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1
AUTOMATLELD INSPECTION O
SOFT-TOOLED HOTL.OW STRUCTURE

BACKGROUND

This disclosure penerally relates to non-destrctive inspec-
tion (NI equipment and methods. and deals more particu-
lurly with methods and apparatus for inspecting d soft-looled
hollew structure. espectally an elongated hollow structure
miadde of composite material.

Avaricty ol clongated compuosite struetires may have rela-
¢ condined internal cuvities that require inspection in
order e assure that the structure meets production and/or
pertormance specitications. One known elonwated composite
stricture with tapering internal cavitics is an integrally stifi-
ened wing hox {or an airplane. One example application is in
the horlzontal stabilizer of au aireraft. A horzontal stabiliver
striuctural hox may he fabricated as g large co-cured structure
that reguires the use of soft internal wools o facilitate ool
renweval afler the cure. IFa given co-cured composite strue-
ture 1s considered primary structure. it weuald therefore need
to he inspected to ensure structural inteerity. Inspecting larpe
sult-tooled composite structures presents four distinet yet
interrelated challenges.

(1) Aceess: The interior of twe part is oflen inaceessible 1o
conventional ultrasunic scanning systems. Iguipment and
technigques are needed o transport the ultrasonic probes
through the interior of the structure,

[2) Coverage: The entire interior surlace of the structure
needs to he inspected. While equipment and technigues can
be used 1o transport ultrasonic probes o all parts of the stroe-
ture in a plobal sense. there 1s o further need for specialized
pusitioning lardware and technigues o ensure that locally,
complete coverage 1s provided.

(A1 Rate: The production mamuiacturing of structure for an
aetive alrplane propram needs to be done at o rate that mwets
sehedule conunitments. Inspection of primary structure is
necessary part ubthe manufacturing process and must be done
at a rate capable of keeping up with the published schedule.

(4] Contormity: Sofl-teoled cowposites as opposed 1o
hard-toeled composites huve surtiuces, particularly filleted
Join regions (referred to herein as “raditc’”™), that are not pre-
cisely defined. That 1s. a designed nominal radins ot (.5 nch
will. afier fabrication. end up with a “radius™ that is net truly
cireular. belng approximated by o spline curve. but possibly
with a radins that varies from 1ts nominal value. This is an
elfect of the sofl-ouled fahrication process. Tn addition, this
manulacturing process does not turn oul “radius™ surtuces
that are identical from radivg W radius or from part to part,
There 15 inherent variation in the manutacturing process that
the ultrasonic inspection equipmient and technigues need 1o
tuke inte aceount. This fubrieation variation hus special ipli-
cations for ultrasonic nspection ol composite structure
becanse W get acceptahle inspection of the interior ot the
cumpusite part, the ultrasound beam should enter normal or

near normal o the front surtuce of the part. 'This is because 1F

the bewmn strikes the front surloce ot au angle. it will be
refracted ofl normal and o return echo from any possible
internal stricnire vr anomaly will not oceur. This normality
requirement 1s complicated by the inherent part varations.
wlielh means that 1o ensure sound normality, NDI equipient
and technigues should be desiwned o accomplish this.

Accordimgly, there is o need for a svstem for inspecting the
interior ol wing box and similar elongated hollow structures
that has the forepoing copabilities,

SUMMARY

The subject matter disclosed herein includes equipment.
inspection teehnigues and inspection sequencing that allow

2

1.

o

2

ditficult-lo-aeeess areus inside an elongated hollow compos-
ite structure to be inspected 8l a production rate. The system
disclosed herein 1s modular and can be transported to and set
up i a building or factory with minimal eHort.

Asystew and sequence that alloew inspection of elongated
Liallom structures made o conuposite material. suelias o hord-
zontal stabilizer oban aireraft. The horizontal stabilizer com-
prises tup and buttom skins connected by a plurality of spaced
spurs. Lhe systew eiploys o plurality o scauners lor inspeet-
g diflerent portions of cach spar, including a radius seaner
spectlically designed o inspeet the variuble rudivg produced
by suft oling. The system uses dvnamically controlled mag-
netic coupling to conneet an external drive teactor 1o inter-
nally pluced and computer-controlled scunners that carry
respective sensors. e.g.. linear ultrasonic transdueer arrays. A
svstert operator can control the varolis components by
means ol awraphical user interface comprising multiple inter-
action reglons (c.p., buttans) that represent the individual
wetion putlis and are assocluted with respeetive metion seripl
files, The inspection methodology was specifically desipued
o mueet the rate needs vl the production system.

One aspect of the subject matter disclosed herein s a
wwthod {or seanning spurs of o hollow structure. each spur
comprising lirst aud second dilleted join replons connected by
aweb, The method comprises: (o) moving o lrstsensor along
the first filleted join region: (b actiating the fHest sensor to
transniit heams into the st filleted join region during step
(o) (o) meowving asecond sensoralony o first stirip-shaped area
ul e web adjaeent 1o the first filleted join region: (d) actu-
ating the seeond sensor W transmit beams it the Hest strip-
shaped arca during step (e (¢ moving a third sensur along a
seconid strip-shaped area of the web that s not adjacent to the
first filleted join region: and (1) wetuating the third sensor to
transmit bewmns inte the second strip-shaped area during step
fed Steps {a) through () can be performed for each of a
plurality vt spars of the hollow structure.

[n accordance with g further aspect. the method deseribed
in the preceding parngraph further comprises: placing the
Liellow structure on lirst and second support ols which are
confipurable hefore any ot steps (a) throush () are per-
furmed: and changing the confipnration of the first support
toe] fronn g first condiguration w a second confipuration aler
steps (u) througl (1) have been performed For the lirst spar and
betore any ol steps (a) through (1) are perfonmed for the
second spar.

Another aspect of the disclosed subject matter 1s a motion
control system comprising: o lirst scanuer that 1y movable
aleng any one of o irst plurality of motion paths within a
hollow structire: o command library comprising a first phi-
rality ol motion seript {iles containing sequences of com-
mands and parameters respectively associated with the first
plurality of metion paths: o praphical user intertice compris-
g o row ol tabs thal aceess custom contrel windows for
individual scanner devices. the first window comprising a
araphical depiction vt one end of the hollow structure and «
first plurality of interaction regions (e.g.. bullons) inside the
graphical depiction ofthe ene end of the hollow structure. the
pesition of cuch hteraction region of the lirst plurality of
interaction reglons relative to the wraphical depiction of the
hollow structure indicating the respective position ol the first
scanner relative to the hollow structure for o respective
nwtien path el the lirst plurality of metion paths: and g com-
puter system progeamiicd o execute the sequences b cor-
mands 1 a motion script Hle corresponding to o selected vne
ufthe first plurality vfinteraction regions, thereby causing the
first seanner o meve aleng the comesponding motion patl in
accordanee with its assoclated paraneters.
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A turther aspeet 1y o systen coprising: a tractor colpris-
ing a frame, a plurality of wheels rotatahly mounted o the
frame. g drive motor first and sccond magnets. first and
sccond magnet motors. and mawnet and X-position limit
switches: o plurality of seanners. cucl seanner comprising o
frame. o plurality of wheels rotatably moeunted 1o the frane.
lirstand second magnets arranged for magnetic coupling with
the first and second magnets vl the tractor, and an X-position
cneoader: an electronics hox comprising a serial interface. a
power supply. o power control switch electrically coupled 1o
the power supply and 1o the senul intertuce. an X-position
encoder selector, and o daty acguisition deviee electricully
coupled to the X-position encoder selector: o tractor cable
comprising a {irst plurality ol clectrical conductors connect-
iy the drive motor and first and second magnet motors of the

tractur 1o the power contral switch, a sceond plurality of

electrical conductors connecting the drive maoter e the serial
interlbee. und thind and feurth pluralities ofelectrical condue-
tors eonneeting the third and feurth maenet wetors o the
serial nterface: a plurality of scanner cables respectively
conmected o the plurality of scanners. cach scanner cahle
comprising a respective clectrical conductor connecting a
respective X-position encoder attached to o respeetive seon-
ner to the X-pesition encoder selector, and the data acquisi-
tan deviee: and a computer system electrically conpled to the
data scquisition device and to the serial interface. wherein the
computer is progranned 1o control the states of the power
control switeh and the X-position encoder selector via the
serlal interfoee. and 15 further progronuned to control e
drive motor and first and second mawnet motors via the serial
interface and the second through fourth pluralities o electri-
cal conduetors in dependence o scanuer X-position nlor-
matlon derived by the duta aeguisition deviee rom pulses
venerated by one of the X-position encoders,

Other aspects of the invention are disclosed and elaimed
below.

BRI DESCRIPTION O TTE DRAWINGS

FIC 1 s a disgram showing an orthographic view ol a
portion of o generalized horizontal stubilizer of an alrplane
having top and bottom sking or punels connected by a plural-
ity ol spars.

FICHS. 2A-20 are diaprams of an end view ot a generalized
wing bux showing the respective positions of three magneti-
cally coupled vehieles during scanning ol the following por-
tions ol o spur web: (A) o central portion: (13) an edge or
margingl portion: or (Ca radins.

IFICH 3 15 a diagram showing side views ol a tractor-trailer
configtration having means for adaptive magnetic coupling.

Aosecond tratler vehicle 1s not visible, The left-hand side of

116, 3 shows an lnspection scenario wherein the wrailer
vehicles are imverted, while the right-hand side shows an
inspection scenariy wherein the tractor vehicle 15 inverted.

LG 4 1y o divgram showing an end view of e tructor-
trailer conflpuration depleted on the lefi-hand side ol FIGL 3
(with respective inverted trailer vehicles disposed on oppos-
iy sicdes of a spar).

TGS, 5 and 6 are diagrams showing respective eid views
of two tols desipned o support the root (nboard) and ip
(outhourd) ends respectively ol o wing bex during non-de-
strictive inspection using the system disclosed herein,

FICH T s a diagram showing spar web and edue area scan
coverage i accordance with vne implementation.

I'[Cr. 8 v o disgram showing an isometrc view ol portions
of g strip scanner in aceordunce with eue embodiment.
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1G94 1y o disgrom showing g side view ol o tractor-
trailer configuration that includes active and passive tratler
vehicles above (the passive tratler 1s lidden behind the spar
wehland atractor vehicle below a bottom skin ol a wing box.
L aceerdunee with one eibodiment. the active trailer vehiele
cornprises dseissors [ mechanism with an additienal four-
har parallelogram linkage for vertically displacing a pavload
while keeping the pavload orientation constant.

TG 9B is a diagram showing an end view of the tractor-
trailer conlipuration depicted in FIG. 94,

116 10 15 o disgrmn show ing nterinediate positions ofthe
drive link {item 347 shown in FIGL 9.

TG 11 35 & diagram showing horirontal and vertical seg-
wents ol metion path in sccordanee with one implementation.

1167, 12 15 o disgram showing central spar web area scan
coverage n aceordanee with one implementation.

TGS, 13A through 130 are disgrams showing difterent
radlius scan patterns: (A exact coverage pattern: (137 X veloe-
ity 1oe large (or evele rate oo slow): and () putiern with a
stall amount o overlap,

TG 14 s adiagram showing an isometric view ol a por-
tion ol a horirontal stahilizer with a radis scan pattern
impused thereon. The solid and dashed curved lines respee-
lively represent alternating upward and downward scuns us
e seanner travels aleng the length of the radius,

TG 15 15 8 schemaltic representation b a combined
sweeping and toppling motion of a sensor in accordance with
o einbodiment that seeks o maintain a centerline ol the
sensor normal or near nennal o the inspected surtaee,

IG5, 16 throuel 1610 are disgrams representing various
screett shots ol a graphical user interface for controlling the
mspection system disclosed herein.

16 17 15 o Howehart (presented i twe parts A and 13)
showing the sequencing ol applying the various ulirusonic
seanners o perfonm o cowplete interior nondestruetive
nspection ol g hollow composite structure in accordance with
one implementation.

116, 18 13 o schematic (presented o two parts A and 13)
showing components of o system for performing o complete
interior nondestrictive inspection b a hollow compuosite
structre in accordanee with one embuodiment.

PTG 19 35 o disgram showing an sometric view ol a cahle
nunagenent systen in aceordance with one eibodiment,

116 20 1y o diagram showing an sometrie view ol o gen-
cralized wing box having a runoft component attached
therete.

DITATLELY DESCRIPTION

[n gecordance with one embediment, ultrasonic W1 sen-
sors dre used o inspect a hollow composite structure. such as
an nteerally stiffened wing box for an aireralt {e.g.. o horl-
zontal stabilizer), A portion ol'a peneralized nweprally still-
cned wing box 2 for an aireeall s depicted m FIG. 1. The
depicted integrally stiflened wing box comprises a top skind
and o bottom skin 6 comected by o plurality ol a plurality of
interndl vertical support elements. hereinatter referred to s
“wpars”. Hacl spar comprises o web 8 and respective pairs of
tilleted juin repions 10 (also called “spar radin™). which con-
neet the spar weh 8 (o the top and bottom skins. As usaed
Lierein. the tenns “top shin™ and “bottein skin®™ reter to the
relutive positions of two sking ol g wing box when the wing
hox is being inspected. not when the wing box 1s installed on
artatrplane (e, s wing box may be inverted Jor inspection).

[n accordance with une embodiment. an ultrasonic linear
array (L.e. sensor) iy transpoerted down the length of g tunel
twronel the nterior of the cowposite structure., For this tvpe
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of inspection. the sensor 1y carried by o trailer veliele (uot
shown in FICE 1) placed inside the hollow structure 2. This
trailer vehiicle can be characterized as being “active™ in the
sense that cquipment U carries 15 actively performing a scan-
ning funetion. The sensor needs 1o be seoustically coupled 1w
cach surtuce being inspected while an autonwted tractor
vehicle falso not shown i FIC 11 muves the trafler vehicle
along that surface g repion of interest. This s accomplished
by providing a coluin of water that How s between the sensor
und the inspected part,

[n FIG. Loportions of the interior surlaces of the part which
need to he inspected can be seen. Fach spar needs wo have all
four filleted join rewions 10 and cach web 8 inspected. This is
u challenging mspection as cach covity 1s essentially o long
rectangular twnnel that decreases I cross section as one
moves from rout o tip. The top and bottom skins 4 and 6 can
be inspected from the exterior using conventional NI tech-
nigues.

The basie integrated inspeetion systei consists o several
parts, cach o which will be deseribed in detadl, e diflerent
parts are as follows: (17 an external motorized tractor nsed 1o

move an internal active tratler that carries a sensor and a
passive trailer through tlwe part being nspected: (2] o part
holding fixture desipued 10 have channels that allow the trac-
terr 1y run along the length of part ow its bottow: (33 a stip
scanner used to inspeet the edges ol asparweb: (41 aspararm
scanner used to inspect a central part of the web: (57 a radius
scanner used o inspect o radius: (0] @ cable management
systenn used 1o autematically handle the various cables: (7 an
clectronie control hox used 1o seleet which sensor and other
systlem components are active and provide power, ete.: (8)
mation control software: (97 ultrasonic data scguisition and
unalysis soltware: (10 o computer that hosts the ultrasonie
unalyyis. data aequisition and motion control sellwuare: and
[Ty ultrasonie instruments used for dats acquisition.

All of these are components of an intearated system that.
when used with a sequencing How developed for this equip-
ment. allows hollow composite parts to be inspected comw-
pletely and ot o rute that meets production reguirements,
FICHS. 2A-20 show the various inspections. In each instance.
A horizontal metion drive vehiele 120 known as a “tractor™, (s
mapnetically coupled to the trailers 14, 16 that truvel down
the spar in the interior of'the purt, Tlee trailer velieles 14, 16,
in tunn. are magnetically coupled 1o cach other. [t should be
appreciated that the constmction ofthe trafler vehicles 14, 16
will be different for cach of the three inspection scenarios
depicted in FIGS. 2420, Ineach o FIGS, 2A-20. the sensor
(not shown) iy curried by o respective trailer vehicle 14, The
transmitted beam 15 indicated by a dashed arrow.

FICH 2A shows the respective pusitions ol the vehicles
during mspectivn ot a central arca A ot a sparweb 8 lor the
inspection depicted o FICG 240 the trailer vehicle 14 willtuke
the Tonn ol o spur ann seanner (deseribed n detail below),
The tractor vehicle 12 15 placed belirw the hottom skin 6.

FICH 283 showes the respective positions of the vehicles
during inspection ol an upper edge area 13 o a spur. For the
inspectiondepicted in FIG. 2130 the tratler vehicle 14 will take
the form of'a spar strip seanner (deseribed indetail below ), o
inspect the lower edoe arca. the vehicles will be placed m the
same pusitions seen in FIG 2A.

LG 20 shows the respective positions of the velieles
during inspection of an area O that neludes an upper tilleted
Jotn region 100 FIGL 2C depicts a situation wherein the upper
filleted juin region s being inspected from the right-hand side
ol the spar. IPor the inspection depicted mn FIGL 2C, the trailer
viehicle 14 will tuke the Fonn ola radius scunner {described in
detail below), The vpper filleted join repion will alse be
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tspected row the left-lund side ol the sparweb, o the loter
sitmation, a different radivns scanner s used and the positions
ab trailers 14, 16 will he reversed. Inspection o the lower
filleted join region 10Hrom both sides of the sparweh 8canbe
perlormed using e sanwe two radivs scanners,

Tractord railer Transport System

[ aecordance with one embodiment for inspecting sirug-
tures af the tvpe shown in FIGS. 1 and 2A-20 an external
motorized and computer-controlled tractor 12 s magnetically
coupledtoan nternal active tratler 14 that holds and positions
an ultrasenic trunsducer urray on the interior ol the part. Adso.
twere 1s an nternal passive tratler 16 on e opposite side of
we spar that 15 wagnetically coupled through the spar 1o the
active trailer 14 and also magnetically coupled through the
skin o the tractor 120 This three-part system wives a very
stahle system for pusitioning and moving the ultrasonic trans-
ducers.

116 3 show s side views of a truetor-trailer condiguration in
acecordanee witl ene embediment in two ditferent inspection
sittations (motor aciators are nol shown). The sutomated
NI inspection svstem comprises a traction-muolor powersd
tractor veliele 120 which rides on the externul surtice of top
skind or bottonn skin 6 ol horlzontal stubiliver 2. und o pairoe!
trailer vehicles (onuly trailer vehicle 14 1s visible in 1. 3. the
other being hidden behind & sparweb 8). which ride along an
internal surface vt the top or hottom skin. The lett-hand side
ul FIG. 3 shows an inspection scenario wherein the tractor
vehicle 1215 outside the horizontal stubilizer in o non-inverted
position while the tratler vehicles are inside the horizonal
stahilizer in mverted positions: the right-hand side ot BTG 3
shows an inspection scenariowherein the tractorvehicle 12 15
uutside the horzoutal stabilizer in o inverted position while
e truiler vehicles are inside the horizontal stabiliver in non-
inverted positions, FIGL 4 shows an end view of the tractor-
trailer contiwuration depicted on the left-hand side of F1GL 3,
with iverted trailer vehicles 14 and 16 disposed on opposite
sides ol u spar.

[ the hspection scenario depicted in FICG, 4 (and the
lefi-hand side o FIGL 31 idler wheels 18 of tractor vehicle 12
cortact and roll on the external surface ol top skin 4 while
vertical idler wheels 20 of inverted trailer vehicles 14 and 16
{only one such idler wheel is visible in FIGL 4 for euch trailer
vehicle) contaet and roll on the internal surloce of op skin 4.
and the horrzontal idler wheels 22 roll on the spar surface. The
right-hiand side of FFIG. 3 show an alternative situation
wherein dler wheels 18 of the inverted tractor veliele 12
contaet and roll on e external surlaee of bottem skin 6 while
vertical idler wheels 20 of trailer vehicle 14 (and also idler
wheels of trailer vehicle 1o not visthle in P10 3) contact and
rollan the internal surface of bottom skin 6. and the horizontal
idler wheels 22 roll on the spar surluce,

[n seecordanee with the ainbediment partly depicled in
FIGS. 3 and 4. the tractor vehicle 12 comprises a Trame 24,
Fouridler wheels 18 {only two ubwhich are visible incach of
FICGS. 3 and 4) are rotatably mounted to frone 24 in g con-
ventional nwnner. (Allernative embodiments may inelude
were idler wheels)) The idler wheels 18 are made of plastic
atd have smooth contact surtaces. Tractor vehicle motion is
cnahled by driving a drive wheel 26 (also rotatably muonnted
1o frame 24 to rotate, Drive wleel 26 is coupled to o motor 30
vid g trunsmission (et shown), The drive wleel 26 1y posi-
tioned vn the frame 24 so that it s in frctional contact with
skin 4 or 6 when idler wheels 18 are in contact with the samoe
skin, The drive wheel 15 made of synthetic rubber material.
The surtuce of the drive wheel may have a tread pattern. [n
addition. the tructor vehicle 12 carries multiple perninanent
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magnets 28. Fael permanent magnet 28 has North and South
pules. respectively indicated by Tetters *N™ and =87 n the
drawings.

Still referring to FIGS. 3 and 4. cach trailer vehicle 14, 16
1s comprised ol g respective frame 34, Vor cach trailer vehicle.
two vertical ldler wheels 20 (only one of which iy visihle in
IFIC 4y and tourhorizontal dlerwheels 22 {only two ol which
are visible in FIGL 47 are rotatahly mounted to frame 34 ina
conventional meamner. (Altenative embodiments may inelude
muore idler wheels.) Bacl truiler vehicle 14, 16 carries mul-
tiple vertically meunted permanent mapnets 36, the Nerth

pules of which are magnetically coupled to the South poles of

confronting permanent magnets 28 carried by the tractor
veliele 120 [nthe desipn deseribed by FIGS. 3 aud 4. each
trailer has two vertically wmeunted penuanent magnets 36, bhut
other designs may use diflerent configurations. The positions
and pole vrientations vl the mawnets may have uther configu-
rations as long as the N-5 patring and relative alignment of the
magnets between the tractor aud trailer are preserved.

As seen in FIG 4. In addition 1o belng magnetically
conpled o the tractor vehicle 12, the tratler vehicles 14 and 16
are magnetically coupled to cach uther using additional sets
of permanent magnets 38 and 42, As seen in FIGL 3. trailer
veliele 14 curries four horivontally mounted permanent mag-
nets 38, lrailer vehicle 16 also carries Tour horzomally
monnted permanent magnets 42 funly two ol which are vis-
ible in FIG. 41 the poles ol which are respectively mauneti-
cally coupled te oppoesing poles of'the permanent magnets 38
on trailer vehicle 14, This magnetic coupling produces an
altraction force that holds idler wheels 22 of trailer vehicles
14 and 16 in contact with upposing surfaces of an intervening
sparweh 8 (shown in FIGL 4.

As seen in G, 30 trailer vehicle 14 further carries o pay-
load 40, Three specific embodiments of trailer velicle 14
(respectively named spar steip scanner. spar arm scanner and
spar radins scanner) will he deseribed 1n detail below. Tncach
implementation. an N3 sensor is aconstically coupled to the
internal surtuce being inspected. For example. the inspected
region ney be covered with o continuous stream ol water 1o
acotstically couple the ultrasonic sensor to a sparweh 8 ora
filleted juin region T Mawnetically coupled svstems are well
sulted for operation with water in the environment. The on-
entation and scauning movement ol payloead 40 will depend
on which portion of the horlzontal stabilizer internal surtuce
15 1 he mspectad

Asthe tractorvehicle is driven to travel along adesired path
onthe cuter surtace ol the top or bottom skin. it pulls the inner
truiler vehicles along, The mapnetic coupling  systew
desceribed above keeps the inverted vehiclel(s) in contact with
the surface 1t rides on. For horizontal stabilizer applications.
two magnetically coupled tratler vehicles can be used. one un
cach side of the spar woeb 8. us shown in F1G. 4, This allows
the systewn o ke advantage of the internal structure ol twe
scanned object as g wnide to allow the system o track properly
along the surface.

The truetor has the ubility o vary the smount ol magnetic
coupling foree by physicully moving the magnets farther
upart using motors that are under computer control, Tlis
allows the apparatus to match the magnetic coupling furce to
the thickness b the part being inspected. Inthis case. as the
part thickuess varies along the lenptlielthe part. the maenetic
coupling foree is dyiamnically adjusted under computer eon-
tro] 1o reflect this. A feadback sensor is needed o provide
information required hy the control compier o adjust the
magnet separation distance as the skin thickness varies. One
sensor oplion 1y g wheel rotation eneoder rotutably meunted
o the frame oF oue ol the trailer vehicles 1o provide displuce-
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et {renn g spectiied starting point aleng the length of the
harizontal stabilizer (orother structure being inspected ). This
position information, along with predetermined data ahomt
the thickness of the skin {either trom o CAD model or mea-
sured direetly). can be used 10 detenuine the mmount of dis-
plucement needed tor the mevable magnet units on the tractor.
By knowing the relative locations of cach ol the magnetic
coupling units to the location uf the sensor. the desired sepa-
ration al cacl of the magnets can be determined. FI1GS, 3 and
4 do not show twe means lor sutematicully adapting o the
varluhle thickness ol the intervening skin or panel (1e. top
skin 4 vr bottom skin 6) by raising vr lowering the magnets
{which magnet motion is indicated by double-headed arrows
1 1GS. 3 and 4) en the tractor vehiele as 1t meves along the
structure belng inspected. Purther details concerning the
trailer-tractor configuration depicted in FIGS. 3 and 4 and
other embaodiments are disclosed in TLS. patent application
Serc Noo 1A 13207 the disclosure ofwhich 1s incorporated
by relerenee herein iu its entirety.

Tl basic coneept of the tractorftrailer transport sysiem
described above can be adapted as necessary 1o perform dif-
ferent scanning vperations, such as scanning the edge and
centrul portions of cueh web 8 and the lour illeted join
regions 10 that join each web to the top and hottom skins (twe
at the wp skin 4 and two ot the bottom skin 6), While it is
advantageons to use the same tractor for cach ol the different
scanning vperations that make up the overall inspection pro-
cess, o ditterent active trailer cun be used o perlonm cach
respective speeifle scanuing operation. This in tum way
require the use of a respective passive trailer specifically
adapted W magnetically couple with o respective active
trailer. This disclosure will describe methods and apparans
lor inspecting filleted join replons (hereinadier “radii™) of un
clengated and wopered hollow structure. The active tratler for
scanning a spar radins will be referred to herein as o “spar
radius scanner”™. This disclosure will also deseribe methuds
amd apparatus for inspecting the centeal portion ol a sparweh.
The aetive trailer for scanning the central portion of o spar
weh will be referred o herein as o “spar ann scanner”™ [n
addition, this disclosure will deseribe methods and apparams
for inspecting the marginal or edee portions of a spar weh.
‘The aetive trailer for scanning the wmarpinal portion ol a spur
weh will be relerred 1o Lerein as o “spar sirip scanuer™.

Part Holding Tools

As should he apparent from the shove deseription o FIGS.
2A-207 o feature of the tractor s that it has the ability to run
o e hottor as well as the top ofthe part being inspected. To
run on the hettem. the tructor needs o clear path that avoids
any structural supports. As part of this inspection system, @
pair of part holding wols were designed that support the part
at opposite crids thereott In particular. in the case where the
part being inspected 1s o horlontal stubilizer. one part elding
Lol (hereinaltter “inboard support teol™) 140 depicted in 1[G
5 15 designed o holdésupport a root end of the horizontal
stahilizer. Inhvard support o] 140 comprises a pedestal 152
that stunds on the ground and o frne 154 supported by the
pedestal 152, Another purt Lelding ol (hereinalter “out-
bourd support teol™) 160 depicted in FIG. 6 1s deslgned te
holdfsupport a tip end of the horizontal stabilizer the tip end
heing narrower than the root end. Taboard support ool 140,
Cuthourd ol 160 comprises o pedestal 172 that stands on the
arcund and o frume 174 suppoerted by the pedestal 172, 1ach
part holding tool 1400 160 has movahle suppuort structure that
can be adjusted to provide a clear tractor channel for inspec-
tion ol the horirontal stahilizer spars.

Although not fully visible in the views o 1G5, 5 and 6.
cach ol comprises lour rows ol verticully displaceable head-
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ery darranged i seguence. one behind another, 'T'he headers are
shaped o allow the tractor to pass between the vertical sup-
purts. and different headers are used for support at different
times. depending vn which motion path the teactor 15 follow-
ing. From the vantage point of IG5 o first row of twoe
headers 142 is visible in its entirely: three headers 144 of o
sccond row (hehind the Hest row] are visible: portions of two
headers 146 of o third row (behind headers 1423 are visible:
and portions of three headers 148 of a Fourth row (behind
headers 144 ure visible, From the vantage point of G, 60 a
lirst row ol two headers 162 15 visible in ity entirety: three
headers 164 of a sccond row (hehind the first row ) are visible:
purtions of two headers 160 ot a third row (hehind headers
162) ure visible: and portions el three headers 168 o' tourth
rowe (hehind headers 1643 are visible.

Iach row of headers 15 attached o and vertically displace-
ahle by pistons of a respective pair of air evlinders 156 situ-
ated on opposite sides of the frame 154, The specitic emhbodi-
ment o teol 140 depicted in FIG. S has Tour pairs of four air
eyvlinders 156 arronped in respective rows on opposing, sides
ol frame 154, Only the tirst paie of air eylinders 1560 arce
partially visihle in FICL &, with other air cylinders heing
disposed i respeetive rows belind the first pair ol air eyvlin-
ders. Fach row of headers can be meved up and down inde-
pendently, Althougl 116G, 5 depicts all headers 1 dan up posi-
tan, during inspection o a horizontal stabilizer only a
selected single header row s up while the other three are
down, For exanple. headers 142 will be up and headers 144,
146 and 148 will be down when o central spar s being
imspected. which arrangement provides clearance fora tractor
vehicle o travel underneath that centeal spar on the bottom
skinofthe horizontal stabilizer. Similarly, headers 144 will he
up and headers 142, 146 and 148 will be down when a spar
udjaeent the central spar 1y being inspected. which urranoe-
ment provides clearance for the tractor vehicle o travel
nnderneath that adjacent spar. Two rows ol headers (142 and
144 are designed o support a hortzontal stabilizer inoan
upright pesition: the other two rows of headers (146 und 148)
ure designed o support o hornzontul stabilizer I an upside-
down position. THeaders 142 and 144 match the contourof the
upper skin ol the horizontal stabilizer: headers 146 and 148
matel the contour of the lower skin, The leaders 162, 164,
166 und 168 ol wel 160 are conlipured und operated in
siiilar way,

Referring again w FIG. &, cach air evlinder 156 can he
selectively supplied with pressurized air from a source vig an
ulr distribution systein 158 (only partly visible in 116, 5). ' The

ulr evlinders are actuated in pairs by wanal operation of

header controls 1300 For example, o achieve a tool state
where only headers 142 are up, the header controls 130 are
aperated o vpeniclose valves as necessary o provide pres-
surlzed air from 4 source 1w only that puir of air eyvlinders
capable of lilting the row of headers 142, Similarly. outheard
support toal 160 comprises an air distribution system 178
fonly partly visible in FFICG. 61 that supplies pressurized air
from the seurce to o pair air eylinders capable of lifting
wlichever row of headers has been selected by manual opera-
tion of header controls 170
Spar Web Scanning

The interior inspection of the spar radil and web covers the
entire surloee area. [n accordance with e inplementation.
the horizontal stabiliver is inspected while its root end 15 inan
untrimmed condition. indicated hy a solid vertical line on the
far left of FIGL 7. The dashed vertical line indicates the loca-
tionubthe rootend of the horrzontal stabilizer alter trimming.
Thws the areua efthe spar between the solid and dushed vertical
lines in PG, 7 need not be inspeeted.
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Tlwe spur web 1y scanned by g two-part lnspection sysle
that covers two distinet »ones: a strip along the spar weh next
o a radivns and a central portion of the spar web, FIG. 7
Hustrates this concept uf covering the spar weh, As seen in
FICG. 7. the central portion of e spur web is seanned by a spur
arm seanner (uot shown in FIG. 7Y that covers successive
hortzomal strips A1 throneh A7 that overlap in multiple
passes. The sparweb changes shape as it wocs from root o tip.
‘This is further complicated by the solli-tooled uspeets ol the
part and the geometric varlutions that are inherent o the
wunutictunng process of such o part. The solution ineludes o
spar strip scanner (not shown in FICG. 771 that scans narrow
fea 2-inch) strips at the wp and bottom edpes of the spar
web (see strips 31 and B2 in FIG 7). The strip seonner is
designed to wechanically follow the contour ol the adjacent
skinand hold itselfagainst the breakpoint of the radins so that
no priordetailed information of the part geometry 1s required.

The spar steip scanner and spar arm scanner use identical
linear ultrasonic rausducer arrays that cover a scan sirip of
e sane width {ep.. 2 inches). These sensors are used in
pulse cche mode, which means they hoth transmit and
receive. This means that a separate ultrasound arrayv for
receiving iy not needed. lach of the spar strip und anm scan-
ners Is connected to o data sequisition computer via a respee-
tive cable thal contains dat lines. o water line and various
sensor lines. The sensors coupled o the inspected part use
water that is supplied Trom the cable water line as an acoustic
couplant. Baclusensor is held na “shoe™ that ensures the array
1y mwechunically positioned relutive 1o the spar surtuce. [n
addition, the shwe has a water-filled cavity situated herween
the sensor and spar, which cavity pnides the water that Bows

therethrongh.
Spur Strip Seaner

Tl spar strip scuer can be used on beth the wop and
hattom edoes ol the sparweh (see strips 131 and 32 in FIGL 7
ard has the ability to reverse the connection cable direction,
which is necessary when going Trom a top o a bottom edpe
ispection, The strip seanner inspects elose o botlends ofthe
spur. One cinbodiment of the strip scunner comprises a lineur
ultrasonic transducer areay which is incorporated in a probe
assembly that 1s connected at opposite ends o respective sets
ol wmapnet trolleyvs which carry mapnets for magnetically
coupling the strip scanner with a tractor vehicle and o passive
trailer vehicle in the munner previously described. 1G. 8
shows one embodiment of such a strip scanner with the mag-
net trollevs vmitted.

[ aceordanee with the citbodiment partially depicted in
FICG, 8. the strip scanuer curries o probe asseinbly 84 that
uperates as previously deseribed under the control vl a com-
puter that hosts data acquisitionfanalysis soltware. The steip
scanner may also have a video camera (not shown) that cap-
tures i live view ol the probe. The X-axis motion (the X axis
being parallel o tw spar rudivs being inspected i'the patliis
lincar in the lengthwise direetion of the flleted jouin region is
provided by the tractor vehicle of the system. which uses data
fron o rotational encoder 102 coupled o an encoder wheel
104, The strip scunner 15 pulled by the troctor and carnes the
probe ussembly 84, 'The probe assemnbly comprises o probe
hady or shoe 92 that holds a linear ultrasonic transducer array
(not visthle in FIG. 8) and has a water cavity 96 disposed
between the array and the plane of o wear surfuce 94 which
will be in contaet with the surtiee of the spar web edae beinp
scanned.

[n the embuodiment partially depicted i FICGL 8 the probe
assembly 84 s not dircetly displaced by o motor. but 1s sup-
ported by un assembly of compenents which allow the probe
asseinbly o pussively adjust its position while held in contaet
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with internal surtuces of the spur web aud adjacent skin, The
support assembly supports the probe assembly 84 hy means
of tourlinear motion puides (each wuide comprising a respec-
tive pair of slidably coupled linear motion guide halves).
including two Z-axis linear motion guides 98a.6 and twe
Y-uxis lineur motion puldes 1006, As used herein. the enn
“linear motion giide hali™ means a structure having a straight
surface that guides a contacting surtace of another linear

motion guide hall w move lnearly during relative motion of

the two halves. More spectlically, the tenu “linear motion
vuide hall™ ineludes. but is not Hinited 1o, male and female
slide halves well knewn i the an.

The Z-axis lincar motion anides 98q.4 allow the probe
ussernbly 84 to displuce buek and forth along a local # axis
wlieh is not nonmal to the opposing spar web surlace (which
takes into account that the skin portion adjacent the sparweb
adue may be at an acute angle). The Yeaxis lincar mation
puides T00a. 4 allow the probe assembly 84 10 displace back
and torth along a locul Y axis which is in the plane of the spar

woeb and perpendicular to e Xoaxis. Respective pairs of

springs (ot shown in TG 8 are provided o bias the prohe
assembly 84 wnward the corner furmed by the spar web edye
und adjaeent skin portion. thereby maintaining the wear sur-
tuee 94 of probe assembly 84 in contuet with the spar web
edae W be seunned.

The support assembly lirther comprises abridge 86 that is
contected at uppusite ends thereot o respective suppuart
members 88 and 90 which will be Tustened o e respective
sels of mupnet trolleys, The encoder wlweel 1 rotatubly
coupled o an X-pusition rotational encoder 102 which, in
nirtl, 15 slidably couplad o the hridge 86 hy means ob an
encoder linear motion wuide 106, The encoder linear motion
vuide 106 allows the encoderfencoder wheel subassembly 1o
displace back and torth aleng o true 72 axis whiclh is perpen-
dicular to the X-Y planc. A spring (not shown in FFIGL. 8) is
provided to hold the encoder wheel incontact with the surtace
ofthe sparweb edpe. The sensor need not move relative o the
platfurm during edge scanning. so the strip seanner does not
need 10 ke equipped with a motor. For the sensor to reach the
and ol the part, the transporting mechanism woenld need 1o
start slightly oft the end of the start position and then run
slightly ol the end of the finish position. "To uceomplish this.
run-onn and run-oll components can be used 1o allow the
tractor and trailer vehicles 1o start partially ofl of the pant
being inspected and o mn partially ol the end of the part.
These compaonents will he respectively attached to the start
und end positions und will allow the centrally meunted sensor

ter cover the entire length of the spar 'The run-on and run-oft

compunents (which may be made of plastic or composite
material 1 are sized and shaped to match the particular spar

being inspected and are different for the root and tip ends of

the wing box. They may be clamped or taped i place. One
cinbodiment ol such o runoll component 76 is show in FICG,
20. This mnoft component 76 comprises a spar web 78, a
buttom skin 80 and a top skin 82, which are respectively

ulipned witly the spur web 8. bottem skin 6 and top skin 4 of

the wing box being inspected.
Analternutive way to ullow the central ly mented sensor te
cover the entire length ufthe spar is to start with the spar strip

scanner not completely on the spar and with the back set of

passive magnets not attached and then mawmally “walk™ the
sirip seunner onto the spar attuching the rear pussive trailer
magnets when the steip scanner s completely on the part. This
sequence wonld be reversed at the strip scanner end position
to ensire that the inspection woes 1o the end of the part.
Another way to ensure that the edges af the spar web are
inspected by the sinp scuinwer 15 1o use two sensors. with one
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wwerunted at cach end ofMhe strip seimer. This einboediment of
the strip scanner has a pair of probe assemhblies (ot shown]
carricid by a suitahle support structure. This design enahles
the strip scanner o inspect the sparweh from end to endd. sinee
1t can mewve equally well in either direction,

Spur Arm Seanner

The centreal part of the sparweb s inspected with a scanner
that comprises a computer-controlled collapsible Iiting arm
Liuving a distal end which carnies the sensor aud can be posi-
tiened at various cornanded heights Chereinatter relerred to
as o Usparann scanuer’) Tl spar arm scanner can perlonm g
raster scan obthe central arca b the spar weh under computer
cortrol. As previously deserihed. the strip scanner mechani-
cally follews the edpe of the spar web next 1o g radius over o
strip-shaped ared of constun width (g, 2 inches). There-
fore. the arm scanner nead not position the sensor it carrics
particularly close to the radius. This significantly lessens the
motion control complexity as compared to what would be
entatled Hthe “bulter™ strips (131 and 12 1n G, 7) where not
covered by u separate seanner. ln addition. the anu scaner
always positions the sensor toward the wide or root end o the
spar. This means that scanning the rout erd of the spar (s not
an dssue. The tp end of ke spar does wet need 1ty edge 1o be
scanned because at this point. overlapping strip scuns have
Whis area covered, Advantugesus leatures o this spar ann
scanner include at least the following: (1) the ability to col-
lapse the arm to a very low height 1o pass through narrow
sections ob g horirontal stabilizer. and also extend the ann by
wwre than o Factor ofthiree to reach the maximum lwight of'the
horizontal stabilizer tunnels: and (27 the vertical position
meastrement and control process developed furthe arm scan-
ner uses kinematic equations ol motion and data Trom a stan-
durd rotational encoder on the metor to detennine verticul
position and 1o enable vertical position control. These fea-
tures allow the svstem to work within the physical sive Timi-
tations wb hollow structures like a horizontal stabilizer, while
also allirwing the system to be operated 10 wet environments
associated with ultrasonic-based N1J1 scanning,

The spar anm scanner operates under computer control
within vertical height restrictions and in wel enviromments.
FIGL9A 15 aside view showing une crmhodiment of aspararm
seanner 14a mapuetically coupled 1o o tractor vehicle 1204
passive trailer vehicle 16 (uet visible n FIGL 940 con be seen
1 the end view of FIG. 98,

Arm Motion.

Reterring to FIGL 9AL the sparanm scanner 1da 15 magneti-
cally coupled o and pulled by tractor 12, The arm scanner 14a
comprises napnets 36 which are coupled 10 epposing tractor
magnets 28 through a hottom skin 6. Trailer-to-trailer con-
pling magnets arc also partof the svstem. but are not shown in
FIGL 9A. The spar arm scanner 1da carries a payload 660 for
nen-destructive inspection ol a web 8. The X-position of ann
seainer 1da (und the payload it carries) is measured by an
X-direction encoder (not shown in FIC 947 which measures
the rotation angle ol an encoder wheel 72 mounted on the end
ol an enceder swing ann 74, The encoder swing ann 74 s
pivotably coupled te trailer rame 3o of ann scunner 14a.
The encoder wheel 72 rides on the inner surlaee o the botlom
skin 6 as arm scanner 1da travels along o filleted join region.

The spar arm scanner in accordance with the embuodinent
show in FIG9A Further comprises o modified single-stape
selssor 1 mechanisin (also known as g seissor linkape
mechanism with vne dearee of freedom. which is driven by
4 lead screw 44 and a prowrammable stepper motor 46. The
madified scissor It mechanism comprises asuppuort hlock 48
mounted 1o a vehicle frimne 34a and a translatable (relative o
frime 34a) support bleck S0 (lwreinatter “slider nwecha-
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nism7) The lead serew 44 has o distal end retatubly coupled
to suppurt block 48 and an intermediate portion rotatably
coupled to slider mechanism 50 by a nut (nat shown). which
15 attached to the latter. The stepper motor 46 15 mounted 1o
rame 3da. An output shull ol stepper motor 46 1s coupled 1o
the other end of Tead serew 44, 'he slider nwechanisi 50 15 put
into motion by means uf the lead serow 44 and stepper motor
46.

The modified seissor [t mechanism further comprises oue
link 52 having o length hallthat ol another link 54, 1ink 52 15
attaehied o a plvot point (st revolute joeint) 56 midway along
the lenath of the Jonger link 54, which will be referred 10
hereinafter as the “drive link™. [ A revolute joint (also called
piu joint or linge joint) 1s o one-degree-oi=treedom kinematie
pair used 1 mechanisins, Revolute joints provide single-uxis
rotation.] The other end of the shorter link 52 s pivotahly
coupled o support hlock 48 by a second revolute joint 58, and
one end (referred to herein as the proximal end) of the drive
link 54 1y pivelably coupled o slider mechanisim 50 through
uthird revelute Juint 60, The slider mechanism 50 moves jolut
60 trwards or away from joint 38, The motion path of hlock
5015 astraight Iine defined by the axis of lead serew 44, ITnthis
conliguration. the woetion of the proximal end of drive link 54
causes orthegonal motion of ity other end (referred 10 as the
distal end) relative to the motion ofthe slider hlock 50, For the
measurement task that this system 1s has been designed for
the proximal end of the deve link being driven by the lead
serew moves horizontally, while the distal end meves verti-
cally.

Although the position paths that hoth the proximal and
distal eneds of the drive link segment take are hoth Iinear {i.e..
pertectly horizontal and pertectly vertical. respectivelyv . the
relative relationship belween nput and output velocities s
not linear, This non-linear relationship between the input and
outpul velocities has an impact on the motian control of this
system, which will he deserihed in detatl later.

I addition o the lonw and short links vt the single-stage
seissor 1 mechanisi, o follower link 62, of equal length 1o
drve link 54. 1y used o fonm a four-bar parallelogram linkuge
with the drive Tink 54 as une of the links. (This aspect of the
system produces g “mwoditied scissor L mechanism™. as
desenbed herein.) This additienal link allows the svstem 1o
maintain o constant orlentation ol the paylead plutfonn 69
lecated at the distul end of the drive link, Follower link 62 15
pivolably coupled 1o slider mechanism 50 by o revolute joint
64 The pavlvoad plattorm 69 is pivotably coupled to the distal
euds of links 54 and 62 by respective pin jeints 68 and 70,
During operation. as the proximal end of drive link 54 1s
driven hy lead serew 44 from vne end point uf travel to the
other. the pavload platform motion will always stav perpen-
dicular 1o the lead screw 44 and the vrientation will stay
coustant. [n other words, as slider mechanism 50 1s moved
tewiard support block 48. payload 66 (whicli s stached to twe
payload platform 69 moves up along a vertical path without
rotating. I the cuerent implementation of this desian. the lead
serew 44 15 instulled in parallel with the vehicle frume 34a.
resulting in motion of the payload platfonn 6 heing perpen-
dicular to the frame 34a. which itsell ndes on wheels 20 that
pusition the frame 3da parallel W the surface of the ubject
being scanned.

Chassis Motion,

Referring to FICG 983 1he scan anm frame 3da 1y secured in
pusition by use of magnets 38 that couple through the spar
web 8 10 mannets 42 mounted to o passive tratler frame 345,
The through-weh magnets 38 are emboedded in a fixed posi-
tion within the {rwe 3o of the ann scanner Mg and in
ussoctation with the opposing magnets 42 cbedded in the
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pussive trailer rmue 346 on e other side of the web 8.
Magnets i the passive trailer component of some embuodi-
ments mayv be mounted on o shide mechanism (oot shown in
FIG 913 o accommoedate =15 degrees ot vertical changes in
the web. This relationship allows axial mapnetic pele align-
wwent and holds the sean arm {rune 3a fnmly sguinst e web
8: it mrn holds the ultrasonic array probe into the weh,
thereby assuring reliable ultrasonic coupling.

[ the conflpurations diselosed herein, the welght of the
seanarappuratus assists inhelping the system to stay seated
on the riding surtice (Hange) of the spar. The two chasses
3dah are sot into scanning mwotion 10 the X-direction by
means ol the drive tractor 12 which s magnetically coupled
tronel the bottown skin 4 to the trailer chassis by means of
respective sels ol through-skin magnets (llems 28 and 36 in
FI1CL 9137 Tna dircction normal to the weh 8. the throueh-skin
magnets 28 on the tractor 12 are separated from cach other by
a fixed distance. The throngh-skin mawnets 36 on the scan arm
Trame 3de are cinbedded in trucks (uet shown in FICG, 913) that
rotale relative o rame 3a about auaxis parallel to webh 8. In
addition, the thronph-skin magnets 36 on the passive traller
frame 3db arc also embedded intmicks (not shown in IC 913
that rotate, Tlese rotatuble trucks, i turn. are slidably
coupled to tlwe passive vehiele Trane 344, which coupling
allows the trucks e translate nonnal. or perpendicular, to the
weh, This ahility to adjust the position of the trongh-skin
magnets vn the passive vehicle in g dircetion normal 1o the
web aceomnnedates changes ineross web magnel spacing due
1o web thickness chianges (0,10 to 0.50 ineh) and web angle
changes (15 degrees). This sliding-rotating  relationship
allows axial magnetic pole alipnment W he maintained
hetween the triuck magnets and the drive tractor magnets. The
second benelil of the sliding truek magnets 1s that the traetor
1y allowed to follew the transitioning web in o manner similar
1o how a slot car would follow a track without any hinding
hetween the passive trailer chassis and the arm scanner chas-
sis. [Inanother embuodiment, forsystem contigurations where
aravily keeps the trailers linmly in contaet with the bottom
shin. il the X-direction motions ol the spar unn scanner were
sell-powered (and the tractor vehicle were eliminasted), then
the trailer vehicles wonld not need through-skin magnets and
nwns for adjusting their positions. )

More detuils concerning the structure aud funetionality of
e spar anu seanner and 1ts assocluled passive truiler veliele
cant be found i 115, patent application Ser. No. 13:470,125,
the disclosure vbwhich 1s incorporated by reference herein in
115 enlirety.

1165 10 shows multiple imermediate positions of the drive
link vf'the spararm scanner as 11 s moved though s range of
matien. The labeled positions (AL B CLeteon the input ened
afb the link, shown un the horizontal axis. correspond 1o the
sume labels lor positions on the output (vertical) uxis. Notice
it the spacing on the input uxis is unilonn. but is non-
nniorm un the output axis. The vertical output position and
vertical output velocity are nonlinear functions of the huri-
sontal input position,

Sinece the output wetion (position and veloeity) ol the
lifting anu is not proportional o the input motion (e, non-
linear). the contral of the output position of the pavioad
platform is not as simple as just counting the rotations of the
lead serew and upplying o scale laetor In order w move the
payload w precise position o meore complex control method iy
neaded.

[norder to control this mechanism. knowledge of the equa-
tions b motion of the mechanism can be nsed o develop a
nen-linear transler function that deseribes the vertical posi-
tien o the payload in tenns of roltions of the lead serew
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througheut the entire ronge of metion, For this option. the
stepper motor 46 and o lead serew rotary encoder (ot sturan
i FIG 9A) are far away Trom the water (and enclosed in

housing for addinonal protection). This leaves the sk of

developing o process to convert lead serew rotations inte
vertieal positions, To mathematically deseribe the relation-
ship between the input and vutput motions, @ non-linear trans-
fer function needs to be developed. Not only must the vertical
motion of the paylead plattonn be deseribed in terms of the
lead serew rotations: the Inverse Nmetion which deseribes
lead screw rotations in tenms of the vertical position ol the
pavivad platform 15 also needed. Tn robotics applications.
defining the output Cartesian position 0 lerms of an input
uctuator variahle (position or rotation) s usually called lor-
ward kinematics. and delining the nput actuator variable
pusition or rotation interms of the output Cartesian positon
is called vverse kinematics. The derivations ob these fune-
tons are disclosed in TS, patent application Ser. No. 13:470.
125,

Motion puths are loaded into the contrel software at runt-
ime as a file that contains the individoal horieontal and ver-
tical motion seepments (along with other calibration, velocity.
and thning instruetions). FIG. 11 shows an exanple motion
path with multiple hordzontal and vertical path segments. ln
this example. the wetion patl starts at the el end of twe
horirontal stabilizer tunnel produces a stair-step pattern that
{its 1nto the internal shape of the horizaontal stabilizer. Smaller
verlical steps may be progrununed 1o get betler coverape,
Alternatively. the horlzontal and verticul sepments could be
chanped concurrently,

IFTCH 12 shows the resulling coverage arca. where the cross-
hatching lines “lean™ in the direction of motion. Nuotice that
there 1y sewe overlup in e coverape area. This is aceeptable
und even desirable in some areds to protect the overall motion
plan against gaps i coverage. Overlap s handled properly hy
the scanning soltware application.

The ahove-described svstem positions the payvload (NI
sensor) at specific locations while moving the payload at
specifled veloeities, It alse provides the horizental and verti-
cal positions ol the pavload to NTI scan suftware application
runiing on a control computer. o achieve the foregoing.
motion contrel and  position measureinent processes are
implemented in software using avallable molor control nter-
tuees and know ledpe about the kinematios of the lifting arm.

To exceute o motion path of the type depicted in FIG. 11
the spar arm scanner s placed at a starting position on the
inbeard end of the horlsontal stabilizer and the tractor and
other trailer vehicle are mapnetically coupled 0 cuch other
and to the spararm scanner in the manner previously shown in
FIC 50 A motion plan is loaded it the control soltware
application. Afterthe vehicles are in position, a vertical height
calibration is perlormed. Alter the fow ol water has been
turned o1 the cellection of dat Trom the N sensor is
started. The vperator then siwnals the antomated muotion con-
tro] process o bewin. The motion control process then deter-
mines what type ol motion path seginent. honsontal or ver-
ticul. 1% called for by the leaded motion plan. 15 the next
motion segient should be horizontal, the horlzontal goal
pusition s converted o a motor rotation connt. The rotation
rate and a start signal are then sent to the tractor dreive muotor.
During motion in the X-directiown. the metion control process
deteriines whether the horlaontal goal position has been
reached. I not. then the speed 15 adjusted i necessary. I the
horirontal woal pusition has been reached. the process deter-
mines whether additional motion path segments need to he
exceuted. Hnet. then the moetion control process lerningles.
[ additional metion patly segments need o be executad. e
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twrtion control process upain detenmines what type ol ielion
path seament. horizontal or vertical, s called for hy the
loaded mution plan. Mhe motion control process determines
that the next motion seament should be horiaontal, the
sequence ol steps deseribed 1u tlus paragraph is repeated. [T
e motion control process determines that the next woetion
seanent should be vertical. the tamct vertical position is
corverted into g THt motor rotation count using inverse Kine-
watic equations, Then the rotution value and g start sipnal are
sent e the lifting moetor: and shiwulated eucoder pulses are
senerated and sent 1o the NDL scunning systewn. During ver-
tical motion. the motion control process determines whether
the target vertical position has heen reached. T it has. then
uwrien control process again delermines whether additional
wetion puth sepments need to be executed. 1F the turget ver-
tical position has not heen reached, o warning is displaved on
user interface and the actual vertical position vt a speciticd
point an the modificd scissor linkage mechanism (e, a
revolute joint axis) is computed. Correeted simulated encoder
pulses are then sent 1o e seonning system. The wetion
control process then determines whether additional motion
path seaments need to be executed. The motion control pro-
cess will repeatedly return 1o the step of determining what
type ol metion path segment is called lor next by the loaded
wetien plan until @ detennination is made that tere are no
additional motion path segment. This enahles the sntomated
svstem o fullow the loaded motion plan. such as the plan
indicuted in FIG. 11. The hortvonal motion of the tractor
vehicle and the vertical motion of the payload relative 1w the
trailer vehiele can be controlled 1o provide the arca scan
coverage shown in FIGL 12 ar ather coverage schemes.

Spar Radins Scanner

[ addition. the radii of cacl spar need to be inspected. lor
e purpose ol lustration. o procedure will be deseribed for
inspecting a horizontal stabilizer having five spars. cach with
fonr radii, for a total of 20 radins mspections. The radins
inspection apparatus s desiunedto work with the drive teactor
v the top or bottow (e the traetor is on the botlom ofthe top
skin or on the top of the bottom respectively ). There are twe
radius scanners (see lelt- and right-hand sweeping array
radius scanners 1dh and 1de in TG TRA ). the unly dilference
being that the connection cable exits from one end or the
uther. Itis preferable for the cable o notbe bent. which would
be necessary i only one radius scanner were availuble, [T
neaded. the cable can be bent, which means that cither of the
two radius scanners could be used to inspeet all 20 radii. 1ach
radivs scanner is similar 1o the strip scanner i the way 1 iy
poesitioned and meved (Lo cach is o trailer vehicle pulled by
the tractord. The radins scanner holds and positions the ultea-
sonic transducer areay (Lo sensord. A passive trailer on the
ather side wb the spar (see trailer vehicle 16 in FIGL 47 08
wwgnetically coupled aeross the spar web, The same tractor is
pluced on the wp or ewthe botlom w meve the sensor trough
the tunnel. The radius scanner comprises a linear ultrasonic
transducer array that simultancously sweeps and translates as
1 rmowes down e length o the tounel, This sweeping lineur
array probe Is deseribed in detail in 118, patent application
Ser, Novn 137466285, the diselosure o which s incorporated
by reference herein in s entirety, The radins scanner is
designed to adjust the position and oriettation of the sensorso
it its bewn stays nonuul (or nearly nonmaly e a sell-teoled
radius that varies in shape,

Iach radins scanner is designed to provide o normal (1e..
perpendiculart sound entry and o inspect at a sidficiently fast
rate. In the case b o lincar ultrasonic areay. the array Is
oriented lengthwise down the length of the radivs and is
mwehanieally pressed nto the “us inspected”™ radius at 90
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degrees so that sound entering the radivs will enter nonnal w
the front surface of the radius. Tt is then swept i the radial
direction so that cach part of the radins is inspected as the
tracturitratler system travels along the radius, The scanning
mechanisin s designed 1o keep the sensor normal to the ot
surfuce of the rudivg ot all times, Simultanecus with the
swoeping motion of the sensor the radius scanner 1s trans-
lated down the length of the radius during movement ot the
tractor. 'The result 1s that the ultrasonie lnear array, which is
venerally alispned with the rudivs. mukes o simuoltaneeus
oseillating and translating motion that covers the entire radius
with ultrasonic beams that are always normal (ur nearly nor-
maly o the surface at o high area coverape rte.

The motion control or the radivg scunning system cow-
prises three parts: the X-axis position control. the ungular
pusition contral, and a synchronization process.

The X-axis motion (the X axis being parallel to the radins
being inspected i the radins 15 Tineard is provided by the
tructor veliele of the system. which vses data e o rota-
tional encoder attached 10 an idler wheel onthe radios sean-
ner. The teatler component s pulled by the tractor and carries
the scanner assemibly, The X-motion drive motor and the
swoeping motion drive moter are progrununable slepper
motors that con conununicate with g personal computer
through a serial conumunications interface. Tlwe operator or
amomated path planning svstem specifios the desired steady-

state specd. dircetion, and an optional final goal position of

the tructor-trailer system through g motion control soltware
upplication. The X-oxis positioning is controlled using pro-
purtional feadback of the encoder count dara.

The process for controlling the sweeping motion (..

angular position ) of the scanner assembly takes advantage of

un on-hoard wicroprogessor i g stepper nweor unil. A cyvelic
motion form is pregramned into the motor, wlich takes eyvele
time. mution extents, and maximum acceleration data as the
inputs. The svstem also uses a limit switch for caliheating the
home angular position of the svstem.

When the X-direction metion of the tractor and twe eyvelic
sweeping welion of e scanner ussembly are used tosether,
the resulting motion s a sawtouth path with rounded peaks
and valleys (due o aceeleration/deceleration). When oper-
ated ul the appropriate speed. a continueus area scan will be
created.

[F1he X-direetion motion of the tractor is oo fast, saps will
appear i the scan data. To address this Issue a process has
been developed o synchronize the X-direction velocity ui'the
tractor with the motion of the osellluting sensor mwehunisim,
This process uses e evele rate. angular motion range. and
sensurwidth to compute the appropriate tractor velocity. The
process also has g scaling variable to ensure that there 15 a
small armwonnt of vverlap to compensate furminor flucmations
i velocity as the system weves (such as veloeity disturbances
transinitted by the tacter-trailer coupling systein).

Oinee the fixed parameters of sensorwidth, angular motion
range and overlap are set, the entire process can be contralled
by asinglevariable  theeyele rate, This willcompute and set
the X-direction veloeity ofthe tractor o provide Tull sean area
coverage withoul gaps in the datu.

FICGS. 13A through 130 illustrate the different aspects of

this motion svnchronization. showing three potential cover-
uge patterns. 1G. 13A shows the exact coverage patiern with

no overlap and no sups. but this pattern could produce pupsif

the X-dircction speed were to fluctuate. 1100 1313 shows the
pattern when the X-velocity 15 tow high. or equivalently if the
cvele rate s too slow, FTCH 130 shows the pattern with a small
et o overlup. The overlap ensures coverage when the
X-direction speed Huetuates by less than a speeilied seunt.
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e amount of overlap needed being o funetion of the maxi-
mum fluctuation W he expected.

TG 14 s adiagram showing an isometric view ol a por-
tion wba horirontal stahilizerwith a radius scan pattern fof the
type shown 1 F1G. 13A) imposed thereon. The solid and
dushed curved lines respectively represent allernating upward
atd downward scans as the radims seanner travels at a constant
spoed along the length ot the radius (e in the X-direction).

Besides the unigue motion of the ulirasonic array. an
nuportaut part of solving e problem of o nou-unifonm
“rudius™ 1s ensuring that the seund enters the part at or nearly
at Y0 degrees vrnormal to the Tront surface. Tt is impuortant to
keep the direction of ultrasound entry normal to the radins
front surtuee during the entire sweep ol the radius, [F the
radivs were truly eireulan that would be trivial, The radius
that Is vbtained from soft-tooled parts. whether they are
designed to he constant or to vary by part location. will, due to
the nature of radit vbtained by soft-tooled fabrication tech-
nigues. “vary by manulfictunng™. As this iy not an aetoal
cireulur radius but rather a spline curve that can vary over
different areas ot the part or from part to part even though the
desipn s for a constant radis inoall arcas, it represents o
ditficult and unique mechanical challenge te desipn and build
an apparatus that con maintain sensor-te-purt surtiee normal-
ity over the eutire sweep ol the radial motion and over a
not-known-in-advance variety of “radial™ shapes. In accor-
dance with one embuodiment. the ability to maintain normality
over i unknewn “rading” s provided using the mechanical
design deseribed Lereinadier,

PTG 15 illustrates a cross section ol a surface 120 0f s part
comprising a circular {illet 122 hetween two flanges 124 and
126, It also shows components ofa ratating subassembly that
15 supported by o now-rotating subassembly of o radivs scan-
ner. The rotating subussembly comprises o lixture 128 (re-
ferred o hereinadter as a “toppler™) that hulds the sensor {net
shown) perpendicnlarto g centerline CT. between two sirface
followers 130 and 1320 These followers 1300 132 may be
rolling wheels of various shapes. or solid rubbing blocks.
depending upon the reguirements of the particular part being
mspected and the required duration of the inspection. Nuote
that as this sort ol assembly 1s swept along the surface. the
centerline CL through the sensor remains nonnal 1o the logul
surlace 120 between the lollowers 130, 132, 1t should be
ueted that the spaeing between e two tollowers should be
selected according to the expected degree of surtace variahil-
iy, Tnotherwords. a surface whose eurvature changes rapidly
needs fellowers that are eluser topether.

Some mweans for sweeping around the inspected range of
travel must be provided. and one method s illustreated in FIC
15 A fixed position pivar 134, called the “sweep pivot™. is
held at some location in space relative W the part surface 120,
by mwans ol one of any number of different types of carriape
wwehanisms (such mechanisms are well knowi), A telescop-
ing pressure slide 136, swept through a range of angles, 1s
used to push the toppler 128 against the surface 120 of the
parl. by meuns ol o wpple pivot 138 placed us near o the
surlice 120 as possible so as 1o minhmize the tendency of'the
loppler 128 10 “opple™ i it encounters an obstruetion during
the sweep. The slide 136 may telescope toward the surface
1200 due to forees exerted by springs, hydraulic or preumatic
actuators. or other meuns for applying foree along o direction.
Pivot 134 iy doven by o mwetor (net slewad o an oseilluting
pattern o produce sweep coverane of the fillet 1220 plus a
small amount ob the Bat surfaces 124 and 126 near tillet 122,

[n accordance with one embodiment. the radins scanning
syslem cowprising o suppert assembly, @ sweeper ussambly

pivotably coupled 10 the support assembly for pivoting about
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uswoeep axis (Le. e axds of sweep plvol 134 in 114G, 15). and
a sensor carried by the sweeper assembly. The sweeper
assermbly I o comprises g sensor position adjstment suh-
assembly (comprising toppler 128 in FIC 157 that allows the
sensor 1o meve n e direction noral er nearly nennal to e
sweep uxis und orient so thut its centerline is normal or nearly
normal W the surface being inspected. The adjustment of the
sensur arientation s enahled by the toppler, which s pivot-
uble ahout o topple axis (Le.. the axis of wopple pivot 138 1o
1165, 15). One einbodiment of such a system 15 deseribed un
detail i LS, patent application Ser. No. 13/4006.285.

[t accordance with an alternative embodiment, instead of

monnting a sweeping areay on a radius scanner platforn. the
radius scanuer may comprise oue or more phased arrays that
produce steered bemuns at ditflerent angles.

Fach of the different scanners deseribad above is used at a
different stage in the overall inspection process. |
s sed in conjunction with a respective passive trailer vehicle
that 1s placed on the ether side of the spar eacl such passive
truiler veliele being desipned o magnetically couple w a
corresponding one ol the scanners. Tn one mplementation.

wach scanner

the same tractor vehicle 1s used o move the respective sets of

seanners and passive truiler vehicles along the lenpth of e
spar
Computer Systemn and Soltware

Regardless of which scanner is being used. the tractor.
scanner. and vther system compuonents are controlled hy a
coiputer sysle in response o connnands input via a praphi-
cal user interface by the system eperator or through an auto-
mated process using pre-planned motion instructions o con-
tro] the svstemt. The motors vnboard the radius scanner. the

arm scanner and the trailer are connected o an electronic
coutrol box by means ol flexible electrical cables. The elec-
tronic control box containg the system power supplics and
integrates all the scanner control connections and provides an
interface herween the computer and the scanners and tractor.

The computer system may comprise a wronnd-hased com-
puter that hosts wetion control upplication soltware and N1
scan application seflware and 1s comwected 10 at least one
video display monitor. The motion contral application sofl-
ware controls the variots motors vnboard the tractor and
trailer vehicles. the cable management sub-system. the cou-
plant water valve, and the indicator display liglts: the NLI
sean upplication seflware controls ultrasonic data acquisition
and display. Optionally. an additional monitor may he pro-
vided for displaying live video from a camera monnted on a
seanueror other duta, A person skilled in the urt will recognize
that mwltiple computers or processors could be used. lor
example, to separately execute the mation control and scan-
ning functions.
Muotion Control Software

The computer hosts the motion control and seanner control
soltware, Tl motion control soltware is o centralized con-
troller that provides mamal and automatic interaction with

the motors. position sersors. and mdicators that are used 1o
move the payload (NDI sensor) at speeified speeds to speet-
lied locations,

The wetion contrel soltware shmultaneously controls the
actions of multiple moving and non-moving components.
which include: a motion drive unit {Lew the tractor], a variety
of sensor payload units (Le. the active trailer vehicles). o
cable handling system. the water supply systewn. and indica-
torfwarning beacons.

Iach vne of these compaonents contains some type ol con-
trollahle motor. actuator. sensor, or display element that can
be read or written to througl the system’s intertuee hardware,
Sinee the system can be conligured in various ways using the
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tractor drive unit with different active trailers. the soflware
alsu controls a relay module that connects vr disconnects the
signal and power lines W these variols components.

A contrul command library provides methods that can be
ssued through nteraetive or automated (seripled) control o
cormnunicate with the various components. These commands
allow high-level access to data measured by positioning sen-
sors (such as the wheel encoders), motion contral variahles
{such us drve speed. desired position. selenoid  valwes
ool and display ttems (such as indicator lights), The com-
munds inelude single events. such as turning on o relay. and
also more complex commands that comprise a serics of
actions. stich as position feedhack control to move the tractor
ur g Lo g exact position. or o syuchronize the oseillating
speed ol the radivs scanning motor with the drive speed of the
tractor.

This command library can he used in an on-line, manual
cortrol mode thongh dircet user commands that can be
entered a3 lext. through o eraphical user interfuce. or otler
iput deviee. such as o wireless remote contrel unit or pane-
pacd (owstick) intertace. The command library can also be
used inan sutomated form inwhich a sequence of commands
delined inan instruetion or “seript”™ Lile are read ute wemory
and executed n the desired sequence by the controller.

Tlwe motion contrel applicution consists ol two major ele-
ments: the motion control module and the graphical user
intertace. These clements can he combined into a single
application or be separate applications that are conneeted
tronel o duta connection. such as network sockets, When
they are separate clements, it 1s possible to configure the
svstem o allow the motion control muodule o be run on one
computer and the wraphical interface to be run on another
computer. This conliguration allews remote operation ol the
SYRICHL

Atthe lower levell the software interfaces with the varions
compoenents throngh US13serial (RS8-422 or RS8-232) con-
nections. This includes: (1) the TIS13 intertace o a data acgui-
sition device. which reuds encoders. digital inputs. ete.: (2)
serial purt interfiaees W the vanous stepper motors used on the
tractor. trailers. and cable handling svstem: and (37 the serial
port interface 1o the relay control module. These Tow-level
controls are available w the user through the commeand library
lor manual or autermated (senpted) control.

At the high level. the user can interact with the application
through a graphical user interface. Four screen shots ol o
araphical user interface in accordance with one embodiment
are respectively shown in FIGS. 16.A- 1610 The praphical user
lnterbiee comprises wlliple interaction “tubs™ which sepu-
rate the control commands for cach type ol scanner. Window
186 (IICi. 1A} can he used o contrel the edge scanning
cauipment: windows 188 (F1CG. 16 and 190 (F1G. 160 ) can
be used o control radius seanning equipment huving respee-
tive lelt- and riglit-land radivs scanners: and window 192 can
he used to control the central web scanning equipment {171C
1617, Fach window has ONAOE] virmal buttons 180 for
enabling or disabling the respective scanning devices,

Lach sereen shot shown in FIGS. 164-1610 disple
two-dimensional visual representation ol the turget object o
he scannad. which 1 this case 15 the inboard end of the
hortzonal stahilizer. Layered vver the two-dimensional tar-
get objeet representation are o series of virtual buttons 182
it represent the individual metion paths that con be selected
amd exceuted. Internally these huttons are associated with
specific motion script files that contain the parameters asso-
ciated with that specific path. The huttons 182, which can be
used to select the active motion path. are positioned inu way
thut they correspond to the actual position of the scanning
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deviees
view. This one-lu-one correspondence makes i easicer to keep
track of which motion path sequence will be used, as well as
marking {with an *-X-7) which scans have been comploeted.
The current metion path is Indicated by o shaded button 182
i each of FIGS, 16A-160). The anpty buttons 182 indicate
which scun have not been completed yet. This syibolooy
helps the operator keep track of the current scan path, the
areas that have been scanned. and the arcas that still need te he

scanned. This user
tution that iy eusy
udditional truining.

The interface alse gives the user chotees for other options.
such as selecting either the horizontal stabilizer for the left
side of the airplane or for the right side (see the radio buttons
respectively labeled “T.eft™ and “Right™ i cach of FIGS.
16A-1613). The trupesoid 184 i cacl of FIGY, 16A-161)
represents the actuul shape ot the part us seen trom the opera-
tor’s locution. The lell- and Aght-side horizontal stubilizers
lowk different, sothis element helps the operator condirm that
hedshe has the proper side selected.

Lach window shown in FIGS. 16.4-16812 further comprises
uosel ol virtual butlons Bor actuating various moellon control
Mietions. [ respense e operator elicking ou g respective
button. the following respective functions are performed:
STOP  stops all motion: Continue the function that pro-
ceeds with the path seript file until it reaches o Loeldfwait
stateinent: Last Cmd  re-issues the last comumand sent to e
mater contral: Mag Cal. performs a magnet calthration and
home sequence on the tractor magnets: Mag Retract  re-
tracts the tractor magnets: Water On the supply of water 1o
the seanner s turned on: and Water OIF the supply of water
ey the seonner is twrned oft. These same commands are alse
available on a handheld wireless remuote deviee (e wireless
Jow pendant 27000 FIGL TR13] that the operator can carry while
working at the inspection site.

Sedn Sequeneing

Adurther aspeet o the NI system diselosed herein is e
sequence ol applying the various ultrasonic scanners to do a
complete interior nspection. All ol the interior and even the
exterior shin inspectionare done using pulseecho ultrasonies,
lor example. the eehio returned from the back surface of e
structure being inspected can be monitored, Any lows n the
striucture can disrupt the sound reaching and reflecting from
the hack surface and will sturs up on the ultrasonic scans as
indications that need investipation and dispesition. To get a
elean back surfuce eelw. there needs to be o dry baek surtaee,
Waterdrops on the back surface can show up as indications vn
the ultrasonic scans. As each channel of the horizontal stahi-
lizer requires a complete inspection with water wetling st
ol the surlbees. the sequence ol iuspections can be selected 1o
prevent any inspection being done on o surlace whose buck
surface has heen exposed to water during a previous inspec-
tan. FIG. 17 {comprising parts A and 13) shows a sequence
that has been developed lor iuspection of o horizoutal stabi-
lizer, which sequence uvoids water on the back surtfuce ol an
area being Inspected. First all the external skins are Inspected.
Then all the spar webs are inspected. with the sequence
always starting on an outside surface vl an outside spar. This
ersures that auy waler splash does not reach the back surtuce
of an areu that hos net previously been spected. [ast, twe
radii are inspected as this inspection does not rely on a back
surtace ultrasonic ccho.

Asusedin FIGS 17A and 1713, the term ~unload ™ means to
tuke o scanner ol the hortzontal stabilizer: the wenn “park™
means e put the scanner somwwhere it can be eusily put back

interface gives a simple visual represen-
o use and can be operated with litle

o the part being seanned {rom the operator’s point of
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an the part (e.g.. ona helding shel Flable): and “stow™ means
o put the seanner away (c.p.. inside o drawer inoa storage
cabinet].

Reterring o FIG) T7AL the operation begins by delivering
a lenzontal stabilizer (L “hox™) o the spection site by
crune (step 2003, The horizontal stabilizer is placed onthe pan
holding touls with its top acrodynamic surface facing up (step
2027 Then the upper skin surface of the horizontal stabilizer
1y scanned (step 2043, The horrontal stabiliver is then Nipped
vver so that the botto serodynmmic surtuee is facing up (step
206). Then the bottew skin surtuce s scanned (step 208). Top
ard hottom skin surfaces are inspected from the exteriorusing
covention NI technigues. Upon completion of the scan of
Ui bottenn sk the spar anu seauner 1s loaded on o single
spur lor central web nspection (step 2107, which iy mapueti-
cally coupled to the drive tractor vn the uppuosite side of the
skinsurface. (For the remainder of the discussion o FIGL 17,
it will he assumed that the tractor 15 alwavs installed on the
upposite side of e skin surtfuce when any of the scanner
devices is loaded onte the horizontal stabilizer.) The central
weh portion uf the selected spar is then scanned (step 212310
the manner shown in FIGL 12 Upon completion of step 212,
Uwe spar ann seauner 1s unloaded (step 214) and then purked
{step 216). The spar strip scanner is prepared (step 218) and
twn loaded on o wp part {e.g.. strip 131 in FIG. 7Y o the
selected spar (step 2200 The top strip is then scanned (step
2227 The spar steip scanner 15 unloaded from the top part
{step 224 and then loaded ou the bottow part {e.g.. strip 32 in
FIG. 7)ol the selected spar (step 226). The bottom strip is then
scanned (step 22871 Upon completion of step 228, the spar
strip seanner s unloaded (step 2307 and then parked (step
2321 B3y monitoring inputs Trom the strip and web scan
contrel tabs ol e user interface. the motion control suftware
applicution running on the contrel computer then determines
whether all spar webs of the horizontal stabilizer have been
scanned (step 234 Tt then the process returns W step 210,
Lo the spar arm scanner s oaded onto the next spar to be
ispected. lre control computer determines instep 234 that
all spur webs have been scanned. both the spar ann scanner
ard the spar strip scanner are stowed (steps 2360 and 2387 and
the first radins scanner 1s prepared (step 2400,

Referring o FICG, 1713, the process continues by loading
e lirst radivg seanner ou the bottom right of o selected spur
{step 242). The radius on the bottom right of'the selected spur
15 then scanned (step 2443 in the manner shown i FIGL 14,
The first radius scanner 15 unloaded from the hottom right
{step 2446) and then louded on the wp left (step 248) of the
selected spar. Tl radivs on the top lelt o the selected spar is
then scanned (step 2507, 13y manitoring inputs from the fest
radius scan control user interface. the motion control suftware
application running on the control computer then determines
whether the bottom right and top ledl radii for all sparwebs of
e horfrontal stabilizer have been scanned (step 2523, 10not.
then the process returns to ostep 2420 Le. the Hrst radius
scanner 15 Joaded onto the next bottom right radius o be
ispected. ke control computer determines instep 252 that
e bottom rght and top left radii for all spar webs Luve been
seanned. the lirst radivs seanner is stowed (slep 254) and the
second radins scanner 15 prepared (step 25600 The second
radius seanner 15 then loaded on the bottom left ot g selected
spur (step 258). The radius on the bottem lett of the selected
spar 1% then scanmed (step 260). Next. the second radius sean-
ner 15 unloasded from the bottom left (step 2627 and then
loaded vn the top right (step 2647 of the selected spar The
radius un the top right of the selected spar s then scannad
{step 266]. By wenitoring inputs from the second radius scan
contrel user intertuce. thwe wetion control sottware applica-
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tion running on e control computer then deternmines

whether the bottom left and top right radii for all sparwehs of

the horizontal stahilizer have heen scanned (step 26081, 1 not.
then the process retrns o step 288, 1ol the second rading
scanner 15 loaded onte the next bottem lefl radius 10 be
inspected. [I'the control computer deteninines in step 268 that
the bottom lell and top right radii for all spar wehs have been
scanned. the nspection s complete.

Oue nuplementation of the above-deseribed NI seanning
systein s depleted in FIG. 18, whicl comprises parts Aand 13,
I1G. 18A shows selecled components of the following
vehicles: atractor 120 a spar arm scanner Tda, o left-hand
sweeping array radins scanner 144, g right-hand swoeeping

urruy radivs scanuer 1e. and aspar strip scanuer 144, lach of

these vehicles is conneeted 10 the system compenents shown
i FIC 1813 by means ol a respective Hlexible cahle. The
cables are guided by the cahle management system disclosed
herein. The cable connections hetween the companents in
I'1¢r 184 and the components n 116G, 18 inelude electrical
power. duta aud contre] lines. wuter lines and air supply lines.
as described in more detail below.

Lach of scanners 1da-144 has o respective array waler
cliamber 272 (see 116G, 18A) which s connected by o respec-
tive water line to g four-port water supply system 274 (see
116, 1813). each port heing opened aud closed by manual
aperationufa respective water control valve. (A lternatively. 1t
would be possible to cantral the state of the individoal water
valves by computer) Motion control sollwure running on the
computer 288 controls the water going e the four port wuler
supply s¥stem in resputlse o operatar Inputs (e, water o or
waler off] The valve controlling which ol the four ports 15
active 1s hand switched by the operator. Only the water supply
purt corresponding o the seanner being used will be opew: the
other three ports will remain closed during operation of o
scanner.

I addition. the respective housings or dreive modules for
scanner mators 278 of radius scanners 145 and 1de (see PIG.
18A]) receive pressurlzed alr from unalr supply 276 (see F1G
1813) via a respective air line (which pressurived air inside
keeps water out of the deve module).

Referring to FIGS. 184 and 1813 the drive motor 2940 and
two magnet wetors 306 on tracter 12 and the scanner metor
278 un whichever scuimer 14a-14e 1s in use each recelve
power {remw d 36-volt 1 power supply 294 vin respective
power lines in response to closure o a switch 296 that is part
ol a relay hoard 298, The 36-volt DO power supply 294
receives power o an uninterruplible pewer supply 326,
Tl elosure of switeh 296 1s activated by o sienul received
from computer 288 via a serial (RS5-422 or RS-232) punt
interface 292, The system vperator can open switch 296 0 an
emergency by pressing F-stop button 328,

The cowputer 288 may comprise 4 general-purpose co-
puter programned with meetion control application soltware
comprising respective software modules for controlling the
varions stepper motors v the tractor 12 and scanners 1da-
14¢. The computer 288 outputs control signaly to scanner
motors 278, tractor drive wotor 290, magnet nwetors 306 and
cuble metor 356 vio serial (RS-422 or RS-232) port interface
292 Lo selectively activateddeactivate cach muator. When acti-
vated, the stepper motors are programmed to exeente respec-
tive motion control functions in sceordance with selections
made by the systewn operdtor using an interactive control
interface (not shunsn).

Commercially available stepper motors have existing posi-
ton and velocity contrul modes. hut neither of these maodes is
pertectly suited lor the tvpe of control needed for horizontal
position control in the above-described application. In the
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welor manufacturer’s existing interface. the veloelty mode
by itsell does not allow precise pusitioning, and the control of
velocity i the position muode is limited and does not allow the
level of adjustment during motion sequences that is needed.
Seg lvbrid solution for herronal control was developed
using the moter velocity mwode und infonuation fron an exter-
nal encoder.

The horrontal motion control vhjective for this system is
o wove the mapnetically coupled velhicles al o constant
veloeity (rate]) and come to a stop at g specilied goal position.
L a horioutal metion control process naccordance with one
implementation, the moter manutacturer’s veloeity control
maode 15 supplicd mthe s -level motion control firmware by
setting the desired veloeity, while o separate propoertional-
Itegral-derivative (P11 closed-loop feedback process using
data Trom the external encoder is included hy the high-level
maotion control suftware o modify the velocity ot run-time to
make sure that the tratler vehicle comes toa stop at the desired
loeation. The process 1s implamented using an encoder that
mwasures the rotation of & surface contact wheel (item 72 in
FICGL QA that 1s rotatably coupled 1o the frame ol the scanner.

Reterring to FIC. 1813 the computer 288 also hosts ultea-
sonie data uequisitionand display sotftware that controls o pair
ul ultrasenic pulserfreceivers 33da and 334h, Optionally, o
single pulserirecelver unit or mere than two pulser/receiver
nnits can he used. Computer 288 communicates with the
pulserreceivers 334a b vig an Prhernet hobh 3420 In one
nuplementation. the ultrasonic  pulserfreceiver 334a iy
coupled 1o either web strip array 344 ol the spar strip scanner
144 vr web array 348 of the spar arm scanner 1da (see I
18 A by means oba first 270 array combinerbox 346 (see FIC
18131 while the ultrasonic pulserireceiver 3344 1s coupled to
cither radius array 280a of the first radius scunner 144 or
radius arruy 2804 ol the seeond radiug sconner 14e (see G
18A7 by means of a second 241 areay combiner hox 350 (see
FIG. 18131 The ultrasonic pulserireceivers 33dah send
pulses toand receives return siwnals from the respective linear
ultrusenic transducer arrays viag the respective cowmbiner
bosxes. Fach array hay 04 elewents: the combiner boxes allow
standard 128-clement cahles to he wtilized. The NI scan
application software minning on computer 288 controls all
detatls of the sean data and the display of data. The pulser?
receivers correlate the aequired ultrasonie data with position
infurmation received from o duta acquisition device 332. s
will he deserthed momore detail below.

Reterring to FIG. 1813, the computer 288 1s connected to o
pair of display monitors 350 and 352, one of which displays
e graphical user mterface shown in FIGY. 16A-160).
Optionally. only une display monitor can be used. As previ-
ously mentioned, some of the commands availahle on the

araphical user interface are also avatlable vn the wircless jow
pendant 2700 which conmunicates witl the data acquisition
device 332 via g wireless switeh box 354 incorporated in the
clectronic hox 286, The states ub the switches un relay board
298 are controlled by computer 288 via the RS232/R8422
sertal nterface 292 (indicated by o single double-leaded
arrow in F1G. 18130 individual connections betweon seriul
nterfuce 292 and the relay board switches are not shown te
avoid clutter).

Iach of scanners 1da-14e may be equipped with a camers
300 (see IIC. 18A) that captures o live view ol the scan head
wwehanism, When o comerd-equipped seanner iy selected for
use. the respective camera 300 on the selected scanner
receives power froma 1 2-valt DO power supply 302 (see IFICH
18131 via a respective power line 1n response W activation of o
swilch 304 that is purt of reluy board 298, Switch 304 iy
activated by computer 288 vid serial (R8-422 or R8-232) port
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interface 292, Video from an active cainera 300 1s received by
adisplay monitor 316 via o camera switch 318, which is also
part of the electronic bux 286,

Referring to PTG 18A cach ol stepper mutors 278, 290 and
306 on hoard scauners 14a-14¢ and tractor 1215 lhimited inits
eperation by respective pairs of linit switeles (limit switches
308 for the scanner and drive motors or it switches 310 {or
the magnet mators ), which are connected o the microproces-
sur nside the respective stepper motor. When a Iimit switch
chanyes state while the associated motor s driving o compu-
nent o move, e motor stops rotating (hut cun still rotate in
the opposite direction). The it switches muy be powered
by 1l motor conneetion,

Referring to FIG. 18R, the system further comprises a
multi-segment nwer lipht unit 320 that is used w indicate the
state ol the system. Taaht unit 320 receives power from a
24-volt DC power supply 322 vin u respective power line in
response o activation of switches 324 that are part of relay
board 298, Switches 324 are aetivated by computer 288 via
serial (RS5-422 or RS-232) port intertace 292.

Referring again o FIG. T8BAL cach of scanncrs 1da-144
further comprses an X-position encoder 282 that outputs
encoder pulses us the selected scanner travels unit distanees in
the X-direetion during scanning, These X-position encoder
pulses are received via respective electrical connections hy an
X-position encoder selector 338 (see FIG) 1813 disposed
within electronic box 286, The X-position encoder pulses are
then split by an cucoder pulse splitter 340, The split pulses are
respectively output to a data acquisition deviee 332 designed
to record data from incremental encoders and 1o a pair of
ultrasonic pulserireceivers 334q and 3344, {In accordance
with o implementation. the data seguisition device may be
u LSEE encoder data sequisition USE deviee commerciully
available from US Tigital, vineouwver, Wash.) The data acqui-
sition device 332 intirn sends the X-position data o the
muotion control software application that rmns on the computer
288. The ultrusonic pulserfreceivers 33da, b send the X-posi-
tion duta te the KD sean soliware upplication that runs on the
cumpuler.

Referring to TG T8AL cach of radins seanners 14h and 14
further comprises a scanner Y-position encoder 336 that out-
puts encoder pulses us the sweeplug radivs urray 280q or 2806
ol'he selected radius scanner rotutes unit angles during radius
scanning. {(The spar strip scanner 144 does not scan in the
Y-direction, so it dees not include a Y-position cneader. The
spar arn seaner g sluown in FIG. 18A alse does not neor-
purdte a Y-position encoder. but as will be explained luter. it
does provide information to enable simulated Y-position
cncader pulses o he generated.) The Y-position encoder
pulses from radius scanners 1d4b, e are received via by a Y-puo-
sitton eneoder selector 284 (see 110G, 181 disposed within
electronic box 286, The Y-position enceder pulses are then
split by an encoder pulse splitter 3300 Again the split pulses
are respectively output 1o data acquisition device 332 and to
ultrusonic pulserreceivers 334a b, The dola acquisition
deviee 332 in tum sends the Y-position data 1o the motion
control sefwure upplicution that runs on the computer 288,
The ultrasonic pulserireceivers 33dad serd the Y-position
data 1o the N scan software application that mins on the
colpuier.

[n aceordanee with the specilic inplementation shown in
IFIC 18, the various X- and Y-position encoders may receive
power from a S-volt DO power supply 312 via a respective
power line i response o activation ol a switch 314 that is part
ol relay board 298, The respective power lines from switch
314 o the position encoders are not showa in FICG, 1810 aveld
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clutter. Switch 314 iy activated by computer 288 via seriul
(R5-422 0r RS-232) port intertace 292

[nthe instances where the spar ann scanner is heing used.
hortzonal and vertical position data descrihing the location
ulthe sensor head relative o a starting point on the honzontal
stubilizer are needed by the scon application in erder 1o cor-
rectly alipn the data coming from the elements af the N1J1
sensor. This data s provided to the sean application in terms
atenceder pulses (with quadrsture or direction information).
In the present svstem arrangement. o wheel rotation encoder
twasures e horizental position of the spar ann scanuer and
is sent direetly 1o e scun application. but the vertical mead-
surctnent (as described above) s more cowplex due o the
non-linear kinematics ol the arm motion {previously
explained with reference to IFIGL 107 and reguires a different
type ol implementation.

As deseribed carlier the kinematic equations ol nwtion for
the spar arm scwer provide the relationship between the
rotation ol the scunner motor 278 (1.e.. the samne as lead screw
motor 46 in FICG. 9A7 and the height of the weh array 348,
From this relationship the number o pulses (which 1s propor-
tienal o the mumber of nwtor rotations) can be computed. [n
e implementation depieted in FIG. 18, the control computer
288 instruety the spar anm scunner motor 278 that drives the
lead serew o ratate a specitic number of steps and then sends
the scanner motor 278 & command o send back the internal
encoder position. This oplion does net use the internal motor
erneoder daty direetly: nsteud e computer 288 requesty o
sitale position with an APT command (through serial inter-
face 2921, This 15 hecause the particular stepper motor used
does not vitput the raw internal encoder data direetly. Tnother
ermbodiments where a stepper moetor witl an internal encoder
it can eutput raw encoder pulses 1s used. then the eneoder
output could be utilived tor coninuously updated arm height
Measirement.

Ior the spararm scanner. the arm height value s computed
by e mestion centrol sellware kinematics equations aud then
e data aequisition deviee 332 is instrueted by the wetion
cortrol soltware o wenerate the corresponding quadrature
pulses. These simulated encoder pulses are sent to the ultea-
sonie pulserfreceivers 334a b, The ultrasonic pulser/receivers
also recelve pulses penerated by the X-axis encoder 282 (see
FICG 18A) viaswilch 338 and splitter 340 (see LG 181 The
pulserfreceivers sed the encoder pulses 1o the NI scan
software. The NI scanning sofrware application interprets
the simulated encoder pulses as o height value, which is used
{alony with the X-encoder values) o position the scan data in
the proper location.

The muotion control application soitware running on cont-
puter 288 (see PIG. 18137 also controls the radius scanner
uwror 278 (see F1GL 18A) 10 produce specilied sweeping
nwstions of o sweeper hridee assembly (see FIGS, 10-12 in
S0 patent application Ser. Noo 134662857 of the radius
scannerthat is Joaded. The sweep angle of the sweeper bridee
in both direetions is lmited by limit switches 308 ot the
extents of the motion range o rudivg scanuers 146 aud 1de.
e sweep augle can also be controlled progrununatically, A
Yoaxis erncoder 336 measures the angnlar position of the shalbt
abthe radins scanner motor 278, which in tirn determines the
angular position of the sweeper bridge usseibly, The sweep-
g wotien of the bridee assewbly 1y synelronized with the
maotion of the radis scanner platform in the X-direction. the
position of the radius scanner platform in the X-direction
heing indicated by X-axis encoder 282, The muotion contmol
application receives encoded data o both eneoders 282
and 336.
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Cable Management Systein

Sl refereing o FIG. 18B. the motion control application
sultware running on computer 288 also controls a cable motor
356 of a cable management system 3700 When each of the
scanuers 1y operdled. respective tractor and scunner cables
need 0 accompany the sewner and the tructor down twe
length of the horizontal stahilizer. Refoerving o FIGL 190 the
cable management svstem 370 comprises o cable drive sys-
e 372, 4 pair of buckets 382 and 384 which hold wound
portions ol the tractor and scanner cables respectively, aud o
platfurm 386 which rides on rails ol o rotatable base 388, T he
cable drive system 372 comprises two pairs of oppuasing
wheels (only wheels 374 and 376 are visible i FICG. 197 that
prp the cables (not shown) aud are driven 1o rotate by cable
moter 356 under computer contral. The motlon control seli-

wiare runiing on computer 288 synchronizes the movement ot

the cahles with the movement of the active tratler and the
tractur, extending or retracting the cables as appropriate. The
computer systewn is progrannned e contrel the cable moetorin
dependence on scanuer X-position inlonnation derived o
pulses generated by the X-position encoder vf the scanner
cunnectad to the scanner cable

Oue side ol'the cable drve system is oceupied by the tractor
cable. The other side ol the cable drive system is oceupied by
a seunner eable bundle, Faeh scanner has a cable bundle that
provides air water. clectrical power and electronie data. Iach
scanner cable s swapped out when scanners are chanued.
Respective portions of the cable from the tractor are pripped
by the lirst pair of wheels. guided by a first cable gulde 378
and held ina first hucket 382 hung from a post un which the
cable drive system is mounted. Similarly, respective portions
ofthecable from the loaded scannerare gripped by the second
pair of wheels. puided by o second cable guide 380 and held
i second bucket 384 hung frewn the post. Bucket 384 sits on
aset ol shiding platforms that allow X% motion of the bucket
as the cable s extended vr retracted. The entire hase 388 (s
ritatahle ahout an axis located at the middle circle of the row
of three eireles. Pach cable puide 1s chaumel-shaped and open
along its entire length 1o allew removal of the cable therein.
When scanners are changed, the cable of the unloaded sean-
ner s removed from the cable drive system 372 and cable
vuide 380, and bucket 384 15 unloaded with e unlouded
scanner. and a different bucket holding pertions of the cuble
of the newly loaded scanuer s hung on the post. with other
purtions ul the latter cable heing placed inside cable unide
380 and passed throngh the cable drive system.

[ addition to NDI-specific types ol inspection. other types
of inspection or wanutacturing applications may be able 1w
take advantage ol the mechanical and control concepts pre-
sented here. For example, the NI sensor carried by the
pavivad platform can be replaced hy uther compuonents. sich
ust laser seanners. video cumeras. robotic manipulators.
reflective targets. paint heads. or otlwer electro-mechanical
COMPUNCnts.

While various embuodiments have heen deseribed. twill he
understood by those skilled n the art that various changes
may be made and equivalents may be substituted for elements
thereo! without departing from the scope of the eachings
herein. Tn addition. many modifications may he made to adapt
a particular situation o the teachings herein without depart-
ing frenn the seope theree !t Theretore it s intended that seope
of the elaimy set fonth hereinafier not be lmited to the dis-
closed embodiments.

As nsed in the elanms, the term “computer svstem™ should
be construed hroadly o encompass a system having at least
el conputer or processor. and which may have two ormore
interconnectled coOmpulers or processors.
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Furthermere. the method cluims set forth hereinaler
should ot be construed o require that the steps recited
therein he performed 1n alphabetical order or 10 the vrder in
which they are recited.

The Invention clalmed 1s;

1. A method for seinming spurs of a hollow strueture con-
taining spars. cach spar comprising first and second filleted
Juin repdons conneetad by a web, said method comprising:

[a) moving a lirst sensor along the first flleted join region:

(1) actuating the lirst sensoer to transinit bearms iute the first
lilleted join region during step (a):

(ol moving a second sensor along a trst strip-shaped are:
of the weh adjacent to the first {illeted join region:

[d) aetuating the second sensor (o transmil bewns into the
lirst strip-shaped ares durning step (¢):

(el moving a third sensor along o second strip-shaped ares
of the weh that 1s not adjacent W the first filleted juin
reglon: and

(1) actuating the third sensor 1o trunsinit bewns inlo the
second strip-shaped area during step ().

2. The method as recited i claim 1. further comprising:

[w)moving the third sensor along a thisd strip-shaped are:
of the web that is not adjacent to the lirst filleted juin
region and 15 partially overlupping with the second sirip-
shaped area: and

hy actuating the third sensor o transmit beams into the
third strip-shaped arca during step (w).

3. The mwthod as recited in claim 1. urther comprising:

(@) moving a lourth sensor along the second flleted join
reglon: and

(hyactating the fourth sensor 1o transmit beams inte the
sceond filleted juin reglon during step (a0

4. The mwthod as recited in claim 1. further comprising:

(o) mewing the second sensor along o second strip-shaped
arca ol the weh adjacent o the second filleted juin
regiom:

(hyactuating the second sensor W transmit heams o the
second strip-shaped area duriug step (g),

5. The wethod oy recited o cluim 1. wherein e boemns
transimitted hy each of the first, second and third sensors are
ultraseund beams, further comprising:

supplying acoustic couplant between the first sensor and
the first filleted join region during step (b

supplying aceustic couplant between the second seusor
and the {irst strip-shaped arca during step (di: and

supplying acoustic conplant between the third sensor and
the seeond strip-shaped area during step (1.

6. The method as recited o claim 1. further comprising
swoeeping the first sensor hack and forth across the first filleted
Juin region during step (2.

7. The methad as recited nclaim 1. further comprising:

() placing o first scanuer carrying tlwe first sensor nside o
el adjaeent tlwe spar being inspected prior o step (a):

(hiremoving the first scanner from the tunnel afterstep (b

(11 placing a sccond scanner carrving the sccond sensor
nside the el prior (o step (e

(1) removing the second scainer trom the tuinel aller step
{d).

ik placing a third scanner carrving the third sensor mside
the tunne] prior o step (e and

(1) reteving the third scanner froan tlwe tunnel aiter step (1.

8. The wethod as reclted in elaim 7. wlereln:

step (21 comprises mawnctically coupling the {first scanner
o a motarized vehicle disposed outside the hollow strue-
mire:

slep (o) comprises actuating the motorized vehicle to pull
the first scanner: and
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step (L) comprises uncoupling the st scunner T e
motorized vehicle.

9. The method as recited in claim 8. wherein:

step (17 comprises mawnetically coupling the second scan-
ner e the motorized vehicle disposed outside the hellow
slructure:

step (¢) comprises actuating the metorized veliele 1o pull
the seeond seanner: and

step (71 comprises uncoupling the seeond scanner from the
motorized vehicle.

10, The method as recited in clalm 1. wherein steps (a)

through (1) ure pertonmed lor caclyof first and second spars of

the Lellow structure. further comprising:
placing the hollow structure on first and second suppurt
tols which are configurahle hefore any of steps (i)
threugh (7 are performed: and
chanping the confipuration of the first support ool o a
first conlipuration o g second conflguration alter steps
(o) througl (1) hove been performed for the lirst spar and
heture any of steps (o) through (B are performed forthe
second spar.
11, 'The method us rectted in elaim 10, further comprising:
placing a first scanner carrying the first sensor inside the
el adjacent tw the lirst spar and on wop ol g botein
skin ol the hollow structure prior (o performing step (a)
for the first spar.
magnelically coupling o motorized vehicle to the first sean-
uer through the bottern skin of the hollow structure prior
o performing step (a) tor the first spar:
nncoupling the first scanner from the motorized vehicle
after steps (a) and (h) have heen performed for the first
spar:
placing the lirst scanner carrving the first sensor inside twe
el adjacent to the sceond spar and v top of o buttom
skin ol the hollow structure prior (o performing step (a)
for the second spar.
magnelically coupling the motenzed vehicle 1o the lirst
seanner through the bottom skin ol the hollow structure
prior o performing step () tor the sceond spars and
nncoupling the first scanner from the motorized vehicle
alter steps (1) and () have been performed Bor the see-
o spar.
wlerein the first support ol 1n said lirst conflguration
provides clearance for the motorized vehicle when the
first scanner s adjacent 1o the first spar and in said
second conflpuration provides clearance Bor the wmetor-
tred wehiele when the first scanner 1y adjacent o e
second spar.
12, The method as recited mclaim 1.owherein the hollew
structure 15 @ horizontal stabilizer for an aireradt.
13, The method us recited o claim 1. further comprising
the lollowing steps perlonued prior o step (o)
placing a first scanner carrying the first sensor nside ¢
el adjacent the spar heing inspected:
vraphicully depleting an end view ol the hollew structure
o display moniton which graphical depietion depicts
a plurality of spaced spars:
graphically depicting an interaction region inside the
wraphical depiction uf the hollow strmcture vn the dis-
pluy monitor, the position of the interaction reglon rela-
tive o the praphical depiction of the hollow structure
indicating the pusition ui'the first scanner relative 1o the
spar heing inspected: and
sclecting (e.p. elicking) on the interaction region,
wlierein steps (u) and (b) ure perlonmed inresponse 1o said
clicking on the interaction reglon,
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14, A welion control system comprising:

a first scanner that 15 movable along any one of a first
plurality of motion paths within g hollow structure:

u first plurality of metion seript liles containing sequences
of metion conunands aud paraineters respectively asso-
ciated with said first plurality of muation paths:

a wraphical user interface comprising a first windis, said
lirstwindow cowmprising a row ol'tabs that access custom
control windows for ndividual seanner devices. a
araphical depiction of vne end of the hollow structure
and a frst plurality of interaction regions nside the
vraphicul depiction of the one end of the hollow strue-
ture. twe position of cach interaction region ol said first
plurality ol mteraction realons relative W the graphical
depiction of the hollow structure indicating the respece-
tive position of the first scanner relative o the holloew
structure for g respective motion path of said first plu-
rality of motion paths: and

A compiier svstem programmed o execute the sequences
of commnunds g motion seript lile corresponding, wa
selected ene of said first plurality of interaction reglions.
therchy causing said first scanner to move along the
corresponding motion path in accordance with its asso-
clated paraineters.

15, The motion control svslem as reeited in cluim 14,

lurthwer comprising o secoend scunuer that is movable along
any one ol a sceond plurality of motion paths within the
hallow structure, and

u osecond plurality of motion seript liles contuining
seguences of comnands and parameters respectively
associated with said sceond plurality of motion paths,
wheretn:

said graphical user imterface comprises a second window,
suld second window comprising o row oltabs thut aecess
custon control windews for individual scanner devices.
awraphical depiction v une end of the hollow structure
and o sccond plurality of interaction rewions inside the
araphical depiction of the e end of the hollow strue-
ture. twe position of cach interaetion region of said see-
ond plurality efinteraetion regions relutive to the graphi-
cal depiction of the hollow structure indicating the
respective position ol the seeond scanner relative 1o the
hollow structure {or o respective wmetion path of said
second plurality of motion puths: and

suld commputer systew is further progranuned o exeeote the
sequences ol commands in g motion seript file corre-
spoutling 1o o selected vne of said sccond plurality of
nteraction reglons. thereby causing suid second scanner
o meve along the corresponding motion path n aceor-
dance with 115 associated parameters.

L6, A svstem comprising:

atractor comprising a frame. a plurality vfwheels rotatahly
mounted e said frame. o drive metor and st and
second magnels:

a plurality ol scanners, cach scanner comprising a frame, o
plurality v wheels rotatahly mounted W said frame. tirst
and second mupnets arranged lor magnetic coupling
with suid lirst and second wagnets of suld tractor, sud an
X-position encoder:

an clectronics hox comprising a serial interface, a power
supply. a power control switch electrically coupled o
suld power supply und o suid serial interlaee. an X-po-
sitien encoder selector. and o data sequisition deviee
clectrically coupled o said X-position encoder selector.

a tractor cable comprising a tirst electrical conductor con-
necting said drive motor of said tractor 1o said power
control switch and a tirst plurality of electrical condue-
tors conneeting said drive moetor 1o said serial interfaee:
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u plurulity ol seanner cables respectively conneeted w said
plurality uf scanners. cach scanner cable comprising a
respective electrical conductor connecting a respective
K-pusition encoder to said X-position encoder selector:
aned

u commpuler system electrically coupled to suld dota acqui-

siton deviee and e said serial interface, wherein said
comptiter is progranuned to control the states ot said
peweer control swilch and said X-position encoder selee-
lor via sald seriul intertuce, and is further programmed (o
contrel sald drive moetor via suid serial interlbee and said
first plurality of clectrical conductors of said tractor
cable in dependence un scanner X-position information
derived by said data sequisition deviee {rom pulses pen-
erated by one of said X-position encoders.

17. The svstem as recited nclaim 16, wherein one of said
plurality of s
muotor fur driving movement of said sensor relative to said
Irame of sald ene scanner. and e scanner cable connected e
sald one scanner comprises o second electrical conduetor
conmecting sakl scanner motor to said power control switch

canters lurther comprises a sensorand a scanner

and a second plurality of electrical conductors connecting
sald scanner metor to said seriul interface. wherein suid com-
puter systewn 1s further propramined 1o control sald scanuer

motor via said serul interfuee and said seeond plurality of

clectrical conductors in dependence on scanner X-position
iformation derived hy said data scquisition device from
pulses penerated by said X-position encoder ol said one sean-
HET.

18, The system as recited in claim 16, wherein satd tractor

further comprises a magnet motor fordriving displacement of

satd Hest magnet relative 1o said frame ofsaid tractor, wherein
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suld computer systemn iy lurtler progranuned to control suid
magnet motor via sakd serial mterface and a second plurality
ofelectrical conductors in dependence on scanner X-pusition
information derived by said data acquisition device from
pulses penerated by one of said X-position eneeders,

19, The system as recited iuclai 16, funther comprising o
cable manugement system comprising a first pairofrollers for
aripping a partion ol said tractorcable. a second pair ol mollers
foraripping a portionof the scanner cahle connected o one ol
said phurality of scanners, and a cable nutor for driving roa-
tien of said first and second pairs ol rollers. wherein said
compuler systein is further progrununed to control said cable
uror in dependence on seanner X-position infonnation
derived by said data acquisition device from pulses generated
hw the X-positinon encoder of said one scanner.

20, The system as recited inelaim 16, whereln each of said
plurality of sconners cowprises a4 respective chamber for
receiving water. lurther comprising:

awaler supply system comprising a plurality of ports and a
plurality uf water control valves respective disposed
between sald plurality ofports and a seurce o water: and
plurality of wuter lues respectively at least partiolly
incorparated mosaid plurality of scanner cables. cach of
sald water lines connecting a respective port of said
waler supply system o a respective one ol said chambers
of said plurality of scanners.
wlereln suld computer systew 1y Hurther programmed to

control the supply of water to said plurality of water

control valves so that the currently vpen water control
valve will supply water.
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