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Relative Ability of Wedge-Coupled Piezoelectric
and Meander Coil EMAT Probes to Generate

Single-Mode Lamb Waves
Pouyan Khalili and Peter Cawley

Abstract— Ultrasonic guided waves are used extensively when
checking for defects in petrochemical and other industries and
are mostly generated using piezoelectric transducers on an
angled wedge or electromagnetic acoustic transducers (EMATs)
in different configurations. Low-frequency inspection allows for
long-distance propagation, but it is best suited for detecting
relatively large defects, while at higher frequencies, the presence
of multiple wave modes limit defect detectability, so achieving
practical single Lamb mode excitation via careful transduction
is very beneficial. This paper investigates the relative ability of
angled piezoelectric and meander coil EMAT probes to produce
single-mode transduction in the medium (∼1–5 MHz-mm) and
high (>5 MHz-mm) frequency-thickness regions of the dispersion
curves. The nature of each transducer is studied analytically
by simulating the corresponding surface forces, followed by
the use of a Fourier transform in time and space (2-D fast
Fourier transform) to highlight the excitation region in the
wavenumber–frequency space. With angled wedge excitation
there is a linear relationship between the excitation frequency
and the wavenumber which means that the excitation tends
to track typical dispersion curves, allowing for easier pure
mode generation. In contrast, the EMAT controls frequency and
wavenumber separately which makes it more difficult to generate
a pure mode when dispersion curves are close together; however,
by narrowing the frequency bandwidth via a large number of
cycles in the excitation signal, pure mode generation via an EMAT
was shown to be possible even in areas of closely spaced modes.
As example cases, analytical results, backed up by experiments,
showed that signals dominated by the A0 mode at 1.5 MHz-mm
and also the A1 mode at 18 MHz-mm can be generated with
both angled piezoelectric and EMAT probes.

Index Terms— Electromagnetic acoustic transducer (EMAT),
fast Fourier transform (FFT), guided waves, higher order mode
cluster (HOMC), modal decomposition, mode selectivity.

I. INTRODUCTION

INSPECTION of pipelines for corrosion defects is one of
the main problems encountered by the petrochemical and

other industries and becomes very difficult when testing at
inaccessible regions. Ultrasonic guided wave methods are used
extensively to detect the presence of defects within the struc-
ture by monitoring reflected and transmitted signals [1]–[13].
The Lamb wave dispersion curves are shown in Fig. 1; here,
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the presence of multiple wave modes at different frequency-
thickness regimes can be seen.

Long-distance propagation is achieved at frequencies below
the A1 mode cutoff (up to ∼1 MHz-mm so in a 10-mm wall
thickness the frequency is below 100 kHz), which minimizes
the number of the existing modes but due to the low fre-
quency content, this method is best suited for detecting severe
defects [1]–[5]. The low-frequency transduction is commonly
achieved through an array of point sources which can be done
via direct contact piezoelectric transducers (PZT) [6]–[8],
ring excitation with electromagnetic acoustic transduc-
ers (EMATs) [9]–[11] or magnetostrictive probes [12], [13].
The medium-frequency regime from 1 MHz-mm to around
5 MHz-mm gives better sensitivity to smaller defects but the
presence of multiple and often dispersive modes limits defect
detectability with this method [14]–[21]. Here, the transduc-
tion is usually achieved via piezoelectric transducers mounted
on an angled wedge [22]–[26] or EMATs [27]–[31]. There
has also been interest in guided wave testing over the
1–5 m range at much higher frequencies (>5 MHz-mm);
Chandrasekaran et al. [32], [37], Satyarnarayan et al. [33],
Jayaraman et al. [34], Ratnam et al. [35], and Swami-
nathan et al. [36] have introduced a technique they call
higher order mode cluster (HOMC) that excites higher order
Lamb waves at around 20 MHz-mm which combine to form
a nondispersive cluster [32]–[37]. Because of the high-
frequency-thickness value, the excited modes exhibit low
surface motion which makes the HOMC insensitive to surface
features such as supports, weld patches, and T-joints. Recently,
Khalili and Cawley [38] have shown that the features of
HOMC are essentially those of the A1 mode in this frequency-
thickness regime. There have also been studies that use
a high-frequency Rayleigh wave to test for sharp surface
cracks [39]–[41]. The generation of higher order Lamb waves
is mostly achieved via piezoelectric transducers mounted on an
angled wedge [32]–[34], [36]–[41] with fewer applications of
EMATs [35]. A challenge faced by guided wave inspection
is the presence of multiple wave modes, particularly in the
medium- and high-frequency regimes, so achieving practical
single Lamb mode excitation through careful transduction
is very beneficial [9], [10], [38], [30]. The excitation of a
pure mode can be very difficult at high-frequency-thickness
products as the Lamb modes exhibit very similar dispersion
characteristics as shown in Fig. 1.

As stated above, guided waves are mostly generated using
piezoelectric transducers on an angled wedge and EMATs
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Fig. 1. Lamb wave dispersion curves in steel plate showing (a) phase velocity
and (b) wavenumber; generated using DISPERSE [42] software.

in different configurations; however, practical single-mode
excitation with each type of transducer is less investigated, par-
ticularly at higher frequencies. This paper studies the relative
ability of angled PZT and EMAT probes to give pure
mode excitation in the medium- and high-frequency-
thickness regimes. For the medium-frequency case, the
A0 mode at 1.5 MHz-mm was chosen as it offers
good application potential such as in structural health
monitoring [7], [8], [43]–[45]; the A1 mode at 18 MHz-mm
was studied for the high-frequency case as it provides desirable
characteristics for corrosion inspection especially at inacces-
sible regions [32]–[38].

Section II gives a brief background on the governing physics
of piezoelectric transducers on an angled wedge and meander
coil EMATs and the design parameters which determine their
ability to generate a single mode. Section III then introduces
the analytical prediction of the excitation force bandwidths
for a given setup through the use of a Fourier transform in
time and space [2-D fast Fourier transform (FFT)]. Then these
predictions are verified experimentally in Section IV and the
findings are summarized in Section V.

II. BACKGROUND

Guided waves are often generated by piezoelectric probes
where the vibration of the piezoelectric crystal is transmitted
to an angled wedge that is connected directly to the surface

of the structure through the use of a couplant. This provides
strong signal amplitudes and can be implemented with basic
equipment but requires direct contact so inconsistent coupling
over the footprint, particularly over curved or rough surfaces,
is a problem; there are also issues with poor high temperature
performance [46] and reverberations within the wedge.

Fig. 2 shows a schematic of a piezoelectric transducer
mounted on an angled wedge. In this configuration, the fre-
quency bandwidth is governed by the nature of the excitation
signal in time; typically, for guided wave applications, this
is specified by the center frequency, the number of cycles
used, and the window applied [22], [38]. The wavenumber
bandwidth is determined by a combination of the wedge
angle (θ ) and the transducer size (d); these parameters dictate
the projected excitation length (L) as well as the phasing of
the force acting on the surface of the waveguide, as shown in
Fig. 2. The key characteristic of the angled wedge assembly
is that the frequency and wavenumber bandwidths are interde-
pendent, meaning that if the frequency content (ω) is changed,
it causes the wavelength within the wedge (λw) and hence the
induced wavelength on structure surface (λ) to change which
consequently results in a change in the number of cycles in
space (L/λ), thus affecting the wavenumber (k) bandwidth.
This characteristic can be formulated as

kw = ω

cLw
(1)

where kw, cLw, and ω are the wedge wavenumber, the longitu-
dinal wave velocity in the wedge, and the angular frequency,
respectively. The wavenumber within the waveguide (k) is

k = ω

cp
(2)

where cp is the phase velocity of the guided wave mode of
interest.

As illustrated in Fig. 2(b), the coupling mechanism can be
stated

λ = λw

sin (θ)
so k = kw sin (θ). (3)

From (3) and (1)

k = sin (θ)

cLw
ω. (4)

Equation (4) shows that the relationship between frequency
and wavenumber and can be represented as a straight line
with a constant slope of (sin (θ)/cLw) in the frequency–
wavenumber spectrum. Therefore, the frequency–wavenumber
relationship of the wedge excitation runs roughly parallel to
most regions of the dispersion curves of Fig. 1(b).

Guided wave inspection is often done using a broadly
nondispersive mode [15] where excitation at constant phase
velocity cp with frequency is achieved with a constant
wedge angle. Therefore, for ideal modal selectivity, the wedge
angle (θ) can be calculated

sin (θ) = cLw

cp
. (5)

EMATs on the other hand, rely on the interaction of the
dynamic magnetic field of the eddy currents generated by a
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Fig. 2. Transducer schematic of the piezoelectric transducer mounted on an angled wedge. Inset: Relationship between the wavelengths of the compression
wave in the wedge and the guided wave in the waveguide.

Fig. 3. Transducer schematic of an out-of-plane meander coil EMAT.

coil and the bias magnetic field of a permanent (or electro-)
magnet to produce a force resulting in generation of elastic
waves in the structure [47]. Hence, they do not require direct
contact which eliminates the need for a couplant; this allows
transduction over coatings/paint and rough surfaces and also
good high-temperature/long-term performance; however, they
suffer from poor signal-to-noise ratio (SNR) and often require
bulky and expensive electronics.

A typical configuration of a meander coil EMAT is shown
in Fig. 3 [47]–[49]. Similar to the piezoelectric probe, the fre-
quency bandwidth is determined by the nature of the excitation
signal in time; in contrast, however, the wavenumber band-
width is dictated by the geometry of the meander coil: the
wavelength (λ) and the number of cycles in space, as shown
in Fig. 3. Therefore, due to the nature of the design, the fre-
quency and wavenumber bandwidths are fully decoupled and
independent of each other.

For ideal modal selectivity in the case of a meander coil
EMAT, for a given frequency, the wavelength of the coil (λ)
is chosen according to the wavelength of the mode of interest,
while the frequency and wavenumber bandwidths must be
carefully calculated in order to minimize the excitation of
the unwanted guided modes. In the case of other transducer
designs such as periodic permanent magnet EMATs and
magnetostrictive devices, the wavenumber bandwidth (and
thus selectivity) is also determined by the periodicity of the
coil or magnets [50]–[53].

III. ANALYTICAL PREDICTION OF THE EXCITATION

FORCE BANDWIDTHS

The response amplitude of a mode in a waveguide at a
particular frequency/wavenumber is directly related to the

excitation force acting on the surface at the corresponding
frequency/wavenumber [54]. As mentioned above, the fre-
quency and wavenumber bandwidths are dictated by the nature
of the transducer design so it is necessary to investigate
how to obtain the optimal setup for pure mode excitation
in different frequency-thickness regimes for each transducer
type. Here a simple analytical model, implemented in the
MATLAB software, was employed as it can produce the
essential physics while enabling the study of a large number
of probe configurations practically. In order to predict the
wavenumber and frequency bandwidths of the excitation force,
the surface force generated by each transducer was simulated
by out-of-plane surface forces followed by the use of a Fourier
transform in space and time (2-D FFT). It should be noted that
steel was used as the test plate throughout this paper. However,
the dispersion relationships for aluminum are similar so the
same broad conclusions can also be applied to aluminum (in
both cases, it was assumed that the material is isotropic).

In the case of a piezoelectric transducer mounted on an
angled wedge, the length of the line force (L) on the surface
was obtained from the transducer size (d), and wedge angle (θ )
as shown in Fig. 2; then, the time delay as a function of
distance along the surface was calculated according to the
angle (θ ) and the acoustic properties of the wedge (cLw) [38].
In this simple model, a collimated beam in the wedge was
assumed.

The force pattern for the meander coil EMAT was deter-
mined by out-of-plane surface forces with opposite polarity
depending on the direction of the acting Lorentz force (F),
as shown in Fig. 3; this pattern is repeated according to
the wavelength (λ) and the number of cycles of the coil in
space. Here, for simplicity, the force acting on the surface
was assumed to be constant across the width of the coil
“finger” [55]. The excitation signal for each coil finger was
therefore determined by the applied signal in time and the
polarity of the Lorentz force.

A. Medium-Frequency-Thickness Regime

As an example of the use of the two transducer types in the
medium-frequency-thickness regime, this section investigates
the relative ability of each transducer type to generate a pure
A0 mode at around 1.5 MHz-mm (150-Hz center frequency on
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Fig. 4. Two-dimensional FFT color plot [blue (low)–red (high) linear scale]
showing the excitation force amplitude in frequency–wavenumber space of
(a) 25.4-mm (1 in) compression wave piezoelectric transducer mounted on a
70° PMMA wedge with a five-cycle Hanning windowed toneburst signal in
time at a center frequency of 150 kHz. (b) Two-cycle meander coil EMAT with
a 17-mm wavelength in space and a five-cycle Hanning windowed toneburst
signal in time at a center frequency of 150 kHz.

a 10-mm thick steel waveguide). Different practical excitation
setups were studied for each of the transducer designs through
the use of 2-D FFT; for brevity, only the desired excitation
configurations are presented in this paper.

Fig. 4(a) shows the excitation force amplitude in the
frequency–wavenumber space for a 25.4-mm (1 in) com-
pression wave piezoelectric transducer mounted on a 70°
polymethyl methacrylate (PMMA) (cLw = 2710 m/s, ρ =
1180 kg/m3) wedge where the excitation signal in time
consists of a five-cycle Hanning windowed toneburst at a
center frequency of 150 kHz. In order to demonstrate the
effect of a real piezoelectric transducer that does not produce
a pure piston-like response, a Hanning window in space
was employed; this allows for significant reduction of side-
lobes while the wavenumber bandwidth of the central lobe
is increased compared to a piston-like response (not shown
here) [38]. Here it was found that a 25.4-mm (1 in) piezo-
electric transducer is sufficiently large to achieve a narrow
enough wavenumber bandwidth to suppress the undesired
wave modes. Fig. 4(a) also displays a mismatch between the
position of the peak force amplitude and the A0 mode disper-
sion curve; this is because the phase velocity of the A0 mode at
1.5 MHz-mm (cp = 2610 m/s) is smaller than the longitudinal

Fig. 5. Two-dimensional FFT color plot [blue (low)–red (high) linear scale]
showing the excitation force amplitude in frequency–wavenumber space of a
25.4-mm (1 in) compression wave piezoelectric transducer mounted on a 60°
PMMA wedge with a five-cycle Hanning windowed toneburst signal in time
at a center frequency of 1.8 MHz.

wave velocity in the PMMA wedge (cLw = 2710 m/s) and as
demonstrated by (5), ideal selectivity cannot be achieved with
PMMA wedge excitation.

Fig. 4(b) illustrates the excitation force amplitude for a
two-cycle meander coil EMAT with a 17-mm wavelength in
space (λ) and a five-cycle Hanning windowed toneburst signal
in time at a center frequency of 150 kHz. It can be seen that
due to the evident separation of the A0 and S0 dispersion
curves, the use of a two-cycle coil in space and a five-
cycle toneburst signal in time provides sufficiently narrow
wavenumber and frequency bandwidths for pure A0 mode
excitation. Also, as shown in Fig. 4(b), the sidelobes do not
coincide with the undesired modes hence maintaining pure
mode excitation.

B. High-Frequency-Thickness Regime

The example studied in the high-frequency-thickness
regime concerns the relative ability of each transducer
type to produce pure mode excitation of the A1 mode at
18 MHz-mm (1.8-MHz center frequency on a 10-mm-thick
steel waveguide). As above, a 2-D FFT is used to calculate
the frequency and wavenumber bandwidths in order to find
the optimum setup for the best selectivity.

Fig. 5 shows the excitation force amplitude in frequency–
wavenumber spectrum for a 25.4-mm (1 in) compression wave
piezoelectric transducer mounted on a 60° PMMA wedge
where the excitation signal in time consists of a five-cycle Han-
ning windowed toneburst at a center frequency of 1.8 MHz;
as before, a Hanning window in space was also applied
along the projected length (L) in order to mimic the real
response of a piezoelectric transducer. As predicted [by (4)],
the relationship between the frequency and wavenumber of
the wedge excitation is represented as a straight line with a
constant slope in the frequency–wavenumber spectrum which,
as shown in Fig. 5, runs roughly parallel to the dispersion
curves; this means that the frequency bandwidth, which is
determined by the signal in time, plays a less crucial role in
the selectivity process. Therefore, for a fixed center frequency,
the selectivity is dictated by the size of the transducer and the
angle of the wedge [38].
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Fig. 6. Two-dimensional FFT color plot [blue (low)–red (high) linear scale]
showing the excitation force amplitude in frequency–wavenumber space of
a 30-cycle meander coil EMAT with a 1.8-mm wavelength in space and an
excitation signal in time of (a) five-cycle Hanning windowed toneburst at a
center frequency of 1.8 MHz; (b) 50-cycle Hanning windowed toneburst at a
center frequency of 1.8 MHz.

Fig. 6(a) illustrates the excitation force amplitude for a
30-cycle meander coil EMAT with a 1.8-mm wavelength in
space (λ) and a five-cycle Hanning windowed toneburst signal
in time at a center frequency of 1.8 MHz. Here, it is clear
that the frequency and wavenumber bandwidths are com-
pletely independent of each other, which results in a gradient
mismatch between the dispersion curves and the excitation
force distribution. This means that pure mode excitation of
the A1 mode is not possible with a similar signal in time to
that used for the wedge excitation. Consequently, in order to
suppress the excitation of the other modes compared to the
A1 mode, a narrower frequency bandwidth is required.

Fig. 6(b) illustrates the excitation force amplitude for the
same meander coil (30-cycle with a 1.8-mm wavelength in
space) but with a 50-cycle Hanning windowed toneburst signal
in time at a center frequency of 1.8 MHz. The significant
narrowing of the frequency bandwidth is clearly evident which
provides better selectivity of the A1 mode. It should be
noted that due to the small wavelength of A1 at 18 MHz-
mm (∼1.8 mm), the 50-cycle signal in time maintains good
spatial resolution as the total pulsewidth is around 90 mm.

IV. EXPERIMENTAL VALIDATION

In order to establish the validity of the analytical pre-
dictions on the ability of each transducer type to generate

Fig. 7. Schematic of the experimental setup.

pure mode excitation of the A0 and A1 modes, experimen-
tal measurements on a steel plate were performed. In the
medium-frequency-thickness regime, group velocity measure-
ments were sufficient to identify the propagating mode(s)
while for the high-frequency-thickness regime, as with the
analytical predictions, 2-D FFT was employed on the surface
time traces recorded via a line scan.

A. Experimental Setup

Fig. 7 illustrates the configuration of the experimental
setup used on a 10-mm-thick steel plate. The excitation
toneburst was generated via a HandyScope HS3 connected
to a computer, the signal being amplified using a RITEC
RPR4000 gated amplifier (Ritec Inc., Warwick, RI, USA).
In the case of EMAT measurements, transformers were used
both for excitation and reception in order to match the rel-
atively low impedance of the EMAT to the relatively high
impedance of the amplifier. The output signal from the receiver
was then amplified and recorded on a digital oscilloscope.

All the measurements presented here were obtained in
pitch-catch configuration. Also in order to ensure sufficient
resolution in the 2-D FFT, a line scan was carried out over a
200-mm distance with 0.5-mm step intervals.

B. Pure A0 Mode Excitation

Wedge excitation of the lower order Lamb modes has been
extensively covered in the literature [22]–[26] so only the
EMAT transduction was validated experimentally.

As in the predictions, the EMAT excitation was performed at
150-kHz center frequency via a five-cycle Hanning windowed
toneburst which was then amplified and fed into a two-cycle
out-of-plane meander coil EMAT with a 17-mm wavelength
in space; a similar EMAT was used for reception. To ensure
acceptable SNR, the EMATs were electrically shielded and
1000 averages were also performed.

Fig. 8 shows the normalized time trace obtained in pitch-
catch configuration over a propagation distance of around
400 mm. Here, the group velocity of the wave packet was
obtained through time-of-flight measurements where the peak
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Fig. 8. Time trace obtained in pitch-catch configuration on a 10-mm-thick
steel plate using two similar two-cycle meander coil EMATs with a 17-mm
wavelength in space over a propagation distance of around 400 mm; the
excitation was a five-cycle Hanning windowed toneburst at 150-kHz center
frequency.

Fig. 9. Picture of (a) 25.4-mm (1 in) diameter compression wave piezoelectric
transducer mounted on a 60° PMMA wedge probes on a 10-mm steel plate;
(b) 30-cycle flexible PCB meander coil with a 1.8-mm wavelength in space.

of the wave packet was obtained from a Hilbert transform of
the time trace. The wave packet shown in Fig. 8 had a group
velocity of 3250 m/s, which is within 1% of the group velocity
of the A0 mode obtained from the DISPERSE software [42].
The arrival times of the S0 and A1 modes are also displayed
in Fig. 8; here, the amplitude ratios of A0/S0 and A0/A1 are
around 30:1 and 18:1, respectively.

C. Pure A1 Mode Excitation

This section investigates the ability of each transducer
type to produce single-mode excitation of the A1 mode
at 18 MHz-mm. Due to the possibility of multiple modes
and their similar dispersion characteristics, a 2-D FFT was
employed for modal decomposition purposes.

Fig. 9(a) shows a pair of 25.4-mm (1 in) diameter
2.25-MHz center frequency piezoelectric compression wave
transducers (Panametrics A104S-RB) on a gel-coupled 60°
PMMA wedges on a 10-mm-thick steel plate, the excitation
being a five-cycle, 1.8-MHz center frequency Hanning
windowed toneburst.

Fig. 9(b) shows the 30-cycle flexible printed circuit
board (PCB) meander coil with a 1.8-mm wavelength in

Fig. 10. Time traces obtained in pitch-catch configuration on a 10-mm steel
plate with around 350-mm probe separation using (a) two similar probes
consisting of a 25.4-mm (1 in) diameter compression wave piezoelectric
transducer mounted on a gel-coupled 60° PMMA wedge where the excitation
was performed with a five-cycle Hanning windowed toneburst at 1.8-MHz
center frequency; (b) two similar 30-cycle meander coil EMATs with a
1.8-mm wavelength in space where the excitation was performed with a
50-cycle Hanning windowed toneburst at 1.8-MHz center frequency.

Fig. 11. (a) Two-dimensional FFT color plot [blue (low)–red (high)
linear scale] of experimental signal recorded from surface line scan using a
25.4-mm (1 in) diameter compression wave piezoelectric transducer mounted
on a gel-coupled 60° PMMA wedge for a 50-cycle 1.8-MHz center frequency
Hanning windowed toneburst excitation signal generated via a similar piezo-
electric probe. (b) Amplitude as a function of wavenumber at center frequency
(1.8 MHz) obtained from (a).

space used for the EMAT where the excitation was again
performed at 1.8-MHz center frequency but in this case using
a 50-cycle Hanning windowed toneburst. Again, the EMATs



654 IEEE TRANSACTIONS ON ULTRASONICS, FERROELECTRICS, AND FREQUENCY CONTROL, VOL. 65, NO. 4, APRIL 2018

Fig. 12. (a) Two-dimensional FFT color plot [blue (low)–red (high)
linear scale] of experimental signal recorded from surface line scan using a
25.4-mm (1 in) diameter compression wave piezoelectric transducer mounted
on a gel-coupled 60° PMMA wedge for a 50-cycle 1.8-MHz center frequency
Hanning windowed toneburst excitation signal generated via a 30-cycle
meander coil EMAT. (b) Amplitude as a function of wavenumber at center
frequency (1.8 MHz) obtained from (a).

were electrically shielded and 1000 averages were used for
each measurement.

Fig. 10(a) shows the time trace obtained using angled
wedge excitation in pitch-catch configuration over a 350-mm
propagation distance; here the presence of a dominant mode
is clearly evident. Fig. 10(b) shows the corresponding time
trace for the out-of-plane meander coil EMAT where again
the presence of a dominant mode is apparent; in this case the
signal duration is much higher because of the use of a 50-cycle
excitation signal. For both dominant wave packets displayed
in Fig. 10(a) and (b), the group velocity was found to be
within 1.5% of the A1 mode group velocity obtained from
the DISPERSE software [42]. It is noteworthy that the rela-
tively short propagation distance (dictated by the experimental
setup), at which Fig. 10(a) and (b) time traces were obtained,
is not sufficient for complete mode separation as the A1 and
S1 modes exhibit similar dispersion characteristics, therefore
Fig. 10(a) and (b) do not indicate the true displacement
amplitude ratios.

To further confirm the presence of a dominant A1 mode,
a 2-D FFT was performed on the time traces obtained from
a 200-mm line scan; the EMAT was very difficult to scan
accurately at the small intervals necessary for the 2-D FFT, due

to its particular design involving the use of strong magnets,
so for both excitation transducer types, the time traces were
recorded via a 25.4-mm (1 in) diameter compression wave
piezoelectric transducer mounted on a gel-coupled 60° PMMA
wedge which was moved at intervals of 0.5 mm in the direction
of propagation; here a fine adjustment screw was used to push
the probe along guiding tracks and to accurately measure
the movement of the probe, a digital Vernier caliper was
employed. Fig. 11(a) shows the amplitude in the frequency–
wavenumber spectrum for the piezoelectric probe, where,
as also predicted analytically, A1 is the dominant mode.
Fig. 11(b) shows the amplitude as a function of wavenumber
at the center frequency (1.8 MHz) obtained from the 2-D FFT
of Fig. 11(a); here, the presence of the A1 mode is clearly
evident and its amplitude is 2.5 and 10 times higher than that
of the S1 and A2 modes, respectively.

Fig. 12(a) shows the linear scale amplitude in the
frequency–wavenumber spectrum for the meander coil EMAT
transducer, where again, A1 is the dominant mode. Fig. 12(b)
shows the amplitude as a function of wavenumber at the center
frequency (1.8 MHz) obtained from the 2-D FFT of Fig. 12(a);
this shows that the A1 mode is dominant but the precise
EMAT–EMAT amplitude ratios cannot be determined because
of the use of a wedge receiver rather than the EMAT–EMAT
system that was used in the result of Fig. 10(b).

V. CONCLUSION

The relative ability of the angled piezoelectric and meander
coil EMAT probes to give pure mode excitation in the medium
and high-frequency-thickness Lamb mode regimes has been
investigated. Analytical predictions of the excitation force
amplitude were obtained by simulating the surface forces asso-
ciated with each transducer followed by the use of a 2-D FFT
to highlight the excitation region in wavenumber–frequency
space. It was found that with angled wedge excitation there
is a linear relationship between the excitation frequency and
the wavenumber which means that the excitation tends to
track typical dispersion curves, allowing for easier pure mode
generation. In contrast, the EMAT controls frequency and
wavenumber separately which makes it more difficult to gen-
erate a pure mode when dispersion curves are close together.

First, the excitation of the A0 mode at 1.5 MHz-mm with
each transducer type was considered; here, it was found that
either of the transducer types operate well due to the wide
separation of the dispersion curves. It was shown that good
selectivity for the A0 mode can be achieved with a simple
two-cycle meander coil EMAT.

Excitation of the A1 mode at 18 MHz-mm was also studied
analytically for each transducer type. In the case of wedge
excitation, it was shown that given the small wavelengths
at higher frequencies, a typical piezoelectric probe is many
wavelengths in diameter, allowing for the excitation to be
centered on a narrow wavenumber bandwidth which improves
the possibility of pure mode transduction even at a high modal
density region of the dispersion curves. As mentioned, due
to the nature of the meander coil EMAT, it is more difficult
to generate a pure mode at a high modal density region of
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the dispersion curves; however, acceptable selectivity could
be achieved by narrowing the frequency bandwidth through
increasing the number of cycles in the excitation signal.
Given the high frequency, this could be achieved while still
maintaining a pulselength below ∼30 μs; this would give
adequate spatial resolution in applications where the aim is
to inspect over a range of several meters.

Experimental measurements were carried out on a 10-mm-
thick steel plate to validate the analytical predictions. The
measurements showed good agreement with the predicted
results, establishing the possibility of pure mode generation
at medium and high-frequency-thickness products with both
angled piezoelectric and EMAT probes.

REFERENCES

[1] D. N. Alleyne, M. J. S. Lowe, and P. Cawley, “The reflection of guided
waves from circumferential notches in pipes,” J. Appl. Mech., vol. 65,
no. 3, pp. 635–641, Sep. 1998.

[2] P. J. Mudge and P. Catton, “Quantification of defect size from long range
guided wave ultrasonic tests on pipes,” in Proc. AIP Conf., vol. 975.
2008, pp. 147–154.

[3] R. Carandente, J. Ma, and P. Cawley, “The scattering of the fundamental
torsional mode from axi-symmetric defects with varying depth profile in
pipes,” J. Acoust. Soc. Amer., vol. 127, no. 6, pp. 3440–3448, Jun. 2010.

[4] J. L. Rose, M. J. Avioli, P. Mudge, and R. Sanderson, “Guided wave
inspection potential of defects in rail,” NDT E Int., vol. 37, no. 2,
pp. 153–161, Mar. 2004.

[5] W. Mohr and P. Holler, “On inspection of thin-walled tubes for trans-
verse and longitudinal flaws by guided ultrasonic waves,” IEEE Trans.
Sonics Ultrason., vol. SU-23, no. 5, pp. 369–373, Oct. 1976.

[6] P. Belanger, P. Cawley, and F. Simonetti, “Guided wave diffraction
tomography within the born approximation,” IEEE Trans. Ultrason.,
Ferroelect., Freq. Control, vol. 57, no. 6, pp. 1405–1418,
Jun. 2010.

[7] T. Clarke, F. Simonetti, S. Rohklin, and P. Cawley, “Development of a
low-frequency high purity A0 mode transducer for SHM applications,”
IEEE Trans. Ultrason., Ferroelect., Freq. Control, vol. 56, no. 7,
pp. 1457–1468, Jul. 2009.

[8] N. Hu, T. Shimomukai, H. Fukunaga, and Z. Su, “Damage identification
of metallic structures using A0 mode of Lamb waves,” Struct. Health
Monitor., vol. 7, no. 3, pp. 271–285, Jul. 2008.

[9] M. Seher, P. Huthwaite, M. J. S. Lowe, and P. B. Nagy, “Model-based
design of low frequency Lamb wave EMATs for mode selectivity,”
J. Nondestruct. Eval., vol. 34, no. 3, p. 22, Sep. 2015.

[10] M. Seher, P. Huthwaite, M. Lowe, P. Nagy, and P. Cawley, “Numerical
design optimization of an EMAT for A0 Lamb wave generation in steel
plates,” in Proc. AIP Conf., 2014, vol. 1581. no. 1, pp. 340–347.

[11] B. Herdovics and F. Cegla, “Structural health monitoring using torsional
guided wave electromagnetic acoustic transducers,” Struct. Health Mon-
itor., vol. 17, no. 1, pp. 24–38, 2016.

[12] Y. Y. Kim, C. I. Park, S. H. Cho, and S. W. Han, “Torsional wave
experiments with a new magnetostrictive transducer configuration,”
J. Acoust. Soc. Amer., vol. 117, no. 6, pp. 3459–3468, Jun. 2005.

[13] S. A. Vinogradov, “Magnetostrictive transducer for torsional guided
waves in pipes and plates,” Mater. Eval., vol. 67, no. 3, pp. 333–341,
2009.

[14] P. D. Wilcox, M. Lowe, and P. Cawley, “The effect of dispersion on long-
range inspection using ultrasonic guided waves,” NDT E Int., vol. 34,
no. 1, pp. 1–9, 2001.

[15] D. N. Alleyne and P. Cawley, “Optimization of Lamb wave inspection
techniques,” NDT E Int., vol. 25, no. 1, pp. 11–22, Jan. 1992.

[16] D. N. Alleyne and P. Cawley, “The interaction of Lamb waves with
defects,” IEEE Trans. Ultrason., Ferroelect., Freq. Control, vol. 39,
no. 3, pp. 381–397, May 1992.

[17] J. L. Rose, S. P. Pelts, and M. J. Quarry, “A comb transducer model
for guided wave NDE,” Ultrasonics, vol. 36, nos. 1–5, pp. 163–169,
Feb. 1998.

[18] T. R. Hay and J. L. Rose, “Flexible PVDF comb transducers for
excitation of axisymmetric guided waves in pipe,” Sens. Actuators A,
Phys., vol. 100, no. 1, pp. 18–23, Aug. 2002.

[19] M. J. Quarry and J. L. Rose, “Multimode guided wave inspection
of piping using comb transducers,” Mater. Eval., vol. 57, no. 10,
pp. 1089–1090, 1999.

[20] P. Wilcox, M. Castaings, R. Monkhouse, P. Cawley, and M. Lowe,
“An example of the use of interdigital PVDF transducers to generate
and receive a high order Lamb wave mode in a pipe,” in Review of
Progress in Quantitative Nondestructive Evaluation. Boston, MA, USA:
Springer, 1997, pp. 919–926.

[21] J. J. Ditri, J. L. Rose, and G. Chen, “Mode selection criteria for
defect detection optimization using Lamb waves,” Rev. Prog. Quant.
Nondestruct. Eval., vol. 11B, pp. 2109–2115, 1992.

[22] J. L. Rose, Ultrasonic Guided Waves in Solid Media. New York, NY,
USA: Cambridge Univ. Press, 2014.

[23] P. D. Wilcox, M. J. S. Lowe, and P. Cawley, “Mode and transducer
selection for long range Lamb wave inspection,” J. Intell. Mater. Syst.
Struct., vol. 12, no. 8, pp. 553–565, 2001.

[24] J. J. Ditri, J. L. Rose, and A. Pilarski, “Generation of guided waves
in hollow cylinders by wedge and comb type transducers,” Rev. Prog.
Quant. Nondestruct. Eval., vol. 12A, pp. 211–218, 1993.

[25] J. L. Rose, “A baseline and vision of ultrasonic guided wave inspection
potential,” J. Pressure Vessel Technol., vol. 124, no. 3, pp. 273–282,
2002.

[26] J. Li and J. L. Rose, “Excitation and propagation of non-axisymmetric
guided waves in a hollow cylinder,” J. Acoust. Soc. Amer., vol. 109,
no. 2, pp. 457–464, 2001.

[27] H.-J. Salzburger, F. Niese, and G. Dobmann, “Emat pipe inspection with
guided waves,” Welding World, vol. 56, nos. 5–6, pp. 35–43, May 2012.

[28] H. J. Salzburger, “EMAT’s and its potential for modern NDE-state of
the art and latest applications,” in Proc. IEEE Int. Ultrason. Symp.,
Sep. 2009, pp. 621–628.

[29] R. B. Thompson, G. A. Alers, and M. A. Tennison, “Application of direct
electromagnetic Lamb wave generation to gas pipeline inspection,” in
Proc. Ultrason. Symp., Oct. 1972, pp. 91–94.

[30] Z. Guo, J. D. Achenbach, and S. Krishnaswamy, “EMAT generation and
laser detection of single Lamb wave modes,” Ultrasonics, vol. 35, no. 6,
pp. 423–429, Sep. 1997.

[31] S. Dixon and S. B. Palmer, “Wideband low frequency generation and
detection of Lamb and Rayleigh waves using electromagnetic acoustic
transducers (EMATs),” Ultrasonics, vol. 42, no. 10, pp. 1129–1136,
Aug. 2004.

[32] J. Chandrasekaran, C. V. Krishnamurthy, and K. Balasubramaniam,
“Axial higher order modes cluster (A-HOMC) guided wave for pipe
inspection,” in Proc. AIP Conf., 2010, vol. 1211. no. 1, pp. 161–168.

[33] L. Satyarnarayan, J. Chandrasekaran, B. Maxfield, and
K. Balasubramaniam, “Circumferential higher order guided wave
modes for the detection and sizing of cracks and pinholes in pipe
support regions,” NDT E Int., vol. 41, no. 1, pp. 32–43, Jan. 2008.

[34] C. Jayaraman, C. V. Krishnamurthy, and K. Balasubramaniam, “Higher
order modes cluster (HOMC) guided waves—A new technique for NDT
inspection,” in Proc. AIP Conf., 2009, vol. 1096. no. 1, pp. 121–128.

[35] D. Ratnam, K. Balasubramaniam, and B. W. Maxfield, “Generation and
detection of higher-order mode clusters of guided waves (HOMC-GW)
using meander-coil EMATs,” IEEE Trans. Ultrason., Ferroelect., Freq.
Control, vol. 59, no. 4, pp. 727–737, Apr. 2012.

[36] A. A. Swaminathan, B. K. Balasubramaniam, C. I. Anto, and K. S.
Venkataraman, “Higher order mode cluster (HOMC) guided wave testing
of corrosion under pipe supports (CUPS),” Proc. Nat. Seminar Exhib.
Non-Destruct. Eval., pp. 224–227, 2011.

[37] J. Chandrasekaran, I. Anto, K. Balasubramaniam, and
K. S. Venkataraman, “Higher order modes cluster (HOMC) guided
waves for online defect detection in annular plate region of above-
ground storage tanks,” Insight-Non-Destr. Test. Condition Monitor.,
vol. 51, no. 11, pp. 606–611, 2009.

[38] P. Khalili and P. Cawley, “Excitation of single-mode Lamb waves at
high-frequency-thickness products,” IEEE Trans. Ultrason., Ferroelect.,
Freq. Control, vol. 63, no. 2, pp. 303–312, Feb. 2016.

[39] B. Masserey and P. Fromme, “Fatigue crack growth monitoring
using high-frequency guided waves,” Struct. Health Monitor., vol. 12,
nos. 5–6, pp. 484–493, Sep. 2013.

[40] B. Masserey and P. Fromme, “Surface defect detection in stiffened
plate structures using Rayleigh-like waves,” NDT E Int., vol. 42, no. 6,
pp. 564–572, Sep. 2009.

[41] M. Hirao, H. Fukuoka, and Y. Miura, “Scattering of Rayleigh surface
waves by edge cracks: Numerical simulation and experiment,” J. Acoust.
Soc. Amer., vol. 72, no. 2, pp. 602–606, Aug. 1982.



656 IEEE TRANSACTIONS ON ULTRASONICS, FERROELECTRICS, AND FREQUENCY CONTROL, VOL. 65, NO. 4, APRIL 2018

[42] B. Pavlakovic, M. Lowe, D. N. Alleyne, and P. Cawley, “Disperse:
A general purpose program for creating dispersion curves,” Rev. Prog.
Quant. Nondestruct. Eval., vol. 16A, pp. 185–192, 1997.

[43] S. Grondel, C. Paget, C. Delebarre, J. Assaad, and K. Levin, “Design
of optimal configuration for generating A0 Lamb mode in a composite
plate using piezoceramic transducers,” J. Acoust. Soc. Amer., vol. 112,
no. 1, pp. 84–90, 2002.

[44] B. Xu and V. Giurgiutiu, “Single mode tuning effects on Lamb wave
time reversal with piezoelectric wafer active sensors for structural health
monitoring,” J. Nondestruct. Eval., vol. 26, nos. 2–4, pp. 123–134,
Dec. 2007.

[45] T. Clarke, F. Simonetti, S. Rokhlin, and P. Cawley, “Evaluation of the
temperature stability of a low–frequency A0 mode transducer developed
for SHM applications,” in Proc. AIP Conf., vol. 975. 2008, pp. 910–917.

[46] V. A. Attarian, F. B. Cegla, and P. Cawley, “Long-term stability of
guided wave structural health monitoring using distributed adhesively
bonded piezoelectric transducers,” Struct. Health Monitor., vol. 13, no. 3,
pp. 265–280, 2014.

[47] K. Mirkhani et al., “Optimal design of EMAT transmitters,” NDT E Int.,
vol. 37, no. 3, pp. 181–193, Apr. 2004.

[48] R. B. Thompson, “Physical principles of measurements with EMAT
transducers,” in Physical Acoustics. New York, NY, USA: Academic,
1990, pp. 157–200.

[49] R. Thompson, G. Alers, and M. Tennison, “Method for ultrasonic
inspection,” U.S. Patent 3 850 028, Nov. 26, 1974.

[50] C. F. Vasile, “Electromagnetic transducer,” U.S. Patent 4 127 035,
Nov. 28, 1978.

[51] C. F. Vasile, R. B. Thompson, and C. M. Fortunko, “Method and
apparatus for efficiently generating elastic waves with a transducer,”
U.S. Patent 4 248 092, Feb. 3, 1981.

[52] M. Hirao and H. Ogi, “An SH-wave EMAT technique for gas pipeline
inspection,” NDT E Int., vol. 32, no. 3, pp. 127–132, Apr. 1999.

[53] R. Ribichini, F. Cegla, P. B. Nagy, and P. Cawley, “Study and comparison
of different EMAT configurations for SH wave inspection,” IEEE Trans.
Ultrason., Ferroelect., Freq. Control, vol. 58, no. 12, pp. 2571–2581,
Dec. 2011.

[54] P. Wilcox, “Modeling the excitation of Lamb and SH waves by point
and line sources,” in Proc. AIP Conf., vol. 700. 2004, pp. 206–213.

[55] R. S. C. Monkhouse, P. D. Wilcox, and P. Cawley, “Flexible interdigital
PVDF transducers for the generation of Lamb waves in structures,”
Ultrasonics, vol. 35, no. 7, pp. 489–498, Nov. 1997.

Pouyan Khalili was born in Tehran, Iran,
in 1991. He received the M.Eng. (Hons.) degree
in mechanical engineering from University College
London (UCL), London, U.K., in 2014. He gained
interest in the field of non-destructive evalua-
tion (NDE) while studying at UCL, where he worked
on numerical modelling of ultrasonic guided waves
used to detect impact damage in aerospace com-
posites. He is currently pursuing the Ph.D. degree
with the Non-Destructive Testing Group, Imperial
College London, London, where he is working on

high-frequency guided waves and other methods of corrosion monitoring
applied in petrochemical plants.

Peter Cawley was born in Sheffield, England, U.K.,
in 1953. He received the B.Sc. and Ph.D. degrees
in mechanical engineering from the University of
Bristol, England, in 1975 and 1979, respectively.

He worked in industry from 1979 to 1981 and
then joined the Mechanical Engineering Department,
Imperial College, London, initially as a Lecturer and
then successively Senior Lecturer, Reader, and Pro-
fessor. He is currently the Head of the Mechanical
Engineering Department. He is a current director of
two spin-out companies set up to exploit technology

developed in his research group (Guided Ultrasonics Ltd., Brentford, U.K.,
and Permasense Ltd., Crawley, U.K.), and he is a consultant to a variety
of industries. He has worked on a wide variety of projects using sonic and
ultrasonic methods applied to NDE and he leads the Imperial College NDE
group. He is also a leading member of the UK Research Centre for NDE that
has its head office at Imperial College. He has authored or co-authored more
than 160 refereed journal papers and a similar number of conference papers
in this field and holds 4 current patents.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


