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wovements in performance, they require
TUNZﬁ%rlct gua |P€pcontrol procedures in both the
manuf act uri ng processes and after -the materials are in
service in finished products. Specifically,
non-destructive evaluation (NDE) nethods nust assess
the structural integrity o f
TECHNICAL FIELD OF THE INVENTION

[0001] The present invention relates Ggenerally to non-
destructive evaluation (NDE), and more particularly, to the
performance of laser ultrasonic NDE of materials from a robotic

platform.



conposite materials. This assessnent detects

i ncl usi ons, delam nations and porosities. Conventiona
woDBsireods are sl ow, | abor-intensive, and coBCT/YS2047/688642

a result, testing procedures adversely increase the

manuf acturing costs . associated with conposite

structures. [0003] Various nethods and appar at uses

have been proposed to assess the structural integrity

of conposite structures. One solution uses an

ul trasonic source to generate ultrasonic surface
BACKGROPNAc BFe Al INVENLEIN piece which are then neasured

nd a 'y ) t e rn SO e SO :
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scattered | aser energy. Laser ultrasound has been ,
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[0005] It,is inportant to te that all of the vari .
adverseh¥ outi’ AtV DR AR P (oSS SaederPheg el With
Com?ggft@rgtﬁabgdggg; nature | arge and heavy. Therefore,

hese architectures
[0003] -Various methods and apparatuses have been proposed to

assess the structural integrity of composite structures. One
solution ‘uses an wultrasonic source to generate ultrasonic
surface displacements in a work piece which are then measured
and analyzed. Often, the external source of ultrasound is a
pulsed generation laser beam directed at the target. Laser
light from a separate detection l;ser is scattered by ultrasonic
surface displacements at the work piece. Then collection optics
collect the scattered laser energy. The collection.optics are
coupled to an interferometer or other device, and data about the
structural integrity of fhe composite structure can be obtained
through analysis of  the scattered laser énergy. Laser
ultrasound has been shown to be very effective for the
inspection of parts during the manufacturing process.

[0004] However, the equipmeht used for laser ultrasound is
custom-designed and is presently a 1limiting factor regarding

inspection speed. Previous generation lasers used were either



are unsuited to use in portable |aser ultrasound
i nspection systens for any sort of in-service, renote,
w@eoosnexbe-fiel d deploynent. ' In addition ', PEDHRNE7/088642

they are so | arge and heavy, these architectures

require substantial robotic fixturing and conpl ex beam

delivery systens even when they are deployed in

factory environnents, all of which greatly increases

the initial overall cost o f the laser ultrasound
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factdispafiivingentent enilabs. whiich yrkeasoniacNPEssystre initial
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cannot inspect all facets of assembled structures.



nodul ated |ight scattered by the target materials. The

processi ng nodul e processes the phase nodul ated |i ght
wa@p@spexaduces i nformati on about the internal sPCTIUS200B088642

of the target materials. The control nodule directs

the articul ated robot to position the ultrasound

i nspection head according to a determ ned scan pl an.

[ 0008] Laser ultrasonic inspection has been

denonstrated as a cost-effective tool for the

[ J r-matrix conposites. A s the use
SUM $3 o2 9N§E§§i§ases in different industries and in

[0006)0F € cARPHENeStS UBIEUr €5 PR sRheSeiivdritie | @Fe directed to
provides the ability for in-service inspection of

systeffegrafitd BYHPSHent ShatTheSWhbbRf iehtly of 2dHe T esEire  above
ide%ﬁbﬁygdcﬁbé&§c§n@ bagek WdJARSON Cy8eNSOl e embodiments of

trasonic inspection head at the end of the
the apreeahtt ehvesiidion Tafe ifanthes pdestmiked §ni greovédllowing
|.aser. sou s r r_enpt I SOMI .
des it oy BTt P ou b ea e oP e aP e BYs, ofb' iBgginents
of faohebotdrdseatgeneradritdrorandmaet ebeiconel asgpareats from the
wi thin the ultrasound insgecti on_ head., This provides a

desc iR ¥IramCoLOPaRYAEE PRAVHALS o789 HH™ robot's may
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previously inaccessible to gantry robots. [0009] Yet
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generate”ul trasoni ¢ surface displacenents on a surface
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deliver a
generation laser beam, a detection laser beam, and collect phase
modulated light scattered by the target materials. The
processing module processes the phase modulated 1light and
produces information about the internal structure of the target
materials. The control module directs the articulated robot to
position the ultrasound inspection head according to a
determined scan plan.

[0008] Laser ultrasonic inspeétion has been demonstrated as a
cost-effective tool for the inspection of ' polymer-matrix
composites. As the use of composites increases in different
industries and in more complex structures, the present invention
provides the ability' for in-service inspection of integrated
components. The embodiments of the present invention place a
laser ultrasonic sensor or ultrasonic inspection head at the end
of the articulated robot. This is made possible by improved

laser sources and/or the use of remote laser sources which may



robots and inspection systens to be built. BRI EF
DESCRI PTION O F THE DRAW NGS [ 0010] For a nore

W@ ovphexe under standing o f the present i nventPORUS2VA7/088642
t he advantages thereof, reference is now nmade to the
foll owi ng description taken in conjunction with the
acconpanyi ng drawings in which |ike reference nuneral s
indicate ' |ike features and wherein: [0011]] FIG 1
depicts an articul ated robot used to position an

be RibBITAPEPIHA keor BAREE W oy AMBAN RS0l (% both the

gene&%%%%ﬁt bAYengéeact {MW12]addS branls ustithtes the usktrasound
generation | aser beam and a det ctlonéﬁfser beam

lnsple@tg}@ﬁe meed -andT et RACTHARS il #4 gin that

f R uebodicmanispact bReapr asent mbled
artlfﬁ&%ﬁ%?%%%%ﬁgg?%%g gG.u3 prowdespacblockadlagran?tgsse

stristtowesh@rieasoustpnponepess bple dsergantitiyasolRESsyst em
0014] FIG_ 4

000 001! Cege a8 55BN 08 401 AL sovention

i'nspecti on he
provitdey danceohbthcenbeosiposts Ollﬁspémtnmresetytstlemvenplewable to
[0015] FIG 5 provides a functional djiagramao ONE o of a
genewAfdli MEREaEPNAR THTRSUndPRIPEETTION held Fha?ur ac

remc%r% n%etg' st ‘i‘h?b’t edr5esaueaeEonpoaceer §aBpecidbn system may
odi nents o the present invention; [0016] FIG
be @emﬂﬂqfthelargecmﬂﬁaﬁinhﬂ&nrQhQ§%ﬁn%&%&FXn ﬁﬁF?l&P@PeCtlon

ositions th c e d@d& i @b SpikBduce generation
sysﬁ‘%o?ﬁaﬁgﬁ\ﬁﬁ?ﬁghghg#%%nfg of e pr esent |nvent|gh
and[’@ﬁlaét&bﬁoﬂ thows beams t andl aneéor dbdnImBdAPEd M e compact

ai l
robots and inspection systems to be built.



where the rail allows for controlled novenent of the
articul ated robot and | aser ultrasound head within a
w@e@daoxroi ned wor k envel ope n accordance w t hPCT/US2007/088642

enbodi nents of the present invention;[0018] FIG 8

shows an articul ated robot articulated within an

assenbl ed structure such as an aircraft fusel age

"where the articulation allows for controlled novenent

of the articulated robot and |aser ultrasound head

within a confined space in accordance w th enbodi nents
BRIESf DERERPPEECHOF (TRt DRAWINGID19] FIG 9 depicts an in

service application of the ultrasound NDE system
[0010pr ovi Hefl by embodi meomsleté tuederssaniirngivest i othe anpiresent
, 0020] FIG, 10 depicts a ile appligation of the
vt PR AR NI SYCTOHAIR oV ARISe Y ERESHFHERt £ oficphdiade to
the Pre&SENMwidy endeé S It EDc DESCRI PRl OdoRjhnttEon  with  the

I NVENTI ON [ 0021] Preferred enbodi nents of the present | '
accompeayingn Ay inppudty Ml nlikR Frtnse |pweerals indicate
11 kB AL sbﬁh8gwﬂéfgiﬁ9 refer to like and corresponding

parts of the various draw ngs. [0022] Laser-ultrasonic
[0011] nspe€LGonlhdspbets denamsicalededsrebobstsed fect pogition an
. tool for ,the npn-destructive eval uation, (NDE) of . .
Ultﬁﬁﬁ%W%}-ﬁﬂFPFQQEBHpOE?? s.r?@%?%%%séxbo§%5§F%esm3F8rlals 1n
accdriudreRs waghy aHseflbbaiféht es £nthd ihtesdantednvieheion; .

uantity and conplexity of conposite parts are
[0012]nhcr ed3Eng2 ALdBStERESPnEREI PEE BAseeBPrebhpdsitesrjkeam and
a. déggéw‘?féﬂ NG 88y WBLhm 205 Jdie itz A SOPRLEXiEYePl ultrasonic

obj ects fa%rlcated fromTconposites increase, it
displecmmentsor n andcavdendef Widdl tan oepbeiinentt jpd the present
.__laser-ultrasonic sensors relative to the surface to be
INVSINsEtt ed. Enbodiments o f the invention disclosed

[0013]€r € RITEPOS® FHrEAtiddsOnat Oblbtr Rickirem EB028jownahe basic
e

nbodi nent pl aces_the | aser-ultrasonic sensor at the
components of laser ultrasound system;

[0014] FIG. 4 provides a functional diagram of one embodiment
of an ultrasound inspection head in accordance with embodiments
of the present invention;

[0015] FIG. 5 provides a functional diagram of one embodiment
of an ultrasound inspection head that wutilizes distributed
resources in accordance with embodiments of the present
invention;

[0016] FIG. 6 depicts the articulated robot articulated in
multiple positions that facilitate NDE of materials in
accordance with embodiments of the present invention;;

[0017] FIG. 7 shows an articulated robot mouﬁtgd on a rail
where the rail allows for controlled movement of the articulated
robot and laser ultrasound head within a predetermined work

envelope n accordance with embodiments of the present invention;



end of an articulated robot (i.e. laser ultrasonic
head). Laser-ultrasonic inspections are usually
w@2008i1ext00ut by noving the | aser ultrasoni c sePGDIS2007/088642
using a gantry positioning systemthat noves along a
Cartesian (X-Y-Z) system [0024] Articul ated robots
have been used in several industries. Articul ated
robots provide several advantages when conpared to
gantry systens if the size and weight o f the |aser
ul trasound_head can be re SO articu
[0018] 5 hot EXB1 £ Br ShBYE FPe?FEFFPi?t?% fﬁ% Ot epf bk L &S vithin an

asseitlliegu! 8t edcf0bot ssican Re i Bat abl e and Cﬁlﬁ\@l&‘?g%d WRege the

. easily than gantrg systens. Furthernore articul ated
articsBatdonf rarlptsi feoncpegFeltedi BRVABENAY & abe drFtfulated
robdBMnHPP L & { i uqtr“a%ro'imgasﬁggd SYS@T AL A& space in

robot's inpose fewer constraints than gantry systens
accamlamicev eliyht embhdiments so £ et st tipveagdonement s.

Articul ated robots also offer the abilit osJ tion
(001 e | §L6r ugt r 88BAFESsedSor Wi t HSF Coifp %K/p%f Cg S f  the

ult RN dund 0RBE] sfRebeni pischirel ogy FHnﬂﬁddi@:&n&ﬁ OYETitde present
approach to automation conpared to dedicated special

invesrigsse a®Gui prent. A s is shown in FIG 1 , an

rtic te Ro s Ml trasepLc

[Oozﬂon dgjslt%r uct’ veéigevéﬁ%lljaél on %E?ggig%%%oléf‘&gtée%ltrasound
NDE 1€}stienc| pdosithdé ary i embatiénenbbotofl0thedi Btesenit ednvention.

resources 134 and ul trasound inspection head 112.

Articul ated robot 101 as shown in this enbodi nent nay

use a nunmber o f joints (i.e. rotary joints) to

provi de a nunber  of independent notions (to support a

nunber of degrees of freedom in which the end

ef fector or mani pul ator can be repositioned.

Typically, industrial ' articulated robots have six
degrees of freedom but



m ght have nore or less in sonme circunstances.
Articul ated robot 101 includes a platformnount 102, a
WO poogtiox2et ary joi nt 104, second rotary joint 1BGI/USI00T/0B8642

rotary joint 108, a fourth rotary joint 110, and end

effector or mani pul ator 114, shoulder 12.6, a first

arm 128, and second arm 130. Joints 104, 106, 108 and

110 may be arranged in a "chain" so that one joint

supports another further in the chain. U trasound

i_nspectiqnp 112 1.S.C e articul ated robot
DETAf@§%m§%ﬁ85E8$i§ﬂiéélﬂ@%ﬁﬁgﬁ!ngéﬁgetector 124.

[nozlﬁddi t poEEs} Yed heenhdd AR ioFSpeski oprbeadtll2nieytbeén are
oupled to distributed resources 134 through various
illusdlsiesed13n, thiesFACHBESd fékBupumsraky papngeused to refer to

Lik B Bhel¥sb8hatRY Bl Ll 8GN ba R Idisliabed 1
Fi g. , 0or can Istributed at different | ocations
[00229n t heasebehlt Fosorkanphsepeaioion | hast baeed demamstrated as a
resources for the_gengration lLaser could b cal ed
cost IREFGITE dRPLoREr obher PPBSORs ERAH S e BURRT ST ofDE) of
polyntseinateulkd dndordalesd oMb Ofteesd neampos hees oot linkeeasingly
arm 128 or 130, or both, Final delivery optics for the
usedjehBr Aiidie1eader 1RBUFHTLRF4 | THE | HAREHY naPe complexity of

com#gi[]:%s oggg‘cé NSRECt i Q- hiethgl12. Addly,asenad iind%RedklObase of
ead 112 may deliver a generation |aser beam and .
completidrets o |iammeasdan swclvedd -t hdse thes &lgSednd cpmplexity of

obj éﬁe‘ufée rﬁébglﬁoc}a@cﬁ £ 7orft .'Hjonﬁogi é’.% st Ank2kdsk, Make 'bieS'oﬁles more and

Ws the articul'ated robot in an upwar .
mor@rdeff adilon tom pdeigraunthe | e sesivditinas oisodienswr sngelative
illustrated here, the robot u . h t h .
to &be i%‘br'%eangao %FBSB??%%ﬁt fggﬁeg‘}‘ﬁég?%bo% cg%dgnventlon

disdl sedenarid gnbdeo aa sgantiyn’ toobiots miabhgnt he

maxi mum flexibility for positioning the robot. In that
[0023)nb odiOnentembesimeplty SLpGEE dE R r £2S TR H 53T9Thft exfnsor at the

end’ €SPUrGes 134 qouldb e dpertedi.e. laser ultrasonic head).

Laser-ultrasonic inspections are usually carried out by moving

tf1e laser ultrasonic sensor using a gantry positioning system
that moves along-a Cartesian (X-Y-Z) system.

[0024] Articulated robots have been used in several industries.
Articulated robots provide several advantages when comparéd to
gantry systems if .the size and weight of the laser ultrasound
head can be reduced. . Also articulated robots offer more
flexibility in the deployment. Articulated robots can be
installed and displaced more easily than gantry systems.
Furthermore articulated robots offer position registration not
available with. many mobile (i.e. cart based) systems.
Articulated robots impose fewer constraints than gantry systems
relatively to the room size and facility requirements.
Articulated robots also offer the ability to position the laser-

ultrasonic sensor within complex or assembled parts.



on any section of the articulated robot, on any

section of the gantry robot, or on the ground. [0026]
WO-2@@8/1@320epi cts two i ncom ng | aser beans that PERNERADT088642

and detect | aser ultrasonic displacenents as provided

by enbodi nents of .the present invention. Laser beam

202 generates ultrasound while illum nation

(detection) |aser beam 204 detects the ultrasound at

-a renote target 206, such as a conposite nmateri al

nder _test, As shown, these | asers may be coaxi al

[0025ippl i BAPPBIF ent Pt POBYIERRerdt i 1A | &K b@@%ﬁfoa‘:h to
aut otf34 16AUTdaiM- £l dsdil Gt AP QAR 12 Birgbdedrddfili pAdBit . As

. that results in the formation of ultrasonic . _
is shawt nb®i BRS- of» wAlear2ogulpeedr RAPPBNI 0&r il tAneydsied in an

ultxvxasvoﬁ}aé%rpi gate iR t3LaeL: 208 q%wge 526 100.  System

scatter and reflect illumnation |aser
100 piodiedephade nadid euletdd ghob@l0 1@l e cd ek miayt ed opesources

target.206_"which i | ] ec and,pro ed. t.qQ _optai ;
136 | 30 haFPRro R o Pac el of hef PP PrEe il A P Al 10
as EROWhe iharigeils 28@boditemptr pagesisefl 4 hhambdesclodsuj®ints (i.e.

hase podu] ati on al so, i ncl udes frequency nodul ati on.,
rotdmia JPIRCHL: FOab AT I6F o pREERCToM! clIRPaCbists Jitidens  (to
suppdrd ha f heaueRCYo DAl ddd). o3 NEeeblbmS erin NBdUIH | @Re  end

in the present context means variation as a function
effeftqy meor anPaphRdkAFRMul @37 onPRor FEBPRRERCRRIa  Typically,
ind%.{teﬂiuaelncé{r@ﬁgﬂjh@{%@nro£39937]1'1a5|e€‘s& preyLdes P! Pfdedom but
lagram w th the basic conponents for peérformnng
might thawemers azerlesesin ngpnacaisramsi@ncgser AFtdculated robot

101 DSRIGAROSRCL AL eSO ABZ UG sotany feane 104,

irects to target
secofpd | eatamssnbity 13, ithdlddestarycgoiet d08et herfouirkd rotary

joigggyfg}ngé2§%d2%¥$§g%gggégg%ggkg%iagégngl?,Sggguféer 126, a
first arm 128, and second arm 130. Joints 104, 106, 108 and 110
may be arranged in a “chain” so that one 3joint supports another
further in the chain. Ultrasound inspection head 112 is coupled
to articulated robot 101 with the manipulator or end detector
124. Additionally the ultrasound inspection head 112 may be
coupled to distributed resources 134 through various cables 132.
Distributed resources 134 can be compietely located on " the
ground, as illustrated in Fig. 1, or can be distributed at
different locations on the robot. For example, not illustrated
here, resources for the generation laser could be located on the
ground and some other resources of the generation laser could be
located on one arm of the robot like arm 128 or 130, or both.
Final delivery optics for the generation laser would still be
located in the Ultrasound inspection head 112. Ultrasound
inspection head 112 may deliver a generation laser beam and

detection laser beam such as those discussed with reference to

10



may i nclude visual caneras, depth caneras, range
detectors, narrowband caneras or other |like optica

W@ 2800r0known to those having skill in the arkCT/URmeB088642
optical sensors each- may require calibrations prior
to performng an inspection. This calibration verifies
the ability of the systemto integrate infornmation
gat hered by various sensors. Generation | aser 310
produces an ultrasonic wave 208 within target 316.

[0Q28 | t onig wave, 208 is [ es
FIG'thgrn%gglag t € péﬁ%l ﬁrgfé o?af %l%% osﬁie rrate?h s the
artigdmlistedc agpeti tie rad ﬂpvﬁrcﬁhﬁ]fé@ﬁattﬁ@ng@mrtﬁiel @rdasrer In a
. beam Composite naterlegs readi |y absorb? eneratlon
similaze, SHRAHTRYE Witoul LABFAFRHE? or tieakblg dRpt would be

at tHAHIET £ POVRECELANPLALIPNh ATRESWALE N1 HRGRISAi IThe robot
preferred to overcone signal-to-noise ratio (SNR)

coulisabgoabet Pﬁa‘é‘@@hﬁﬂj re8ultt 9INEH afPBAt of JANEEEI dthey paximum

, ntiall
Lo fIB RN Yol PR D B VoS BB, noc
111u&ﬂnataﬂ Hamengtmesme@trsbneedbkaBDOMCﬁay1Bé aonb@thbléocated

n orde ase

' [ f d d
on %%%eF3F£%%nI§ eF bed %éff ﬁasgaﬁkggﬁfsgﬁgtgi S'é@%ﬁon of the

gantthyf aidbt, peweh, thedgteendency to induce uItrasonlc
surface deformations. For exanple, a°

[0026]; ansFdFse-Zex@eRier Bt F¥S pHEFPRLPTEARSSD Boais Bhst generate
and PrQdp&e: a iQs@r”1QEQPa&@Hf&engiQpPﬁé@%éﬂHs ad00provided by

nanosecond pulse width.. The power of the |aser nust
emeﬂ&mﬁnﬁSc@énthﬁopa@ﬁﬁV§rlﬂVﬁ“ﬁ%@%ﬂﬂhﬁsﬁi(Pﬁﬁmjégﬁegeﬂerates

ult é@éﬁ%é(%ﬁfﬁ%tfﬂﬁﬁﬂrn%ﬁ%?ﬂq( ec%qghs l%ségob@@Rt204 detects

aser operating at a pul se repetition rat
the Garlgatsioond aser sbeaem8ie itrgedor Bed, asuwat asnta!) tclomposite

mategggft A éga %s%herggg C%%%hﬁgt%ﬁ%rm%%§¥¥é may be coaxially
applied to remote.target 206. Generation laser beam 202 causes
thermo-elastic expansion 212 in target 206 that results in the
formation of ultrasonic deformations or waves 208. Deformations
or ultrasonic waves 208 propagate in target 206 and modulate,
scatter and reflect illumination laser beam 204 to produce
phase-modulated light 210 directed away from target 206 which is
collected and processed to obtain information describing the
internal structure of remote target 206. For purposes of this
disclosure phase modulation also includes frequency modulation.
The time derivative of a phase modulation corresponds to the
frequeﬁcy modulation. Since the term modulation in the present
context means variation as a function of tiﬁe, any phase
modulation corresponds to.a frequency modulation. '

[0027] FIG. 3 provides a block diagram with the basic
components for performiﬁg ultrasonic laser- testing. Generation

laser 310 produces generation 1laser beam 312 which optical
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expansi on W thout abl ation.[0029] IIlum nation or

detection | aser 320 operating in pul sed node or CW
worowe/102e¢s not i nduce ul trasoni c di spl acenment SPCTFU82007/088642

exanpl e, an Nd: YAG | aser can be used. The power of

this laser nust be sufficient to deliver, for exanple,

a 100 mlli-joule,. 100 m cro-second pul se, which may

require a one kilo-watt (KW laser. [llum nation

(detection) |laser 320 generates detection | aser beam

322. Illunmnation | aser 320 _.i.ncl udes aqr opticall
assegblip| 834t §iFPLEEr tRg tRECRANIPIH-324°% os}"r‘@’ffgve"fh%’i%aé assembly

314 GLefudeteqt innaselo MedRe324 i KDlhdHarAsse dHat Idres laser
. directs illumnation |aser beam 324 to the surface.o f
beamc Gh2osi tandrat efFan 3r6 iafitcP ket 888 s aPtdcadefassmdly 314

d Lon b : ant;; mpdykLat € ,
may |?é§§&#§ c% eclt eg%g‘]i§§él'l 55‘? o% z)gpai“ig{:%ssg%. Abs sﬁ%t\;/\%cwrs
narrbebends cameered oanditdverr dfilkec tamt idetle tanmpdsadarown gint those .

e 2R3 035 4 U8 ORbbE oBBREED! 4o 15 PR, roquize

calibketpbase npeidat edol i ghérfeormirafucena simgswdction. This
cont ai ni ng I pfornmation regiesent [

nLorm ive o f the ,
califretaeBni ¥ebt SHE acdhent 8P4t the ngﬁ'e W SEBhpdS ¢ antegrate
infdBkehibal FiheddRt aprosesshfgsandoeoNt r erwisita®n3daser 310

coordinat'es operation of the |aser ultrasound system
prodsgesonantid LrBaPR1pr Ve E8 s M]) wHd idbftat@etsPdem 332 may .
e a,singl 0 | ngndevi ce.qr, a i —elasti
‘“mgr ocegi%ﬁgsggi\;l&cessﬁesugﬁga jf)élr:octglsesi ﬁgggggl c&eﬁlngg}efgrepoae astic
expafistiodpr @d@ss@f rher o-composditeer madiegiiedl ssgnihe composite

pr.ocessor, .nm croconputer, central processi s .
mat Gy ST G GACE SAPRay B oAbl S FOgiee materials
. readi@V¥ CE8bs&118é € geRelbBgon! Agisercibeatht 832 anahagmt ablating or
circuitry, digital circuitry, and/or ar%\{ogevi ce that

breafhimgpmcgﬂgb si grfbi}@e(raneﬂoé“@rﬁ‘fld/ genera lasers are not

necessarily preferred to overcome signal-to-noise ratio (SNR)
issues as these can result in abllation of material -‘at the
surface of the workpiece, potentially damaging the component.
In other embodiments, depending on the material being tested,
some ablation may be acceptable in order to increase the SNR of
the detected signal. Generation laser beam 312 has appropriate
pulse duration, power, and frequency to induce ultrasonic
surface deformations. ' For example, a transverse-excited
atmospheric (TEA) CO; laser can produce a 10.6 micron wavelength
beaﬁ for a 100 nanosecond pulse width. The power of the laser
must be sufficient to deliver, for example, a 0.25 joule pulse
to the target, which may require a 100 watt laser operating at a
400 Hz pulse repetition rate. Generation laser beam 312 is

absorbed as heat into the target surface thereby causing thermo-

elastic expansion without ablation.
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digital) based on operational instructions stored in
menory. The nmenory may be a single nenory device or a
w@kasabi2oy of nenory devices. Such a nmenory deRCTYESI9AY088642
be a read-only nenory, random access nenory, volatile
" menory, non-volatile nenory, static nenory, dynamc
menory, flash nmenory, cache nenory, and/ or any device
that stores digital information. The nenory stores,
and data processing and control system 332 executes,

operational instructions cqrrespondingﬁio at |east .
[0029k0re T lumhimadtiows andisreqtinst ilaserasafl 19PHa@ting in pulsed

i |1 ustra [ 0] e S i ctdianineadehisd. F
mode rFI‘IaE &\%%gy O(C:Z,O enc%ppﬁgégéﬁogﬁﬁgta ggﬁin%ghcil%?cat ter ed o
exampye} hant a¥dpetAGral @sérl sanDbpendiasy ofhe heoeapakif| ithiss laser

of the ultrasqund inspection_hea ul tr s
oo e Sy L 500 Vi, BEREF LA 505 gkt eyl H AS ML Le-soue,
100 GRePIRdondpragess tieicol hegt kequphase mosullatled-watt (KW)

i ght and produce informati on about t i nt ernal .
Lasegt [ uck i EnoR=E 1 { APGEECRLPRY | IRSe A0, AR P rdstect ion

1ase9CNSe A | 99201 | PERIMBAA R MNL $¥OC836i NhcQfuddet ent edptically
optical signals may be handled with distributed ,
couplesourtees Qilteming r impahanisgsodddes W4 FRPTHcI Rfessy from

nerati | as ur 316, gdetecti 9osimbhiy 31814  directs
dEte%g: Shat ilga%ﬁlgsggre%gw%g} 322 aﬁ% processi?}g ar]%l control y
111 uichaled 032 0.ase@0dERrERBdditrethe shirfReeprdsepiposite material

i nvention utili fihber..l rs,wthin the:
316 uF’PFﬁéodsrﬁF Ssy8PBntt Firﬁg}eﬁggerd%\%%#n%f%ggaﬁgir/ gaeeam 324.
ResC@Hithegnaish avduappkdedlight heigensyldidaredandy collection

cpe oL ST L28to S Aaber Lansio el seli L LN ey, getecsion
lasé¥“if%ﬁ@ tAdBER ARAR iR UJRTRATNLE BeSEhbGy Biked optional
Jul'y 18, 2006 which is incorporated

optical processor 328 and interferometer 330 process the phase
modulated 1light to produce a signal containing information
representative of the ultrasoﬁic displacements at the surface of
composite material 316. Data processing and control system 332
coordinates operation of the laser ultrasound system components.

Data processing and control system 332 may be a single processing
device or a plurality of processing devices. Such a processing
device may be a microprocessor, micro¥controller, digital signal
processor,  microcomputer, central processing unit, field
programmable gate array, programmable logic device, state
machine, logic circuitry, analpg.circuitry, digital circuitry,
and/or any device that manipulates signals (analog and/or
digital) based on operational instructions stored in memory.
The memory may be a single memory device or a plurality of
memory devices. Such a memory device may be a read-only memory,
" random accéss memory, volatile ' memory, non—volafile memory,

static memory, dynamic memory, flash memory, cache memory,

13



by reference inits entity for all purposes. A

fiber-1laser-based generation |aser is disclosed in
woR®@s/16avent Application No. 11/524, 046, enti tPEHUS2007/088642

"FI BER- BASED M D- | NFRARED GENERATI ON LASER FOR LASER

ULTRASOUND" filed on Septenber 9 , 2006 'which is

i ncorporated by reference in its entity for al

pur poses [0032] The primary task of a "first"

detection laser is to illumnate the spot where a
' Se S g | int
ana /2T BUPPEL LighoSlol0,ORIgNRE Ustnate) !, R memory

storieasser ang. cddﬂaecpedcaﬂsjiramalay@edcwﬁﬂolan siatenf e'ﬁ@*re@!&%cutes,
deno ulat surface Vi s .causged t
oper, g:tlﬁflﬁqeclt{}ose JT HE rrre?ssg’ éil%{% e %gr ggéto%%fnﬁe of the
stegﬁﬂdnd/Bhefdﬁt&ﬁbnsnabaﬁell(ﬁerfmldsﬁﬁyﬂedand generati on
aser (second |l aser) may use diode punped fiber | asers

[003% pr@H@célErﬁF@W%oWP?ﬁﬁlpﬂﬂ heash3dpR @ds Flisedsmal| eollect
Vo PP at 0 at ab 00

phast ngi% balvteercg ﬁ% lf/)cank?zlébu k]i/éd Anrb}{ he?ﬁlel mgtgg?légn Iélld_ltérlals

Deparids-l‘@saﬂ ader SZaI-'Sihtlﬁé-tli@@uiOrfem@ﬁt udfcragionndnanspectey head,

h h
thec?g%%a?%é&gg éé&?g%§4ﬁ2§% a% eﬁ&%ﬂh% ?ch5951ng module
opemetﬁaypﬂmzﬁml oyed dqlllelm&tlmeesmusé nwedbilehedndiight and

se npny s contlnuo wav iode | asers

prodiias, i 4P DR G7 « BB ChRe LRERSa de A FEG aae, G5 phpe target

matdfiSl has sgvesshaivelt ages. fefistatidn aldf, 1he6e lkdsims and
power diodes offer the very high reliability required

Pro?%ﬁs%ﬂﬂ‘eégnlQSEFFE%@ldﬁ%t%ﬁﬁﬂ h&'ENResn TR¥e DRt led with
dls’élﬁiﬂ&{f@d(l\@_@:c)uf@é ngs 0f 10G00Q ihRMes Aet@urdkk 014 may

T1ber-coupled punp diodes are relatively.small in
inchoier a( tggienatipronlgsar f sauwaet sil@andat ifetfegbigne wpit 318,

N It a
songlyS0E VAU, TREAH 1117 BHBRGIBR B Ul onizon mosure
320wei ght :
[0031] Embodiments of the present invention may utilize fiber

lasers within the ultrasound NDE system. Fiber laser technology
may be combined with and applied to the generation and detection
laser. A fiber laser detection laser is disclosed .in U.S.
Patent Application No. 11/458,377, entitled “FIBER LASER FOR
ULTRASONIC TESTING” filed on July 18, 2006 which is incorporated
by reference in its entity for all purposes. A fiber-laser-based
generation laser is disclosed in U.S. Patent Application No.
11/524,046, entitled “FIBER~BASED MID-INFRARED GENERATION LASER FOR LASER
ULTRASOUND” filed on September 9, 2006 which is incorporated by
reference in its entity for all purposes

[0032] The primary task of a “first” detection laser 1is to
illuminate the spot where a “second” lasez’: is used to generate
ultraéound in the part under test. The scattered light from the

first laser 1is collected and analyzed with an interferometer to
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woul d reduce nechanical requirenents o f the

articul ated robot and or could be partially positioned
wawaokies20he di stributed resources. [0035] TherP@&l/US2007/088642

managenent of a fiber laser/anplifier is nore easily

handl ed than within a traditional bulk crystal gain

medi um Heat renoval fromthe fiber-coupled punp

di odes i s managed separately fromthe gain nedium (the

doped actlve | aser fiber) , and the ratio of the fiber

h h
dequg IreS%u S]Ereﬁgfgt r?uagngxégggécf 24 ?’I}]é L VO Echoes of

arger
the Mﬁﬁ‘&fbﬁd& vl upker atikfater od rthe q:raﬁl alfHeasdetection laser
archltecture As a result a fi

(FLRgFer A i A (IRRAHTITH oAt Ry e diode

pum;?é%y }fllb'etrt |l§s\é@!ef:6°ﬁt:o§1uéé of tH fh (vaJaZ: sutpdk.. Fi ber
asers do not use traditionaldiscrete or bulk optics
[003Yuch @assnilesers ebleemoezelinblBf operebat aki AaPRbhtion rates

abo%r#ﬁ% tr‘ls;glé%@eb a%SE %'a%‘ 358 Ehhg}rnaEEGtth' $ihStation

ageo astri i nspection
of SIS Ii&ﬁrstﬂszﬂhnunk4ﬂureﬁen¢koﬁnmpnodaoﬁngg every one to
application | aser | ooks i ece of

¢
threqRiskiion Oé"c?‘t rt8n| ang?I BRTFHF 2K thl 1Bt € egaglté'gs

bi | g and ROSSIY Yo t abser | 38REmel| EGSPR Cemployed by the
[003gﬁspe%t|on%eqw ntlﬁgfe gns. O/errz?\ I, ? ber Iapserys

premretV\Eﬂl‘irelsmcnredam@ruﬁ%r@«hnl’naméﬂ|QPHEHQP?%?IHE%Y% (CW) diode
1as %003 I\ F}n? cféjc{eosv’ ydes, a H\%Ctﬁ@@ahogéanglQ;e ol[‘gser fiber.

an ul'trasound’i nspecti on head
ThlﬁCQﬂﬁﬂ&ﬁ@EemalhadNbOngEﬁtS ofirse ﬁﬂéséhl:|ﬁ¢@ﬁﬁldhﬂf power

csoffs ERELOUTTIALY HUIS PSS METRLDCtcr | serecon
applbeat dofieckad tavihendaar gteimémbetwaéls fSibikar |(YTBF) ratings
of %%%e%BBOQKLgifr 4%§sg?yaqi u%?d g %rgggcgogpled pump diodes
are relatively small in power (typically only a few watts) and
the failure of any one would have little impact on the totgl
performance of the fiber laser. Furthermore reduced weight
would reduce mechanical requiremehts of the articulated robot
and or could be partially ppsitioned within the distributed
resources. ‘

[0035]) Thermal management of a fiber laser/amplifier is more
easily handled than within a traditional bulk crystal gain
medium. Heat removal from the fiber-coupled pump diodes is
managed separately from the gain medium (the doped active laser
fiber), and the ratio of the fiber surface area (where heat is
extracted) to the volume is many orders-of-magnitude larger than
the surface-to-volume ratio for a rod or slab laser
architeéture. As a result, a fiber laser can be operated in a
fundamental (TEMOO) transverse mode with very little wavefront

distortion (M2 < 1.2). Fiber lasers do not use traditional
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detection | aser beam 204 also directed to the target

materials. Collection optics 410 nmay be used to
w@ioBger20phase nodul ated |ight scattered by thRCT/ERIDB088642

target. This phase nodulated light is then processed

using an optical detection and processing unit 412.

Vi sion system 416 and its associ ated processors may

then determ ne the position and orientation of the

target materials relative to the ultrasound inspection

. head. Fig, 5 shows a rotation system 418 that m ght
discggip| |t BEENERISS | OMFhgasf FHEYpt i 0hl 1§08kFer Therefore

conthfliabkyYehy ifsude Pathiho f1R: | NSBEEt edaviloy r addcesi HRinated.
size of the ultrasound inspection head, the rotation

ThissydsenP3IBicuhably alr¥rntiagaaushe foitt r A3gppErial inspection
i_nsp [ e ' t AN Sys s
systleglt§t Zt?lta g C(JHH ’dﬂé U@ld’cﬁz ePn g§%§atfl%%n{cﬂ? t%%agzllcatlons. A

0
écrrbo I ment, the positionin oni c
fibelreadateri ndpeks alpeet a s medea elof compluetedaby éhectronics.

FLexBe g R s e rE T aRb b nred R Eb ALY Cpfite laser
ultﬁah@&&cl’hmdiﬂp@&t(ispc reqlaﬁptnbetljmrig@@ur lcem)em]smgi Bilesk lasers
: W t he nerat) on | aser, etection | aser, an

are et PERtBR0LBEs P AES oV T ch e N RORTHa |

[0036] NSPeEtEON 4head Jipeqr dersimtiediaae dngy el B Ofe t Bbodiment

ul trasound i nspecti on he_ad and t he nechani cal
of rayuivkwemseuns tirspegtiicrul &ieadfl r obld . {W03FFcs@nes  with

Lent i 0 ] I e optd.cal _fi : :
emb IR 0r S Basbeat oy ieht Ph ety SifRginent in
gendmgdonsollaserand (fenergt ilon Ipaoeridedur te tprdduee generation

det.ectio aser _head 8 neration |l aser head 510 .
1asdi Sean 28 “Ribelcas, Wip MHIEROhQ oL, BEPRef Raterials.

Simigenanat iaondegsetisourresand 406t enbiyonbé asesedowcCeprdduce a
are renptely |located as_part, of distributed resources |
detegt iQfowkASqTh. PRt 204 Tht? cAHTEFIRA 504thaytBEIGEeBaEBTials.

Collection optics 410 may be used to collect phase modulated
light scattered by the remote target. This phase modulated light
is then processed using an optical detection and processing unit
412. Vision system 416 and its associated processors may then
determine the position and orientation of the target materials
relative to the ultrasound inspection head. Fig. 5 shows a
rotation system 418 that might facilitates the positioning of
the optical scanner relatively to the part to be inspected. To
reduce the size of the ultrasound inspection head, the rotation
system 418 can be abseﬁt from the ultrasonic inspection head
(not illustrated  There). In this latter embodiment, the
positioning of the ultrasonic head to inspect a part is entirely
completed by the various degrees of freedom of the articulated
robot. Due to weight concerns and economic concerns some of
these modules (such as the laser source.s) associated with the

generation laser, detection laser, and required processing moved
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provi de col |l ected phase nodul ated |light to an optica
processi ng system 514 within the detection unit 128 of
WO-2@@8/143209 Renovi ng t hese resources fromthe ul PCEHESINTI088642

i nspection head reduces the overall size and wei ght

requi renents of the articulated robot. This

potentially results in not only |ower costs but

increased flexibility and capability of the robot. The

detection | aser source 512 and generation | aser source

510 can be distrjbuted on.various, arns of .t he robot .or
£rom] ohBF otk BT Ehe  POBBE LT 00T B & Ui dCs LRUCe the
weighitt | 68l afrd 10ReksdOAd’ aiMspadtdiond hea@osird omheA'masithnical

position "B". These, different positions of the robot-
requiireBRNEReOf akRE. AF G RIRA FERPEL12 to be placed in

[0o37§! ff eé&?fx RES! Efaﬂgéiﬁ@ﬁ'& e :i]%t t%’?@\fmt Qnt he1d .ar?etwhere optical
terral's in order to conpletely- cover and fully :
fibenespee2, t BO4t aargbt SAAt erdyal ke [UBEEO]td-| GouPplshdwes t Hatection
articul ated robot 1QL nmay. be nounted [ .
lasgfhGWLCH |20F0 FHIT G Fort 35t rot 1 . %?/?ﬁ%eﬁt &%ﬁzgfﬁ%‘”% lase'r
hedriogul géesraobsi dadet areadulstoas amdd demictalll prbddssor 514
a predeterm ned work envel ope. lﬂs wor k _envel ope

reSRRSHTEL YL heHBERINdE cSSDGFE hFOR wHASH Tt hEORF 7 oGt efletection

1asd©Pbeby10d 6an reach bpobesyt i1tarddases phirtasdriNdistributed
head 112. Rail 702 is not necessarily straight and can
resquiaesa senfhein cilt aFIGch r cuCRELCaL adyPekla P dndides g yused to

s b0 it d A § vel: . +Addit i,aRe :
propidf S S s gprekane, BT LUy orocessing
systhed p5kd evatbior theweteteaddonulunidsold®l héadI€i2 i.n  Removing

cno ) SFbub Al Ve E APESLAPAGA AERLALARY KBLE! Libicus cho
ovetdlEL I 8i fe 783dwandighnotrdamipfeeents. of the articulated robot.
This potentially results in not only lower costs but increased
flexibility and capability of the robot. The detection la§er
source 512 and generation laser source 510 can be distributed on
various arms of the robot or completely off the robot.

[0038] FIG. 6 depicts the articulated robot 101 articulated in
position “A” and position “B”. These differént positions of the
robot - allow the laser ultrasound head 112 to be placed in
different positions while attempt to the target materials in
order to compietely- cover and fully inspect the target
materials. .

[0039] FIG. 7 shows that articulated robot 101 may be mounted
on a rail 702 where rail 702 allows for controlled movement of
the articulated' robot and laser ultrasound head 112 within a
predetermined work envelope. The work envelope defines the
boundaries within which the articulated robot 101 can reach to
position a laser wultrasound head ilZ. Rail 702 is not

necessarily straight and can take a semi-circular, circular, or
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[0040] In a simlar enbodinment not illustrated here,
the articulated robot could be on a rail systemthat
wowrwsdozove the articulated in two di mensi ons POFEWY$2007/088642
The platform 704 m ght or mght not be present to
provi de additional positioning capabilities in the Z
direction. In another simlar enbodi nent not
illustrated here, the rail systemand platform 704
coul d be replaced by a gantry robot, and the
articul ated robot would be attached in.a downwar
any orshemeat iRgFasFathi $Qantty r&B6t CRAIRS Id“ﬁ?ﬁhlcﬁPVEIOPG

Addlgggn§g§gt EQ?@&:‘OP:QSWM Ombggteaaamatét E€SngNat Ar &&is in order
X-Y-Z i nportant advantage is
to Hdlpust¥eatasck iq¥ Flgwezs lawa ugtgepperd hpadrLidufar &Fder to

fu 11#3%%%6 pOSIchixﬁ‘ [ ﬁgu@grggﬁp%@tggﬂalﬂgad p3h2 fbhat 704 -can

i on in a conplete I nt egr at ed
be §fé$mmrevéhaumothal pssentwirard shef 3883 t'Pdewould not be

i nspected. FIG 8 depicts that the articul ated robot
*either fully or partially enter a conpleted

[00 ni”UCEeraSOé’mﬁym ASerdbdinfeditaf tnofcusellagetrérhéa here, the
ircraft fuselage may be nmade of_indiyvidu on nts h
artifcaieitest awbotomodAp &S (R Mt B2+l IR ‘? nove the

arti uS.L%S:%td 9 g@gsdﬂﬁéngf&{ tl?ﬁ ??b“ﬂ%@t 'p@.%t‘fforinhelmlarrﬁlght or
e € | nspect ed e conpl éted structure.
mlgh'lﬂ‘n snatl O\kﬂa thlerw@pect ton mm@s@ t o2fdibhiongl positioning

ot.ent, al y
can PSR PLPHETY, SHR BTl Rt e R gLl ar enboninent
not rrpymwameca Keéxtd, Ak i fall dsyst@nfandlplatéotmem'l could be
nmovenent of the uIt sound ection, h 3 0
ren SRR 1 PhosmBEPBAYGEoDRE CO ol S FUrt i i Bobot Would be
attaENPr Kk nenyelgphvasgodrakadattiibh the 8his Cl@aahtte@' rodimdt that

may defi ne boundaries such that the articulat eq:robot
wouhdy pravige; ﬁgﬁe(ﬁdc&}:ﬂonal positioning capabilities in three

dimensions (X-Y-2).

pre

[0041] An important advantage is illustrated in Fig. 8. FIG. 8
depicts an articuiated robot 101 having ultrasound inspection
head 112 that may be positioned within a completed or integrated
structure that contains internal surfaces to be inspecfed.
FIG. 8 depicts that the articulated robot may either fully or
partially enter a completed structure 802 such as an -ai:craft
fuselage. This aircraft fuselage may be made of individual
components fabricated £from composite materials that require
inspection. Thus not only the fabrication of the part may bg'
inspected, but also the completed structure. This allows the
ihspecﬁion process to identify potential problems during
assembly or once the structure is in seryice.

[0042] Robot 101 may be mounted on a rail 702 in order to
facilitate the movement of the ultrasound inspection head 312

without requiring motion of the completed structure 802. The
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not collide with integrated structure 802. The vision

system di scussed with reference to FIGs. 4 and 5 or
W@rdwenod2pke position detection systens (i.e. PCT/US2007/088642

| aser - based, radar-based or acousticbased) may be used

to prevent collisions and to determne the orientation

and position o f the target materials (including

assenbl ed structures) relative to the ul.trasound

| aser head and articulated robot. [0043] FIG 9

. .depicts an in- serV|c [ i t |t u .
worigrgi g ol HSSFIARES AEPy SR IhubiEed LAy define
bouridiwaRisi Guchl rhiki $henaadiicaittadt rohbat mdyr lﬁbbly 1ﬁ)ﬂspect but

and_| aser rgsound i nspecti on hea 2 be
not gkt 63| HLBNs ARBEAC8Rt TR d% harfr Yigion system
disQd&dy W3 Hfagdreraheet ke iFISRECUI @Rdosf oknbeﬁé&t @ke position
structures, such as but not limted to aircraft 902

detenjtyigraf Fygéﬁmﬁay( ihgve HARGTCRATRMeNEEdBERBEREEL RF opcoustic-
basécﬂbrfng?t gd f gz?é{z@ngatc%ﬁ.'l%lﬁo%e%%d' r\:oseaé!téﬁmlne the

I nspection a Ioms the structural Integrity of the
orlssmmmsm e amdt eppaisionm bwf e\téiileuatedgwlt Heafe tiedis ri(dgcluding

%W%a% r\}/ctol.{rets © J:ael C’J.'SI 4] uﬁ:ﬁ?%&&)ncﬁjefagef' head and

-Servi de app i'ca |on ere
artléulaﬁndzﬁdﬂbtrobot 101 rmay " be nounted to a nobile

| at f orm 1002. Trailer 1004 couples to nobil.e platfor
00431002, FAGi Per IRRIF iy ABUsE TASEEFAGE e FRRNGATSS ~ OF the

ultf@%ﬁ@dN@EyDgBEeMD%ﬁd’\Sﬂ&m by t&hiSod isdraiice€ofhethe present
ul'trasound NDE system nay be brought to an integrate

d
inventierure Ino WS n@MJé&en‘:I'hPlS,tH‘F‘#:F%'ﬁf%d f FORPFI 3 gand laser
ulti@?&?ﬂ@n i g%ecrt\i'o%e Eemzé'serﬁja){ OdNSpBGht88 in a service

egrate sten1mh|c brought to the inspection

locs&SbmnsuEhtheraehbngenenm moigirddé® ifasridddede the inspection

of 1n%xelgk1):la|tletf':iy sltq:lfc):%rufr%rsr,n nsq,Ich as but not limited to aircraft

902. Aircraft 902 may have many components constructed or
fabricated from composite materials where in service inspection
allows the structural integrity of the composite materials to be
evaluated without requiring disassembly of the aircraft.

[0044] FIG. 10 depicts another in-service application wherein
the 'articulated robot 101 may 'be mounted ‘'to a mobile
platform 1002. Trailer 1004 couples to mobile platform 1002.
Trailer 1004 may house distributed resources required by the NDE
system. In this instance the ultrasound NDE system may be
brought to an integrated structure to be inspected. This differs
from FIG. 9 where an in;service system used to inspect an -
integrated system which brought to the inspection system.
Eithér embodiment provides increased flexibility in performing
in-service inspections. In addition, the embodiment "illustrated
by Fig. 10 can present several advantages for the ultrasonic

inspection of composite parts in a manufacturing environment.
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I n-service inspections. In addition, the enbodi nent
"illustrated by Fig. 10 can present several advantages
WO 200811682021 t r asoni ¢ i nspection of conposite paPCBHUBWOH088642

manuf act uri ng environnent. For exanple, part handling
can be mnimzed by bringing the inspection systemto
the manufactured part especially when that part is
very 'large, |like a conposite fuselage. M nim zing
part handl i ng decreases the possibilities of damagi ng

the part during manufacturing. An_additional_adyantage
For iXaTel SrobPRS tpI BRTLHTG 0627 PG FARGPAEEHr TG DIinoing the

insp%e‘é'&bﬁn@?@tte'tns tohathe hearUrRacirdedn st el dng yoiesth that
out o f the way when required. Finally, the inspection
partr dsourers &ardd elibfed AOMRIFidCentuIFeaS olsinimigg part
l;ant LI efeb bE) CRELONSE L QarhdGi i OMCTp O duri
hand&ﬁ?ﬁeégﬁg%ﬁg%ngggtﬁﬁgg?ﬁéigg%%gligerahﬂgﬁﬂ%Etersﬁama aring
manufeotugéngr atAronatdstiopehmadezntegy mdadthel gwbide platform
- ~conpact m d-| nera i l, ad; si th ve :
1002pa§5 oafl éﬁ%f“fﬁae&s rg]‘r?l i%}gvﬁgéﬁ{t\?gﬁenjti &%%troggtgi Ciﬁ‘gfaectlon
systexsicdrs psefoted dehtver the generwidronréqsaredeafimakly, the

. significantly relaxed. -Only a compaci_and |ight weight, .
LnSHASHIOS CHTORTRFRg e Rot ] e TSRS fm HRTIVET in the
plarftead rdet@ekloBy! Asel £ bear sied i verohd@addardion line.

collection optics is requiréed to be mounted within the ,
[0045] nspe&biahihgathefpume koder iead sied@r sSTRWS Yalfk6ls geReration

lasedreplb%%ﬁ:?e%i?;% f;%é@ulaﬁﬁ%rwssogrcgo&ﬂééw %Jlﬁr generation

articu S, new conposite inspection
laseappohéadi t Béscar e tbeeateafadl | rpagdoddce aohposhee NPEbLility

usi n ortable laser ultrasound s s%e .+ £.0046].Ln .
reaiferihlion (e FIRSG THVERN RSt BlacrAete the!generation
lasal RPN fe teidniUantlt reQ axedusednly a wodeactaagd light-

_of environnents while testing nore conplex surfaces of _,
weighfy f sigsile containing the generation' laser beam delivery
head, detection laser beam delivery head and collection optics
is required to be mounted within the inspection head of the
robotic system. This allows the deployment of a mid-IR laser
source using smaller articulated robots. Thus, new composite

inspection opportunities are created for in-service composite
NDE using portable laser ultrasound systems.

[0046] In operation the present invention allows laser
ultrasonic test equipment to be used in a wider range of
environments while .testing more complex surfaces or surfaces
within limited access areas. The embodiments of the present
invention may utilize fiber lasers or distributed resources to
generate and deliver detection and generation lasér beams to
target materials to be tested. Doing so allows the overall size
of a laser ultrasound based NDE system to be great'ly reduced.
For example, instead of a large gantry robotic based system, a

much smaller articulated robotic system may be used to deliver
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within limted access areas. The enbodi nents of the
present invention nmay utilize fiber |asers or
wale@sndd2oe ed resources to generate and del i verPCT/US2007/088642
detection and generation | aser beans to target
materials to be tested. Doing so allows the overal
size o f a laser ultrasound based NDE systemto be
greatly reduced. For exanple, instead of a |arge
gantry robotic based system a nuch smaller
articulated robotic system may be used to
genegaltiipar gandr a¥¢BRCHIRT dd@SEE oRePRSertDearf!d o CodRgct phase
modutc_l.%ltle%‘:tlf efggﬂul}%teedsﬁfﬂ%%efbgmﬁﬁée syrfaceof ddherested.
arget to be tested. This allows the |laser” ultrasound
This ngpkewvs otheystasrnf bkt ralstyndnbodpaehignofsysiem offered by
.esent_ i nyvention e u . ot [y i t
emo T et comonerre fut rgRbiBl, Fcken L to not only
inspddtictinei wifdualt egradmthesanyporiamt s.tdhusssewd obhy canternal

i ndi vidual parts bﬁﬁ%gspected biy t he Iﬁﬁer ul trasoun
strugtlirem % er BAFEF AL FERT B S he preddin i Went PBRY ©3n
indibHtaRssephled Yo Uﬁhgﬁgété@dfbyfr@mi ndiseirdugl t pesdnd system

ma

. b e inspected. This allows inspections to be nade
of fegrqcer by hembpcdgreated &k r bReuRFSF28thedVBhian tut assembled

str\ﬁjﬁé@ﬁrﬁf NGadl ERARIESdiRildh@ 1l Bl may ' vet Wisfded.  This

the Tife ot the structure have occurred. ‘

allowdsli inspedtionseodiaaade Fftge Hheesarednnient is¢Fugiyre has
rovi. n enti id e .hat es i

besflBUH35, S BELESRYS LY SRR LSS Stalb G scructure

ovefit ther enbfe bdr gete | atrhet@irel dawet hoetuttesl .pr olfdsiigionally,

enShL S5 208 A MDLER ADERS LIS i e encirely

mobP& AysAR agRatkidded Nfibsrantasedsl Bppresiedlate t0d detect
term’

substantially" or "approxi mately", as ] ,
ultgasanieralspl OIS h 4 NS & Bida without
the! OphbS1GRE " 6SPAUN N sociated with free space delivery of
generation and detection laser beam(s).

[0047] As one of average skill in the art will appreciate, the
term “substantially” or “approximately”, as may be used herein,
provides an industry-accepted tolerance to its corresponding
term. Such -an industry-accepted tolerance ranges from less than
one percent to twenty perceﬁt aﬁd corresponds to, but is not
limited to, <component values, integrated circuit process
variations, temperature variations, rise and fall times, and/or
thermal noise. As one of average skill in the art will further
appreciate, the term “operably coupled”, .as may be used herein,
includes direct coupling and indirect coupling via another
component, element, circuit, or module where, for indirect
coupling, the intervening component, element, circuit, or module
does not modify the information of a signal but may adjust its

current 1level, voltage level, and/or power level. As one of
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term Such -an industry-accepted tol erance ranges from
| ess than one percent to twenty percent and
w@rsgeRends to, but is not limted to, coONPONREIE/US2007/088642
val ues, integrated circuit process variations,
tenperature variations, rise and fall tines, and/or
thermal noise. A s one of average skill in the art
will further appreciate, the term "operably coupl ed”,
.as may b e used herein, includes direct coupling and
indirect_ coupling via another conponent, el enent N
averég?cﬁkf}lo%nﬁBH%?%rEh§+£f ?ﬁ?oi ?%ﬁﬁa%ﬁﬂuﬁd%%ffﬁqufoupllng
(i.el Nt &SN NGHOMRABABHE el &MedBupltd Citiot , anothedul €lement by
-does not nodify the information of a signal but ma

infegepeost iinclogesentireqkl anvhl LBFETPEYelSOETd Gr Bohgren  two
clemeGYE! i t%eo.ng?rf?é ayenAge ki Mo(p!é?:atb'i% aHduphdd~ .al sBs one of
appreciate, inferred coupling (i.e., "'where one el enent
averbgecosipl BU tim ahbehearte| eriddt byriheer @arryediséPudethe term
direct and indirect_coupli e el j
“confpbE8, AR g BLL BE NRIPCHC I ¢ SBOLECLS chac o
‘comp@¥ekage vitiveleni rtvidieoar mowkl lelemenher dppmeci atignallse etc.,

_ term "conpares, favorably", as be used - herei .
PrOViAgsc & &3 é%ﬁ?ﬁé’ﬁsgéﬁ‘be{%eneﬁwﬁoeﬂ Mgl the desired
relali®mBRLS, 1&erghatSi @Aghsl €l Chaspreavigesaterlemagadtude than
rel ati onshi p. For exanple, when the desired, , h
SignﬁélaﬁbonéhiE;YQF%bﬁﬁ SOFRAF 18Ras™aY grtat &CETE: ugBen ©

magnf%%@leSi&.naéig%}al a f ayopablee£ORRARI $8RLMRY ha el evesk when

en the maghitude o f "signal 1 is greater than_that
the afagrsitguial oZ sigmhén2t he ithate BRsofh&lpalsltess
han of . signal _1 . 0 .hou h e - :
“m4anen%£gh°Hgg 85%%?%€e§%%ﬁégé?%§¥5%tgg gul cﬁgbed n

detainder st@od sh@ildar beus widewgesnodubshatut ivonsicaursl changes,

alterations can b e made, hereto wi thout_departing, from.
Sub g A AR S COPRETA KNG | St B oOB 1 Agheto  Wiehout

departing from the spirit and scope of the invention as defined

by the appended claims.
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by the appended clains .WHAT IS CLAIMED IS: 1 . An
ul trasoni ¢ non-destructive evaluation (NDE) system
wWop@satd2e9 t o i nspect target materials, the sysPEUS2007/088642
conprising: an articulated robot; an ultrasound
I nspection head coupled to the articul ated robot, the
ul trasound i nspection head operable to: deliver a
generation | aser beamto the conposite materials
wherein the generation |aser . beam produces
uItrasonlc di gpl acenments at the target materials;
tion | aser beamto the target
naterlals and col | ect phase nodul ated |ight scattered
by the target materials; a processing npdul e operabl e
tad- proééségﬂﬁésﬁﬁé§eqﬁ&mﬂeéﬁé&cFFﬁﬁtQ%ﬂ&uﬁF&SBceNDE) system

opefa@&%rqgtHﬂggéégu£a£§gk'ﬂgﬁgﬂﬁﬁlén'H%%tgpgt@ﬁ theplas el :
rials a control nodul e operable to direct the
amni exltacedaredotokot position the ultrasound

i nspec ' t S e

T oS e BR SESBRELNSh, Rell LMY 6 eniParticulated
robati,Stthiebutledtasesodr tespeouirrethdas tdpe raitliec tbat ed r obot

and ul trasound i nspection, hea in . .

di stri E’L‘?talééf SFesBur BRI sg‘aserge%&agtl S’ﬁ | §B§, composite

S Qe 16QuP| 8thdr@ithe tHd r aganuwhdingpectdser heselm produces
ultrasonic dlsplacements at the target mgterlals,
deliver a detection laser beam to the target
materials; and '
collect phase modulated light scattered by the target
materials;

a processing module operable to process the phase modulated
light and produce information about the internal structure of
the target materials; and °

a control module operable to'direct the articulated robot
to position the ultrasound inspection head according to a scan

plan.

2. The ultrasonic NDE system of Claim 1, further
comprising: '
distribﬁted resources coupled to the articulated robot and
ultrasound inspection head, wherein the distributed resources
comprise:
a generation laser source coupled to the ultrasound
inspection head;
a detection laser source coupled to the ultrasound
inspection head; .

an optical processor operable to:
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a detection | aser source coupled to the ultrasound
i nspection head; an optical processor operable
w0 2008fp032eal |y process the phase nodul at ed | i ghPCT/0S2007/088642
produce a detected signal; and provide the detected
signal to the processing nodule . 3 . The ultrasonic
NDE systemof Claiml , wherein the articul ated robot
is operable to position the ultrasound inspection head
within an assenbl ed structure. 4 . The ultrasoni c NDE

systemof Caiml 6 further c risjng: a itian ..
neasuri ng SRt Oper RFPESED gé%erﬁ#ﬁget ﬁ‘b"%ﬁ‘g‘&%. ontbfRt o
the tapgelus@t£rdad sctedl atiignaltoabhe ul trasound

i nspection head . 5 . The ultrasonic NDE system o

f
daim4 , vbeeeldet Hdepodptrehedeasifialy §Pst BRg Processing
conpriagéuﬁeyision system operable to determne a
position and orientation of the target materials
relative to the ultrasound inspection head. 6 . The
ul trasonic NDE systemof Claim1l , further conprising:
a positioning systemon which the articul ated-robot is
mgunt edheWhel et dsdriiec aNDEC u$ ydtesh r olfot Clsimper,ablberein the
nove relative to the target, material s,..and wh

. ' h
artigydptedni F§P&st e c ' a & ng e e aggeglt n% tfasound

inspeRitli®n BcBhalienih F AsYMBYed rsfh@ictute. A large area
conposite inspection apparatus to generate ultrasonic
surface displacenents on a surface of a

4, The ultrasonic NDE .system of Claim 1, further
comprising: ' ’

a. position measuring system operable to determine the
position of the target materials relative to the ultrasound

inspection head .

5. The ultrasonic NDE system of Claim 4, wherein the
position measuring system comprises a vision system operable to
determine a position and orientation of the target materials

relative to the ultrasopnd_inspection head.

6. The wultrasonic NDE system of Claim 1, further
comprising:

a positioning system on which the articulated robot is
mounted, wherein the articulated robot 1is operable -to move
relative to the target materials, and wherein the positioning
system comprises a single rail, a set of rails, a platform, or a

gantry robot.
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renote target conprising: an. articul ated robot; an
ul trasound i nspection head coupled to the articul ated
WO 28t19320he ul t rasound i nspecti on head oper abl BCT/0S2007/088642

deliver a generation |aser beamto the conposite

materi als wherein the generation | aser beam produces

ul trasoni c displacenents at the target materials;

deliver a detection | aser beamto the target

.materials; and collect phase nodul ated |ight

scattered by the target terials; the ultrasound

iﬂspec?ibﬁr%%aﬂr%% 'Qﬁ%%}e dP5BREFAPPORPPAERT T RetY; a
gened8techipPakases beafhica diisplalder@hienonyat earfasd of a

col l ection optics; a processing nodul e operable to
remofeotasget heOBRBs®LIMDdul ated |ight and produce

i%%@é?@ﬂ&ﬁﬂaﬁ@?”iobé@? internal structure of the

target materials; and a control nodul e operable to

dianectltirsceund cihapedtiemoherd pesinliash the the articulated

ltrasou i t rdi an plan. 8
L R L S SR LR
G ai m @eliwker ean: géheraetect ilasdrasbeaheatioi sthe composite
operabl.e_to: illum nate ultrasoni¢c surface

di“@ﬁeﬁééﬁént glhtﬁ:‘:‘ellﬁle g efac%eneratlon aser Dbeam p‘roduces

ultrasonic displacements at the target material;;

deliver a detection laser beam to the target
.materials; and

collect phase modulated light scattered by the target
materials;

the ultrasound inspection head comprising:

a generation laser head;

a detection laser head;

a visualization system; and
collection optics:

a processing module operable to brocess the phase modulated
light and produce information about the internal structure of
the target materials; and

a control module operable to direct the articulated robot
to position the ultrascund’ inspection head according to a ‘'scan

plan.

8. The large area composite inspection apparatus of Claim
7, wherein: ‘

the detection laser head is operable to:

illuminate ultrasonié surface displacements on the surface

of the remote target with a detection laser beam;
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of the renpte target with a detection | aser bean scan
the detection | aser beam across the surface of the
W@ 200980320mt eri al s; the collection optics, optiPREl/U§2007/088642
coupled to a scanning optical assenbly for collecting
phase nodul ated |light fromthe detection |aser beam
either reflected- or scattered by the target
mat eri al s; the processing nodul e conprises: an optica
processor to process the phase nodul ated |i ght
collected by the col]ectign optics an roduce an
oREBOL LEF GREFSCTIAT  tah BReBY 5587 AnFRe SUBFOTaest (il
targlYt RHte$i 808} to obtain the information about the
internal structure of the target materials. 9 . The
| shgecal Lackbap RP T nIRICGedT YaSpaPALHs tBf 2P e 719
optf@ggrEggeﬁﬂfgdf5fcééf§bé fiead dad1hkBar 1888t from the
couples to detection laser, that is external to the
deteglttivasberndri hsprceivmehemmElertediior Isgpg§seypdaby the target
N osite inspection apparatus of Claim9 , wherein
§ét ecti on punp | aser head conprises: a nmaster
03tiel babeeseprgahbéule gemeriates:a seed | aser beam and
at | east one, di ode punped |aser anplifier operabl 0
Al | {$7 ABCLERY PEBEFOBEA O FRAARAT ST ehdpe; Reouldred
NMasiyet estikkatarbgrthdecalld@disdn @i idisodadppipadce an
| aser anplifier conprises diode punped fiber. 11. The
| HUFEUEr 64988kpoaNHed | REPERTTUN RFEIH S D PTECESH The
g?%%ﬁ?d% ERGnIASEEr oB8SLA! BLOT i P okl i@ |8R%M: @R internal

structure of the target materials.

et 300

9. The large area composite inspection apparatus of Claim
7, wheréin the detection laser head is a fiber that couples to a
detection laser, that is external to the ultrasound in§pection
head.

10. The large area composite inspection apparatus of Claim
9, wherein the detection pump laser head comprises:

a master oscillator operable to generate a seed laser beam;
and

at least one diode pumped laser amplifier operable to
amplify the seed laser beam, wherein at least the master
oscillator or the at least 6ne diode pumped laser amplifier

comprises diode pumped fiber.

11. The large area composite inspection apparatus of Claim
10, wherein the master oscillator or’ the at least one diode
pumped laser amplifier of the detection laser comprises a diode

pumped slab laser.
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punped | aser anplifier of the detection |aser
conprises a diode punped slab laser.12. The |arge area
W@ 09p06i20® | nspection apparatus of Claim?7 , WhEr/E52007/088642
the generation | aser head is operable to: generate a
generation | aser beamfromthe punp | aser beam and
direct the generation |a ser beamto a surface of the
renote target, wherein the generation | aser beam
produces ultrasoni c di splacenents at the target
materials. 13. The | arge area conposite inspection
apparatus of Claim7 , wherein the generation |aser :
head | ' SHpIAT ot Andpeenesat hppatases of Claim
tﬁgf ighgxiéﬁééugéégthe uItrasoung inspect?on head.
7, whdreThe | arge area conposite inspection apparatus of
Caim7?7 erei ]g%ﬂ§r i r gead i s punped
b§gﬁ Bﬁﬂ%r%gﬁéghg%%gfha |§§%£?%F%gﬁgtgathe ul t rasound
i nspecgenarhead aangkrteratiion cagsredeant hsogehdeatiudp laser
| aser heag by optical fibers. 15. The |arge area
cH®pB<i #BY nspection apparatus of Claim7 , wherein
t he gepgkatitorHeaspind ratdempdsekmfbean aser abeamface of the
punpi ng at | east one optical paranetric ascillator
Winemose \laTeERf: opREERID p’égﬁw@teﬂefa 8P %% Tegan, produces
“'thfiéﬁ%h“ic”B@sﬁ%é&éﬂshty ea€Vighdlatd e Makerdypdisem
opérable to inspect target materials, the system
conprising: an articul ated robot operably nounted on a
platform an ultrasound inspection head coupled to the
articul ated robot, the ultrasound inspection head
operable to: deliver a generation | aser beamto the

) CgL Pshﬁﬁé large area composite inspection apparatus of Claim
7, whérein the generation laser head is a fiber that couples to
a generation laser that is external to the ultrasound inspection

head.

. 14. The large area composite inspection apparatus of Claim
7, wherein the generation laser head is pumped. by a pump beam
head that is external to the ultrasound inspection head and that

is coupled to the generation laser head by optical fibers.

15. The large area composite inspection apparatus of Claim
7, wherein the generation laser is composed of a laser beam
pumping at _least one optical parametric oscillator with or

without optical parametric amplifiers.

27



materi als wherein the generation | aser beam produces

ul trasoni c displacenents at the target nmaterials;
wa@lelosirex20w det ection | aser beamto the target PCT/US2007/088642

mat eri al s; and col |l ect phase nodul ated |ight scattered

by the target materials; a positioning system operable

to determne a position of the target materials

relative to the ultrasound inspection head "; a

processi ng nodul e operable to process the phase
nodul at ed |i ght and produce i nfornation about th

i Aer ndR StYTFEASHNE CofPIREGSIYSE 1t TYeYS 1R %P’DE system
opef@%ﬁErQb Eﬁgﬁﬁétoﬁgfﬁgﬁemé@éﬁﬁéﬁgn tHe s¥fstclemUlcahpdising:

robot to position the ul t rasound i nspection head
aecoeditiguistadssahopl aperagly TeréH‘{He(dr &0 LRPEOTM;

syst em{){, A lﬁsp)é'Q%ESh” htelgl? éPéc‘fn 3 O@% an@lculated .

ep03| fon 1n-an , ecti on.
robdﬂ tﬁm@omamrH@EusﬁsuaapetttbmJmaaisonﬂnah&a1tphe

platformtranslates-along.a rajl_relative to th |
target‘$%h%&% Fal §. fﬁneﬁﬂglﬁTt?%.%ﬁﬁ(: sy St el Sof COmPOSite
CraddariGl swhefreireitrhe fHat f geme £0tdun selaseehi beem  produces
operable to repositlon the?glatforn1relat|ve tq the

e seRtier AR 120 mERES Pt r BABNFET IBE

.CI ai m 16,7 wher ei f digekeiRybgd resr cese&AUPk® t othdie target
articulated robot and ultrasound inspection head,

wreatsrialss dinst ri but ed resources conprise: a
gener atlan J ASeSy ST i CAMAlLD {ghd N M LLASPUBY the target

materials;

a positioning system operable to determine a position of
the target materials relative to the ultrasound inspection head;

a processing module operable to process the phase modu;ated
light and produce information about the internal structure of
the target materials; and

a control module operable to direct the articulated robot
to position the ultrasound inspection head according to a scan

plan.

17. The wultrasonic. NDE system of Claim 16, wherein the

platform is operable to reposition in an x, y, and z direction.

18. The ultrasonic NDE system of Claim 16, wherein the
platform translates along a rail relative to the target

materials.

19. The ultrasonic NDE system of Claim 16, wherein the
platform comprise a vehicle operable to reposition the platform

relative to the target materials.
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I nspection head; a detection |aser source coupled to

the ultrasound inspection head; an optical processor
wop@sai2eo t o: optically process the phase npduPEr/E82007/088642

light to produce a detected signal; and provide the

detected signal to the processing nodule . 21. The

ultrasoni c NDE system of Claim 16, wherein distributed

resources and platformare contained within a nobile

transport system 22. The ultrasonic NDE system of

Claim 16, wherein the articulated robot is operable to

.position the ultrasound i nspection head within an

a%%enblgHeStEQEEH§§n183 NDBe sl EaRonbe l\Eﬁaﬁﬁ(StEﬁUOfwhereln

. wherein the p05|t|on|ng systemconprises a -
distriibusrdsy sESALEEEEabFeuPe det@r nEhe a2pbifeidtedngrobot  and

ultroarslo%%t atl é’étﬂ}f hasget JJWéxeé'l'nal sntel ftdus i ddheresources

trasoun nspecti on
comprise:

a generation ldser source coupled 'to_ the ultrasound
inspection head;

a detection laser source coupled to the ultrasound
1nspectlon head;

an optical processor operable to: ‘

optically process the phase modulated light to
produce a detected signal; and

.provide the detected signal. to the processing

module.

21. The ultrasonic NDE system of Claim 16, wherein
distributed resources and platform are contained within a mobile

transport system.

22. The ultrasonic NDE system of Claim 16, wherein the
articulated robot is operable to position the ultrasound

inspection heéad within an assembled structure.

23. The ultrasonic NDE system of Claim 16, wherein the
positioning system comprises a vision system operablé to
determine a position and orientation of the target materials

relative to the ultrasound inspection head.
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