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APPARATUS FOR MAGNETOSTRICTIVE 
SENSOR FOR GUIDED - WAVE - BASED 
INSPECTION , AND ITS ASSOCIATED 

SYSTEM AND METHOD 

size . Mounting of the coils or the magnets may be difficult 
if the other objects to be measured do not have a suitably 
sized free end . Also , applications are also limited to use in 
inspection of metallic objects or structures . 

TECHNICAL FIELD SUMMARY OF THE INVENTION 

The invention relates to an apparatus for use in a mag - In accordance with a first aspect of the invention , there is 
netostrictive sensor for guided - wave - based inspection of the provided an apparatus for a magnetostrictive sensor for 
integrity and corrosion extent of objects . More particularly , 10 guided - wave - based inspection , comprising : a flexible body 
although not exclusively , the invention relates to an appa with a conductor arranged to receive an alternating current 
ratus for use in guided - wave - based inspection of the integ for generating magnetic field , wherein during operation the 
rity and corrosion extent of buried , concealed , and covered flexible body is arranged to be attached to an object to be 
structures such as pipes . inspected in such a way that a first part of the conductor 15 

BACKGROUND arranged to generate a magnetic field parallel to a longitu 
dinal direction of the object is arranged to surround the 

Guided - wave - based defect inspection is known for its object ; and a second part of the conductor arranged to 
long - range inspection ability and high sensitivity in detect generate a magnetic field perpendicular to the longitudinal 
ing small defects in objects . In major applications , guided - 20 direction of the object is disposed away from the object . By 
wave - based defect inspection is used for detecting cracks attaching the flexible body to the object in such a way , the 
and corrosion that may occur in structures like pipes , rods , second part is further away from the object than the first part , 
strands , cables , etc . uniformity and evenness of magnetic field generated by the 

Existing sensors used for creating ( exciting ) and receiving apparatus is improved , and a more reliable and effective 
guided - wave generally are magnetostrictive sensors that 25 inspection can be performed 
include a hard sensing coil for generating a necessary Preferably , the flexible body comprises first and second 
magnetic field for exciting the desired guided - wave . FIG . ends ; the first part comprises a plurality of first sections 
1A shows a conventional hard coil - based magnetostrictive arranged adjacent and substantially parallel to each other , 
sensor 10 arranged around a wire strand 1 . The magneto - each extending between the first and second ends ; and the 
strictive sensor 10 includes three consecutive groups of hard 30 second part comprises at least one second section for con 
coils 11A , 11B , 11C disposed along the wire strand 1 and necting the plurality of first sections . 
each surrounding the wire strand 1 . The hard coils 11A - 11C Preferably , the plurality of first sections each extends at 
are formed by hard coil wires . The longitudinal length of least 50 % of a length between the first and second ends . 
each group is equal to half of the wavelength of the excited More preferably , the plurality of first sections each extends 
guided - wave mode . The first and third groups of hard coils 35 at least 75 % of a length between the first and second ends . 
11A , 11C are wound in a first direction ( e . g . , clockwise ) , and In one example , the plurality of first sections each extends 
the second group 11B disposed between the first and third at least 90 % of a length between the first and second ends . 
groups 11A , 11C is wound in a second , opposite direction The plurality of first sections may all optionally extend the 
( e . g . , anti - clockwise ) , as shown in FIG . 1B . The magneto - same length . The plurality of first sections may optionally 
strictive sensor 10 also includes two sets of permanent 40 extend parallel to an edge of the body . Preferably , the 
magnets 12 disposed around the wire strand 1 . The first set plurality of first sections are spaced apart equally . 
of permanent magnets formed by three equally - angularly Preferably , the conductor is a single , continuous conduc 
spaced magnets is arranged at the end of the first group of tor . The first sections and second section may be connected 
coil 11A , the second set of permanent magnetics formed by to form a continuous strip . 
three equally - angularly spaced magnets is arranged at the 45 In one embodiment of the first aspect , the plurality of first 
end of the third group of coil 11C . The hard coils 11A - 11C sections form at least two adjacent groups , each having at 
are arranged between the two sets of permanent magnets 12 . least one first section ; wherein during operation when an 
Yokes 13 are arranged to connect magnets of the two sets 12 alternating current is supplied to the conductor , current 
that are at substantially the same angular position . As shown direction in the first sections of two adjacent groups are 
in FIG . 1A , three yokes 13 are provided and they are equally 50 opposite . 
angularly spaced around the wire strand . Referring to FIG . In one embodiment of the first aspect , the plurality of first 
1B , the magnets and yoke generate a uniformly distributed sections form at least two adjacent groups , each having a 
bias magnetic field on the steel strand . The coils on the other plurality of adjacent first sections ; wherein during operation 
hand , generate dynamic magnetic fields . At the instance when an alternating current is supplied to the conductor , 
shown in FIG . 1B , the first and third groups of coils 11A , 55 current direction in the first sections of the same group is the 
11C generate magnetic field that has the same direction as s ame while current direction in the first sections of the two 
the bias magnetic field while the second group of coil 11B adjacent groups are opposite . 
generate a magnetic field that has an opposite detection to In one embodiment of the first aspect , the plurality of first 
the bias magnetic field . The bias magnetic field and the sections form at least four adjacent groups , each having a 
dynamic magnetic fields are both substantially parallel to a 60 plurality of adjacent first sections ; wherein during operation 
longitudinal axis of the strand 1 . Through the interactions when an alternating current is supplied to the conductor , 
between the bias and dynamic magnetic fields , the desired current direction in the first sections of the same group is the 
longitudinal guided - wave mode can be excited in the strand same while current direction in the first sections of any two 
1 for inspection . adjacent groups are opposite . 

While this type of hard coil - based magnetostrictive sensor 65 Preferably , a width spanned by the first sections of each 
is useful in some applications , they are usually bulky , and group is substantially the same . Preferably , a width D 
are only suitable for use in steel strands of predetermined spanned by the first sections of each group is equal to : 
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cuboidal , prismatic , cubical , etc . In one embodiment of the 
first aspect , the object comprises any one of : a pipe , a tube , 
a rod , a strand , and a cable . The object may be made of 
plastic or metal . For example , the object may be drainage 

where fo is a centre frequency of the magnetostrictive sensor , 5 pipe , oil pipe , gas pipe , etc . , in buildings , underground , oil 
fields , subsea area , etc . and V , is a phase velocity of an excited longitudinal guided 

wave . In one embodiment of the second aspect , the apparatus 
with the flexible body is the apparatus in accordance with the Preferably , the conductor comprises a plurality of second 
first aspect of the invention . sections disposed at both the first and second ends . Each of 10 In accordance with a third aspect of the invention , there the plurality of second sections may comprise at least one is provided a method for guided - wave - based inspection , part that extends generally perpendicular to the plurality of 

first sections . comprising : ( 1 ) providing an apparatus for a magnetostric 
tive sensor for guided - wave - based inspection , comprising a Preferably , the flexible body comprises a flexible printed 

coil . flexible body with a conductor arranged to receive an 15 
In one embodiment of the first aspect , the apparatus alternating current for generating magnetic field ; and ( 2 ) 

further comprises a fastener for holding the second part attaching the flexible body to an object to be inspected in 
away from the object . such a way that a first part of the conductor arranged to 

Preferably , the flexible body is arranged to be wrapped generate a magnetic field parallel to a longitudinal direction 
around a smart material layer on the object during operation 20 of the object is arranged to surround the object and a second 
in such a way that the first part surrounds the smart material part of the conductor arranged to generate a magnetic field 
layer and the second part is disposed away from the smart perpendicular to the longitudinal direction of the object is 
material layer disposed away from the object . 

Preferably , the object is substantially cylindrical . In some Preferably , the method further comprises attaching a 
embodiments , the object may be of other shapes , such as 25 flexible smart material layer to the object to be inspected 
cuboidal , prismatic , cubical , etc . In one embodiment of the prior to attaching the flexible body to the object . 
first aspect , the object comprises any one of : a pipe , a tube , Preferably , the method further comprises providing an 
a rod , a strand , and a cable . The object may be made of alternating current to the conductor for generation of a 
plastic or metal . For example , the object may be drainage magnetic field . pipe , oil pipe , gas pipe , etc . , in buildings , underground , oil 30 Preferably , the method further comprises magnetizing the fields , subsea area , etc . smart material layer to form a static magnetic field therein . In accordance with a second aspect of the invention , there Preferably , the flexible body comprises a flexible printed is provided a system for use in guided - wave - based inspec 

coil . tion , comprising : a flexible smart material layer arranged to 
be attached to an object to be inspected ; an apparatus with 35 5 Preferably , the object is substantially cylindrical . In some 
a flexible body having a conductor arranged to receive an embodiments , the object may be of other shapes , such as 
alternating current for generating magnetic field , wherein cuboidal , prismatic , cubical , etc . In one embodiment of the 
during operation the flexible body is arranged to be attached first aspect , the object comprises any one of : a pipe , a tube , 
to the smart material layer attached to the object in such a a rod , a strand , and a cable . The object may be made of 
way that a first part of the conductor arranged to generate a 40 plastic or metal . For example , the object may be drainage 
magnetic field parallel to a longitudinal direction of the pipe , oil pipe , gas pipe , etc . , in buildings , underground , oil 
smart material layer is arranged to surround the smart fields , subsea area , etc . 
material layer ; and a second part of the conductor arranged Preferably , the apparatus for the magnetostrictive sensor 
to generate a magnetic field perpendicular to the longitudinal is the apparatus in accordance with the first aspect of the 
direction of the smart material layer is disposed away from 45 invention . 
the smart material layer . The system at least partly forms a 
magnetostrictive sensor . BRIEF DESCRIPTION OF THE DRAWINGS 

Preferably , the flexible body comprises first and second 
ends ; the first part comprises a plurality of first sections The patent or application file contains at least one drawing 
arranged adjacent and substantially parallel to each other , 50 executed in color . Copies of this patent or patent application 
each extending between the first and second ends ; and the publication with color drawing ( s ) will be provided by the 
second part comprises at least one second section for con - Office upon request and payment of the necessary fee . 
necting the plurality of first sections . Embodiments of the invention will now be described , by 

Preferably , the system further comprises a magnetic field way of example , with reference to the accompanying draw 
generator for generating a static magnetic field in one or both 55 ings in which : 
of the object to be inspected and the smart material layer . FIG . 1A is a picture showing a conventional hard - coil 

In one embodiment of the second aspect , the system based magnetostrictive sensor arranged around a wire 
further comprises a fastener for holding the second part strand ; 
away from the flexible smart material layer . FIG . 1B is a schematic cross section for illustrating the 

In one embodiment of the second aspect , the system 60 operation of the conventional hard - coil - based magnetostric 
further comprises a data acquisition unit arranged to be tive sensor of FIG . 1A ; 
connected with the smart material patch for acquiring detec - FIG . 2A is a schematic diagram of a flexible printed 
tion signals received . circuit in accordance with one embodiment of the invention ; 

Preferably , the flexible body comprises a flexible printed FIG . 2B is a schematic cross - sectional diagram of a 
65 magnetostrictive sensor formed by the flexible printed cir 

Preferably , the object is substantially cylindrical . In some cuit in FIG . 2A and a smart material layer , for use in 
embodiments , the object may be of other shapes , such as guided - wave - based inspection ; 

coil . 
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FIG . 3A is a schematic diagram of a flexible printed a first part with a thin sheet of smart material and a second 
circuit in accordance with another embodiment of the inven - part with a flexible printed coil circuit formed by a thin and 
tion ; flexible sheet of printed coils . The flexible printed coil 

FIG . 3B is a schematic diagram showing the flexible circuit , being thin and bendable , can be easily wrapped 
printed circuit in FIG . 3A wrapped into a first configuration ; 5 around any structure or object to be inspected . Such flexible 

FIG . 3C is a schematic diagram of a flexible printed printed - coil - based magnetostrictive sensor can be used for 
circuit in accordance with yet another embodiment of the inspection of structure such as pipes and cables . The inven 
invention ; tors have also realized that the desired guided - wave signal is 

FIG . 3D is a schematic diagram showing the flexible generated by magnetostrictive effect , and so this type of 
printed circuit in FIG . 3C wrapped into a first configuration ; 10 flexible - printed - coil - based magnetostrictive sensor can only 

FIG . 4 is a simulated plot showing the normalized surface be used for inspecting object or structure made of ferromag 
magnetic flux density ( T ) of the wrapped flexible printed netic material . 
circuit in FIG . 3B ; The inventors of the invention also have devised , through 

FIG . 5A is a simplified schematic diagram showing con - research , experiments , and trials , a type of flexible - printed 
ductor layout of a flexible printed circuit wrapped into a 15 coil - based magnetostrictive sensor that can be applied for 
second configuration in a preferred embodiment of the inspection of object or structure made of plastic ( e . g . , PVC ) , 
invention ; in addition to use in inspection of object or structure made 

FIG . 5B is a simplified schematic diagram showing an of metal . 
arrangement of the flexible printed circuit in FIG . 5A in the FIG . 2A shows plan view of a flexible printed circuit 100 , 
second configuration during operation in one embodiment of 20 in the form of a flexible printed coil , which can be used to 
the invention ; form a magnetostrictive sensor in one embodiment of the 

FIG . 5C is a simplified schematic diagram showing con invention . The flexible printed coil 100 is preferably thin and 
ductor layout of a flexible printed circuit in one embodiment bendable . The flexible printed coil 100 comprises a gener 
of the invention ; ally rectangular body formed by a flexible substrate ( not 

FIG . 6A is a simulated plot showing distribution of 25 clearly shown ) and a conductor 102 printed or arranged on 
magnetic flux density in a flexible printed circuit wrapped in the substrate . The body includes a first end 100A and a 
the second configuration ; second end 100B , and opposing first side 100C and second 

FIG . 6B is a simulated plot showing distribution of side 100D extending between the first and second ends 
magnetic flux density in the flexible printed circuit of FIG . 100A , 100B . The conductor 102 is arranged to receive an 
5A wrapped in the first configuration ; 30 alternating electric current ( connections not shown ) . The 

FIG . 7A is a simulated plot showing distribution of stress conductor 102 may be a single , continuous conductor . As 
field in the flexible printed circuit of FIG . 5A wrapped in the shown in FIG . 1A , the conductor 102 includes multiple first 
second configuration ; sections 102A arranged adjacent and substantially parallel to 

FIG . 7B is a simulated plot showing distribution of stress each other . Each of the first sections 102A extends generally 
field in the flexible printed circuit of FIG . 5A wrapped in the 35 parallel to the first and second sides 100C , 100D , between 
first configuration ; the first and second ends 100A , 100B . The first sections 

FIG . 8A is a simulated plot showing intensity of sensor 102A may have different lengths , and they may be equally 
displacement in the flexible printed circuit of FIG . 5A spaced . In one embodiment , the first sections 102A each 
wrapped in the second configuration ; extend at least 50 % of a length between the first and second 

FIG . 8B is a simulated plot showing intensity of sensor 40 ends 100A , 100B , and preferably at least 75 % of a length 
displacement in the flexible printed circuit of FIG . 5A between the first and second ends 100A , 100B . The con 
wrapped in the first configuration ; ductor 102 further includes multiple second sections 102B , 

FIG . 9A is a graph showing experimental results of the at both the first and the second ends 100A , 100B , for 
amplitude of the guided - wave signal generated by reflection connecting the first sections 102A . The second sections 
from a defect on a pipe for the flexible printed circuit of FIG . 45 102B extend generally perpendicular to the first and second 
5A wrapped in the second configuration ; sides 100C , 100D . 

FIG . 9B is a graph showing experimental results of the The first sections 102A are arranged such that multiple 
amplitude of the guided - wave signal generated by reflection first sections 102A together form a group . FIG . 2A shows 
from a defect on a pipe for the flexible printed circuit of FIG . four groups . Each group contains multiple first sections 
5A wrapped in the first configuration ; 50 102A which are arranged such that when an alternating 

FIG . 10A is a graph showing experimental results of current is supplied to the conductor 102 , current in the first 
displacement area of the smart material patch surrounded by sections 102A of the same group flow in the same direction 
the flexible printed circuit of FIG . 5A wrapped in the second ( see arrows in FIG . 2A ) while current in first sections 102A 
configuration ; and of an adjacent group flow in opposite directions ( see arrows 

FIG . 10B is a graph showing experimental results of 55 in FIG . 2A ) . Preferably , a width D spanned by the first 
displacement area of the smart material patch surrounded by sections 102A of each group is substantially the same . 
the flexible printed circuit of FIG . 5A wrapped in the first FIG . 2B show part of a magnetostrictive sensor 150 
configuration . formed by the flexible printed coil 100 of FIG . 2A and a 

smart material layer 180 in one embodiment of the inven 
DETAILED DESCRIPTION OF THE 60 tion . The magnetostrictive sensor 150 is arranged around an 

PREFERRED EMBODIMENT object 20 ( e . g . , a hollow pipe ) to be inspected . For simplic 
ity , only the upper - half cross section of the pipe 20 in shown 

The inventors of the invention have devised , through in FIG . 2B . The smart material layer 180 is preferably 
research , experiments , and trials , that a magnetostrictive magnetostrictive , and is formed of a thin sheet that can be 
sensor can be made based on a flexible printed circuit or 65 bent like the flexible printed coil circuit 100 . The smart 
coils , instead of hard coils . The inventors have devised that material layer 180 may be connected with a data acquisition 
such magnetostrictive sensor should include two main parts : system ( not shown ) for recording or analysing signals 
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received by the smart material layer 180 . In application , both Same as in FIG . 2A , the first sections 202A may form 
the smart material layer 180 and the flexible printed coil 100 groups . The width of each group is denoted by D . In the 
are wound around the pipe 20 . More particularly , the smart invention , width D is determined is based on the following 
material layer 180 is first wound around the pipe 20 , and equation : 
then the flexible printed coil 100 is wound around the smart 5 
material layer 180 and hence the pipe 20 . Preferably , the 
smart material layer 180 and the flexible printed coil 100 fo = both conform to the outer contour of the object around which 
they wrap . The wrapping is preferably tight . 

In operation , a static magnetic field and a dynamic mag - where f , is an centre frequency of magnetostrictive sensor , 
netic field are simultaneously applied ( excited ) to the mag - V , is the phase velocity of the excited L - mode , and is the 
netostrictive sensor 150 to generate a desired guided - wave wavelength . Since 2D = ì , the distance between two adjacent 
signal using magnetostrictive effect . In one embodiment , to groups is equal to half of the wavelength of the excited 
generate a static magnetic field , a magnetic field generator 15 guided - wave mode . As the half wavelength effect and the 
( not shown ) , e . g . , a magnet , is arranged to create a magnetic time delay to generate the L - mode by the successive group 
field in the smart material layer 180 . The magnet may be a is also half of the wavelength , the aggregated L - mode 
permanent magnet , and it preferably uniformly magnetizes waveform will result in a higher amplitude temporal wave 
the smart material layer 180 along its entire axial length . The form ( as illustrated in FIG . 2A : the sinusoidal waveform in 
smart material layer 180 , upon being magnetized , generates 20 black colour ) . 
a static magnetic field . In one embodiment , to generate a Thus , the provision of multiple ( in the present example , 
dynamic magnetic field , an alternating current is continu four ) groups of first sections 202A , having equal width D , in 
ously provided to the conductor 102 of the flexible printed the sheet of flexible printed coil can excite higher amplitude 
coil 100 . As shown in FIG . 2B , each of the four groups of for the guided - wave signal . Since the higher the excited 
coils ( formed by the first sections 102A ) generates a mag - 25 guide sa mag - 25 guided - wave signal , the larger the sensitivity in detecting 
netic field , with opposite magnetic fields for adjacent groups small discontinuity or defect , the present embodiment sub 
due to the difference in direction of current flow in adiacent stantially improves detection sensitivity . 
groups . Although a flexible printed coil 200 with a conductor 202 

As shown in FIG . 2B . the direction of the generated static having multiple groups of first sections 202A is preferred , 
magnetic field is generally parallel to the direction of the 30 when the coil 200 is wrapped around in the first configura 
dynamic magnetic field . These enable excitation of longi tion as shown in FIG . 3B , it may create some undesirable 
tudinal guided - waves mode ( also called “ L - mode " ) and effect on the generated magnetic field . In particular , as 
propagation of such guided - waves along a longitudinal axis shown in FIG . 3A , the directions of alternating current 
of the pipe 20 . When an “ L - mode ” is excited , the generated flowing in first sections 202A of two adjacent groups are 
magnetostrictive effect is applied to the smart material laver 35 opposite . To enable a change in direction for the alternating 
180 , causing it to deform longitudinally ( i . e . , axially ) . Such current , the flexible printed coil 200 must contain second 
deformation of the smart material layer 180 consequently sections 202B at least partly at an angle to ( or even perpen 
generates a longitudinal guided - wave in the pipe body 20 . dicular to ) the first sections . These second sections 202B 
The “ L - mode ” guided - wave will then propagate along the ded - wave will then propagate along the may be undesirable , as explained below . may be unde 
pipe 20 . Preferably . the guided - waves propagate in both 40 FIG . 3C show another flexible printed circuit 300 in 
directions along the pipe 20 . During propagation of the accordance with another embodiment of the invention . The 
wave , when there is discontinuity inside the pipe body , such flexible printed circuit . flexible printed circuit 300 in FIG . 3C is largely the same as 
as a crack or a corroded area on or in the pipe 20 , part of the the flexible printed circuit 200 in FIG . 3A . In FIG . 3C , the 
guided - wave energy will be reflected towards the sensor . conductor 302 of the flexible printed circuit 300 comprises 
The reflected guided - wave signal will be received by the 45 multiple first sections 302A arranged adjacent and substan 
smart material layer 180 used to excite the guided - wave tially parallel to each other . Each first section 302A extends 
signal and then recorded by the data acquisition system in generally parallel to the first and second sides 300C , 300D , 
connection with the smart material layer 180 . As the velocity between the first and second ends 300A , 300B . The con 
of the propagating guided - wave is known , and the time of ductor further includes multiple second sections 302B , at 
the reflected guided - wave signal received by the sensor can 50 both the first and the second ends 300A , 300B , for connect , 
be detected , the distance or location of the discontinuity in ing the first sections 302A . The second sections 302B extend 
the pipe can be determined . generally perpendicular to the first and second sides 300C , 

FIG . 3A show a flexible printed circuit 200 in accordance 300D . 
with another embodiment of the invention . The flexible Same as in FIG . 3A , the first sections 302A may form 
printed circuit 200 in FIG . 3A is largely the same as the 55 groups . As shown this embodiment includes four groups 
flexible printed circuit 100 in FIG . 2A . except for the ( see dotted lines ) . The width of each group is denoted by D , 
number of first and second sections , and the spacing of the ections and the spacing of the which is determined is based on the following equation : Whi 
first and second sections . In FIG . 3A , the conductor 202 of 
the flexible printed circuit 200 comprises multiple first 
sections 202A arranged adjacent and substantially parallel to 60 
each other . Each first section 202A extends generally par 
allel to the first and second sides 200C , 200D , between the 
first and second ends 200A , 200B . The conductor further where f , is an centre frequency of magnetostrictive sensor , 
includes multiple second sections 202B , at both the first and V , is the phase velocity of the excited L - mode , and à is the 
the second ends 2001 , 200B , for connecting the first sec - 65 wavelength . Since 2D = , the distance between two adjacent 
tions 202A . The second sections 202B extend generally groups is equal to half of the wavelength of the excited 
perpendicular to the first and second sides 200C , 200D . guided - wave mode . As the half wavelength effect and the 

fo = 
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form . 

time delay to generate the L - mode by the successive group first sections 402A ( circumferential coils ) form a cylindrical 
is also half of the wavelength , the aggregated L - mode part for surrounding a pipe 40 to be inspected , and the 
waveform will result in a higher amplitude temporal wave second sections 402B ( axial coils ) form a radial portion 

extending away from the cylindrical part formed by the first 
The provision of multiple groups of first sections 302A , 5 sections 402A ( circumferential coils ) . By arranging all sec 

each having equal width D , in the sheet of flexible printed ond sections 402B ( axial coils ) away from the object , the 
coil can excite higher amplitude for the guided - wave signal . non - uniform magnetic field generated by the second sections 
Since the higher the excited guided - wave signal , the larger 402B ( axial coils ) will have very little effect on or even not 
the sensitivity in detecting small discontinuity or defect , the affect the uniform magnetic field induced by the first sec 
present embodiment substantially improves detection sensi - 10 tions 402A ( circumferential coils ) . Optionally , a fastener 
tivity . ( not shown ) may be arranged to hold the second sections 

Although a flexible printed coil 300 with a conductor 302 402B away from the first sections 402A ( circumferential 
having multiple groups of first sections 302 A is preferred , coils ) and hence away from the object to be inspected . The 
when the coil 300 is wrapped around in the first configura - fastener may be a chemical fastener ( e . g . , glue ) or a 
tion as shown in FIG . 3D , it may create some undesirable 15 mechanical fastener ( e . g . , clips ) . 
effect on the generated magnetic field . In particular , as FIG . 5C shows a flexible printed circuit 500 in one 
shown in FIG . 3C , the directions of alternating current embodiment of the invention , in an unwrapped form . The 
flowing in first sections 302A of two adjacent groups are circuit 500 may include two folded portions 500F at two 
opposite . To enable a change in direction for the alternating ends of a planar portion 500P . In this embodiment , the folded 
current , the flexible printed coil 300 must contain second 20 portions 500F extend at an angle of around 90 degrees to the 
sections 302B at least partly at an angle to ( or even perpen - planar portion 500P . In other embodiments , the folded 
dicular to the first sections . These second sections 302B portions 500F may extend at a different angle . The folded 
may be undesirable in some applications , as explained portions 500F preferably contain the second sections which 
below . may generate non - uniform magnetic field when the circuit is 

FIG . 4 shows a simulated plot showing the normalized 25 wrapped edge - to - edge . In this example , the circuit 500 may 
surface magnetic flux density ( T ) of the flexible printed be folded so that the two folding lines 530 coincide during 
circuit in FIG . 3B . As shown in FIG . 4 , when the coil is operation such that the second sections are disposed away 
wrapped in the first configuration , the first sections ( circum - from the object to be measured . 
ferential coils ) generate an axial magnetic field 32 for To compare the effectiveness of the arrangement in FIGS . 
exciting the L - mode guided - wave signal . The second sec - 30 5A and 5B with the arrangement in FIG . 3B , simulation tests 
tions ( axial coils ) generate a magnetic field 34 in the were conducted . 
circumferential direction . This circumferential magnetic FIGS . 6A and 6B are simulated plots showing distribution 
field 34 interferes with the useful axial magnetic field 32 , of magnetic flux density in a flexible printed circuit wrapped 
and does not contribute to form the desired excitation of in the second configuration ( FIG . 6A ) and in the first 
L - mode guided - wave signal . 35 configuration ( FIG . 6B ) . As shown in FIG . 6A , by arranging 

In other words , the second sections ( axial coils ) interfere the second sections ( axial coils ) whose interference nega 
with the magnetic fields 32 induced by the first sections tively influence the generation of uniform magnetic field 
( circumferential coils ) of flexible printed coil sheet . FIG . 4 away from the first sections ( circumferential coils ) , the 
shows the non - uniform distribution of magnetic field 34 distribution of magnetic flux density around the pipe is more 
created in the black rectangular box ) . The non - uniform 40 uniform . In FIG . 6B , due to the arrangement of second 
magnetic field 34 not only substantially weakens the excited sections ( axial coils ) on the object , the distribution of 
guided - wave signal , but may also trigger excitation of magnetic field is uneven and the flux density is substantially 
unwanted modes such as the Flexural modes ( also called weakened . Also , the coil in FIG . 6A can excite L - mode 
“ F - modes ” ) , making the analysis of the reflected guided guided - wave signal at larger amplitude as illustrated by deep 
wave signals difficult . 45 yellow colour . 

FIGS . 5A and 5B shows a flexible printed circuit 400 FIGS . 7A and 7B are simulated plots showing distribution 
wrapped into a second configuration in a preferred embodi - of stress field in the flexible printed circuit of FIG . 6A 
ment of the invention . In FIG . 4A , only the conductor layout wrapped in the second configuration ( FIG . 7A ) and in the 
is provided ; and the circuit or coil 400 is provided in a first configuration ( FIG . 7B ) . Due to the uniform magnetic 
second wrapped configuration . The flexible printed circuit 50 flux density generated by the second configuration , the stress 
400 in this embodiment may be similar to that in FIGS . 2A it has induced is also much higher as illustrated in red colour 
and 3A . Like the flexible printed circuits 100 , 200 in FIGS . in FIG . 7A . The non - uniform stress field and weakened 
2A and 3A , the flexible printed circuit 400 in this embodi - stress induced by the first configuration can be observed in 
ment also include , prior to wrapping , a flexible body ( not FIG . 7B . 
shown ) having first and second ends and a conductor 402 55 As shown , the coil in the second configuration generates 
arranged to receive an alternating current for generating a more even stress distribution and higher stress level than 
magnetic field during inspection . In this embodiment , the that of the coil in the first configuration . The higher the stress 
conductor 402 also has multiple first sections 402A arranged level , the more the energy that the desired L mode guided 
adjacent and substantially parallel to each other and multiple wave signal can be excited , and the longer the distance that 
second sections 402B for connecting the first sections 402A . 60 the guided - wave signal can propagate along the pipe , and the 
As shown in FIG . 5A , in the second configuration , the higher the sensitivity in detecting small defect . Thus , the coil 
flexible body is arranged such that at least part of the first in the second configuration performs much better than the 
sections 402 A surrounds the object to be inspected and the coil in the first configuration for defect detection in objects 
second sections 402B are disposed away from the object . In such as a pipe . 
other words , only the first sections 402A surround the object , 65 FIGS . 8A and 8B are simulated plots showing intensity of 
and the second sections 402B are further away from the sensor displacement in the flexible printed circuit of FIG . 6A 
object than the first sections 402A . As shown in FIG . 5B , the wrapped in the second configuration ( FIG . 8A ) and in the 
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first configuration ( FIG . 8B ) . As shown , the coil in the example , the object may be drainage pipe , oil pipe , gas pipe , 
second configuration shows a much higher level of displace - etc . , in buildings , underground , oil fields , subsea area , etc . 
ment as well as a more even distribution of displacement Also , the flexible printed circuit or coil 100 , 200 , 400 in 
whereas the coil in the first configuration shows a smaller the invention may take a form or shape different from that 
level of displacement and unevenly distribution of displace - 5 in FIGS . 1A and 2A . For example , the flexible printed circuit 
ment . Since the higher the level of displacement , the larger may be a square sheet , a rounded sheet , a sheet of any 
the strength in exciting the desired elastic guided - wave regular or irregular shape . The first sections are not neces 
signal , again , the coil in the second configuration out - sarily extending parallel to the first and second sides . The 
performs the coil in the first configuration for defect detec - first section are not necessarily equally spaced . Instead of 
tion . 10 being a continuous strip , the conductor may be formed of 
FIGS . 9A and 9B are graphs showing experimental results multiple sections . The way how the conductor is routed may 

of the amplitude of the guided - wave signal generated by differ so long as the conductor contains first sections 
reflection from a defect on a pipe when the flexible printed arranged adjacent and substantially parallel to each other , 
circuit of FIG . 6A wrapped in the second configuration ( FIG . and each extending between the first and second ends . The 
9A ) and in the first configuration ( FIG . 9B ) . In the second 15 conductor may include two or more first sections , and one or 
configuration , the amplitude of guided - wave signal reflected more second sections . The number of first and second 
by the defect is 0 . 1472V ; in the first configuration , the sections need not correspond . The first and second sections 
amplitude of guided - wave signal reflected by the defect is may have the same or different thickness or width or height . 
0 . 0962V . The second configuration represents a 53 % The first sections need not be strictly linear so long as they 
increase in defect detection sensitivity over the first con - 20 have a general tendency to extend between the first and 
figuration . second ends . The conductors may be formed in a single layer 

FIGS . 10A and 10B are graphs showing experimental or multi - layers . For example , multiple sheets of flexible 
results of displacement of the smart material patch sur printed circuit or coil 100 , 200 , 400 may be combined for 
rounded by the flexible printed circuit of FIG . 5A wrapped form one circuit . More generally , the flexible printed circuit 
in the second configuration ( FIG . 10A ) and in the first 25 or coil includes a conductor arranged to receive an alternat 
configuration ( FIG . 10B ) , but only showing the portion with ing current for generating magnetic field , and during opera 
high displacement values . As seen , in the second configu - tion when the flexible body attached to an object to be 
ration of FIG . 10A , the displacement area is evenly arranged inspected , a first part of the conductor arranged to generate 
around the smart material . In the first configuration of FIG . a magnetic field parallel to a longitudinal direction of the 
10B , around 25 % of the displacement area is lost . 30 object is arranged to surround the object , and a second part 
Embodiments of the invention , the flexible printed coil or of the conductor arranged to generate a magnetic field 

circuit in the second wrapped configuration , provides unique perpendicular to the longitudinal direction of the object is 
technical advantages . The coil in the second configuration disposed away from ( e . g . , extend away from ) the object . 
provides not only uniform dynamic magnetic field , but also It will be appreciated by persons skilled in the art that 
evenly distributed stress level and displacement , reduces the 35 numerous other variations and / or modifications may be 
chance of creating undesirable mode conversion , such as the made to the invention as shown in the specific embodiments . 
Flexural mode ( “ F - mode ” ) , and also reduces noise . As a The present embodiments are , therefore , to be considered in 
result , the received temporal guided - wave signals reflected all respects as illustrative and not restrictive . 
by encountered cracks or corroded area will be properly 
detected , and the requirement on post - processing on the 40 The invention claimed is : 
received guided - wave waveforms for analysis is lowered . In 1 . An apparatus for a magnetostrictive sensor for guided 
turn , the time information of each reflection can be deter wave - based inspection , comprising : 
mined easily , and the location of crack or the extent of each a flexible body with a conductor arranged to receive an 
corroded area can be detected easily . alternating current for generating magnetic field , 

It has been shown that the flexible printed coil - based 45 wherein during operation the flexible body is arranged to 
magnetostrictive sensor , with the coil in the second configu be attached to an object to be inspected in such a way 
ration , can provide a more uniform and even distribution of that 
magnetic flux and magnetic field than when the coil is in the a first part of the conductor arranged to generate a 
first configuration . As a result , such sensor with the coil in magnetic field parallel to a longitudinal direction of 
the second configuration is capable of inspecting longer 50 the object is arranged to surround the object ; and 
pipes and detecting smaller defects . The sensor may also be a second part of the conductor arranged to generate a 
used for detection of defect in situations which the object or magnetic field perpendicular to the longitudinal 
structure to be inspected is partially covered by soil or direction of the object is disposed away from the 
concrete wall . With the help of the smart material layer , the object . 
magnetostrictive sensor can be used for inspection of both 55 2 . The apparatus of claim 1 , wherein 
metal and plastic ( e . g . , PVC ) pipes . The flexible printed coil , the flexible body comprises first and second ends ; 
when in the second configuration , may also be suitable for the first part comprises a plurality of first sections 
wrapping around structures and objects of different sizes , arranged adjacent and substantially parallel to each 
avoiding the need to tailor - make coils for each specific other and each extending between the first and second 
structure and object in specific applications . 60 ends ; and 

Although in the above description , the object to be the second part comprises at least one second section for 
inspected is a substantially cylindrical hollow pipe 20 , such connecting the plurality of first sections . 
pipe is not the only application of the apparatus or system of 3 . The apparatus of claim 2 , wherein the plurality of first 
the invention . In some embodiments , the object may be of sections each extend at least 50 % of a length between the 
other shapes , such as cuboidal , prismatic , cubical , etc . Also , 65 first and second ends . 
the object may be any one of : a pipe , a tube , a rod , a strand , 4 . The apparatus of claim 2 , wherein the conductor is a 
and a cable . The object may be made of plastic or metal . For single , continuous conductor . 
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5 . The apparatus of claim 2 , wherein the plurality of first body is to arranged to be attached to the smart material 
sections are spaced apart equally . layer attached to the object in such a way that 

6 . The apparatus of claim 2 , wherein the plurality of first a first part of the conductor arranged to generate a 
sections form at least two adjacent groups , each having at magnetic field parallel to a longitudinal direction of 
least one first section ; wherein during operation when an 5 the smart material layer is arranged to surround the 
alternating current is supplied to the conductor , current smart material layer ; and 
direction in the first sections of two adjacent groups are a second part of the conductor arranged to generate a opposite . magnetic field perpendicular to the longitudinal 7 . The apparatus of claim 2 , wherein the plurality of first direction of the smart material layer is disposed away sections form at least two adjacent groups , each having a 10 from the smart material layer . plurality of adjacent first sections ; wherein during operation 19 . The system of claim 18 , wherein when an alternating current is supplied to the conductor , the flexible body comprises first and second ends ; current direction in the first sections of the same group is the 
same while current direction in the first sections of the two the first part comprises a plurality of first sections 
adjacent groups are opposite . 15 arranged adjacent and substantially parallel to each 

8 . The apparatus of claim 7 , wherein a width spanned by other , each extending between the first and second 
the first sections of each group is substantially the same . ends ; and 

9 . The apparatus of claim 7 , wherein a width spanned by the second part comprises at least one second section for 
the first sections of each group is equal to : connecting the plurality of first sections . 

20 20 . The system of claim 18 , further comprising a magnetic 
field generator for generating a static magnetic field in one 
or both of the object to be inspected and the smart material 
layer . 
21 . The system of claim 18 , further comprising a fastener 

where f . is a centre frequency of the magnetostrictive 25 arranged to hold the second part away from the smart 
sensor , and V , is a phase velocity of an excited longi material layer . 
tudinal guided - wave . 22 . The system of claim 18 , further comprising a data 

10 . The apparatus of claim 2 , the conductor comprises a acquisition unit arranged to be connected with the smart 
plurality of second sections disposed at both the first and material patch for acquiring detection signals received . 
second ends . 23 . The system of claim 18 , wherein the flexible body 

11 . The apparatus of claim 10 , wherein each of the comprises a flexible printed coil . 
plurality of second sections comprises at least one part that 24 . The system of claim 18 , wherein the object is sub 
extends generally perpendicular to the plurality of first stantially cylindrical and comprises any one of : a pipe , a 
sections . as tube , a rod , a strand , and a cable . 

12 . The apparatus of claim 1 , wherein the object is 25 . A method for guided - wave - based inspection , compris 
substantially cylindrical . ing the steps of : 

13 . The apparatus of claim 1 , wherein the object com providing an apparatus for a magnetostrictive sensor for 
prises any one of : a pipe , a tube , a rod , a strand , and a cable . guided - wave - based inspection , comprising a flexible 

14 . The apparatus of claim 1 , wherein the flexible body body with a conductor arranged to receive an alternat comprises a flexible printed coil . ing current for generating magnetic field ; and 15 . The apparatus of claim 1 , further comprising a fas attaching the flexible body to an object to be inspected in tener arranged to hold the second part away from the object . 
16 . The apparatus of claim 1 , wherein the flexible body is such a way that 

a first part of the conductor arranged to generate a arranged to be wrapped around a smart material layer 45 disposed on the object during operation in such a way that magnetic field parallel to a longitudinal direction of 
the first part surrounds the smart material layer and the the object is arranged to surround the object and 
second part is disposed away from the smart material layer . a second part of the conductor arranged to generate a 

17 . The apparatus of claim 16 , wherein the object is made magnetic field perpendicular to the longitudinal 
of plastic or metal . direction of the object is disposed away from the 

18 . A system for use in guided - wave - based inspection , object . 
26 . The method of claim 25 , further comprising the step comprising : 

of : a flexible smart material layer arranged to be attached to 
an object to be inspected ; attaching a flexible smart material layer to the object to be 

an apparatus with a flexible body having a conductors inspected prior to attaching the flexible body to the 
arranged to receive an alternating current for generating object . 
magnetic field , wherein during operation the flexible * * * * 

50 


