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This apphcatlon incorporates by reference in its entirety
for all purposes U.S. Pat. No. 6,335,943 issued Jan. 1, 2002
and entitled “SYSTEM AND METHOD FOR ULTRA-
SONIC LASER TESTING USING A I ASER SOURCE TO
GENERATE ULTRASOUND HAVING A TUNABLE
WAVELENGTH ™

TECHNICAL FIELID OF THE INVENTION

The present invention relates generally to non-destructive
evaluation (INDE), and more particularly, to the performance
of laser ultrasonic NWDE of materials from a robotic platform.

BACKGROUND OF THE INVENTION

In recent years, the use of advanced composite structures
has experienced tremendous growth in the aerospace, auto-
motive, and many other commercial industries. While com-
posite materials offer significant improvements in perfor-
mance, they require strict quality control procedures in both
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FIG 3 provides a block diagramto show the basic
conponents of |aser ultrasound system FIG 4
provi des a functional diagram of one enbodi ment of an
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thermore articulated robots offer position registration not
available with many mobile (i.e. cart based) systems. Articu-
lated robots impose fewer constraints than gantry systems
relatively to the room size and facility requirements. Articu-
lated robots also offer the ability to position the laser-ultra-
sonic sensor within complex or assembled parts.

Robotic technology provides a low risk approach to auto-
mation compared to dedicated special purpose equipment. As
is shown in FIG. 1, an articulated Robot 101 is provided in an
ultrasonic non-destructive evaluation (WNDE) system 100.
System 100 includes the articulated robot 101, distributed
resources 134 and ultrasound inspection head 112. Articu-
lated robot 101 as shown in this embodiment may use a
number of joints (i.e. rotary joints) to provide a number of
independent motions (to support a number of degrees of
freedom) in which the end effector or manipulator can be
repositioned. Typically, industrial articulated robots have six
degrees of freedom but might have more or less in some
circumstances. Axticulated robot 101 includes a platform
mount 102, a first rotary joint 104, second rotary joint 106,
third rotary joint 108, a fourth rotary joint 110, and end
effector or manipulator 114, shoulder 126, 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 fur-
ther 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 completely 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. Ultra-



Laser-ultrasoni c i nspection has been denonstrated as a
cost effective tool for the non-destructive eval uation
(bl DE) of polyner-matrix conposites_ As these
conposites are increasingly used in different
i ndustries, the quantity and conplexity of conposite
parts are increasing. .Aso, the jnstalled base of
conposites is increasing asswell _ As the size and
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6 For exanple, an T Scl:NAG | aser can be used. The
power ofthis |aser nust be sufficient to deliver, for
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di stal one of the arm nenbegs; | ection optics
myakadoansddiead 0spRecid-0n &Qﬁﬁ;{,toafatklbn%&e las ehshasash
g engfiatépatédsencansCeudlieavbet yol Badatethd sipardheo2.
nspectr B teady Taa mfrlast Penlﬂ’cas‘%;rt% lread tmytrd ed fah-
thé‘fﬁé‘@fﬁ’%ﬁ" LURE) 023 w;@ﬁi f*ée@’%a‘éé‘ém’i@%‘;
| aSArarSAECE “b’%uar}quﬁﬁ i T
generm@id 0no h@e&tsbﬁaﬁhseileebwl%ﬁﬂ;m&zhﬁ)ﬁ angetin the
mataeticalateflirmdt 0 L inhpa deuneb imsgaet ¢ opoh8adlasfeortrhat
w@ﬁ;ﬁw oLl T Ao RLET AN oM ALPE @Oga;fg@;er

ouse 131:1'1 t&ed resources re%lj,nre

ts%)rsk S InUhid 88QRhEe GhSRNIBAESBAESNDIIE s ay be
t héreorhtth enopterg)aitcct $ﬂae¢ufrertotH¢emg9|aere&1 rluns Idaﬁers

bedAT X FARiTha 140 Hh§ R EYSgR W IR P RIS®
fi bﬁ&nfmrboﬁﬁﬁé& S OH T as el BURGE D CHDCE s
I odatad-dargind hepersioest Loadhesad), raled@hbotdumnltaset—

hedfpABuly efl On Ahedmapeetronctead e Teast et e
detR e Ak as e o5 QUL B E-10Y pals ARALGAL 4480 MObimized
di rb@Cbhﬁ%:ﬁ% %gbef}fsage%as%;ﬁt% Zlﬁlé‘gﬁhhu&lqm;:@d §_glz’uet
t argee<imbe nsthag g reqeli erPeasitadepe-
e A i ok
t hadvahgeie Bat@E dhild beatﬁtehﬁcioon ihas ehaha®Bising
sC &tﬂt"elrceunts{a; r’ggbéa tee 13 @metlﬁvdsu'lsaftledsdq gt opgof
reﬂ‘%ﬁé’efﬁe‘ﬁ*g %é“féﬁf%iﬁadiﬁs&@f RN o Tsi o e Thmi ks
f OombamdRIQC i0hd aseiudeamiaxd. endi ng through at
I easmmgfhdﬂ-&qﬂasésxlemdleaem @@zess& @@dsurlaelon
a@é‘&b@d’r}’ F;Gvﬁefi aﬁ]@\’r’ﬁg gg s ]1 H@—
tori‘bﬁiscfgirgg bl ygpg: Mo 1l % e ﬁl drREL, 1‘1’1 ser

pr eeessidry dTpdufieabe) Nglopat abityt® QRipess ahhehgh&se

TR P R 5%%%3’ T et

optr.bsa icfsyBetml Whid AR cprOERSEFIGy &f £¥%hieNIR Ngser
t heougte asinecavpllsypetioflatyd r?bpm dhugndey eoptnaite

mé@%ﬁﬁ%ﬁfﬁ’fﬁ L HR ﬁﬁt TR A RO aBEie romRaee

ul tragound. Laspess ~80L3GEN oML 1.8PACEL 500D

t heedtascgapnim@ietd a st&acm divigidrOrzth geCan eph@dnments
while testing more complex surfaces or surfaces within lim-
ited access areas. The embodiments of the present invention
may utilize fiber lasers or distributed resources to generate
and deliver detection and generation laser beams to target
materials to be tested. IDoing so allows the overall size of a
laser ultrasound based WNDE system to be greatly reduced. For
example, instead of a large gantry robotic based system, a
much smaller articulated robotic system may be used to
deliver generation and detection laser beams to, and collect
phase modulated light from the surface of the target to be
tested.

This allows the laser ultrasound inspection system offered
by embodiments of the present invention to be used to not
only inspect individual componcnts but to assess the internal
structure of integrated components. Thus, not only can indi-
vidual parts be inspected by the laser ultrasound system
offered by embodiments of the present invention but
assembled structures made from individual parts may be
inspected. This allows inspections to be made after the inte-
grated structure has been built to determine if changes in the
internal structure over the life ot the structure have occurred.
Additionally, embodiments of the present invention may pro-
vide an entirely mobile system that uses fiber lasers to gen-
erate and detect ultrasonic displacements at a remote target in



2. The ultrasonic NDE systemof claim1l, wherein

i nspection head is connected to said distal one of the
ann nmenbers by an additional ntary joint, and the

i nspection head is noveable with respect to the
platformby up to six degrees of freedom 12 3.
The ul trasonic NDE system of claim1l, wherein the
platformtranslates along ggrail gelative to the
target materials. 4. The ul trasoni ¢ NDE system of
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a first armnenber having a proximal end connected to
the platformnount by a first rotary joint and
noveabl e about the platform nount by a nunber of
degrees of freedom a second arm nmenber having a
proxi ml end attached to a distal end of-the first arm
menber by a second rotary joint; a third arm nmenber
havi ng a proxi mal end attaqged to%% distal end of the
second arm nenber by a third rotary j oint; ; an

ul trasound i nspection head coupled to a distal end of

the thrmst @rdmiaehas: by a fourth rotary joint; a
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from the inspection head;

a detection laser head mounted on the inspection head and
coupled to the detection laser source by an optical fiber
for directing a detection laser beam selectively to the
target materials, so that when the detection laser beam
contacts the ultrasonic displacements formed on the tar-
get materials, the detection laser beam is scattered to
produce phase modulated light that is reflected to the
collection optics, the optical fiber for the detection laser
beam extending through at least some of the joints; and

a processing module remotely located from the inspection
head and coupled to the collection optics by an optical
fiber, the processing module being operable to process
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the phase modulated light and produce information
about the internal structure of the target materials, the
optical fiber for the processing module extending
through at least some of the joints; and

a control module operable to direct the arms to position the

ultrasound inspection head adjacent but spaced from the
target materials according to a scan plan.

2. The ultrasonic NDE system of claim 1, wherein inspec-
tion head is connected to said distal one of the arm members
by an additional rotary joint, and the inspection head is move-
able with respect to the platform by up to six degrees of
freedom.



coll ection optics by an optical fiber, the optica
fiber for the collection optics extending into and out
of the second and third rotary joints; and a contro
nodul e renotely |ocated fromthe ultrasound inspection
head and the arn nmenbers for controlling novenent of
the arm nenbers so as to position the ultrasound

i nspecti on head adjacent to the composite target

mlateréf E}%Pﬁ% sonlc ! IDE ystem%%1 the

cl ai

T i e %@ﬁ%ﬁ_
o atl

rﬁﬁ eh1c1]é o erab
syste c |o P%:i\gng

tgp pOS|FPon neasur

det éﬂ §tlgﬁela@8§ Inglugge Ejte%[ﬂ OII g i
ro@ §s1h€ | Abbug 4R édg Qﬂé éﬁ%@

12 Th‘fv‘ #d LAY fc WD%ES NSLLTF Ofaif] # ﬁi rEad¥ l:echﬁbplst- he
det &Rkl Qndlsﬁ%ﬁﬁte@gpéd&%\%s Lﬁnmac%rﬁﬁlrgﬁ ﬂ@tg%heratlon
opena xesé@ngﬁﬂﬁé&&&eéﬁ%ﬁﬁﬁwéﬁ%@hn&@%%H.ﬁﬂﬁ pbcdRast
one dbade, puApesinl @seaisaABlidd essReeabha ﬂ& arptddy
t he :seebotaised Wedin ahgiRiditrahspeasdystdra. mast er
osci | IatDheallttZonad WESStsyefandbOdRaiphNPedHea8R the
anplarticarated ®pbosaopiradk togpdtohithe nl@asbwheiaipect he
nmasttarn bsad MWahior anraitdreftafusktast. one di ode punped
| aser &rfphe fulerasohi¢ NEDdetsgstadronot ataim chnpitiesein she
di odenpratpeddslabohasases a visid8. syshanuperabbnie ditar?E
systmined pebidian andhoiasitatioh o f e target omtetsty relative
i ncltades Wupasendjeapegfiompibsgdat | east one opti cal
par am® A ulsesenigtsn-gles Fush vgisvadatiop ) system
par dRBEVSE dNARSPRFliBEcOmPOsita targtaPRIIIYE, Bfhavdeihg
an GPPRESHHME non-destructive eval uation (NI DE) on
conpo@Ptaticylgied FRRASUPBTIEHHEr i sing: a) providing a
robot h&RFHARERPE’0f ar m nenber s connected
t oget hef® @mpsﬁ%?ﬁhgvma poopied spdsopseishio
end to a % unt yao%*fﬁrﬁ Hr mf%%gﬂ e-
|nspect|oﬁ' Aottt ?P thevHt ef?e%y
an add|t| Fes&emy Ihe i ns %FCthQtha (g
a gener &% ls{‘fend"ﬁe;% sy prosimale gldched o,

first arm mem ¥y a second rotary
col l ecti 05101%[%

ng

a third arm member having a proximal end attached to a
distal end of the second arm member by a third rotary
joint;;

an ultrasound inspection head coupled to a distal end of the
third arm member by a fourth rotary joint;

a generation laser head mounted in the inspection head

a fiber-laser-based generation laser source remotely
located from the ultrasound inspection head and the arm
members and coupled to the generation laser head by an
optical fiber, the optical fiber extending into and out of
the second and third rotary joints;

a detection laser head mounted in the inspection head;

a fiber-laser-based detection laser source remotely located
from the ultrasound inspection head and the arm mem-
bers and coupled to the detection laser head by an optical
fiber, the optical fiber for the detection laser source
extending into and out of the second and third rotary
joints;

collection optics in the ultrasound inspection head;

a processing module remotely located from the ultrasound
inspection head and the arm members and coupled to the



c) nounting a | aser-fiber-based generation | aser
source, a |aser-fiber-based detection |aser source,
and a processing nodul e renote fromthe inspection
head and, by optical fibers, connecting the generation
| aser source to the generation | aser head, the
detection | aser source to the detection | aser head,
and the processing nodule tyg the cgllection optics,
the optical fibers extending into and out of at | east
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a) providing a robot having a series of afm members con-
nected together by rotary joints and coupled on a proxi-
mal end to a platform mount;

b) mounting an ultrasonic inspection head to a distal end of
the arm members by an additional rotary joint, the
inspection head having a generation laser head, a detec-
tion laser head, and collection optics;

c) mounting a laser-fiber-based generation laser source, a
laser-fiber-based detection laser source, and a process-
ing module remote from the inspection head and, by
optical fibers, connecting the generation laser source to
the generation laser head, the detection laser source to
the detection laser head, and the processing module to
the collection optics, the optical fibers extending into
and out of at least some of the rotary joints;

d) moving the distal end of the arm members and position-
ing the inspection head adjacent to the target materials;

e) forming ultrasonic displacements on the target materials
by directing a generation laser beam to the target mate-
rials from the generation laser source through at least

one of the optical fibers and out the generation laser
head;
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) phase modulating light by directing a detection laser
beam at the ultrasonic displacements from the detection
laser source through at least one of the optical fibers and
out the detection laser head;

g) collecting the phase modulated light through the collec-
tion optics and delivering the collected phase modulated
light through at least one of the optical fibers to the
processing module; and

h) with the processing module, processing the phase modu-
lated light to determine information about the target.

15. The method of claim 14, further comprising after step

(h), repositioning the the distal end of the arm members by
independly moving at least some of the arm members relative
to others of the arm members and repeating steps (e)- (h)

16. The method of claim 15, further comprising moving the

distal end of the arm members in six degrees movement.

17. The method of claim 14, wherein the target materials
comprise a san aircraft having a fuselage, the method further
comprising transporting the entire robot into an interior of the
fuselage and repeating steps (e)-(h).



