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Abstract—Shear horizontal (SH) guided waves can be gener-
ated by permanent magnet electromagnetic acoustic transducers
(PPM EMATs). Conventional PPM EMATs generate waves that
propagate both backwards and forwards. Recently, we presented
designs of side-shifted PPM EMATs that generate SH waves in
a single direction through the interference mechanism of two
independent periodic sources of forces. These designs, however,
can present unwanted backward side-lobes whose amplitude
decreases as the lateral separation between rows of magnets
shortens. Originally, the side-shift EMATs were fabricated with
two hand-wound multi-lap racetrack coils. This process is time-
consuming and hinders the possibility of short lateral separation
between magnets’ rows. In this paper, we present an alternative
fabrication method for this design using flexible printed circuit
boards that allow us to shorten the lateral separation, increase
repeatability and, consequently, enhance the unidirectional be-
havior of the side-shifted dual-PPM EMAT.

Index Terms—Electromagnetic acoustic transducers, unidirec-
tional generation, shear horizontal waves, guided waves, radiation
pattern, dual-PPM EMATs, PCB coils.

I. INTRODUCTION

Shear horizontal (SH) ultrasonic guided waves are com-
monly used in non-destructive evaluation of plates and pipes,
due to their advantages such as no energy leakage to non-
viscous liquid loading and readily operation with a single
non-dispersive propagation mode [1]–[4]. SH waves can be
generated, in conductive media, using periodic permanent
magnet electromagnetic acoustic transducers (PPM EMATs),
through the Lorentz principle [5], [6]. Conventional PPM
EMATs generate forward and backward travelling SH waves,
which can be an undesired characteristic. Unidirectional SH
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generation can be obtained with dual-PPM EMAT [7], through
the interference mechanism [8]. However, dual-PPM EMAT
can present unwanted backward side-lobes, which, despite
being nominally unidirectional, can still generate waves with
non-negligible energy to unwanted directions.

Recently, we have shown that dual side-shifted PPM EMATs
with a higher number of magnets’ rows and short lateral sepa-
ration between them present increasingly lower backward side-
lobes [9], therefore providing a more effective unidirectional
radiation pattern. However, the manual fabrication process of
the hand-wound coil brings constraints to the construction
parameters of the device: the lateral separation between rows
of magnets could not be reduced below 2 mm and the degree of
uniformity among coils turns was limited by the hand-crafting
nature of the fabrication process. In this paper, we use flexible
printed circuit boards, made of polyamide or polyester, in order
to achieve shorter lateral separations for the aforementioned
design, alongside more precise results.

II. CONVENTIONAL AND DUAL-PPM EMATS’ WAVE
GENERATION

Conventional PPM EMATs consist of a single racetrack coil
underneath an alternate-polarity array of magnets which is
placed on a conductive medium in order to generate SH waves
[10]. The electric current I flowing through the coil induces, in
the opposite direction, an eddy current density, J, which can
be approximated to only act on the medium’s surface. The
interaction between J and the static magnetic field produced
by the magnets, B, induces Lorentz forces in the medium’s
surface [10]:

F = J × B . (1)

By arranging the magnet array and coil, such that the
generated Lorentz forces are parallel to the surface of the



medium and perpendicular to the propagation direction, one
can generate SH waves [6]. Conventional PPM EMAT arrange-
ment generates backward and forward travelling waves, which
is often undesired, since the backward travelling wave can be
reflected in finite media and mix with the wave of interest,
generated in the forward direction. Unidirectional generation
can be achieved by resorting to the interference of spatially
separated and time-shifted wave sources [8], [11].

This requires at least two coils, in which two different
excitation pulses are applied. For SH waves generated by PPM
EMAT, one must be able to associate each coil with distinct ar-
rays of magnets. Previously, we presented a non-conventional
PPM EMAT arrangement that generates SH ultrasonic waves
in a single direction [7], the so-called side-shifted dual PPM
EMAT. This design consists of two racetrack coils and PPM
arrays where one set of coil and array is side-shifted relative
to the other, by a distance D, as shown in Fig. 1(a). The side
shift is necessary in order to accommodate for two independent
wave sources, produced by each coil and PPM set. Each PPM
array is represented, in Fig. 1(a), by the pair of red and blue or
magenta and cyan squares, respectively. Where red or magenta
represent a north-pole magnet and blue or cyan represent a
south-pole magnet. The longitudinal separation between the
two PPM arrays is λ/4 and when driving each coil with a
pair 90◦ phase-shifted current pulses, results in a unidirectional
PPM EMAT [8].

Due to the side shift, the waves generated by both PPM
arrays completely mutually cancel only at the centre-axis of
the EMAT on the backward semi-plane, represented by the
x-axis in Fig.1, and thus produce backward side-lobes. In [9]
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Fig. 1. Schematic of the side-shifted dual-PPM EMAT, with Q = 2 rows (a),
presented in [7] and Q = 3 rows (b), presented in [9]. Red and blue blocks
represent the north and south magnets’ poles of the first array, respectively.
While magenta and cyan represent the respective poles for the second array.
L is the magnets’ length, w is the magnets’ width, g is the gap between
magnets in the same array and D is the lateral separation between arrays.
The nominal wavelength, λ, is defined by λ = 2(L + g). The longitudinal
separation between PPM arrays, the key for the unidirectional generation, is
set to λ/4.

we have thoroughly investigated this design. It was observed
that either decreasing the lateral separation, D, or increasing
the number of rows of magnets, Q, decreases the intensity
of the backward side-lobes. Fig. 1(a) shows a side-shift dual-
PPM EMAT with two rows of magnets per array, whereas Fig.
1(b) shows one with three rows of magnets per PPM array.
Effective unidirectional generation with backward side-lobes
as low as -16 dB [9] was obtained with 4 rows of magnets
and D = 2 mm, which was the shortest lateral separation that
could be obtained with hand-wound coils.

III. DUAL PPM EMATS WITH FLEXIBLE PCBS

In order to achieve shorter lateral separation between rows
of magnets and more precise control over the EMATs fab-
rication process, flexible printed circuit boards (PCBs) were
chosen for the multi-lap racetrack coils. Each multi-lap race-
track coil was designed in PCB designer software, as shown in
Fig. 2(a), and then printed in separate sheets, either polyamide
or polyester. They were carefully cut, then placed and glued
on top of the other, forming the final dual multi-lap racetrack
coil, displayed in Fig. 2 (b) and (c). This process should ensure
that each straight section of a coil occupies the void section
of the other, and that all coils lie approximately at the same
height, to avoid different lift-off for each coil [12].

For the 100µm-thick polyester-based PCBs, we cut in
between all of the excess material from the straight sections
of the coils, and placed each racetrack coil together. This
ensures that the coils lie at the same height. A polyester-based
multi-lap racetrack coil, designed for a D = 3 mm dual-PPM
EMAT, is displayed in Fig. 2(b). For the polyamide-based
PCBs, since it is thinner (75µm-thick) and more flexible, each
coil was simply positioned and fixed on the top of the other
A polyamide-based multi-lap racetrack coil, designed for a
D = 3 mm dual-PPM EMAT, is displayed in Fig. 2(c). For
the sake of comparison, Fig. 2(d) shows the hand-wound coil
presented in [9].

IV. RESULTS

Experiments were performed following the experimental
setup described in [9] in order to measure the radiation pattern
of the generated SH0 mode in a 1.5mm-thick aluminium plate.
In total, 32 new dual-PPM EMATs designs were fabricated and

1 21 2 1 2

(a) (b) (c) (d)

1 2

Fig. 2. Software design for the fabricated PCB multi-lap racetrack coils (a)
and finals polyester-based (b), polyamide-based (c) and hand-wound (d) multi-
lap racetrack coils. Individual coils are represented by the 1 and 2 digits in
all figures.



TABLE I
CONSTRUCTION PARAMETERS OF THE POLYAMIDE AND
POLYESTER-BASED SIDE-SHIFTED DUAL-PPM EMATS.

λ w L g D Q
12 mm 5 mm 5 mm 1 mm 1, 2, 3 or 4 mm 1, 2, 3 or 4

tested using the aforementioned PCB multi-lap racetrack coils.
The experimental results were compared with the theoretical
ones obtained with the analytical model introduced in [13].
Their construction parameters are reported in Table I.

By extracting the peak-to-peak amplitude of the experi-
mentally received waveforms and normalizing it by the one
obtained at α = 0◦, where α is the azimuthal angle on
the surface of the aluminium plate, one can obtain the ex-
perimental radiation pattern of the applied design. Fig. 3
shows the radiation patterns for the polyamide-based (orange
crosses), polyester-based (green diamonds) and hand-wound
(black dots), whenever available, dual-PPM EMATs, while
also presenting the theoretical radiation pattern (blue line). For
the sake of brevity, it is only shown the radiation diagrams for
devices with Q = 3 rows of magnets per PPM array, and lat-
eral separation, D = 1 mm (a), D = 2 mm (b) and D = 3 mm
(c). Note that, all devices present unidirectional behavior with
virtually zero-amplitude wave at α = 180◦, but non-negligible
signals, or backward side-lobes, at 120◦ ≤ α ≤240◦. Also,
the shorter the lateral separation, the lower the intensity of the
backward side-lobes, in agreement with the findings in [9]. In
this paper, with the use of flexible PCBs, the lateral separation
was shortened down to D = 1 mm [Fig. 3(a)], providing better
unidirectional results, as can be seen comparing it with Fig.
3(b) and (c).

In order to quantitatively evaluate the effect of shorter
lateral separation on the device’s unidirectionality, the max-
imum magnitude of the backward propagating side-lobes was
extracted from the radiation pattern, as shown in Fig. 4. As
can be seen with the aid of the theoretical model (colored
lines), the shortest lateral separation of D = 1 mm (blue

TABLE II
ROOT MEAN SQUARE DIFFERENCE BETWEEN THEORETICAL AND

EXPERIMENTAL RADIATION PATTERNS OF THE FABRICATED DUAL-PPM
EMATS.

Polyamide Polyester Hand-Wound
RMSD 0.0434 0.0409 0.0537

line) indeed presented the lowest backward side-lobes. By
shortening the lateral separation from D = 2 mm to D = 1
mm, the highest theoretical backward side-lobes reduction
was obtained with Q = 4, in which the backward side-
lobes were decreased by 2.6 dB. Additionally, experimental
results with flexible PCB coils showed good agreement with
the theoretical ones. Some differences between the theoretical
and experimental values are noticeable, mainly for the D = 2
mm and Q = 4 configuration. This is due to the experimentally
evaluated angles not matching the exact angular position of the
maximum backward propagating side-lobe.

The precision of the fabricated dual-PPM EMAT devices
was quantified by computing the root-mean-square difference,
RMSD, between theoretical and experimentally obtained radi-
ation patterns, as the ones shown in Fig.3, given by:

RMSD =

√√√√√Nexp∑
e=1

N∑
i=1

(
V

(T )
αi − V

(e)
αi

)2

Nexp N
, (2)

where V
(T )
αi e V

(e)
αi are the theoretical and experimental

normalized peak-to-peak waveforms amplitudes, respectively,
for each angular position i and experiment e considering the
N = 40 angular measurement positions from αi = 0◦ to 360◦,
and the Nexp number of experiments performed for each type
of multi-lap dual racetrack coil technology, that is Nexp = 16
for PCB coils and Nexp = 12 for hand-wound ones. The
RMSD for each coil technology is reported in Table II.

The root-mean-square difference for each PCB technology
confirms that the flexible PCBs are more precise than the
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Fig. 3. Radiation pattern for the simulated (blue line), hand-wound (black dots), polyamide-based (orange crosses) and polyester-based (green diamonds)
PCBs, side-shifted PPM EMATs. The side-shift separation, D, was set to 1 mm (a), 2 mm (b) and 3 mm (c). The number of rows of magnets for each array
was fixed as Q = 3.
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Fig. 4. Magnitude of the backward propagating side-lobe as a function of the
number of rows of magnets per PPM array, Q, for several lateral separation
values D, for the polyamide-based (a), polyester-based (b) and hand-wound
(c) coils, where D = 1 mm was not investigated as the coil was difficult to be
manually fabricated. Lines are theoretical values and markers are experimental
results.

hand-wound coils. Within the PCBs, the polyester-based coils
presented slightly better results, likely due to the fact that the
straight sections were all placed strictly at the same height
from the medium’s surface, avoiding any unequal generated
forces due to slightly differences in lift-off for both PPM
arrays which can still be present in the polyamide-based PCBs.
However, due to the slight difference in RMSD values between
the polyamide and polyester-based PCBs, the former presents a
good trade-off, since it was the easiest to fabricate and showed
fairly precise experimental results.

V. CONCLUSIONS

In this work, we continued the investigation of the side-
shifted dual-PPM EMAT design for the unidirectional genera-
tion of SH ultrasonic waves. By using flexible printed circuit
boards made of either polyamide or polyester, we were able
to reduce the minimum lateral separation, D, from 2 mm
to 1 mm. This approach decreased the theoretical magnitude
of the backward propagating side-lobes from approximately
−13.0 dB to about −15.6 dB, when using Q = 4 rows of
magnets per PPM. In total, 32 new side-shifted PPM EMATs
were fabricated using flexible PCB technology, with separation
between rows ranging from 1 to 4 mm and the number of rows
per PPM array from 1 to 4.

By analysing the root-mean-square difference between ex-
perimental and theoretical radiation patterns for each type of

racetrack coil technology, the use of flexible PCBs proved
to be important for the fabrication of dual-EMATs. The
polyamide-based coils presented low differences relative to
theoretical radiation patterns, and the simplest fabrication
process, therefore, being the most suitable for fabricating dual-
PPM EMAT-like devices. With this PCB technology, not only
the radiation pattern was closest to the theoretical one, but the
whole fabrication procedure was standardized and improved
when compared to the hand-wound procedure, consequently
allowing shorter lateral separation between the magnets’ row.
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