f'Ci10~ wltll d d~d l c"ted mlcrocontrollcr such as the AR~''J wou ld 

re~uce th e space, weigl1t and IXlwer reqLJi remefits or tile eM 

NAVIGUION 

U", of t he II~two.ked GPS system 5how~d tll~ fed, ibility of U5lllg d \'i'releS5 LAN to 

disseminate [Xlslt ioning information amongst nodes or clients. GP5 is ~n exce llent 

outdoo. fI"vlgdtiondl tool, dn(l with further ,-ef i fl~rTlent in its irTlplem~"tdt i o" dS ~ 

navi gat iona l ~ i d would be ~ usefu l sy stem for ~ccu rate IXlsitroning 01 the robot(s), 

though use of tll~ systern ill d '~5trict~d or "Urbdll-CdflYOfl" env"orHn~flt sllou ld be 

avoided as severe ~Ignal degradation occurs. 

Recommendation 

Alternative Urban-Canyon Navigational Aid 

F'GUR[ 6-1 ' ANTA"" 5 lH'["5rNsr'" ~ArA IN A Sfl()"I' I ~(; MAc I 

Use of the st,,,,d"rd u Blox AntMis GPS w"s not fed,ob le for dC[U ,-"te n~vig~t l on in a 

sky-,e~tri cted env iro n ment such a~ a sh ip dry-dock. Nearing tile end of the proj ect, 

uBlox r~ l e~s~(I d ,,~w vers' on of the Ant"'"s line, tl l ~ A nt~ri5 4 SuperSense" Indoor 

GP5 The website describes the Ul1 it as providmg ' 

• ,.ultra low power consvmption, providing reliable indoor cover-age for any GPS­

endowed application, be it a handheld device or other. H r 42] 
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Replacing the Antari~ wllillhe A"l"ri~ 4 SuperSen , c ~' \'>'Ould illluw ll1e vehicle lo re~o 

ilccurate positioning informiltiOIl, whil~t IlOt reqLJirillg 'lily ll"'1<)jitiGlt,on to the existing 

LAN arellitc<;ture, 

As GPS IS not well sUltcd for precIsion ~Itltude measuremellt, a redundallt altitude 

recording sY~tern (""eIl a~ an ultrasonic pulse-echo ~ystCrll thal use~ Time-of-FI'qllt 

colculatlons to determine he'ght obovc the ()round) should be implemented, 

DATA STR~A"'ING 

Use of the Quic~C~m sJ,owcd that the ideil 01 ViS(Jill inspection wilS rossil)le (wlliell 

wa~ expected), bllt ,t also showed \lldt d redesi'!n WQlild be required if inuustry­

stanrlard pictlJre~ are to be obtained 

Recommendation 

Software Upgrade 

Upgrad'n,! tile ent"e system to" currently supported Linux vers'on would allow tile 

r'reWore bus to be fully LJtillsed To improve tlw imoge ljLJilllty, super brlgllt LED's 

shoulrl be embedded around the peripl,ery of the can"'r~ to ensure ~dequate l'gl1tinq 

Dedicated Streaming System 

SWltchln{) to a ded'cated stream'I'" protocol such ilS the Re~1 Time Stre~minq Protoc 

would taclllt~te tile streilming of real-till"!<' video over the networ~ Tllis would illlow, 

operator to view tile inspection surfoce as the robot is 'n motion. 

Th's would n",an the vehide would only hove to stop to Inspect sutioces that the 

0reriltor considered to be ~u~peet, ~I"leeding ur the in~pection rroces~ 
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I/O - Input/Output 

LAN - Local Area Network 

NDE - Non Destructive Evaluation 

NMEA - National Marine Electronics Association 

PCB - Printed Circuit Board 

PCI - Peripheral Component Interconnect 

PCMCIA - Personal Computer Memory Card International Association 

PSU - Power Supply Unit 

PWM - Pulse Width Modulation 

TU - Tail Unit 

XML - eXtensible Mark-up Language 
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SUMMARY 
----_._ . 

ThIS Appendix forms part of the eRobot project ~t the University of Cape Town. 

fiGURE CAll: ERoBOT TRAVELLING O~ A VERTICAL WAlL 

This literature reView serves to present the reader with a cross-sectian of the state of the 

art of mbDtic il"lSpection . A h~sic DYer-vIew 01 t~e various met~Dds 01 rox.t IDComDtiDn is 

presented, In addition to a review of current N on D estructive Evaluation (NDE) 

techniques current ly used in remote inspect ion. 

A vanety 01 cammercial ly availab le raoots and research pr8jects are then presented, with 

a briel overview 01 pertinent or interesting features 01 eac~ design. Tile penultimate 

sectian presents Same afthe current and pend in(j patents relatlnq to the field of roootlC 

inspect iDn, with the l ina l section CDnsisting of CDnclusions d rawn IrDm tile review. 
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1. INTRODUCTION 

TillS Apl'>enlii)( provides in~ight into tlw current trends Involving robotics and automation 

In the field of N on-Destruc'tive Evaluation (N OE), NDE has been steildily evolving since 

tl", nineteen fort ies r11 , and combined w ith the rapid growth on robotic5 11as provided tl1e 

means for ~ccurate, fast inspection systems 

A summdfY and des<-1"iption of SOrne of the mOre widespread systems are presented he",. 

Robots involved in inspect,on employ ~ van"ty of methods for both locomotion and 

adhesion, a brief outline of which is also d',scussed, Some rohot platforms were included 

tl1.t were oot invo lved in NDE or ~ny type of inspection, but possessed desirable design 

attributes. 

1.1 Plan of Development 

In order to provide the reader Vilti1 some hasic robonc background, an overview Of the 

common mcthods of robot locomotion is discussed, including thc drive sY5tems of 

basic kgg~d and wheeled ronots, Following tllis is an ov~rview of the most popular 

method5 01 .dllering robots to structurc5, and ~ brief b.ckground on the NDE methods 

that current robots ~mploy, 

In th~ suhsequpnt section is a detailed br~akdown of a large cro55-s~ction of ti>e 

currently available NDE and inspooct;on robots, The penultimate section gives details on 

Cllrr~ntly av.il~hlc patents conc~rning robots, inspection and NDE, This .ppendix 

closes with concluding remar~s aoout the pcnlnent aspects gained frorn the reView, 

1.2 Limitations and Scope 

Th~ scope of this Literature R~vlew ',s IlmltK! to those ronotlC platforms that ar~ 

involvffi witl1 NDE and general purpose inspcction. Tlli5 Appendix must not be 

consid~red a ddinitlv~ revl~w of all of the clJrrently available insp~ctlon robots. It 

nlerely presents a cross-sKtion of wh.t is Cllrr~lltly av.ilahle, In .dditioll, only a few 

of th~ morc common NDE mcthods pertaln',ng to robots and automation hav~ been 

hriefly presented; ~n e)(h~u5tive r~view on NDE metl10Gs was not conducted. 

Some literdture p~rlaining to rohotic platforms that ~re not involvK! wittl inspection 

has been includej with the intcntion of broadening the dcsign horizon, 

,,, it ,'.-, 
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2. COMMONLY USED METHODS OF 
ROBOTIC LOCOMOTION 

2.1 Tracked or Wheeled Robots 

Whee ls ~Ild track, are the easiest methocl 01 IQComotion to implem ent on a mi)ot 

whether it must lrdvel horilOntdliy, Or IS required to trdverse "fl ,nclineu (or vertic"l) 

5UrfilC~. 

FIGU,E 2-1. W1EELE~ 'WBO~S 

Figure 2-1 ~1)Gve shows" ~ariety 01 rohots, Irom n",· famous ~1ars Sojourner (l ett) l2J 

to the rnilitdry explorer robot i"lnl-Andros II r3], and th~ Depaltment of Energy's 

"milli- rooot" ( r ight) l~J, Ascan he 5e~Il, wheeled rol)-~t5 are fOLJnd in div~rse 

apl'l;c ~ti o"s from explonnQ Mars, to transport".g hdldrciolls ,,,,,t,,,;,,15 ,,,,J miniature 

exp lGratioll, When coll,"d~ rillg tile d~5ign of th~ driw train rGr wl1eel~d or tr~[ked 

ro l)o( " the rnos! commonly u<;ed methous arc discussed below: 

ELECTRIC DRIVE MOTORS 

A, was ~xpected, by r", th~ most commonly used method or whe~led propuision 

was the electric motor. Electric motors Me availab le in a VMiety 01 'iJe' af1d they 

Me by far th~ eas iest to interfac~ and th~ r~hr~ are the most uS>'d. 

ULTRASONIC DRIVE MOTORS 

Recently, the advent 01 ultrasonic motors has begun to revo lutiorll,e traditiona l 

th,nklng about drive 5ystem5. NASA'5 Jet PmpulsiGn LabGratory (JPL) has been 

in,trLJmental in developing U ltr~sonic Motors (USM), as they Ilave pot~"bal ror uS~ 

in 5p.ce mis5ions l5J . 



Univ
ers

ity
 of

 C
ap

e T
ow

n

FIGUR E ~-2: U LTR~SONTC MOTORS 

Ultr~50rlic motors produc~ excellent 101'< speed torque and have a buill-in breaking 

system_ In a~~itlon thPy r<>quire Ie" POWN th~n equiv~lcnt sized electric motors 

As c,n he se~ in Figure 2-2 "hove, tile Ultrasonic Motor consists ot a stator and a 

rotor, which IS where tile ,,,nildritics to d conventiorldl motor end. 

The ,tator is constructed ot piezoelectric dements WhiCh, when excited by a high­

frequency voltdg~ sigr1d1 (tni lcally i" lile range of 30 kHz) begins to oscillat~ In a 

m~nner that generates a travelling wove. Fnction bptween Plezoi'lKtric element, 

on the stMor d "d th e rotor c~use Uw rotor to ,otate irr a direction opposite to tilal 

ot tile wave r51 . 

2.2 Walking Robots 

W~ lking robots c~n prOvide capabilities "ot affor(ie(i by conventional wh~el~d 

tpclmiqlJes, sum as hetter all-terroin capability. In the riel~ of insp..ctloll where the 

robo!"s environ~le~t is uncertain, leggecl motion offers promising advantages, IlGwever 

the difficulty in rel i,ble implement~lion of such ~ system m~y "eg~te 5Om~ orthes~. 

FIGUre 2-3: LEGGeD ROBOTS 

Legged rohots are hecoming more prolific in both industry ,nd the home. The novelty 

""n",tion Aibo '" r6- ( Figure 2-3, left) il ~ s becotne ~ IlOusehold toy, witil sotne 

astounding capahilities No less popular is the LEGO Mind5torms" Kit r/1 , which is 

rapidly becoming th~ r~pld prolotYPlng pl"tfor~l of cIloic~. On ·the right in F igure 2-3 

is ti'e Sprawlita'" [81 robot whidl uses pneumatic Mives and wos built in the novel 

Sutioce D eposItion M~nuf~cturing (SDM) mdhod, in which clectric~ 1 components M~ 

etnb~cJ.::kd i"to the desig" while it is "grown", 

A-lO 
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On~ of the complexities of legged robot aeslgn is dynamic ~t"blilty. With whccl~d 

robots, the centre-of-m dSS (COM ) of th~ robot is (usudl'Y) supported in the centre 01 

tl1ree (or more) point~ of contact and tllererore COM requirements are le~~ of a deSign 

ISSU~ t"on with I~g(j~d robots, whos~ pOints of COlltdct dr~ '" [Onstdnt motion. 

Bipedal robot~ have to deal with " con~t~ntly ~hlfting centre of mass whIch makes the 

issu~ or dyndrnlc stab,lity rHOr~ rnrnplc<. Robots willi IllOre legs, sud dS SpralN/ila use 

an aitematlllg galt common in n~tlJre III j, where three leg~ are groundEd at ~ny one 

tilTl~. This ICdds to a stdble plMforrn, but call r~striet sp~cd. Ll-gged robots utilise ~ 

varrety of methods to ~chl~ve locomotion, some of wllicll are descrrbed l>€;ow' 

EL[CTRIC M OTORS (S[RVO A ND S T~PP[II) 

• • r .. ·· \ 
.~ 

'~ 'fo" 

\ 

Tile most: poplJlM drive ~onfigllratlon for waWlng robots is the use of st:epper or 

servo motors to provid~ the dcsired leg motion. Figure 2 - 4 illustratcs a numDcr of 

different walking robots; on tile left is tlw bipedal w~lking rolXlt A5imo r9] designed 

by Hond~; the centre image shows ~ six-legged w~lking rooot de~igned by IT 

Innovation for IlaLardous-environm~nt inSpection rl01 ~nd tll~ final im~ge on the 

right is ~ Mobile Robotics Researcll Group prototype w~lker Ill] . 

Servo~ and st:eppers are easy to intertace ~nd run otf the ~~me power a~ the 

controllir", electronics, which mdkcs the'TO a logiedl first ~lloiee for most robotl~ 

platform~. Di~adv"ntages of servo or stepl",r motor~ Me the,ir relatively low power 

to weight ratIo in [OrHpdroson to tlldt of "ycTdulies or pncumatlcs. 

A-ll 
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En 3)OT 

'" 
PN~UH.o.TIC DI"V~ 

FTGU~, 2-5: SPR~''''LIT~ Arm BO~DICE~ 

P"~UrTldtIL cylindcr s "r~ widdy u~ed '" robotic "ppl lcatlons. rhe most pOpUIM use 

tor pneumat ic, i, in pi CK anrl place t'Ob,~t ics; these ~r€ typic~lly st"t iofled roixlts 

thdt p~rfOrrTl tdsks in d lim ited work ~nvdope, Howev~r, Sprawl/til (pictured In 

Figure 2-5, left) use, pneumatic r~m' lor per~ mbLJlatlon. while Boadiceil l12J 

(Figure 2-5, righ t) u~es Pflclllllc'tic qlind~r~ oS "dir mu~cie~ < to obtain Its w<llking 

ga lt, 

Pneu mat ic systems rely on h'lgh pressure ~ir to l<>eilitate til e extension dfld 

contraction of pneumatic r"ms. Various types of cylinders are av~lIable ,uch as 

single-acti ng, rl oub le acting an~ a host o1 Nilers. The ~ iSd~v" nt dge for rer,,0te 

rd)otic systems IS th~ " ecd to Ilave ~ restriLtlv e tetllcr, or dn on-bo"rd mmpressor 

"nd storage unit 

Pneumatic drive systems can typiCJ lly be found on roixltic platforms i" tile 

m"" Uf"Ltur;ng Sl'Ctor, pdrtiLuldrly ttlOSiC robots performing pick-and-p lace 

operations (,uch as Chip placers in an inrlLJstri~1 Print E>(l Circu it Boar~ 

m~" uf~cturer). 

Hn>R.o.uLIC DRIV~ 

Fl(; lJRl2 b: WL 12 ,Om), 

A-12 
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Hydraulic systems are simila r to pneumatic systems In that ~ fluid IS forced into a 

cylinder to extend a ram, however while pneurnatics makes use of ~ir, hydr~ullcs 

makes use of l iqu id (typic~ l ly oil). Wil ile pn~um"tics is typically restricted to lighter 

work, hydraulic systems are capable of ileavler application forces, nlakl~g thern 

"it,,1 ill Ile""y-duty illdustry. 

UllrottLJlHt~ly, Ilydr~ulic syst~ms surr~r rrom the Silme dis~d""nt~ges ~s plleum~tic 

systems, they require a hydraulic purnp and storage facilities ~s well as the usual 

comp l ~ment of "~Ives ~nd riring One robot th~t succ~ssfully used hydraulics to 

achieve human-like motion was tile WL-12 r 13, (Figure 2-6, pre"ious page). Tilis 

robot w~s tile des igned "nd bui lt in 1985 ~t the T~k~nlsh' L"bo r~tory ill]"pall ,,"d 

makes use of electronically cOlltro l led hydrau lic cyllmlcrs to deve lop a human-like 

w~ l king g~'lt 

ELECTRO- ACTI VE POLYMERS (EAP) 

EAP t&hnolO<)y is" r~pid l y develoring br~ncll of robotiCS. This te-cllnology is usu~lly 

described ~s "~rtifici~1 muscle" in th~t electrically stimulating the polymer will 

produce a contract ion, lust as i~ a hu rnan muscle. 

Robot developm~nt, p~rticulMly in the field of biomime:ics has benefited from thIS 

technic~1 ad,,~~ce and sOOn robots nlay be developed that can mimic the belHviour 

of insects alld all imals e x ~ct l y. 

EAP's h~"~ "rrlic"tiol1s outside of robotics (for inst"nc~ i ll the repl"cem~nt or repair 

of human musc le tissue) ami therefore vas: arnounls of Research and Oe"elopment 

( R&O ) work is ~ing cond"ct~d on tll~ir developmellt. 

Figure 2-7 is a cOnlPuler-rendered inlage sllOwlng a SWirnnling robot developed 

using ~ ty~ ofEAP [14J ~s dorsal fins, emul"tillg" sting-r"y's swimming motion. 
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2.3 Motor Comparisons 

----

! PO""'Y 
Smll 

.1aun/or Tedmology : D",,';tf To,''1'''' 

(Wkgl P"",i(I 
IS~,k , 

lLLO 

GiID.liT e"-otmm.1gtLC"C 
, 

" 
.:(~:, 

tor 

mil:i 7CL·POl U 006 
_.0-

'-';"< hycL ,,,k n-"",.y ""n'.,lc~ 120 , 600 

l'L "J. d~cllul"'l<l""\1l< <<l~'oYnl"c :0 ~Il~ 
-

Ni TL ,11''1'0 memory alluy , , 
?\ 'A_P AA !,,-,Iym.,.ic JCT",ml' . , 

- ----

" , 
' 00 , 

Shown In Table 1 is a cornpilri-.on hetween various types of motor 1151 . Th~ first four 

entries in th~ tilblc M~ ror cI~clrOrlla9netic DC motors. Tile smallest [Qmmerci~lly 

available motor 'IS tile Namiki 7CL 1701 which is only 7 rnrn in di~rneler. H,ghligl1ted in 

110ld ilt thE foot of th~ tabl~ is MIT's 8mrn ultrasonic motor Comparing these two 

rnOlors slwws li'a! the ultras.onic motor hdS dPprox'lmat~ly 35 limes the Slall torque 

dens;ty ,md power density or mOre lhan 5 :imes tile power dens;ty t~ilt of the ICl-

1701. 

, 
'" 

, 
A-14 
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3. COMMONLY USED METHODS OF 
ADHESION 

3.1 Magnets 

MaQnelS pro~ide an easy solutio" to the problem of adllCrcr1ce (to ferro-magnetic 

structures) as they ael' relatively (hear \0 obtain ~l1d ~re av~i!able in an array of sizes 

ami strengths. 

PERMA"ENT MAGNHS 

FIGURE 3-1: N[O[)YMIUM RA,[-[ART,' MAGNETS 

P .. rrn~nent magnets ~re Ilseri in ~ wide vari .. ty of arrlications from l~tct1es to 

Ulhod"-r~y tubes r161 . Neodymium rare c~rth m~gncts ~rc !>Om" of the most 

porular, al)(! can be sintf>rf>d to a sreciric strength ~n(1 ordereri in a '''fig .. of sizes 

and geometries, as Carl be seen '[1 Figure 3-1 r1/] . 

Neodymillm m~gncts ~re ~v~ll~bl" loc~lly. howcyer problems [ould Mise if custom­

sreciricaliol1 magnets ate ,equi reel as the milio' tty of rare-ea t th magnets seem to 

be m~lluf""tured in the F~r E~st ~r>d ~s they ~re classified ~5 h~zMdous m~teri~ls, 

tr~I1SIXJrt~tio" to South Africa IS difficult, 

EL~CTROMAGNHS 

Electromagnets ~re SC1fe to store, do riot require , .. ,hanced m~nuf~cturing processes, 

~nd c~n ~Iso be designerl ill ~ ~~riety of strengths and geometries. However, 

electrom~gnets c~~not ~chleve the ""me flux density ~s strong perm~nent m~gncts 

c~n (for the same ptlysiC31 size), 

For eX3rnple, a gr~de N42 NeQjymlllm-lron-lloron m~gnet h~s ~ m<lgneto-motlve 

force of 1 1, 000 ~mrere turns per centi metre r 18' . An equi ~3lent (ptlysical ) siled 

'C' sh~pcd eleetro-m~g~et, 15 em ill length, would h~ve ~ m~ximum of ~bout 

10,000 turns (using )8 g~uge wire), Taking into account ttle resistance of this 

length of wire (~pproxim~tely 1 kilometre), it would requlr'" over 3UU volts to 

e ' 
A-iS 
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generate 1 5 .. mps in the [oil, giving a total of about l~,[)()U .. mpere turns or l[)()() 

tUllls/[entlmdre. ThIs IS appro~imat~ly 10% of what the pcmlaflcflt m<l'Qnd IS 

c~p~ble of. As such, electro-magnets impose des"gn p€nalties in terms 'J r pawN 

consumption and physical constroints. 

3.2 Vacuum Adhesion 

Vacuum methods Me typiCi1lly "sed W11€n t~e struct"re/-Jl)ject tl1~t t11€ rolJOt aclll€res 

to is not ferromagnetic, Use of v~[uum t~chniqu~s ollows adherenc~ to a wide variety 

of structlJr€s; 11U'WVN t11€ implem€ntation at' such a techniq"e is genNal'", comple~. 

PN~U"UIC V .. CUUM 

Pneum~tic .. dhesion is becuming more ;XlplJlar as designers are looking to tr .. verse 

structures/cnvironmc'f1ts that arc not ferroma~Jnetlc. Shown in Figure 3-2 abov~ ,s 

th€ Vertibug '" toy, wh',ch successf"lIy IFe5 suction [UPS to t,-.. v€rse smootl1 SUitaces 

!191 . This toy IS capabl~ of w~lking up ~fld down windows, and uses a v~cuum 

syst€m tG ensure sutricient .. dhesion witl1 its "suction cups" to th€ underlYing glass. 

Howcver, vocuum adhesiofl to coocsc surfaces is v~ry cliffcult tu impl€m€nl, and 

IXlses en interesting design ch .. ,lenge. 

VORTEX 

FIGURE 3-3: VORHX Hv"DTNG LLC VMRP 

A-H; 
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TllC b_sic concept of vort~x ddh~Slon IS th ~ "r~vcrse h ov~rcrarc Dn nC! pl~ 120; . 

lilrge ~mOlmts 01 air ~re drawn up th,ougil tile vehicle by Iligll 'peecl ians. ThIS 

gcneratc'>" low prc'>surc lOne between the rooot and the underlYing surface, 

providinQ dn "dhe"iv~ forL~. 

Figure 3-3 (pr~v;ous peg~) shows un Industnullnspectlon robot that cmploys 

vorte~ adtlesiOIl Issues wltl1 tile design m~y ~ri5€ wtlen tile vetlicle is r""1uired to 

perform _ w_II-~JdII or wdll-floor trensition or Ifth~r~ 15 dn on-bodrd iXlw~r fdllurc. 

A-17 
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4. NDE METHODS: A BRIEF OVERVIEW 

With continuing adv~ncc5 in computer te[~no'ogy, rOOots MC becoming ~blc to c~rry 

moce runctiona l pay loads than before In order to better understand the metl10ds 

employed by tile ir1,pcction robots in the next section, ~ brief overview of the most 

common form, or NDE i~ presented here. 

4.1 Ultrasonic Testing 

U ltrasonic T esting (UT) Ciln be de:;cribed as the workhorse of the NDE industry. UT is 

reliable, ~CCllr~tc, ~nd rtlgged and is respons;ble for ~ I~rg" pcrcent~gc of the 

ons.pection done in industry 11.1 . Tile primary weiikne~" at UT is it~ reliance on coupling 

fluid. 

UT BASICS 

A-iS 

UT is ba"eci on the theory or wave reflection. An acoust,cal wave t5 Ifl1parted into a 

specimen, with the time taken for the wave to return to the c,()urce from either ~n 

inclusion (l'law) or trom the back wall of the object being known as the time at 

fiight. Thl5, combmed with the known Speed of sound In the m~teri~l, enable, the 

distance travelled by tile wave to be calculated, which provide~ both thickne~" clata 

for the 'pecimen a, well ~s fl~w depth ~nd Slze r21' . 

, .. """""" 

FTGlJR E 4-1' UT' BhSTC ~-<FJRY 

In Figur e 4-1 abov~ r21]. th ~ graph on the left s/lows tile waveform that i, 

received by the receiving transducer. Some of the ultrasonic wave is reflected by 

the smal l crack pccsent in the material, with the majority being renectecl by tile 

rear of the specimen (giving the large';! "spike"). 

The ba~i( component~ of an UT ~ystem include a pulser/receiver unit (wh ich i~ 

cont~ined in the transducer), coupling gel and w~vcform analy'i5 component>. 
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SllOwn in Figure 4 - 2 be low ,22] IS the sens.or sICk of the systcrn. The tranwucer is 

in cont~Lt witll tile tcst rnatcrla l by rTleans of coup l ~nt 

F:GUK E 4-2 . TRANSD.CER CROSS-SEe-ION 

Cou plant 15 present to f~c"' i l~te the tr~nsm'lssion of tile pulse from the transdlJcer 

Into the test rnateri~l. Coupiant is a vlt~1 p~tt of UT; however it is ~ hindr~nce to 

~ny remote system wish ing to m~ke usc of UT ~s a testing procedure. 

ELECTRO MAGNETIC ACOUSTIC TRANSDUC ER (EMAT) 

EM AT's are an alternative to the conventional u ltr~sonic tt'~ I"ducer; however they 

Cdn only be used in ele[tric~lIy conductive m~teri~ls, 

Tiley are Slm l l~t'ln th~t they ~Iso impart an acoustic~1 wave into t he specimen, but 

they differ in the respect that they do not need couplant, An Er~AT generates waves 

in tlw test spec imen by means of electro - m~gneti[ induction, the process is 

complete ly non-[on l~[t, 

,MAT UT 

FJG''''L 4 J : cm.H'~~JSON 01 UT Af;D EMAT MODES Of OPE"-ATION 

Shown in Figure 4-3 l7]J is the basic operation of an EMAT, cornp,lred to th~t of a 

standard pielo -electric transducer. A strong magnel'lc f ield is produced ~t the 

A-l 9 
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surf~ce of the te,t specimen by ~ ither ~ ~erm~r"'Jlt or an d<'Ctro-magn~t. A RadIo 

Frequency (RF) current is introdllced into til e Wire, which will c~"se th ~ wir~ to 

Induce eddy cmreJlts in any electrrc~lly conducting matNi~ 1 in its proximity. If a 

stat ic magnetic tield is pr"sent, the"" currents will exrerience LOrentL forc~ , which 

will Induce ~ sl1e~r w~ve Into the materiili. ThIS wave 15 functionally simi lar to tile 

on~ indLlCed by standard Ultrasonic Testing tec l1n i~lJes 

In tlw rHelvil'9 pl'a.">e, tlw reve rse process OC[lJrS and an eddy current is induced in 

the E~1 AT coil circuitry, which is then me~smed by sensmg electronic,. This system 

is compl~tely non contact and It does nDt requ ir~ tile surf~(e to be in good 

cond ition, which is uSildlly a requ',,~ment ',n 'tdnd~rd Ur [24] . 

4.2 Eddy Current Testing 

Eddy Current T esting (ECT) is an extremely reliable, non-contact rn ~ asurlng technique 

thdt has found Widespread use in the NDE en~il"Onment. ECT ~llminates th~ I",ed tor a 

pro l>e to 1:><' in dirHt contact wltll tlw surface object Or structure being evaluated, awl 

th is allows for rap iel scanning. 

ECT BASICS 

A-1Q 

FIGU<.E 4-4: EDDY CU"ENT BASICS 

ECT begins with an AC voltage being app lied to a coil, as can 1:><' se~n on the I~tt in 

Figure 4-4 [25J . Tile frequency is determ ineel by the tectmicl~n, and depends on 

th~ type of test b~il'9 conducted. Th~ alt~mating current s~t IJp in the coi l pmduces 

dynamIC magnetic field (Figure 4-4, centre-left), 0"" which 15 constantly 

exp anding and collaps;ng. 

Wlwn a specimen is plac~d near the coil eddy currents are generated in the 

speCimen dile to tile ind ilctl ve effect of the elynamic nl~gneti( field. Once the eddy 

currents ar~ g~n~rat~d in the sp<'cinwn, th~y will I""gin rOmlin9 th~ir own 

secondMy magnetic field (Figure 4-4, centre rig ht), which Will oppose the primary 

magnetic field. 

W"~n a tiaw is pr~.">ent in the specimen, (Figure 4-4, right) the eelely currents wlil 

be di"upted ~ n d the secondary m~gnetic field produc~d will be weak~r, Comparing 
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tl1e nOI1-fiawed readinqs to the fI~l'Ied re~dlngs 1'1111 give ~n indicatIOn ot tl1e 

~eve "ty of tl1e in d IJsions or f laws. 

4.3 Visual Inspection 

Vi sual Inspection (VI ) i~ rrol)ilI)ly tl1e widest used metl10d of inspection, and by fM 

the simr 'est, A number of indu,trie" froOl con,tructlon to m~"'tenance employ large 

nu mb<crs of skIlled N DE t""'1 nirians to vi sually exam i l1e str uctu res Or components. For 

examr'e, visua l inspection is the st~nd~rd for bridge Inspection in the US, and over RO 

p~rClOnt of ~"cr~ft In~pection i~ VISual l26J . 

The major disadvantage Of VT is the inability to detect any fiaws or inclusions th~t may 

I1ave developed bene~th the surface. In tl1i~ regard, VT m~y ser\le to provide an initia l 

~n~lys i s, 11ut flJrther (Inore tl1orough) 'Inspection techniques OlU~t 11e condurted in 

order to fully an~lyse the integrity or the structllre Or cOlnponent. 

VISUA~ INSPECTION BASICS 

Skilled NDE tect"'ici~ns examine the structure or comlxment in question ror ~ny 

signs of t law or detects. Teci1nicialls may lise mirrors, baroscopes and magnifying 

glasses 'Ill order to better in~pect the ~urface or tl1e olljed, As c~n be e"'rected, the 

result~ a technidall ohtains purely through visual inspection can be affected by a 

nUlnbcr of v~ri~I)les, such ~~ ~mbient l ight, environmental conditions and even 1001'1 

t'atiglJed tlw technician is. A nUlnber of to<>ls ~re avail~ble to the technician, d~ 

disrus~ed ill the ro llowing sedions. 

VISUA~ INSPECTION AIDS: LIQUID PEN ETRA NT 

Possillly the first form of any Non-Destructive Evaluation, is the r>roce~~ Of liquid 

Penetr~nt In ~rect i on ( lPI) . Tn tl1e late Nineteentll Century rallway-y~rds used the 

"oil-and-whlting" method to reve~1 u~rks in tr~cks. TI1e tr~ck was dipped in oil and 

tl1en rasted in whiting (chalk and alcohol). Any cr~cks would ~eep oil b~ck onto the 

wllite surface, ~nd thus become visihle [27] . 

FJ~URE 4 - 5. LIQUID PEN ETRANT T~STI fj~ 

A-21 
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Techmques have adv~nced somewhat tram t.he oil, ~nd wl1iting, ar<l tl1e left im~ge 

or Figure 4-5 (prevIous D~9~) shows the penet'~nt inspect ion of two whe~ls from a 

tlm~-of-fl i'lht speclrometer rrom the lnstltvt Lave-Langevin in France r281 . The u'"" 

01 Ul tr~-Violet penetrants m~kcs cr~ds ~II the mo,"" visJble lInder fluC<"esc~"lli'lht, 

~s c~n be se~" iro the failed component in Figure 4-5 on tl1e right r291 . 

VI5U"L INSP ECTION AIDS: MAGNETIC P"RTICLE 

A-12 

In order to assist technici~ns while conducting Visu~llnspectlon, M a'lnct,c Particle 

I n5p~ctiOil ( MPI ) was developed. AithOlJgl1 only effective With structures and 

components that h~vc f~rro"1dglletic prop~rl'l~s, this method "really enh~nces the 

accuracy with wilich technicians can detect 5urtace crac~s. 

III tills ted".ique, either wet or dry particles ~re used to conduct inspection. As the 

name suggests, one technique use5 PMtlc lcs in d solution, while th~ other "ses 

lhem in 3 sol id form. Tllese particles are rerramagnetic ~nd are highly visible (clth~r 

tl1COUgh natural ~Dpmr~nc~ or tt,e duility to rluor~sc~). 

The basic idea bel1ind MPI is the flow of ~ m~gnet l c fi~ld throuqh a material. When 

~ m~gndlc field passes throu"h a I'erro-magnetic specimen, it will t~ke the p~th of 

least (m~gnetic) resistance. Air h~s ~ lower "",,,,,dlc p~rmltllvity than the metallic 

specimen, ~nd therefore the flux li nes ten d to p<OS5 through the sj:>ffJmen. 

Ir a surface crack is present in the specimen, m~qnetic po les will form at the tip. Jr 

mag"dic inspection particles are now placed on tl1e specimen, they will ~dhere to 

where the f l u~ lines bre~ k out of th~ specilll~n i.~. at the surface 01 the crack TI1is 

p'ov,d~s an exce l lellt Quick way to observe where surtace-bre~king cr~cks h~ve 

formed. 

3 I" 
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5. DEDICATED NDE INSPECTION 
ROBOTS 

This sectJOn covers rooots til"! ore speciric~lly designed for NDE inspection and uSc 

dedicated NDE Illspection methods (such ~s Ultras.onlc Testing, Eddy CutTen! Testing et 

cetera) with unique 0'- pertinent desIgn realures highlighted, 

5 . 1 NASA MACS 

FTC;URE 5-1: NASA ~lACS 

NASA's Mullifunclioll Automated Crawling System (MACS) 15 one of the forefront 

robots in te r ms of NDE, and was developed at NASA's Jet Propulsion Laboriltory 

(JPL) [301 . H·c vehicle uses suct ion CUDS to ~dhc rc to surfaces ~nd is uscd on ~ 

variety of industries. MAC5 uses ultrasonic motors inste~d or normal electric mOLors 

and this lowers power consumption ~5 well as increasing torque, Development of 

~1AC5 1'1',,5 greatly aided loy the concurrent development or NASA's exploratory Mars 

Rovers. 

5.2 Pioneer 

Pioneer was specirically developed \0 be deployed in the Unit 4 r~actor building at 

Cherilobyl power st~tion in the north centr~1 Ukr~ine [ 31] . The e)(plQrer vehicle is 

A-23 
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capable of deploying a ~ariety of senc,ors and taking physical sarnples of ItS 

eilvironmcilt. 111 ~ddltlon to this, Pioneer is c~p~tJlc of m~pplng the elWirOllment to 

create photorealistic 3D mDdels ,~f :Ile building interior 

5.3 Neptune Tank Inspe ctor 

f:GUR[ 5 - 3' I'iEn-UNE INSI'EC; :or, kDUO r 

Neptune is desiglled specifimlly for the inspect'loll of A IJove-g.-ound Storage Tanks 

( AST' s) while ily"nersed in petroleurn prOducts. Neptune is capable of pcrforming 

both ultr~sound and vlsu~1 in'pection 011 the inne' surface, of A5T's [32] The 

entice systern cOllsists of the moot, a deploynlcnt systcm and a positiorHrackcr ill 

order to ~sccrtaill its CXdct 1(}C~tIUIl insi(le thc (~nk. 

5.4 TTU CESR Inspection Robot 

A-14 

FIGU~E 5-4: CESR :NSPECTION ROBOT 

The Ccntre for Ellcrgy Systems Re,cMch (CESR) ~t Tcnllc55<YC Technical Unlver"ty 

(nU) de~eloped this inspection ,owt for the analysis of water walls in coal-r.red 

power plallts. Holes ill such walls can call"" a Sevcrc drop ill efficlcncy which calls 

for the enti,e plant to be sllLJt down, which can cos: in the ocde, ,~f $10,000 to 

$100,000 pcr hQlIr (33] . 
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ThiS ",,)<)t Ilas the al)iiity to tcavel where temperatures are too extreme for 

technicians "nd can be deployed r"pidly"s no scaffolding is requiced. 

5.5 NETL: EXPLORER II 

FjGU~E ~ ~: EXP,O~ER II 

This cobot designed by the N ational Energy T echnology Labor"tory ( NETL) in the 

Unite~ States is "ltended for use sV'cific~lly in live g~s pipelHles to analyse 

corrosion. It was designed because of the concern over th~ ageing pip~line 

infrastructure throuqllOut major metrorolitdn centres in tIle US. Features of tIle 

robot include a tether· less design and the ability to operate in extremely hazacdous 

~~vironm~nts. Explorer II boasts M adv"nced s~nsory p"ylo",l. IflCluulnr.) both 

visual an~ UT testing equipment. l.l4] . 

A-25 
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6. GENERAL INSPECTION ROBOTS 

6.1 Toshiba Micro-Inspection Robot 

FbUR[ 6 1: TOSHIBA lNSKU:ON ROBO~ 

TI1is micrG-illspertioll colon! is capable at i"spectinn ill rires ,"s small as 1 inm 

(-25mm). Novel feotu,es of tile roOOt are ~ rn~lllpulator (visible at tile front of tile 

vehicle ill Figure 6 - 1 ) alld planetary drive whe",ls to ensur", the roloo! does Ilot 

occome tr~ppcd cosily [35] . 

6.2 VERSATRAX Family 

~ .~ 
. . 

• • • 

FrG,.RE 6-1: V[RSURAX ROBOT, 

TI,e VersaTrax family nr ro lJots are develop"'d by Americ~1l St~l1dard Rnoot,cs and 

MC bIlled ~s robots for opc'olion In Ilaz~rclous environments ~36l . 

VERS ... TRAX 150 

The Vcrs.aTr~x 150 pipe inspcctie,n system (Figure 6 -2, left) IS ~ long ,ol1ge pipe 

inspection system. ASR uses a very modular deslQIl ror all of its systems, allowlIlg 

for great flexibility and adaptatlnn tn ch"l1gi.,g elWlrol1mel1ls. Acwrdil1g 10 the 

Iller~ture on the 150, It is sUI\able for sewers, storage tanks, pressure vessels and 

srf>am I .... aders 
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VERSATRAX VLR 300 

This pipe inspection system (Figure 6-2, centre-left) is the Idrgest in the VersilTrilx 

rilnge, and is designed s~ecifically for use i" hydro electric schemes. As sud), the 

VLR JUU IS suitahle ror riring in exCeSS of 300mm. rhe I~rge piping networks in 

l'ydro-clc><:triC power schemes require a unit with an extended r~nge, wt,idi is 

~ccommodated hy "'e VlR 300 up to a m~ximurn of !830m. ThIS unit IS also depth 

r;lted to I OOm ~nd cdrries 4 carneras for inspection 

MICRO CGTV 

Dec,;gned tor long distilnce inspection, this i"spection rohot is Clrilble of ciMnglng 

profile to accommodate varied terrdin types (Figure 6 -2, centre right)_ The 

Varldblc Geometry Tr~cked Vehicle (VGTV) is c~p~ble of trdnsfonnlng from il 

stand~rd crawler protile to a trianguldr one whilst remaining fully operation~l_ 

St~ndard with the pldtro r rn are a p~ir or CCD cameras (one bl~ck ~nd white, the 

other colour) with a 300" rotdtionill tilt. 

VERSATRAX DEEP Bw~ 

An u"derwilter Sll lllTlerslble, the Deep Blue (Figure 6-2, rig l't) is designed for dee~ 

missions. According to t l'e literdture, the unit hds ~ J05 metre tether, and is also 

depHI-r~ted to 305 metres. The u"it is r~pal'.le or be'lng controlled by wire less gilrne 

controllers or I)y user-developed softw~re, giving it gre~t m~rketrlare arreal 

StandMd with tile unit are two video r.ameras ~nd tl igh-illtcnsity tldlo(jcn lights. 

6.3 Dan Duct CLEAN Family 

D~nDuct are il 5reri~l i st dun dedning com~dny, offering a variety of duct cleilni"g 

solutions r3/1 . 

DANDuCT: INSP~CTOR 

Tile Inspector (Figure 6-3, left) is a sma ll , remote-controlled inspec'tlon robot. The 

Micro Inspector h~s remdrkdbly smdll dimenSions: 1'>5rnrn ~ L'iOmm)( 80mm (W)( L 

~ H), dnd d weight of ooly 1 5 kg, making it ideal ror duct inspec'tlOn. Micro 

I"sl:>ector provides vIdeo feedb~ck with the aid of 1 wide-~"gle digital c~mer~s with 

ultr~-brlght LED's rroviding illumindtion. The rilnge of the 'bot is limited to JO 

metres dlle to tether restrictions. 

A-17 
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DANDuCT: MULTI PURPOSE ROBOT 

Tilis Multi Purpose Ro oot (MPR) (Figure 6-3 , "entre) 15 a ~1)mbin;;liJn of 

II1Sp<cctiJfl "nn cle"rling robot. The pldtfcrrll Itself IS us.cr-controllcd via a joystick. 

Like til" previous mentioned Inspector, the ~lP R IB5 du~1 wide-~ngle "drnerdS dS 

well dS vdridi)le-inlensity Ih,lo<}en IdrTlPS. LOCUrTlotlOll IS dccomplished by 4 

independent arive wheels, and ill adaition to this two 5epar~te drive motors ~re 

res!)<Jnsible for driving the cleaning he"d (whicil Cdrl be addptcd for either round or 

square dueling). R~llgc, like the previous robot, is limited to 30m due to the 

uml)ili,'~1 tell,e,. 

OANDUCT: Ie.TECH SYSHM 

A corn~ete syslerll ullca IceTcci) (Figure 6-3, right) completes D~IlDuct'5 robotic 

r~nge_ ] ceTech is ~ dry Ice (solid ,'~r'bon··dio)(ide) de~ning system, with lIle robot 

dcting dS the end effecter providing pres5urosea dry-Ice to the cleaning s.urf~[e, A 

360" rot~ting nozzle ~t tile rront ,)r the vehi"'e ~l l ows the JceTecll robot to dpply 

dry-ice to every s.cctioll of" D'De intenor completely removil1g greas.e and dirt, 

6.4 MPRS Project: URBOT 

A-28 

FLC"!"' 6-4' UR 80T 

The M~n Port~I)le Rol)(Jti~ System is ~n Ameri,'~n militMy proje,'tlor the 

dep loyment of Ilighly mobi le robots illto 11MMdOlIS ~l1v"ol1ments r381 . As can be 

,een ill Figure 6-4 , the URb~n roBOT (URBOT) h~s ~n invertil)le cl"ssis, me~ning 

" se lf-righting mecll"nisrll (in th e event oJf th~ v~h,de b~lng overtu,,"ed) is 110t 

required COl1trol is implemented on 1)(J~rd by ~ PowerPC ipEngine, whi,,', provides" 

F,eld P rogrammable Gdt~ A rrdY (FPGA) ~lIowing lor highly configurable beh~viour, 
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6.5 DEES - University of Catania 

DEES , or the D il'artimPllto E/pttrico E/pttmllico e S istemistico at the Univers;ty of 

C"t"ni" in It~ly hib ~ w~11 rouflJ~J robolics prO<]r~rn, ~nJ h~ve dev~lo~ed a number 

of wl1ee led and legged robotic "istems de<;igned to ope'~te ill the harshest of 

conditions. 

SURFY 

FIGUR E 6-5: SURFY ROBOT 

SURFY is JS J robot CJpJble of tr~versing vertlc~1 ~Ild inclined surfaces. Plleum~tic 

~ctu~to rs at"~ used to ~chieve suction, whll~ dfl electnc motor IS respans.ble for 

dtreClionJI conlrol. Allhe time of publiCJtion J dediCJted in~pection syMeln h~d Ilot 

been developed for the platform, however inspectIOn is hoped to b~ ddll~ved by dfl 

independent NDE c.:1~"ble roootic rrldnipul"tor '.39] . 

WALLY 

F'GlJ RE 6 6: WALLY ROBOT 

WAf f Y i~ Jnothe, dedic~ \ed wJII-ciiml)ing robot, Jnd is 'Intended for use in 

i nd u stri ~I pl~nts, storag~ faci I itl~S, ami co~ I-fi r~J paw~r st~tions. WALLY IS cdpdble 

ot manoeuvring in smJl1 ",,)i1Ce~, ~s well JS hJving the JOility to carry a multitud~ of 

A-19 
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NDE s~n5()rs. PIl~'-'rTl~tic suct ion cups arc responsible tor a~hesloll, whi l ~ ~n~urTlatlc 

pistons control pOSitioning 01 til e arms 140J . 

6.6 MARAT Robots 

MARAT is ~ Califomia-W5~d compdny th~t specialoses in '"Techllology anu 

Innovation " r 41] . 01 particular interest is their r~ngil1 g of cleaning and Inspection 

robots. 

FIGo.~E 6-7 ' MARAT :~S"LcrlON "O~()'f~ 

MARAT INSPECTION RO~OT 

Thi s robot (Figure 6-7, left), made by MARAT is a genera l purpose visu~1 

inspection robot The system runS 011 01 sl~nu~rrJ m~in5 power and IS cornl'atibie 

with ))OV/11OV al either 30 or 60 Hz Another robot that IS deve lopeu speciticdlly 

for pipe Inspection, It has moucst dimensions of (L ~ IV x H) 20Jrnnl x 159mrn X 

140",m wilh a total weigllt of J.~ kg Tile range is limlteu by a 30m tether . 

MARAT WORKER ROBOT 

Very lIttle lite rature is availablc about tile Worker Robot from NARAT (Figure 6-7 

centre, right), but ~5 Ihese pictures suggest it is capable of Incorpor~tiflQ a v~riety 

of sensor mooules onto Or)e basic chassis ill a very ",odular method. 

6.7 SCRAPPY 

A-30 

F](; ... Rf G-8: SCII.!,ppy WSPECHJH SYS~EM 

Soappy, otherwise kflown ~s tile EPFL-ASL Air duct Inspection Rohat [421, was 

dc5Jgned specifically fo r air-duct inspection Accordin g to the Jc5Jg"ers, most 
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eXISting ~ir-duct insp~ction platforms were not Cilpable of inspecting all the existi~g 

types of ducting, and as such Scrappy was designed, Suappy can operate up to 30 

metre, aw~y from tl1e operating station (its range i, limited I)y a tether) ~nd Ilas a 

CL1mero copob le of p~n ~nd tilt motio~5 with ~ zoom CL1p~bility of lOX. Shown in 

Figure 6 -8 (r>revious page) is Scrappy (left) and its associated control laptop 

(right) 

6.8 ROVVER Family 

• 

• -'!I, ... "':" . 
~ , 

• 

FIGURE 6-9: ROVVER INSPECTION ROBO-S 

The Rovver,:;;; fomlly IS deve loped by Everest V!T, now omalg~mated Into Gereral 

Electric lnspection Teclmologies i431 . The smallest ot tile Rowers"" is tl1e R400 

(Figur e 6 -9 , left), which is CL1p~ble of conducting visu~1 Inspectlo~ on PipeS as 

sm~11 as 4"' in diameter. Visual teed i~ provided oy an on·l)()ard colour camera witll 

hologen lighting, with full pan ~nd tilt fu~ctionolity, The ronge of the unit IS 

restricted to 700m due to a telher. Next up in size and runctionality is the R600 

(Figure 6 - 9 , centce) which is c~pable of in-.pect lng piP" di~meters from b" 

upwards. Largest of the series is Ihe R900 (Figure 6-9, -ight), which IS designed 

for lilcge bore pipe inspection. The R·",ries rooots have ~utomotic c~mero levelling 

fealures that allow constant. cleM views throughout their travel Ihroughout pIPIng 

networks, ln ~ddltion, tl1e R 900 is cap~ 1)le of carryi ng emditi anal Inspectlo~ 

payloads to further enha~ce ItS versatility, 

6 .9 RoboProbe Technologies 

RoIXlProl:le is a comrnercial company lilat specialises in " professIOna l remotely 

operated teleVISion ~nd roootic systems" I·'· 'I J . 

MICRO MAG MAG NETIC CRAWLER 

MICROMAC (Fig u re 6 - 10, overle~t) in the literatuce rrom the RolXlProl:le wel)"te is 

descnlJed as a waterproof i~spectlon rooot th~t can traver;c ;ted plating at any 

inclination to the l1Qrizontal as well as a multitude or other "Jrr~ces, 

A-Jl 
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E: R 'T 

FJ("~m 6-10: MlCROMAG 

Adhesicn IS provided by two Neodymium rare-earth mayncts, ~nd the range is 

yoverncd by ~ ]0 metre tether, Video cap"bilities "re provided by a pan and tilt 

colour camera. 

NANOMAG MAGNHIC CRAWL~R 

The NANOMAG [ 45 ], unlIke its larger counterport the MJClWMAG, IS not ~ 

waterproot pl"tform However, designers RoboProbe daim the robot is suitable for 

sllip 11U11 inspection, pipe Inspect 'on and rcoctor vesscl inspecti on to name" few. 

The recommended price for the robot is U5DS3r, 000, 

FI~URE 6-11: ~ANOMAG 

, 
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7. OTHER ROBOTS 
-

Robots here ar~ pr~se"t~J r]l~rdy f()r des;gn p~rSRe[tive, Some design aspects from the 

pliltform5 below may hi' p<>ttinent or use!.JI tor thp "1)Coming design. 

7.1 Octopus Robot 

rlGlWL 7·1: OCl()I~JS .,m()l 

An in genioL;s desig n deve l o~)f>(j at the Swiss Ff>de ra I I n5titL;t~ or T ectmology (EPFl) 

the Octopus robot has 15 degrees of freedom d!ld, d' shown In Figure 7-1 ilbov~, 

is ra pa hie of traversi ng coml~ ex envi ron ments wh i 1st m~ ",t~ in i ng 8 d ri ver, poi nts of 

coctact or, the ground. In Mklilioll, Octopus is ca~abl" of dimbing stairs anci 

nghtirg itself when it ,,,,nsf'S tilting [46]. 

7.2 Sojourner 

NO robot review "ould be complete without mentioning on~ of th~ p,nnacles of 

robot technology, the MMS SOjourner [2, . Weighing in at only 11 kilograms, the 

Sojourner carried a stereoscopic vision system, all Atmos~heric Structure 

Instrument/Meteorology Package, an Alrha Proton X-ray spectrometer and three 

other cam~ns, A,thougl1 only de5lgn~d to 1~5t ~ month, SOjoum~r went On to I~st 

for three, with fina, contact beirg lost in September 1997, 

A-33 
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8. ROBOTIC NDE PATENTS 

Tiltre art currently a numbtr of pattnt, relating to tile field or NDE robotics. Some 

p~t"nt5 focus 5peClfic~lly on the methcxJ of ~dhc",on or locomotion, while others 

tncap<;ulate the system as ~ wlwle Britr o~trviews of ~II of tile most pertinent patents 

MC described below, All patents sourced below were locat~d us;nq: 

: : freepalentsofiline 

DELPHION 

~~ ",,1, ""'.",, "t" ",,',,' ", ,It • ..,. 
es~enet 

<f:li ;;iY 

8.1 Gas pipe explorer robot 

A-34 
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fiGURE 8-1: GAS Pj PE EXPLOR ER ROuOI 

Patent loc~tiGn: U~!TED STATES PATENT 

Patent ~umber: US 6,697,710 BL 

Date P~tented' Feb 4, 7004 

Patent Owners; Wilcox, Brian 

Patent TYPE: PATENT 

0 120 

As can be seen from the preceding ,ectlon, gas-pipe inspection is one 01 the most 

lucr~tive ~nd impott~nt function or ~utonornou~ robot inspection. Correspondingly, 
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the number of patens concerned Wltil pipeline IIlSpection outnumbered all tile other 

potents qUite substantially, Tllis patent tor ,m "rticulatee moot 'IS deSigned 

specifically for 'las-pipe e~ploration. Each conncctcd sc(,)m"nt provides drive 

capability, allowillg the robot to tr"verse " multitude of different p'lplng sizes "nd 

(,)"ometry, Tile leftmost s.cct,on In Figure 8-1 IS d"s'lqn~tcd thc "scnsor" s.cction, 

wltll tl1e rigl1\-meS!. se<:tion beillg the communications section. 

8.2 Autonomous robotic crawler for in-pipe 

inspection 

" 

c--
-

"" -
-

, 

I 
I' "",I "'" ~ 

I 
L 

,._j 
/ 

Tll'IS patent descr'ltles tlw desig" of an autonomous pipe e"ploring robot that, 

occorcing to 'ItS c""'gn"rs, is c~poblc of trovcrsing lInlimltcd cist~rlC"S throl~,)h 

smali-ei"meter enclosed spaces. As can be seen, the rearmes: wheels are offset 

from :h" longitildinol axis of tl,e rooot, TI,e dcsigncrs rccommend some form of 

fluid-driven screw-drive with the concept l;.eing til at the rearrl10st section, wilen 

rot~ted, Will form a drive sectioll and esselltlally corksnew tl,e robot tl,,-ough the 

cone-ur:, 

Potent Loc~tion: UNITED STATES PATENT APF'LiCTION PUBLICATION 

Potent Number: US 2004!0173116 Ai 

Date Patented' Sep 9, 2004 (publislled) 

P"tellt OWllers' G 11 ortlel, F~ itl1 i Hassan; Dab" ey, Ja mes Bt uster 

Patent TYPE: PATENT APPLICATION PUBLICATION 
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8 .3 Non -des tructive inspection , testing and 

evaluation syste ms for intact aircraft and 

compone nts and m e thods th e refore 

Thl5 !)<llenl clcscrille, \h~ ~p~ llca\ion of an en\Ir~ Si,\erll \0 \l1~ NDE evalua\ion of 

an e ntire aircr~ft, wilh"ul [I"" neM to disasspmbl~ II"" aircraft inlo 115 inaivldu~1 

componenls, TillS cOI1Cepl 15 unique t;."c~ l"'e it d~s flO( require tll~ aircraft to be 

ri~ld stripp~n, whicl1 grp~tly r~duc~s the m~,,'len~nce period. 

Pat~nt Lo[~t lo n: UNITED STATES PATENT 

Patent Number' US 6,637,7G6 Bl 

Dat~ Patented: Oct 28, 2003 

P~t~llt OWIl~rs, Froorll, DouDI~s Allen 

Patcnt TYPE: PATENT 

8.4 Inspection robot 

A-36 

F1GURE 8-4: WSI'ECTiO~ RO~O~ 

This patent jPscribes the dcsign of ~ robol designed for ~ nllmber of inspectioll 

enVlronmcn:5, In ti,e cxlrcme left of Figure 8 -4 the two ,1rive wh"",ls marked 7 are 

no\iceabl~, t>oth of which ~re p~tt 01 ~n articLJI~ted hCad, The sections 8,~, lO ~Ild 

11 dcscribe the '"'p"ction c~mer~s, dnve circuitry arl(} power supply, The rear unit 
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(at the rigl1t ot Figure 8-4) is respon,;jb le for lettlnQ out dW1 retrdC(ing tile cdb le, 

depending on the direction of tr~vel of the robot. 

Patent Locatiol1' O~l PI 

Pdtent Number; WO 2004/016981 Ai 

Date Pd\entL,,1, FdJ 26, 2004 

P~\~n\ Own~rs: Cylergic, Elyo 

P~tent T'{PE: PAT[NT 

8.5 Multifunction Automated Crawler System 

FlGU ~E 8-5, ~1U l TIFUfJCTION AUTO~IA TED CRA ',HER SYSTEM 

Th is cr~wler, developed at t l1e Califomi" Institute of Ted1nology, w~s de~igned to 

"ddress tl1e perceived need for a manoeuvrab l ~ platform capable of effectively 

adhering to a wide variety of surface~, 1n ~ddition to two r~ils (vi~ible on either side 

or the rooot in Figure 8 -5 dbove) responsib le for str"igllt line movement, the robot 

also POSSL'SS~S ~ centr~1 ~dhe rence sE>ct ion that'~ capable of rot~ting the robot to 

orientate it in any direction 

Pdt~nt locdtion: UNITED STATES PATENT 

Patent Number: 5,S'Xl,55J 

Date Patel1ted: Apr 6, 1999 

P~tent Owners' Bar-Co l1en, Yosep l,; Joffe, Benjdmin: Backes, Gregory 

Patent T'{PE: PATE NT 

I ' Il l ' '' , 
A-J7 
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8.6 Apparatus for obstacle traversing 

FIGURE 8 6: OBST~ClE T~MER5mG ROBOT 

By r3r on~ "fthc O'05t unllsll~l lookifl\1 robots, this behemoth is dc';(/ncu to be able 

to trJVer~ "ny type cf t~rraln or ob>tilrle. As can b~ Sf'<'n In Fig ure 8 - 6 , tll~ robot 

is C)mpri~cd "f 1 ;>rticul;>tcd segments, each wittl 4 p,ms of driyc Ir~(~s, nlls 

incredibly lor()e number of tncks glyes t11~ V~llic1~ tll~ "bllity to moye in "ny 

~ri~ntat,,'n, regardlcss of which t!;>cK IS in co"ldCi with;> su rfa cc . 

Patent L()Cilt lon: UNITED STATES ~ATENT 

Patent Numt>er' 6,774,~g7 Bl 

Dale Patented: Auq 10, 2004 

Pate"t Ov",crs, Borenstein, Joh~"n 

Pateot TYPE: PATENT 

8.7 Method and apparatus for inspecting a 

submerged structure 

/' , 

F IGURE 8 7, UNDERw~TER mSPECTIO" nOllOT 

A-38 
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ThIS design is one at tile most pertinent when cons idering tile future dIrection of ~11 

autonomous NDE In 'Deetlo~ robot, T~IS platform is capable 01 insrKti"g t il e 

structLJre 01 t il e ship 11U ll by [nean, of NDT ir"peetio!l CilmerilS ilS well as ultra50~lc 

probes, 

F;GU RE 8-8, SYSTE., OVERVIEW 

In FIgure 8-8 above, a~ overview of the system is presented. [ontrol oft~e system 

is sllOre Ilased, willl a tether providing power and receiving feed from both c~mer~s 

dnd ultr~,onl[ Drob~s. 

10 

FIGURE 8 -'J: ROliOT LOC~ I :ON 

Figure 8-9 ~bove presents ~ cross sectional view 01 Ille vessel in dod!, witll the 

robot ic system attached. All L~e pOi"ts labelled 16 are ultrasonic be~cons, which 

enables exact control and positiGni~g of the robot on the structure. 

Patent Loc~t lo n' UNITED STATES PATENT 

P~tent Number: ~,317,]87 B1 

Date Patented' Nov 13, 2001 

A-39 
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Patent Owners' D'AmiOdn io, Eugene R ,~ Harris, Stcw~rt E, ~ Il~rgeron, trnlle t. , 

SlaTe, Edwin V, 

P«tent TYPE' PATENT 

8.8 Robotic apparatus and method for treatment of 

conduits 

FIGU~E 8- 1 0: R0 80TIC CG~[)<JIT HISPEC "ON SYo'j F " 

Th i5 patcnt covers tlw ins~ction of conduit systel11s witl1 tlw ai~ ot a rohotic~lly 

contro ll ed rlaTtc-rm. Tllis PilrticLJI~' systcm is Gilpable of d~ploying sl1Mlle, 

In5pectlon u,"b into conduits th«t br«nch off ti, e main ~rtery. Tlli, reqLJ ire5 the 

I1Min pl«tfc-rrn to tr~verse Dilly the m~ln ~rte,-y, while branches can t;.:" insp<xt~d by 

t he on-board mini-robot. 

Patent Locati on: UNITED STATES PATENT 

Patent NLJmber: US 6 ,887,014 B2 

Date P~tented: May J, 2[)O~ 

Patent Owners' fl oll~nd , Cal 

P~t~nt TYPE, PATENT 

8.9 Wall climbing robot 

FIGURE 8-1 1 : WAl L njM~'% ~Gf1G'r 

A-4 0 
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This partleulM w~11 climbi"g robot (Figure 8-11, previous p~ge) is [~p~blc of 

d imbinQ veltiw l S l"t~Ces, ~s wel l ~s m~k lng the tr~n<;ltlon from horizonta l to 

vertICil I. It ~ccomp ll sh cs thi 5 by mc~", of rC-lI5~ ble hot -melt ~d heslves (I~bcl l ed 

81) 0" rotors (labelled gO). Des'lgl1el' De F~lio m~ k es the ob<;elv~tIOf1 tl1~t m~Qf1 ctic 

(iimhel' robots are Dilly useful on f~rrom~qf1ctie 5l1rf~cc" wh il e rooo!s employing 

suct ion OJPS faltcr on sllrf~ces tl1M are i"'egu lar 01' dirty. 

P~tcnt lOC~tIOI1: UNfTED STATES PATENT 

P~tent Number: US 6,193,026 Bl 

Date Patented: Sep 11, 1001 

Pate" t OWf1ers : De Fal io, Thomas L 

P~tcntTYPE, 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 1" 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 
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Appendix B 

Design and Manufacture 
-
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En _)T 

SUMMARY 
-----

nliS Appendix forms part oftlw eRobot project at the Unl~erslty of Cape Town, 

F:GURE (A) 1, ERoWT HI,VELLWG ON ~ ',ERTICf,L WML 

The purpos.e of thi5 Appendix is 10 present the reader with an overview of tile des;gn 

process ror each module or the robot, A breakdown of tile no~el Or unlQuc fcatures of 

e~ch ~5PCCt is higilliglltcd, and tile Appcndi~ co"cludc5 with ~ rcview of the dC5ign 

process, 

[Please see accompanying DVD for all 3D models. Note that all models are fully 

vi .. wabl .. in Pro/ENGINEER's ProductVi .. w Expr .. ss.] 

[PI .... ~ .. s .... th .. Accomp .. nying DVD for all 3D models] 
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1. INTRODUCTION 

Payload 
Bay 

r 

Unit 

Drive Units 

:1 
Figure 1- 1 is on exploded V I ~W of thc robot, showing t he variOus modules t ll~t comprise 

t ile ove r~1I system Oesign of t ile ve ll icle required a high deg ree of modularity ifth~ 

~ I otform w~s going to be capable of performing -", different env ironments. 

Th~ de519n methooology used In t h ~ robot was very much "top-down" Parts and 

components were created in the over,1I ossembly, an~ then refined ot the part level . This 

ensu r~d tllat a'l compon~n ts m~ ted correctly after m~nuf~ctu re, 

Th~ vchlde is [omp"s~d of four separate modules; the Drive Units, nlain Frame, lhe 

Tail Unit ~nd tile Payload Bay A revie'" rresentjng t ile main jesign fe~tures of each 

modulc i5 prcs~ntcd ncxt. 
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2. DRIVE UNITS 

'., . 

F[(,LJRr 2-1: DRIVE UN1TS 

2.1 Wh e els 

DeSIgn of tile wheels had \0 accollnt for the fact thot the robot w~s required to 

odhere firmly to, ferro-magnetic surf'ce, whilst concurrently mai"taininq a low 

rolli"'l resistance. It occame ~pparent quickly thot wheels would hove to be custom 

m~de olld '5 such , 10c~1 comp~ny, Adv'ncecl Materials Tecllrloloqy (AMT), was 

cOfisli ltecl . 

Shown in Figure 2-2 IS the rnachirllnq of a mol d'-negative On the CNC (left). ~s well 

as the initial prototypes. The illiti,1 attempt (Figure 2-2, centre) was made with a 

type of readily-available castlrlq silicon, wltll which the authar had had some 

success previously. The silicon c,sts e'sily awl sets within 8 hours. As can be see" 

from the photograph, the wheeillad foiled completely. Although the tract lan on the 
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testing "'eo wos excellent, the Silicon h~d ~ tendency to '-IP e~5Ily, As the finISh of 

lll~ wl,~1 was excellent (nwaning U1e silicon hd~ cured properly). an ,ltemaLive 

compoun~ was t'-ied, Figure 2-2 (ri'lht) shows the results of th~ new compound, ~ 

type of poly-ur~thane, Again grip was excellent, but resilience was an issue, 

However, tl1e surfilce w,s still very t~cky (implyinq on incomplete cure) ond so w~s 

r~-att~mpted, In Mkl,tion, tile qalvanised-steel rit::t>ed pldtes that were 

manufactured to ,ssist with the 'l,-ip (visible ill Figure 2-2 ot the top of eoc~ of the 

centr~ ~nd rlqllt fram~s) s~rved only to initiate tears on the inside of tile wl,~el, Tile 

wl1eel ~esign was revisecl to ,ccommooilte rounded PVC-jackets to ensure te",s 

were minimised, Figure 2-) SllOWS an exploded view of the fi,,~1 design, 

Poly-urethane 

Figure 2- 4 sl10ws t~e components i""fore (lett) ,nd <liter ",semi1ly (right) The '-ibs 

th~t ore visible in tll~ Imaqe were design"d "' to 'lIve the whe~1 mor~ tractioll 

during operation; however the elf...:t of' tl1is ~"s minim~1 ~nd could hove been left 

Ollt, 

" 
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As the previous cUring ~ttempl of I. he poly-ureth~ne compound hdd lJeen 

unsucc~ssful, ~ r~visud rnetholi was imDlc!n~nted 

F'G,m,- 25' Ch"NG Ol'fP""ON 

The presence of air bu l)bles in tl1e cas.ling matri" 01 tl1e whee l meant a low pressure 

environment wou ld have to be Implemented to remove them, 

Sl10wn i ll Figure 2- 5 is tl1e ~utl1G r's Implement~tlon of a ded,c~ted c~stmg 

~rw i ronrnenL, A DI~sLi c Tupperwar~"" conla iner wilh a FeSlO" quick- fit connector 

formed the casting chamber, with corwent l on~1 Silicon p~ste used as the sealant. 

Adjacenl lO the chamber is a oonventional vacuum pump With il silicon tubillg hose 

~nd nozzle. TI1C woodcn bo~rds visible on the I~ft fr~me of the imdge dre required 

to maintain the structur~1 integrity of tl1e ch~mber whilst under low pressure, 

Figure 2-5 (rlqht) shows th e dements used in lil€ casting procedure On the lert in 

the im~ge is the v~cuum d 1ami:>er, with the c~sting re~ctants ~nd rele~se-spr~y in 

th~ c~ntre, and a d, qIL~ 1 sCille to enSlire accliracy on the rlqht. 

FIGlJRf 2-6 : Nfli' WHffL (LfFT) "ND ORIGI~,,'_ ( "TGHT) 

Figure 2-6 ,haws ~ compar"on of the linal wlleel and the ori!Jinal. The linal wheels 

worked very we ll amilasteri the length oftl1e project witl1Gut requiring 

replMement, 

8-11 
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EROC 

2.2 Gearboxes 

8-12 

Cr:t:cal to tI"2 wcccs; of thc prolL",1 wcrc the d""'gn ~nd developn"ent of the drive 

wlwels, 5t~n(l~ rd windsh ield w iper motors trom ~ Toyota Coro l la were used ~5 the 

prim" mov~r$. Howcv"r, th" o.tdnddrd dlum;f1;um cdsllngs thM housed the units 

were not 5uitahle for the project, and 50 Ihe housings were re~5i gned. 

FIGURE 2-7. L,~- DR'VE UNIT 

Figure 2-7 show~ thc md,n compon"nts ($IMdcd) of thc left ge~rbox. As c<ln be 

5een trom the t igu re, the gearhox consistec at two H igh D ensity Poly-Ethy lene 

(HOPE) compof1mts forminQ thc m~ln housing. rhe drive 5h~ft run5 on two deep 

groove b~11 bearings to ensu re alignment with the driving worm gear on the rotor 

• 

Grub screw 
• • inset 

Inset 

~ 
• ,.. =-~ 

Gear 

Tr~nsterring torque to the drive sll~ft from tile ma',n geM required a solid 

mech~nical connectIon. An Inset was machined Into the main gear whictl ~ llo wed for 

the design of ~ mating I've inset. This provided ~ mounting point for four grub 

5crews that wou ld 5ecu re the main d,;ve shaft to the gear. 
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'l:)BOT 

rl(,lJKF L ~: GFAK rc,.ClIlN1N" (LUT) AND COHf'ONEN rs (RIGti r) 

This Mfdngement ensured thilt the s!1dft did not slip on the main gear, wh l ~h was 

an Issue In prevIous prototypes SllOwn In Figure 2-9 i5 the gea r h~v i ng the main 

inset mact1ined (right) dnd the vMious components of th e slib assemhly (rigI1t) 

Implement~t i on of thi5 gear Sub-dssembly inSLIled excellent torq"e- trdnsfe r, whil e 

at the S<lme time being relatively easy to d lS<lsscmhlc 

Figure 2-10 above shows one component at the gearbox ass.eml)ly . Every effort 

waS made to reduce the weight of these geMboxes, dS Cdn be seen by the weigh l 

saving !'eatures VISible above. Although the gearhoxes themselves were lig l1t, each 

gearbox (indusive of motor cas;ngs and wheels) weighed over a k ilog ram, an issue 

which will have t o be addressed in futu re ve rSions. 

As the drive5 we re only 5imple DC motors, speed control had to be integrated mto 

the design. As 'eildy- !l1ilde encoders coliid not be localed eas ily, the decision was 

made to implement a custom solut ion. 

The encCKler design needed to ensu re that it was iso lated tmm tl1e ma in gearbox 

and t he rotor/bru5hes to ensure It did not become contdmlfMted With grease arKf/or 

carbon depOSits. 

6-13 
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1l-14 

E::103jOT 

FIGURE 2-11: GEARBOX COMPARISONS 

Figure 2-11 sh ows ~ si Je- by-side comp~cl so n of one of the e~rly ge~ rbox efforts 

and the rillel versio~_ Visihle in tile Ilew vers;on are the recesses ror the CLJstom­

buill encoder w~",els, ~s well ~s the weight-reducing fe~tures ~rr~yed Mound the 

m~in hearing housing. 

FJGUI(E 2-12. E~cO~ERS 

For the enmder rotors, aluminium discs were designed and fabricated, with the 

encoder s;ots ':>eing macllil1ed on the CNC. EiOCll encoder w~s fastened to the rotor 

shaft)y means of a grub screw. Sever~1 attempts were made to manufacture the 

gear')Oxes hefore a comp lete set was successrully fa'J,-icated 

The encoder is Isol~teJ from the main gearbox by means or a standerd o-ring 

located on the rotor shaft. When assembled, both HDPE components mesh 

completely Mound lhe enoode,- Itself, isolating it from tile rotor ~Ild brushes. 

Tile en[()<:ier Itself h~s 20 slots, wllicll ~t the rotor's running speed of ~pproxim~tely 

DOO rpm gives BUU "tr~nsltlOns" per second 
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F:GURE 2-13, ASSEMBLY, REAR VIEW 

Shown in Fig"re 2-13 is the reM view of the left-side ge~rbox, with the drive 

wheel and motor casing OLJt li ned. Tile motors LJs.ed relied on a simrle bLJ,hing at the 

re~r of the mGtor casing to locate the rotor, This generated ~ sllbSt~ntl~1 ~mollnt of 

heat when operated continLJOLJsly, and IS an issue that reqLJires fLJrther 

consideration, 

FH" IF" 2 -14' THE' T'''''' ~ l" [or ''on I OPM [ " ; 

AS mentioned before, the ge~rboxes took some tri~ 1 and error before a fLJ 11 workable 

set was made, Figure 2-14 shows the "gearbox grilveyard", 
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3. FRAME 

The rr~m" formed t ile core module oft!,,, systelll, and WC1S required to Intctf~[c 

Wlttl all tl", oliler modules. Tile liam" was re~l'onsible tor Ilousing tile Comp<lting 

Module (eM), ElectroniCS Module ( EM ) and Power Supply Unit ( PSU ). in ~ddltlOn 

to being rigi~ enougl1 to provide strLlcturill st rength tor the entire vel1icle. 

3.1 Design 

, , 

F".;U"'- ]-2' F"~M" SfcCH:!".'; 

As c~n t>c seen in Fig ure 3 - 2 , the frame 15 ~ composition of HDPE panels "nd Pcrspcx'" 

sections and bLllkr.ea~5. SI10wn in rillnt wiretrame 'In tile image is tl", outline or tl", 

PC/104 "st~ck" forming the COre of the eM. 

B-16 
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~nOD 

FIGURE 3-3, CANOPIES 

The canopy sectIons of the vehicle were esscntl~1 for i501~ting the robots' interoor 

electronics from the enviro"me"t The top canopy section (Figure 3-3 , left) was 

~Iso responSIble for hou5ing tile u510x Ant~ros GPS ~ntenM. TillS wa5 hCllSed 

oot,ide the mbot to al low for maximum signal acqui'ition 

F:GURE 3-4, FRAME; EXOLODED 

The exploded vIew In Figure 3 -4 SllOW5 the various components tllat constItute the 

frame, AI,o "ISible in the image are the lan, and fan-recesses that were required to 

keep tile f'C/104 motherboard cool, The locatio~ of the fa~5 ~llowed for tile 

simultaneou, coo l il'I<J 01 tile PC/104 a"d the exterior cases of the Drive UnIts 

B-1? 
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Shown in Figure 3-5 OIl th", previous pag~ are t ile eM ~n~ the asseml)led 

comporlf'nts d the fr~mc, As thc supports fo r thc f'Cjl04 st<>:k In th'" Computing 

Mouu le were not load-be~ting members, weight-reduCin g grooves were rTl~d'irl&1 in 

as much ~5 posSlblp, This operat ion proved d ifficu lt as thin P~ tSp~x'; fEatu res 

cr~cked relatively e~sily during machining. 

3.2 Manufacture 

B-18 

As ,,,ucll as w~s !-'Osslble, componerlts were rrlilch irled from so lid HDPE to rcuuce 

the nef'd fo r tasten~ rs and comp l "'~ as ... mbly. Shown below as an ~x~mp l e is the 

procedure for macll irllng tile bottorn COver (tile corn!-'Onent respOnsib le for shieldir)<j 

th~ interna ls of th~ robot from the und~rlying surfac~) 5t~ rting with Figure 3-6 , 

A stock piKe of plywoo~ w~s r,,~chined out to accommodilte a soli~ I~ock of HDPE 

as shown in Figure 3 - 6 (Icft) abovc. The slots that wou ld allow the unit to slid", 

into tire rr~rne were rn~chine~ in next, as sir own in Figure 3-6 (rrght), 

Once tire piece w~s secured, it was roUglled an~ then the exterior was finished with 

a b~ 11 nose cutt~ ,- as shown in Figure 3-7 ~bove, 
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FIGURE 3-8: sor-n'1-COVER '1>C'IININ(; (Ill) 

As hn ldillg th~ comrnnent In a vice to machine the Interior would have neen 

impr~ctic~ 1 (with the deslg~ed wall thickn"55, the compo~ent would have begun to 

deform once machinil1g beg"n) d ,;olid blocK or wood (sllOwn In Figure 3-8, le rt 

above) was holl~w~d out nn tlw CNC to acmnHnodat~ thp sern i fini,hpd mmpnnpnl 

(Figure 3-8, "gil t). 

FIG~RE 3-9. BolTn'1-cO'.'ER '1 • .c,CNING (IV) 

This arrangement allowed mach ining out of the i~terior of the component without 

~ny problems. SllOwn in Figure 3-9 is tile component being rn~chined (left) ~nd 

once li~ished (right). Figure 3-10 ,hows the lelt-sld~ panel (lett) and front '~ction 

(centre) being m~chined, with the fondl frame components on the right. 

FIG~RE 3 1 U: V~RIOlJS :.IACH1N1NGn"lR~,.,n"s 

B-19 
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- - -----------

4 . TAIL UNIT 

4.1 Wh eel 

8-20 

As the design oftl't robot rHlLJlred " t.n cycle .rr~ n~f'ment, thc Tail Unit ITU) w~s 

rf"ponsiblc fOI hOll51 nu tlw rc~ r Jockey wheel. Desi gn a nd development. of t.hf' f ro nt 

drive wheels had result.ed III Uilits tllot were r "," ,tont to wCOI, h.,d ~ low rollinu 

resistance and rrovided good ~dhe,io" to ~n underlyinu metallic surface. 

However the design requirement, for the rear whcel were differcnt. In the cose of 

this t.roiling jockey wheel, t~e design must allow tl1e interior mognet to adl,ere to an 

underlYing metallic sLJrfacf' Wl1ilst. ollowing it to slip e~sily on the surf~ce (as well as 

being rCSi5t~nt to wcor). 

FiGURE 4-2. JOCKEY II'~Ea A5S E M~lY 

SllOwn in Figure 4 - 2 i, the oriyinal dcsign. A solid alurlliniurTl section 

~ccorllmodates two extended brass i)LJshil1gs with nylon stabili,cr5. Two ,ilvcr-,tcel 

11 011 Sl1.fts rail on the bushe, omi were located on two steel hubs attacl'ed to the 

rTl~unet. The advantage 01 tl,is design was tl,at 110 modificotion of the m~gnet Itself 
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wa~ required. lMqe electrical hmt-shnnk tubLnu was slLrunk Over tht as,;tmbly, 

botlL to add add itiona l inttgr ity to tILe ILlIbln)ilgndlllllb sub ~ssembly and to 

provide ~ low friction sutf~ce Iwtwecn the wheel and the underlyinu ,utface. 

Unrortunately, tILe lLalr-~hatts ~i~ not run "moothly inside tlw bores of the bushes 

(WllLCh was ~ttrLbutcd to rustLng, WhLCh bec~me visible ~fter only a day Or two) and 

therefore a re-design was ntCessary 

Magnet 

Bearings & Housings 

FIGURE4-3: HiTCH: EXPLODED 

Nylon 
Silroud 

Figu~e 4-3 shows an exploded view of the fin~1 ~esign. As the solid aluminium 

section worked well, it was incorporated into the final design. How~ver, it was 

nteess~ry to m~ch'lnt ~ bore into the m~gnet, which was accomplished by Mr. Glen 

Newlns of the UCT Mechanical EngineerirLg workshop. 

A sol'ld ~Iuminium shaft was fabricated (to pr~vent both ru,ting and the clLa"ndling 

of magnetic flux into tILe bearings, r~ducing thtir life) whiel1 w~~ pr~ssed into th~ 

m~gnf't_ Nylon shroud~ eneompil~se~ the magnet and provided an excellent low­

friction interface between the wheel and the underlying surface. 

Th~ bearing 11Ou~ings were d~s;gned as to m~ke use of the previo us 10000t",g 1L0ies 

for the bras, bushings. 

4.2 Design 

D~~ign of th~ T ail Unit (TU) required it to be structurally sound as it would be 

supporting mOre than 1/3"' of the weight Df the robot. lt also needed to 

B-21 
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B-n 

JccommodJte the hitcl1 Jssembly .,nd Jllow it to perform a 360' rot~tIO~, so as to 

~llow the robot to tr~vel b~ckwMds. , 

\' 
, 1 1 

FIGURE 4-4- REAR. hPl.ODED 

Figure 4-4 shows an exploded view of the fin~1 design. The complex intern~1 

geometry of the top ~nd bottom HDPE comp;>nents W~5 implemented to reduce the 

overall weight of the unit 

FIGURE 4-5: FIRST DE5IGN ATTEMPT 

Shown i~ Figure 4-5 above is the top section of the first dcsig~. Although the 

de5ign W~5 ~esthetic~lly ple~sing ~nd h~d excellent surface finisl1es, it had locating 

detects and was e"cessiv~y heavy_ Further work was done o~ the 3D modcis to 

e%Ure that the weight of the desig~ wilS reduced. 

Very element~ry Finite Element An~lysls (FEA) w~s conducted _on the ~ssembly to 

determine whether it was stili structurally sound after all the weight-reduci~g 

te~ture5 h~d been ~dded. 
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FIGUR~ 4-6, REA~ FEA 

Figure 4-6 illxlVe show, a scr""nshot of the FEA done on tile rear assembly A 

un iformly dlstrrbuted load or 10 kilO<]rams was p laced on the internal tlc~nnq recess 

of the lower ~ctioo _ This w~s 125% of the deslqn wei~ht of tile entire rolXlt, 

le~vlng ~ Idrqe ""rely factor. The resultant m~)( i mum von Mises stres, w~s 1.9MPa, 

awl with the yie ld strengtll of HOPE being ~pprox 2SMPd, there was a wbstantial 

'klfcty f~ctorfor the assembly, In the above figure, tile red gradient correspond, to 

7 .0 I~Pa, whilst blue is unstressed . 

FIG""" 4-7 ' RlAR C()"I'()~ENTS 

Figure 4 - 7 above shows the inter ior detai l Of the fin,, 1 section,. 

4.3 Manufacture 

FIGIJ~< 4 -8: MA~HI~TN(; RlA" (Ij 

B-/_, 
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Somet imes due to the cemplex geometry of ~ port, It bec"me almest impossible to 

fix it into a vic'" er with stJnd~rd clamps. As such, J COrnman "retilOO deyelep~d 

was to machine the negotlvc of" p~rt into" block of weed. This ~llowcd the p~rt to 

be ~ccurdt~ly and rigidly located in place. Shown in Figure 4-8 (pr~vious pJQe) is 

the rear top ~ection before and after mounting. Figure 4 - 9 ~h[1w~ tl,e part dllring 

"'dci)ln',nQ. 

F:GURE 4-9: MhCHINING REAR (I I ) 

Assemb ly of the Tai l Unit w~s rcl~tively simple Onc~ th" lenQthy ",~cllinlnQ ~rocess 

was comp lete Shown in Figure 4 - 10 below is the lower ~ec(ion being ~~sembl"<:l 

Into th" robot: 

F:(;LJ~l4-lO : RlM ~SSlM"l' (I) 

The quaar~nt of large ho les around tl,e centra l sllaft hole t llat are v isible in the left 

frame of Figure 4 - 10 ar" for tlQlltening of the ocarrnq ~ I ate bolts of til" top 

i)eating assem i)ly . TI, is al lows tor t igh ten ing of t ile bolts witl,out 11a,'lng to 

disassemble the entir" TU. 

Figure 4-11 overleaf show~ tI,e ~h~ft, beari ng and ether com ponent~ that 

completed the Tal l Un'll. Tile use of sliding (H7/h7) fits on tile shaft allowed fer e~sy 

assem i)ly fa isassemhl y. 
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F1UJ"l 4-11 ' Rl~k Ao~ F "RIY ( I I) 

" 
6-25 
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S. PAYLOAD BAY 

5.1 Design 

B-26 

FJC'.J'iL5-1: PAYLOAU B~Y 

AS the name suggesto, the Payload Bay module was responsible for carrying tile 

robots Non-Destructive EVdludtion paylodci. For testing purposes a FireWire camera 

was used to take images of the underlying c,uttace. Although the FireWire camera 

was IMerior to an industry standard Inspection camcrd, it sufT'iced for d testing 

platform. 

• 
• • 

FICUR[ 52: F'WNT (LEfT) AND EXPWDW (RIG~T) 

Figure 5 - 2 sllOWS t he Payload Bay and its exploded view. Arrival of the Mechanical 

Englncering DepMtrnent's new CNC milling machine allowed the author to machine 

the Payload Bay Irom a solid stock of HDPE. 

This greatly s;mplified assembly issues, altl10ugh the piece requlCecl 74 sequences 

in 12 separate machor""g operatIons. 
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F[(;UR' 5-3' FOONT ,~CWTW; Fro,\'Jm, CAME RA 

Shown in Figure 5-3 is the rear view of the assembled Payload Bay In the centre 

of the figure is the FireWire camer~. As the FircWire conncctors ~r>d c~blinq h~d 

wry larqe bend radii, they were incilided in the 3D model to ensure t~at tile 

camera assembly would fit into the design~ted sp~ce inside the b~y, 

Also visible in Figure 5-3 are t~e weight-saving insets. Tlles.e were ~dded ~fter the 

first rollnd of m~chinlnq ~5 It was found th~t the solid scction was too heavy to be 

effectively u>ed by t~e ve~icle_ 

5.2 Manufacture 

FIGU;E 5-4: PAYLOAO BAY AS O[SIGNEO (LEfT) AND OURWG MANUfACTURE (RIGHT) 

B-27 
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6-28 

Figure 5-4 (prcvlous pa~Je) ,haws the solid urnt ~s designed in Pm/ENGIN[[R 

(left) and during tile manoJtacturing process (rig Ill}, At this stage In the 

manutaLtoJre, the faceted f~ccs of the u,ilt drc beiliU smoothed wlll1 a ball-nose 

cuttcr, The cutter i, stepping ~(rOSS M 0_3mm, me~ning Illat tile entire operolion 

took in ~xc",ss or 6 machining hours 10 completc. 

FIC.l.I~F 5-5' R()L.'GII[N{, (llP I) AN0 lNNl~ M1LUNG (~L GHT) 

The us.c of ti,e roughing and tinishing procedures in Pro/~'ANUFACTURE (a~ add-o~ 

prismatic-machi~i~g modulc to Pro/ENGINEER) Weatly , imp li fi ed the m~chining 

procedure" Figure 5-5 shows the component during t ile roughing stage (left) and 

during tile inner -mi lling phase (right). 

F[(;L.'Ol ~ 6: COM f'A<ISmj OF INITAL STOCK AGA:~jSTTHF fIN~L hSSF~~L y 

Figure 5-6 shows a CGmpariso~ of the origin"1 'lock SIZC against the fin~1 

compo~cnt, 
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6. ELECTRONICS 

Desi'!n of tile Electronic" Modu le (EM) ocq,,,, with a mock-up to ensure that the intended 

boards nnd components wou ld l it into tile robot's designated electronics bay 

6.1 Mechanical Design & Manufacture 

Fj("J~l6 1: E~1 MOCK lJl' 

Figure 6-1 silOWS the t irst mock up 01 the [M. As can IJ e seell in the components 

view (left). two electronics boards were Initial ly deslgrK'<l for. 1h;, Wd' revi ,ed Idter 

on in the desi\)n process to three Also, tile lIBlo;: AntMis GP5 antenna was 

mounte,i In tile EM. ThIS was also change,i as mlllti-path errors ond obstrllction by 

the overhead canopy was a cOllcern 

F:GURE 6-2. G-CODE E'.'AlUATIC-N 

Once deslqn of the electron ics w~s complete (. ee 6.2 Electric,,1 Design ) it w~. 

necessary to manufacture the boards. As time was pressillg alld the out-sourcing of 

~ boord to ~ dedic~ted Printed Circu it Board (PCB ) m~nuf~cture r wou ld hove been 

cost ly nnd time COllSum ing, it was deaded to attempt in-llOUse board mallllfacture 

Eagle CAD, lile electrica l design pock~ge, ilas 0 very large on-line ."pporl 

community. One of the tools that was d<'velopf'd and publ ish~d on the Eng le 

B-2g 
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web"le W"s" G code generalor. This package wos downlooded and ~ custom Linux 

shell script w"tten to convert the ger>eric G code to " G-code format tl,at tile 

Hercus CNC mill wos compatible wilh. 

Figure 6-2 SllOWS a lest of the G-cooe on ~ piece of PVC. The "1001' in this case 

was ~ broken end-mill th~t Il~d been sharpened to a point As can be seen from tile 

photogr"ph, the Irocks are clearly dis.cernoble, ~nd 50 It was deaded to proceed to 

tile ne;:t pilase or board de~elopmen\. 

Several PCB cutters were olJtained from CaciSllOp, a Pretoria b~sed PCB specialist 

As the tools supplied were long senes, an "d"ptor was designed to accolllmodote 

tl,em into ti,e mill's standMci tool ad~ptors and to provide support I'or the tool neck 

"s ,Ilown in Figure 6-3: 

FJC.wl 6-3: Tonl ALOAl'lOk 

A piece or scrap single-sided board was obtained from Me. 5"llluel Ginsberg 01 UCT 

Electncol Engir,eering, and ~ tnol bo~rd was mlileci. sllOwn in Figure 6-4: 

F!GURE 6-4: TRIAL BOA~D 

Tilere were m"xed results lor the lirs.t boord. For Ihe initial cutting s.tages, the cut 

was excellent. Unfortun~tely the wllOle process was very slow. Th.s was because " 
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conv~ntiondl PU; mill ing m~ch ne h~5 a spind le sreed of aoout 10,00() revolutions 

per m inute ( rpm ) whereas the rnaximum Spindl~ sp~ed of the Hercus IS 4,000 rpm. 

Therc/ore the recommended cutting sr;>eed was reduced hy il fac\()r of 5, which 

tr3t,slated into 1 inch p~r millUt~, or "pproxlm"tely 25 mm per minute. The 0.5 mm 

cutter used imtially cut we ll; however it 11roke mi(l-cyc l ~, vi5'Ibie in the lop-left of 

Figure 6 -4 (previ0lls p3g~, riQht). This W"S rep l ac~d with a O.lmm cutter, which 

Initial ly cut too deep and '>low (Figure 6 -4 , tight, tight hand sirle) leaving a 

sul15tantial !Jurr. 

Once the initi~1 speeds ~nd feeds had been determined (through more trial and 

erro r ) a stee l plate was ground and OK-drilled lo be used as a PCB mount Figure 

6-5, lefl). ThIs allowed lor the PCB to be fa~tened hy a twel1ty-four 1mm hex holts, 

ensuring that tl>e hoard was C0mp leldy flat (Figun! 6-5, ccnlre-Idt). 

F IGURE 6-5. F IRST BOARD 

The firsl production 1)0",,1 w~s l hen millcd (Figure 6-5, centre right) and routed 

out (Fig ure 6-5, riQh l ). 

Il- 31 
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Once the board was populated with cQtnponents (Figure 6-6, previollS page, top ­

left) it was m"'Jnted on t il e EM base (on whlell tile H bndgc dnvcr-ch lps were 

mounted, Figure 6-6, top-rig lit) and tnounted in tile robot's electronics bay 

(Figure 6-6, centreJ_ As can ~ seen lrom the image, there W"5 an e~ceS5 of 

wiring, and thIS ultimatciy led to the {Iesi\!n oc'n~ unwork~ble . The tx:-.3rd was 

redesigned as shown in Figure 6-7 

FIGU~[ 67. SOARD ~E DESICN 

ThiS OOMd did not hdve til " GPS interlace as the f rst design clicl, and was solely 

responsible ror H-lJndge control, leadif19 to ~ much cleanec bodrd. In addit ion the 

H-briclg " chips were mountecl on the IXJ3rcl's solder side, eliminating the need for 

Interconnect wires (iiS in the first prototype) whilst stil l ~llowing for a solId thermal 

connection wIth the unclerlying alurninium. Figure 11-8 cotnpares tile f inallXlard 

(left) with the initial one (right). 

I n I' 
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FIGUR~ 6-9: W1AT rWT TO DO 

6.2 Electrical Design 

FIGURE 6-10: FI~~L ELECTRO~ICS MODULE 

SllOwn in Figure 6-10 is t~e final Electronics Module. T11~ module waS capabk of 

controlling the two (I,ive motors and intetfadng w ith the uBlox GPS :;.oa,d Figure 

6-11 overle~f shows ~ scll~matic of th~ lower owrd: 

B-33 
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"!L1i..
0 

• .,0- • P .' ."~ 
@ E1 

["ROBO 

o 
Left H· 
Bridge 

Right H. 
Bridge 

FIGURE 6-11. lOWE~ 8QARD SCH'MATl(" 

.~ .... : 
, . . , 

Opto· 
Isolntors 

Aft;er the in itial prototype of the bo~ rd proved impossi III e LO successfully implement, 

the IloLtom board was redeSlgne(i to he ~ole l y re~poll~ible for the H-bridge contml. 

ThE bo~rd illQJrpor~ted fuses to prevent currenL overload and opto-isolator~ to 

physica lly separate the incoming control sign~1 from the rest of the board. 

FTGU'<l6·12: LOWe, BOARD 

Figure 6-12 shows the Pro/ENGINEER modEl of the final bottom bo~ rd. As the 

mating of the H-bridges to the ,,,,derlying alwninium was crucial to ensure 

conduction of heat away from thE board, they were mounted on the underside 

(sold~r side) of the bo ~ rd. Figure 6-13 SllOW'; a thermal plot of the H-bridgEs, 

-



Univ
ers

ity
 of

 C
ap

e T
ow

n

ThiS very lA'''''' rnodel pla"~d two heat sources at tile rear ot the H- bridge t~I)S_ As 

ill the H-bridge documentation i\ st,,\es \h& the outputs "r~ no longer d"v~n at 

158"(, this was determined to I)€ the temrerature wllete tile rnaximum therrn,,1 

stress would occur. Tile surrounding ternperature was aS5urned to be 25"(, and tlli5 

was assurned to be at the ;ntert~ce ot tlw alumilliurn oo~rd and tile exterior or til e 

vehicle_ 

Onc~ tile lower ooMd d~Slgn waS completed, the m iddle bOilrd wa5 desIgned amUlld 

It. The function ot the rni~dle IXl ~t-d wa~ to interfdcc with th~ uBlox Antdris GPS unit 

~nd \h~ temp~rdlure dna speed SL'f1501'5 of the drive units. Tile cut out section5 are 

for lower board Mole>:" connectors to pass tllCough. 

--

Left I solator 

Right Isolator 

,..... ., -.. "~ ~~: , :: 
,g"'l1 ., - • 

GPS Inte rface 

j
' . 
• 4, , 

.!': , ::cI . " " 

TTl '" -~, .. -, ... 
• '--:""0-

Fig ure 6- 14 ~how~ ~ scl1ematic of tile lower bodrd. Interfacing th~ uBlox \0 th~ 

Computing Moduk r~quired the use of botll a USB-to-serial and ~ RS-232 to-TIL 

level 511itter_ In tllis case a U5B-\0-TIL converter wOlild h,1V~ bc~n rnor~ 

dppropridte; howevL,!, a RS-2J2 to 5erial converter was rei>dily avail~I) l e_ Shown in 

Figure 6 - 15 be low is tile interfacc bdweL~l tile USB-to-serial ~nd the RS-232-to ­

TIL (MAX-232 I ntegrated Circuit); 

'" "~- ...... - " , '-. .. 
. r 

Design of the ooards took rlace ill an iterative fashion. The oullin~ or\he bOilrd WilS 

generil\ed in Pro/ENGlNEER to ensure rnechanical compatibility wltll tile module. 
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Th iS ouUi ne wds then exported as a ,dxft i le, a n ~ then im ported into Eagl e CAD ~s ~ 

board outlil1e. Figure 6-16 shows the dC'Sign proces,: 

• 

fIGUR[ b 16: DI SlLN r"() CF S~ - SOLID ~ODE l - >.DX.'-- >EAGl l CAD- >_ ' ,;F- >S{JLID flODEl 

B-36 

Dnce the out lme was im ported in t o tagle, ~ II tile t rack '-outing ~nu component 

pldce~1ent was completed, mak ing sure not to vio late t he board boul1d~ ry_ Thi s 

placemel1t was e)(portell into a .Ufimage fi le, ~l1d imported back in to Pro/ENGINEER 

~s a texture. The, bo~ rd w~s t hen populatell anll, onCe It was ensu oed tll ~t til ere 

we re no il1terrerences, the board was man ulactured _ 

The D ifterenlia l GPS (DGPS) node requ ired a l)(),3rd designed spcc l fic~lIy for the 

PC!1 04 stack, Pe r k ind t~vour of Mr, Sa~1ue l Ginsberg, the author was taught how 

to use the Dep art~1cnt of Electrical Eng ineering's LPKF PCB mi lling TT1~ch l ne, Th l ~ 

al lowed for much tighte r tol e'-~nces (=5rnils as opposed to ±27mi ls wltll tlw He'-elJ s 

method), al1d t hus allowell the des ign of the DGrS I)o~rd ~s shown in Figure 6 - 17 

below, 

0,0 <) ~ A444 b~ 
0, 

ID 
Serial Port 0 

uBlox Header 

• • 0, Q 0, 

, 'y"'''''': MAX232 ,,,,,,': 
level sllirter o.}' d o oj ,_ , o J>. 

« ii i ,~ 0 
FI GU~E 6-17 : DG PS ~8M~ 

Th is board accommodated headers lor ~ the two on-boarll seria l po rts of the u510x 

Ant~ris boa'-d , ~s well as ~ leve l shifter to convert the PC/l04 RS-232 IW ic to TIL 

logic. 
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7. CONCLUDING REMARKS 
--- -

As design is by natllre an IteratIve process, there are a number of 'mproveme~ts that 

could be made to the 'ystem in the next stage oft~e ve~icle's development. Ei>Ch module 

is analysed below and recommendations ~re made for d"""gn improvements: 

7.1 Drive Units 

Although care was t~ken to reduce the weight of the drive u~its, each one stIli 

weighed over a kHogr~m, induding tl'e wheels, This weigl't reduces tl'e payload 

tllattlle ve~icle can carry, As such, the re-design of the wheel, with a reduced 

amou~t of poly urethane would be heneficial 

F[(,;UR F 7-1' W-<FFl, REV'S'ON 

Figure 7- 1 ,I,ows a possinle implementation, Hollow HDPE inserts are responsible 

for hOllslng the m<>gnets, with the grIp being provided by ~ relatively thin poly 

uretl'a~e insert, sig~irlca~tly redlJcing the ~mount of dead weight, 

7.2 Frame 

The frame interfaced well with the other modules; however ~ re-des'lgn 

i~corporating an aluminium skeleton and thinner HDPE pallels wOlild reduce t~e 

weight of the robot whilst not compromi'i~g o~ structural integrity or strengt.h. 

7 .3 Tail Unit 

Overall the Tail Unit flJlfilled its purpose, IXlwever tile internal weigllt-reductlon 

features provided a large amount of space that was not effectively utilised, B~ttery­

monitoring electroniCS or otl'er intelligent modules could be incorporated illto the 

reM unit without compromic,;ng on weight, 

B37 
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:'l .. 310lT , 
7.4 Payload Bay 

lmplementation of proper N DE testl "'J equ Iprnent Or il h iq il-defi [1ltlon til rner~ wou Id 

rn~ke the Payload Bay more el'fenive 

7 .5 Electronics 

B-38 

Althou(jh the H-brid(.J~s worketi ~dequ~t~ l y, ~ bett~r solution would be tile 

implementation 01 power MOSFET', ard il MOSFET driver chip lor each drive unit. 

Incorporation of a battery-rno[1itorin(j orcuit wou ld al low fe)/' more accurate 

mOllltoring 01 the robot', condition. 

As the heat generated from the PC/101 was of primary concern, the cooling fans 

we re wired to be p~rrn~n~ntly 0[1. Till> IS not required wh~n the robot IS IlIll[1(1 (i.e. 

CPU usage is low) Therefore implernentatioll cllall-colltrr> c'lrcuitry would allow lor 

ext~nded biltt~ry life. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

C '-0 

Appendix C 

Computer System Setup & Code 
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SUMMARY 

This Appendi x fo rms part ot the eRobot rroject at the U"iversity ofC~pe Town, 

FIGURE (A) 1 , ERCosCoT ~RAVELcING CoN A VlR, leAl WAL L 

This Appcndl~ details the des ign of t he com r uting network Md code thdt WdS 

implemented for The eRobot system. A detdlled phys'IGiJI breakdown is given of all the 

systems lISed In the proJect, r" lowed by tlow[h~,ts and descriptions of tile individual 

code segments that constituted tile binMles on both host ~nd client Slde of the network 

The f l n~ 1 section draws conclus i on~ f rom the d~~ i gn Md perfonnd'lCe of the code, as well 

dS rndk ing reco ,nmenddtlons for future des ign work. 

[All cod" is a vailable on the accompanying DVD j 

C-2 
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1. INTRODUCTION 

This Arrendlx provIdes the recld~r with 0 det~ iled br~ak~nwn nl the mmruting systems 

u5e<:1 in the eRr>b(){ rmject. The system was a mixture of lInux end lVindov<st" oper~ting 

systems, all op"rotlnu Of] a wordess ndwork. The system made us€ 01 a large amount of 

computillg harriware trom the PC/10~ embedded form factor to st~ndord IBM 'clorle PC's. 

Previous e"perience with the wireless robot communlc~tlons had 5110wn tll~t lligh-I~vel 

languages Introduced ~xc~ssiv~ I~teflcy ifllO the system, an~ therel",'e all coding was 

done '", C+-,- tn maximise tlw system responsiveness. All 50Urce code" given Of] tlle 

nccomranying DVD, ~nd compil"tion suggestions are given lor all carie segments. 

Shown in Figure 1-1 below ,1rC shots of the PC/104 "5t~ck" ~t th~ t:><oginning and enri 01 

the prolect. 

FIGURE 1-1 PC!l 04 EVOUJT;ON 

Fig ure 1-2 ShOWS testing nf the PWM corie (left) ond of the GPS system (right). 

F;(;lmll-2: 5YSl lMTlSTIrK; : PWM (lefT) ANC GPS ( R!(;"T) 

" 
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2. SYSTEM DIAGRAM 

2.1 System Overview 

" 

Router / 

-" ~ . 

Gateway 

" Backup Server 

FIGURE 2-1: lOC~L ARE~ N ETWORK TOPOLOGY 

Laptop 

DGPS 
node 

Robot 
client 

Figure 2-1 shows the ~ rchltccturc ofth" Loca l Arc~ NetwDrk or LAN lila l was 

im plemenled for the projeCl. Vilal to the success or the project was the availability 

01 on Internet connection for every ncdc Dn tile ""twork. 

With the internet's propens ity for v iruses and other !TIi'!llciDUS code, COllllcctlrlq an 

u"~rotecled machine Or nelwork to tile jfl le tnel is very unwise TIHorefore a 

gateway machine w"s used to act as a filter for the i ntern~llletwork from the 

outslue worlel. 

Dat~ redundollCY is a lways necessory, and as such a dedicated backup server waS 

added lO enSure ciala inleqrily in the case or a syslem railure 

Wireless cOllnect lvlty (or W,F ,) IS prm'lueu by tile llnksys"' W ireless Access Po;nt 

(WAP)_ Clie"ts on the network c0l1sISted of a Compaq '" laptop for the operotOl", ~s 

well as t ile DGPS node ancltile robot client itself. Broer uescriptions of the various 

elements " re g iven overleaf: 
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2.2 Descriptions 

GATEWAY 

" 

• 
. ~ ubuntu 

The gatew"y seNer (rtlnning Ubuntu DODD~r Drake) was r~spOnsible for filtering out 

m~licious attach frorll the internet, whil~t permitting the cnents to ~cceS5 ~ny data 

~tream~ they may rL"quire. Thc5e 5tr~~rllS included the RTCM-sr1 04 DGP5 d"til 

stream on port 2101, the Hyper·Text Tran~ler Protocol (HTTP)onport 80, ~nd 

~tandard file tr~nsler protocol (ft p) and SeCure sh ell (55h ) (I)(ltt> )0-21 and 22) It 

is nev~r ~ qood idea in terms of ~eClJrity to give ports public acce55, particularly ltD 

whirll is su~cepti b l e to a variety of att~cks. 

Conventiona l firewal l tilctics on Linux machines m~ke U5~ of iptable5 (an 

adminl~t r~tlon tool for IPv4 pack~t filtering ~nd N et:woti< Addre~s T ranslation, NAT 

[c11 ); however a novire uset ran do more horm than good on ~ machine. Anotll~r 

alterniltive is the usc of the Firestarter [ c2J firewa ll d~emon. 

d t' 
",~---. 

...... "u" 

~ 
,~ , .. --, , 0 - o..~ .... , 0 

Firestarter is 0 simple frr~w~11 witll ~ very ~ser-frielldly Gr~phir"I-User Interfare 

(GUI ) lhat ell~ble5 the ~~er to block port~, filter trollic ~nd restrict LAN aclivlty. 

The d~~mon ~Iso ~llowed l)(lrt forwardillg, <;0 that ony request on port 80 (the 

standard HTIP port lor int~rnet tr~ffic) wo~ld be forwarded to the robot, wllieh 

h05ted the web-page for tile ~ystem _ 

A5 ~ny node 011 the elc~wnt wo~ld have to pa~s domain n"me re~olutlons (for 

example, mapping of the domain n~me such ~5 www.gQQgle.cQ,l~ to 

20~,8~.12~.11/) onto the gateway, il was decided to implement a D omoin N ome 
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Server (DNS) on the geteway, ~I;.eeding up tile qu~ry-response of the syst~m. Tho> 

We~ acco rnp l ," ll~d with th~ BIND rc31 package. 

BACKUP SERV ER 

. J ubuntu 
Unu!ltu Edgy Eft w""nstalled on the bilckur se rver. Til is server had one 20 Giga­

Byte (GB ) and three 80 GB hard-driv~s spec l flc~ lly for d"t~ storage. The server was 

configured "s ~ Network Fi le Server (NFS ) Oil the network. As suell any node could 

be conligured to Ilave acc~,s to th~ d"t". 

The main (gateway) server mOllnted the three hMd drives loca lly as netwo rk­

d"v~s. lh~refore wilen any deta wa, written to tllO"., "loca l" dri v~s It w~s in f~ct 

being translerred to tile hard-drives on the b~dup se rver 

Cron is a Linux d~emon th~t " I lows tle regLJ lar schedu ling at any user-specified 

Job, and i, idea l tor a bockup. Entri~s wer~ m~d~ In the gateway's crontilb tile to 

writ~ compressed (or t~rred) a rchive, 01 a ll data 011 the disk every day. Once a day 

thiS compres,ed archive wou ld be written to the 20GB hMd drive 

ROU TER 

FlUIRF 2-3' L;NKSY5 'NIRELESS-G ACCESS POINT 

The aut llO r had access to a Linksys Wire less-G Acces, Pa int, ~nd this We' used to 

prov irn, wire less ~cce5S for tile netwo rk The access point was g -standard, m~~ning 

thot a m")(imum or 54 M~g ~-b lts (Mb ) per second ~t 2.4GHz W"' possib le_ Taking 

,nto account the clLJtte red ettect 01 a dockyard environment, it m~y be prudent in 

lutLJ re versions lO make use of the Wi reless a -standard, Wll icll operates in tile 5 

GHz b~nd ~nd has less potential lor RF interr~rence 1[4- . 

As the uilit isjLJst an access point, it d""s not hav~ rout ing c~p~bilities. This We' 

not required though, ~s the gateway server wou ld provide access to tll~ int~rrlet. 
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jnoBloT 

LAPTOP 

• 
' ." ubuntu 

UbLJntLJ Brf><'zy BaJg~r wos inst~lled on the user laptop. Brcezy (05 it " rnore 

corTl,nonly known) is d ve~ion or LinLJ~ that is very e~sy to install. ~nd the in nLJilt 

package monoger known as apt resolves dependcncies autom~ticdlly, mdkinu 

instdlldl,on of new packages a simple task 

As with rnost other fldvours or linu~, use or the systern without an internet 

connection is ~ very tedious affair. UCT hos 0 loco I rrllrror of ~ bro~d array of Linux 

softw~re, cdlled the Linu~ Enthus ldsts Group Or LEG The LEG website w~s 

inslrLJnwntJI in tl'e dev~lopment 01' all th~ Linux machin~5 rcS] . 

The Idptop in ~u~stiol1 was ~ CompJ~ PreSilrio 1 8GH7 AI~D Athlon XP m~chlne, 

with S12 Mega-Bytes of RAM . Th" rndc~irle previously 11.,d Window s'" XP 

Prolessional S~tviC~ Pack 2 (SP2) install~d, and ran v~ry sJowly. With the 

instdlldtlon of BreelY, rTldChine pe,rOr:ndrKe WaS notireably helter (although 

install~tiol1 01 a le5S pow~r hungry Operotlng System (OS) sllch as Wlndows~ 2000 

would "Iso h"ve irnproved perfor:n"rlce). 

ROBOT CLIENT: SonWAR. 

C-10 

RedHdt Linux WdS chosen "s the operaling system for the rolJot, Tl,is cl,oice Wa5 

m~de birly e"rly on in the developrnent cycle, ror" nurnlJ.cr of re"s.olls. 

Firstly, it Wa5 ons.etved that the loajlng and unloading 01 drivers in Windows'" 2000 

wdS s.omdilTleS err"tic. This ,n,w have been due to the way tl'e device driver5 were 

loaded (i e. only wl,en COll5 were made to the device driver). Also, nodes 011 the 

previous wireless networ~ hdd " ndsty hdlJit or elisplacif]~ other nodes at random 

times (alt'lOugl, in rf>tro5lwct this may have been due to the ad-hoc architecture of 

the network) ,,,,d Linux orfereel more powerful f]dwOr~-corll'iguration too ls 

Secondly, from th~ documentation on the two RTD Digit"l I/O bOdrels, ReelHdt linux 

9.0 (Shrike) w"s the 1110SL receriL open-soLJrce platform for which d~velopment "ad 

b .... n done. A5 most 01 the chipsets that were being used were COlTlITOOIl to stdnddrd 

PC's, cornp"tib ,lity for the rest of the PC/104 wmponents was not ~n iss.ue 

AlThough open-50urce RMHat ha5 beef] discontinued (and hds been re-rldlfled 

Fedord) RedH"t 9.0 w"s Slill supporled "s d legdcy build Jt UCT's Linux Ent'lLJsiast's 

Gmup (LEG) w~bs'lte 

>, 
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FI(;U" " 7 -4' TH F PC/l04 " 5 T~CK- (R'NOF"lO) 

Central control ami cornrnur>ic3\lon for the robot pl~\form was achieved WIlI1 uo.e 01 

"" embedded PC/lOll 5tilCk The PC/lOll format is a particular comput ing 'tilnd~rd 

that promotes stilcking - th~t 15, vilrious modules Carl be stacked pr<XJ,essive ly onto 

each ot her ildning capilbilibes to the ba<.e motherboard, and is very common Ln 

Auto~1il\cd Te ller M~dll"C'5 ( ATM 's) and other high-,ntensive embedded 

ilpp li catoons. Shown in Figure 2- 4 ilbovc is ~ Pro/ENGINEfR rendering of the 

PC/104 slacK. n,e 5lack ilselr is" mixture of RTD Embedded Technologies 

Dig itill I/O boa rds, ilnd Advantech conventional PC/104 and PC/104-Plus 

components. 

The f'C/104 architecture 15 very modular and used for a vMiHy 01 emlJedded tasKS 

where ro l)ustness and size is important. Amongst other tllings, PC/1U1's can be 

found in vending milch ines, mcdiGil I instruments and Industrial contro l systems, The 

[ -11 
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C-12 

system used m this cas~ is also PC(104-Plus compatib le, rTl~dnl"g both ISA ~ml PC! 

I)use, are availahle 

More inrom1iltinn on til e architecture can t:.o founri ~t tile PC/l04 E~1lJeririeri 

Consort ium's w~b'"te leG] . 

PCM- 3370 & POWER SUPPLY 

FIGoRE 2-5: AD','MHEO' PCM3370 

EdCh I'C/Hl4 LJnlt is commonly referred to dS ~ 'st"ck". E~ch st~ck must h~ve" 

motherho~r~ 3nd C ~ntr~1 Proresc,ing Unit (CPU), wllirh logetller is commf",ly 

referred to as a S ing le-Boarri Compu ter (SBC). Tilis SBC was an Arivantecll PCM-

3370, running ~n Ultr,,- Low Vo ltage (ULV ) Ce ler0l1'" b50 processor, with 

512Meg3iJytes of RAM . Tlw board accommodated both PC/l04 and PC/l04-Pll1s 

co nnectors, ~llowing the "ddition of the Re~1 Time Device, (RTD ) data ~cqLil5 i tion 

boards and the USB and PC MCIA exp~nsion boards. In its factory-configuration, the 

PC~' 3370 had 3 Iree 'Int...-rupt, ~Y~ilab l e tor petipher,,1 devices, however the Basic 

I nput- O ut put S ystem (BIOS) allowed for penpherals (such as the on-board USB, 

ser'l31 port" Etl,ernet port and so on) to be d isabled, treeing up ,-esources_ 

Til e PCM-3370 was 3 IX>we ' -llungry urit, requiring two 11 l Volt Lithium-Ion 

b"tteries configu red ir, pM~ l le l i~ orde r to provide suffic'lent power to the unit. In 

tile e35eS wlwre the I)attery volt~ges st~rted to drop (a:1d were not e~l)ilb l e of 

providing 3 Amps pea k cu rrent) the unit woold exhibit er ,-~b( boot beh"viour, 

A 50W PCM P50 power sup pl y regu lated t ile p(>we r from the rohot', h~ltery pack 

"nd provided + 12V, +5V, ground, -5V and -12V supplies, Unfoi'tunately, tile power 

5Upply did I'(>t I,ave a tlm:>lJgh-header ro r the PC/1 04-PIU5 I)US, whie l' requored tile 

stack to be as,embled ir, ~ cert~ i n order. 
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OM6420 

FJ(',."' 2-6: RTD DM6420 

Rc~1 Time Device, (RTD) ilre manufacLUrers of a IMqc vc,ricty of " computer 

modules and sysle rns for In dustri" 1 cmd Acro'poce Applications' tel. Tn particulor 

\hey develop a lorge number 01 InputlO'l tpul (10) devices in t l,c PC/104 form 

lactor . One of these OOMds \h~t the [)cpc1rtmf'nt p:>5sessed Wn5" DM6420 Data 

AcquisItion boo rd, wltll 8 d ifferential (16 single-endc<l) anc,IDg"e input ch onnas, ~ 

12 bit An~ l og"e-lo- Digi tal Converter (ADe) ond " host of t imer, and counters, all 

.,,,,,ful for sensor monitorinq and ,am pling 

DM6816 

Fj(i LJ ~ 1 2-7' RTD D MG81G 

Also developed by RTD is the DM681G, wh ich IS 0 Pul se Width Modulotor (PWM) 

'lild DigilalljO board. The DM6816 h~s 8 dedicated 8-bit ,"'\'1M cI1~nnel> and 8 

dig i t~ 1 I/O port" m"Vlng it very user,,1 ror controlling motors, 

C-13 
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DM6420 

rJGURE 2 6. RTP DM6420 

Reel T ime D evices (RTD ) Me ~Mn"f~(tur'''r" of ~ 1~lgc v~ri~ty 01 "computer 

nlodulc, ~nd system, for Industridl "",j Aerospace Applications" [o7j _ In partlcul~r 

(Iley develop a large numiJer of I nput/O utput (10 ) devices in the PC!l04 form 

f~(!ol 0"" ofthesc bGMds that the Department I'0sse~serj was a DM6420 Data 

!\cquISltl<)n b<).'lrd, wltil 8 dlfterentlal (16 SHlglc-cnciccl) cnalogllc input ch,,,,,,,,ls, ~ 

12 bit An3Iogu,,-to DigItal Converter (ADe) amJ a IlOst of tilllers aoo counters, all 

useful for ,.;enS<Jr rnorliloring and sampling. 

DM6816 

F]('lJRll 7: RTD DM6516 

Also developed by RTD is the DM6816, Wl1ich is a Pulse W hith M odulctor (PWM ) 

ami Dlgltcll/O board, The D~16816 h~s 8 d"di[~tcd 8-bit PIVM [h~nnels and 8 

digital 110 ports, making it very useful for co~trolling mOlors. 

C-13 
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PCMCIA EXPAN SION BOARD 

FIGUR ~ 2-8: ADVA~TECH PCMCIA EXI'ANSJON BO>.RD 

Wire less network ing c~p~city w~s provided hy tl"" PCMClA expansion beard, w~ic~ 

had two slots for Type l/1II1II Or Card Bus cMds. ln the C~5C of eRobot, an 802.11g 

WiFi card w~, used. In conjunction wltll tile hooster ~er i ~ l , the CMd had ~ r~ted 

work ing r~nge of 1krn. This w~s very ontirmstic, however ~s the network bec"ne 

unst~r.le (excessive nlJm lwrs of dropped I"ckets) O'Jer 7.50 Iretres. 

IEE1394 FIR~WIRE©/USB 2 .0 EXPA.NSION BOARD 

Fr VcRF 7·9 F JREWJR ~'s'! U S B 7 .0 EXPArjS]()N BOARD 

As the PCM-3370 motheriJoard only h~d two USB 1.1 connections, an ~dd-on 

expander board was used to prov ide 3 FlreWlre '" ports and two USB 1.:1 ports . 

However, tl"" usb-uhci ~nd usb-ohd Linux drivers wou ld not ~l l ow rer ip ~er~1 

~ c cess to both the on-board and the exp" '15iOn board pOlt S. Therefore the low 

speed n~tive USB 1.1 ports were sacri f iced for the ~dd-on USB-2.0 pOrts. 
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DGPS NODE : SOFTWA RE 

The DGPS node consisted 01 ~notI1et- PCjl04 node witll Wireless Networ~ing 

capability, Tile only PCMCIA ad~ptor avai lable w~s il alia I slot PM-1038 ad~ptor 

board. UnfQltun~tely, this bo~rd W~5 not PC!104-P/U5 comp~tiI1 I e, meaning tl1~t 

only tile I ntegrat~d System Architecture (ISA ) b<IS WilS ~v~',lable, Lirlllx has 

noto,-;ous ISA 5UPP0't, and therefore Windows" 2000 was installed on tlw m~clline_ 

Use of the Windows" as allowed acceSS to a greater number of binaries (executable 

files) developed for GPS ~pr lication5 than would otherwise have been poss;ble with 

a Linux-only architecturc. In addition tile incorporation of a Windows macilinc 

e;;h ibits the compatibility of the system for a variety of operating systems. 

DGPS NoD~: H A RDWA RE 

W I RElESS NHWORKIN(i 

Figure 2 - 10 highlights the wireless adaptor board. A Surecom" b-standard II 

Neg~-Bit wi reless cMd w~s used to connect to til e wireless networ~. 

FTCIJ" " 2-10: DGPS' WI"ElE55 ~D~PTO" 

AlthoLi<)h this allows a transfer spc~d of on ly 1.375 M~ga-Bytes. til is was mor~ til an 

sufficient fat· tlw DGPS node. RTO'-data is tyr,cally in tlw order or 50 11ytes-pet·· 

second [eB] . which constitutes less than il percent of the network tr~ffic. Even with 

other additional networ~in~ overhead, the bandwidth would 11e far from saturated. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

(-16 

EEOB 

POWER SUPPLY AND SING LE BOARD COMPUTER (SBC) 

FIGU'.E 2-11. DGPS: POWER SUPPLY AND St:l( 

rhc'iC were Identlcil l to the Power 5up,"y "nd 5t:lC uscd " ' the RO[oOt client stack. 

I n the C"se 1'1 ihe DGPS Si"rk, tile wire less-networking adaptor had to be adjacent 

to the power ,upply,~, nClther unit hod 0 f'C/104 - I'ilrs he~d0r. 

lEE1394 FIR~WIR~©/U5B 2 . 0 EXPANSION BOARD 

FIGURE 2-11: DGPS : I EEE3'J4!U5 ~l. O EXPANSION BDA~D 

Alth ough the DG PS node d id not requ ire the use of high-speed Firewi re or IJSB ),0 

wnnecti ons, t hiS board was included to allow for futurc expa"d~bil'ty of the unit. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

3. HOST-SIDE CODE 

Thc host-side code w~, requi red to analys.c the hum~1l input from ~ Joystick, and 

translate that into a robot "message" that would De transmitted to tile veil icle. Tile 

~dv~ntage of th is system is that the ~rldi t lol1 ~nd/or m()(jlfir-'ltion of beh~vi o"r on tl, e 

robot itself will not requ ire m()(j'fic~t'on of tllc IlOS\-,ide c()(jc. Th,s wi ll ~llow the addition 

of more moots into tile network witllo"t having to re-rlf'velop thf' system 

3.1 Flowchart 

M~i" Routine 

( ) 

~'''- """'~ , , .... '" ",_.,,", 

l"" ""_ 
,--,~ 

I -:'~;,,,-: 

: ,,...:"""",,, 1 ' "",,", 
~- --

1, End ) 
~-

FIGURE 3-1: HOST: MAW ROUTINE 

r - r J ( , 

en 
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1 

{ ;~=)--(~.-,~=) 
CO .. IRDI. 
l "",IT 

101- lorwa<d-letl 
11 1- h"", .. rd 
[Z) - !ClrWi>,d-J>ilH 
(31 left 
(41-Slop 
15) - ''',hi 
(51- back~ejl 
[1J .. back 
18) b,,,.J., .. nghl 
[91 d>ockGPS 

FJGU~E 3-1' Ho',, · R",nr COI<1WOUHI 
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3.2 Description 

( ~,~ ) 

Seod ........ " ., .. "' 
196 ;>l5 n5 '" 

"'" ',OC(J 

1 

( ,< ) 

As can be seen in t lw fiow-~iagr"m Qr Figure 3 - 1 , tlw main ro"tine consi,ts 01 on 

Infinite while lOOp. If ~ Joystick event occurs, then the v~lue of the x and v axes 

ace pa,se~ to the robot contrallN code (yia pointers ) Note "II output ~ata is 

5~own in rcd ~nd Input data in Qrcen. 

The code ~I'o checks tor ~ designated e,eop" sequence, defined ~s buttons 6,1 ~nd 

8 on l~" joysUck, If all three ore pressed simultaneously, t~cn the code iJreaks out 

of the while loop and exiLS gracefully_ 1\ is "Iso possii) le (hut not advise~) to exit the 

code by pcessing CtI1+c (Linux) to ki l l the process. 

Once tlw robot CQlllrollf'rfLJnC(ion Ilas been passed the pointers to tile x ill¥! y data 

values, It posses ti,ern througl, a cliained if .... e lse il ladder. ThIS section of tile 

code is very rudimentary; I,owever it manage, to perform within the specified 

design requirerllen l s. If t he x and y values correspond to a pre-deterrllined 

cond it ion, a control command will l:oe issue~ 

c- t9 
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nC;U RE 3 -4 : JOyc·TICK QU'''RANTS 

Shown in Figure 3-4 are tl", qllad'-~nt5 of the joy,tick. Onc unusual aspect of th e 

joystick to note 15 tl'd\ Ill" po , i(ivcineqat ive d irections 01 til e Y "~" n~vc been 

rcycr5cd . The hi\Jhli\Jhterl sect ions in the f Igure <J1DI'>' the u lfferent contro l command 

regions that were uti l ISed for test in g the vehicle, flarnely; forwa rd , backwards, left 

and right, All utiler rusltions Me deSignated "stop" . Tn ls w~s to ensur e tll~\ the 

roiXlt did not start moving If It somehow received an errant p~(ket lrom the 

IlL'twork, 

Tne roooCcontrollerwoli ld then pas:; the required [omm~nd to the reboccamms 
c()(ie Tile sole funct io n of th is cooc (,haw" ", Figure 3-3, previoos page) is to 

send tlle command message across the network to thc cRobot cllcnt rHx1c (with a 

network IP address of 1%.28.2.75) on port50OQ. 

3.3 Limitations 

C-20 

Th is codc i, vcry rlltllfllcntary and server:1 only to test the robot. Howevcr dc,i,ln of 

the code attempted to foliow Object O"iCll t~tcd (00) princip les so that improved 

funct; on~lity could bc qUickly im plemented. 

For in"t"nce if a better dC'ign i5 implcmcnted for the mbat coMm//pr code such ~s 

~ h~5hed lookup t ~b l e instead of an if ... else if I"dder. then the roboCcontroller 

object module could simply be rep laccd ~n d thc codc re-compiled. 
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3.4 Required code/libraries 

Requires 

Description Linking notes 

Joystick wrdpper librMY for -Ijsw ( library ) 

intNtacing with t ile li lJrary 
~ 

Simple C . ~ sockets for transm itt ing · ISockets - I pthre ~u -Issh (libraries) 

UDP p~ ( kets 

robot -- control ler Compile to object module , 
, 

robot_ controller,o 
-----
",w - CommS Compile to object module 

robot_ commS,o 
--

robot hid Compile t o o b1 ect module robot_hld,o 

TA RI F 1, R F()umm cO~ F/ l lRRA RllS' HOST 

When compiling the b in ~ry executalJle, the fol lowing procedure could be used' 

3.5 Compilation steps 

g++ -c robot_controller,cpp 

g++ -c robot_ loid,CDD 

g++ robot_control ler.o robot_comm5.0 rcbot_hid,o - 0 binacv_executable -lj5w­

ISockets -Ipthread - IS5h 

[All code is available on the accompanying DVDj 

C-21 
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4. CLIENT-SIDE CODE 

Tile client-code was responsible ror ana lYSi ng a contro l In~ssage sen t tram a 

LJ5er/op<'rato r, ~nd implement ing the cQ rrespond lng low-l eve l control functl on~ l lty, Code 

for the client was kept as generi c as was teasible, a ll owing tor m~e mo~itl ,at i on wlthou! 

having to rewrite the proJect. 

4.1 Flowchart 

Main Routine 

( S,..-I ') 

----~ 

• 
s,,", ,;';" ,,"'9 r><>rt 

'u .seoo 

• 
, 

~'Able!ot<n~io _ N j"Un'll' " to tmc to 

,.,rt? ,/~ ""ct< ' 

• 

• 
O>f1ji<;<Jre . <>eke! 

10 gcneratg 
callbock. ~'Cf~ 

>eo,,," 

-( 

f I ~URE 4 -1. CLIENT: MAIN ~OU~I~E 

e n 

- -
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robotSocketClient 

\ 
\ 

St~rt ) 

.~ 

In't,"I,,,,, Control 
T., IJlu 

1 _ __ -

• ,- --.~ 

i bt," ,sc DMtxl16 
I Controller 

htracl Comm~r>d 
SIring hJm T"ble 

, 
• 

/ ' <, Reve,"~? "':>-
V 

I.dI VrIAIc PWt.iI1OO) 

, RiQ!II" __ PWIoII ' OO) , 

UII.,....~I 

- Ift9II Vfluc ~'MI 1001 

-. I.eII v ..... lIWMttOOl 1 

-. RlgMv..u.~) 

- ~VIIuI~ 

- RlQNV"~"" 

-. .... v ..... iIOWMIISO, , 
-. RIONv.,.PWMI!Q) 1 

FIG URE 4-2: CLT ENT : Soc~n HAN:" t R 
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DM6816 Co"lro l l. r "'" 

• 
• -'""-, ., 

"' .. "'"' r.w , .... ~-,~ .-
Lm ,- ,~" ," 
c"""""",,,,,, 
""",""",,,,, 

'~c:J -, 
• "'.,," 

",.' .. ""''''' '""'" ' ....... ,,. -
• -"'--" 

• 
", .. _"'I~ 

, ..... ~-"' '''l''''' 

,,"" h~, , " 
",.~'-,",'" 

"'.~.""''' ... 

li:J _. 
• 

,~, , 
FI GUR E 4 - 3 ; CLT ENT: DM6816 CONTROl I FR 

• 

4.2 Description 

C-24 

Shown in F igure 4 - 1 (page 22) 15 the m~ifl rootinc dthe clLcnt- s; dc code, As can 

bE seen it is a VE'y s;mr le rOlJlil1e, cOl1sic,tmg m"il1ly 01"" ,nfinite loor, All th e dat~ 

handling 15 done In thc Socket handlcr whcn an event on th e s~c c ifi C<.1 p,Jrt is 

dEtEcted; therero re the main loop is mostly emrty III this routine t he 

SocketHandlcr class is in itia l ised and a check is done to SeE whether tile wogr"m 

call attacll or "bind" to the p,Jrt, 11 th is cannot be done, the program terrnlnates, 

Oth~rWIS ~ it e nters the ',nfin,te loop, as the check (to see ,r sockets are wesent) 

"Iways returns troe, 

The rotlOtSocketclient code is where the m"jority of tJle fUllctiol1"li t y is performed. 

Once ~n event on the spcc'lfied port is detectcd, the paylo~d of the packd is 

extractE~ and compared to a COl1trol T"lliE (idel1tic"1 to the one 011 the Host -Side 

code), When ~ m~tch is found (through 0 loddcr of if ... el se i f stoterncnts) th e 
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~ppropri~te set Pulse W idth Modulation (PWM) commands ~re sent to tile DM6816 

rnotor controller, 

in the flol'l di~qr~m (Figure 4 - 2 ) the PWM v~luc 15 qiven as a pcrcenta<.)e. In tile 

case 01 the robot, 100''40 is derinecl ~s tll€ rnotor fUlly on going forw~r~s, 50% is 

st~tion~ry and 0% is fully on gOing b~ckw~ rds. Once the desired motion has been 

established (i.e, turning left will require :Ile left motor to be stationary (0%) ~n~ 

the right motor to be full on forwards (100%)) the DM6816_controller functions 

Set_ left .rnotor .. pwm and Set_riqht motor pwm are called with the correspond ing 

v~ILJes, 

Tile DMG816 controller's f\Jnctions test to see if the ~"ver lor tile bo~r~ is l o~ded 

correctly, ~nd IfnDt, exits, If the driver IS l o~ded, tile 1" PW~1 ch IP on the board is 

~ctiv~tecl, ~nd tile 1" ~n~ 2'~ cll~nnels of the chip ~re 1000~ed with the left ~nd right 

PWM v~lue, 

4.3 Limitations 

AlthOLJgll tile systern is I~r from optimised, the entire process from user input to the 

PWM va lue beln<.) sent to the motors is within tens of mill iseconds, well wlthm til e 

~€s;gn reqLJirements. Retinern€nts to tile cooe COLJI~ include running the progr~m as 

a process or ~ daemon to prevent It domln~tln<.) control of the console, Also, the use 

01 mOrt rerinedlOok-LJp metllws (hasll-t~bles Ilave been rn€ntione~ previC<JSly) 

would ~void the lise of I~ddered if ... else if statements, 

4.4 Required code/libraries 

DB" cription 

Simple C++ sockets for transmitting 

UDP pack..t:s 

DM681b Libr~ry 

Linking note " 

-ISockets -Ipthread -Issh (libraries) 

l~mb816 -Ipthre~d 

robot client Compile to object module robot_client.o 

robot_socket -,c,-,-"c,---- ---+- Compile to object module 

robot socket client.o 

DM6816 controller Compile to object module 

DM 6816 __ controller ,0 

TA~ll 2: RlQU1Kll' c()~l/u"KA'jl<;: CUl~T .C:~ ____ _ 

C-25 
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4 .5 Compilation steps 

Wilen comPIling the bOlliilry ",,,eC'\,table, the lollow'ng procecure could be used: 

0 ...... ( robot dient.qlp 

g+;- ·c moot socket .d lpnt.CDp 

<;1+;- 'C ON6S16 ('J)Jltrollpr .cpp 

<;1"+ robot_d,enl,o rohot 50C\(PCchent .o DM6816_controllct,o-0 

binary_ executable ·ISoc~cts. -ll>'!hread - Issh -ldmC,S16 Ipthredd 

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

Althougll tile implemented code worked suffidcntly well to satISfy the desIgn criteria, 

there ar", ,,,,vera I improvements that can be m~de to the system. Though every attempt 

was made to modularis" the cod" completely, some of toc routincs ~rc too Inter­

df>pendant. Refinl'ment ofth .. ind 'lvidLJ~ 1 modules will allow for more r~pid future code 

development. 

Altho<lgll no "rrM! packets or commands Wf>re encoulltf>rl'd throughout the coLlrse of the 

project, more error check ir.g and intelligence will have t o be built into tile sy,tem when 

mo rc nodes ~rc added and there is a resu ltant increase in network traffic. 

Implem"'nt~tion of a GUIon the server 5ide would give the user a more intUitive feel for 

the control of the robot. In ddultlon, vlueo-feed ~nd other d~t~ could be illcorp:xated into 

the illtc ti~[",. 
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DGPS - Differential GPS 

FTP - File Transfer Protocol 

GPS - Global Positioning System 

GUI - Graphical User Interface 

ACRONYMS 

HTTP - Hyper-Text Transfer Protocol 

ISA - Integrated Systems Architecture 

OS - 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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ERoBOT: DVD 
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