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ABSTRACT

This paper gives short notes on the electromagnetic acoustic transdu-
cers (EMATs) design and modeling. The principle of the electromagnetic-
acoustic transduction as well as the various EMATs structures are des-
cribed, highlighting the important characteristics of each structure. Ana-
lytical models are given in global quantities in order to quantify the
electromagnetic-acoustic transduction e¢ ciency. The numerical modeling
of such structures is also addressed.

c
2017 LESI. All rights reserved.

1. Introduction

Electromagnetic acoustic transducers (EMATs) are intended for acoustic wave genera-
tion and sensing in conductive material without physical contact, mainly for applications
related to material characterization and non-destructive testing (NDT). They are advan-
tageous in situations such as the material to be studied is fragile, moving, heated to a
very high temperature, or containing impurities to the surface. Moreover, EMATs o¤er
the ability to control the direction and polarization of the acoustic wave by a simple ac-
tion on their con�guration or their supply. Despite their advantages, EMATs were granted
little interest for years due to their relatively low signal to noise ratio compared to clas-
sical acoustic transducers. However, the advances achieved in electronics and in signal
processing make EMATs to be interesting alternatives for material control and charac-
terization, and even for energy transfer and data communication. They arouse growing
interest among the scienti�c community, concerning their design [1-8], modelling [9-14]
and applications [15-21]. In this context, this paper gives short notes on EMATs design
and modeling. Di¤erent structures of EMATs are described highlighting some in�uent
parameters on the electromagnetic acoustic transduction.
The next section deals with the EMATs operation principle. Di¤erent EMATs structures

and characteristics are described in the following sections. The last section addresses the
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numerical modelling of EMATs.

2. EMAT operation

An EMAT is constituted of a high frequency (HF) inductor and a permanent magnet or
an electromagnet creating a static magnetic �eld. Most EMATs operate via Lorenz forces
(F ) resulting from the interaction between eddy currents (J) created by the HF inductor
in the tested material and the magnetostatic �eld density (B) created by the permanent
magnet or electromagnet (Fig. 1).

~F = ~J � ~B (1)

The eddy currents, and thus the Lorenz forces, are created in the skin depth, depending
on the magnetic permeability and the electrical conductivity of the tested material, and
the operating frequency of the HF inductor. It generally varies from 0.05 to 0.5mm in
the MHz range [3]. When the tested material is ferromagnetic, magnetostrictive forces are
also created in the tested material. Some types of EMATs use essentially magnetostrictive
forces [5, 11].
For the reception, the interaction between an acoustic wave and the magnetostatic

induction of the EMAT generates eddy currents in the tested material which can be
expressed as follows, where is the acoustic wave velocity [12] :

~J = � ~v � ~B (2)

The magnetic �eld associated to these eddy currents induces a voltage in a sensing coil
which can be the same coil used for the emission.

Fig. 1 �EMATs for : (a) longitudinal and (b) transverse waves.

3. EMATs con�gurations

Figure 1 shows two con�gurations of EMATs. The con�guration that directs the ma-
gnetostatic induction parallel to the surface of the material gives rise to longitudinal
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(compression) waves (Fig. 1-a), and the con�guration that directs the magnetostatic in-
duction perpendicular to the material surface gives rise to transverse waves (Fig. 1-b).
Figure 2 shows the commonly used HF inductors. The spiral coil (�g. 2-a) is very

e¤ective for generating radially polarized shear waves [6]. The disadvantage of this coil is
that it does not generate pure transverse waves. The ratio between the amplitudes of the
transverse and the longitudinal parts of the generated waves is given by (3) [3], where RS
is the spiral coil radius and DM is the magnet diameter (Fig. 1-b).

R (? � ==) = 0:5 (RS= DM)
2 (3)

The double spiral coil (Fig. 2-b) is used for longitudinal waves. The serpentine (meander
line) coil (Fig. 2-c) allows controlling the orientation of the generated acoustic wave by
acting on the supply frequency or on the width of its spatial period. The relation between
the surface acoustic waves velocity (v), the supply frequency (f) and the spatial period
of the serpentine (2d) is given by (4), where � is the angle between the vector normal to
the material surface and the direction of the acoustic wave [16-17].

Fig. 2 �The commonly used inductors.

sin � =
v

2 d f
(4)

By choosing appropriate frequency or appropriate spatial period of the serpentine,
surface waves (� = �=2) can be generated. For thin plates, the surface waves can be
transformed into plate waves when the distance (d) between the serpentine wires is greater
than the material thickness [3]. Notice that, according to (4), the acoustic wave cannot
be oriented in the direction normal to the surface (� = 0).
The directivity factor D(�) of a serpentine coil is given as follows [4, 7] :

D(�) =
sin

�
N  (� )

2

�
N sin

�
 (� )
2

� ej ( N � 1 )
 (� )
2 (5)
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 (�) =
!

v
d sin (� ) + � (6)

In (5) and (6), N is the number of the coil conductors, ! is the angular frequency and
' is the electrical phase di¤erence between the currents passing through two adjacent
conductors of the coil (' = �).
Figure 3 shows the variation of the directivity as function of the frequency, for two

values of serpentine coil wires, for a surface wave (� = �=2) in aluminum. The maximum
directivity is obtained for frequencies equal to odd multiples of the ratio �=(2d), where
� is the acoustic wave velocity and d is the distance between the serpentine wires. We
can notice that increasing the number of wires enhances the frequency resolution of the
EMAT.

Fig. 3 �Variation of the directivity of a : (a) 10 wires and (b) 50 wires serpentine coil as
function of the frequency, for a surface wave in aluminum material.

According to (6) the electric phase di¤erence between two adjacent conductors is
another way to control the orientation of the acoustic wave. For example, a wave at
normal incidence (� = 0) is obtained for a phase shift (' = 0), which corresponds to the
con�guration of the double spiral coil shown in Fig. 2-b. However, to apply any phase
shift, each conductor must be supplied separately which may increase the complexity of
the EMAT structure.
In the reception mode, the open circuit voltage induced in a serpentine coil is given as

function of the directivity as follows [7] :

V1 = N L BD ( � ) vt sin c ( !
g sin �

2 v
) e� ! W sin �

v (7)

In 7, is the angular frequency, B is the magnitude of the magnetic �ux density, v and
�t are respectively the acoustic wave speeds in the directions � and � = �=2 (tangent to
the surface of tested material), N and L are respectively the serpentine wires number and
length, W is the serpentine coil width and g is the gap between the serpentine coil and
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the tested material surface (Fig. 1).
For a given frequency, using a serpentine inductor, the acoustic beam can also be focused

on a point (P ) by varying the distance (d) between the wires (Fig. 4), according to the
following relation [11] :

sin � i =
v

2dif
(8)

In a �xed coordinate system (R, �), as shown in Fig. 4, the relation (8) can be written
as follows [11] :

sin �i =
jR sin � � xi � di= 2 jq

(R cos � )2 + (R sin � � xi � di=2 )
2

(9)

Fig. 4 �Acoustic beam focusing.

4. The transfer impedance

The transfer impedance Z characterizes the sensitivity of an EMAT [3]. The performance
of an EMAT is conditioned by its transfer impedance ; the latter has to be feeble in the
emission mode and of important value in the reception mode.
As given in (10), it is the ratio between the induced voltage (V ) by an acoustic wave and

the electrical current (I) that has generated the latter. The transfer impedance accounts
for all the factors that a¤ect the electromagnetic acoustic transduction. It can be expressed
as the product of the intrinsic impedance of the EMAT (Zi) with a function F that
represents the extrinsic factors that in�uence the transduction.

Z = FZi = V I�1 (10)

The intrinsic transfer impedance is given by (11), where ZA is the acoustic wave im-
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pedance, B is the magnitude of the magnetostatic �ux density, N is the number of wires
(or turns) of the HF coil and S is the surface of the latter [3].

Z i = B2N2 S Z�1A (11)

If di¤erent elements are used for the emission and reception, the intrinsic impedance is
given by (11-1), where the subscripts E and R are related respectively the emission and
reception elements.

Zi = BE BRNE NR (SESR)
1=2Z�1A (12)

The most in�uent parameter is the gap (g) between the EMAT and the surface of
the material. It has an in�uence on the eddy currents and on the magnetic �ux density
distribution in the material. This in�uence can be expressed as follows [3] :
F g � ( 1 � 2 g

X
) e�

2 � g
Y

The relation 12 is only valid for g � 0:1X, where the parameter X represents the width
of the magnetic circuit : X = G for the structure presented in Fig. 1-a, and X = DM for
the structure presented in Fig. 1-b. The parameter Y represents the width of the HF coil
periodicity : Y = Rs for the single spiral coil (Fig. 2-a), Y = W for the double spiral coil
(Fig. 2-b) and Y = 2d for the serpentine coil (Fig. 2-c).

5. Numerical modeling of EMATs

The modeling using global quantities as presented above is useful for EMATs pre-design
but it is insu¢ cient for the optimization and the evaluation of the interaction with the
tested material. In this case, modeling using local quantities is necessary [9-13].

Fig. 5 �EMAT-tested sample system.

As presented in Fig. 5, an EMAT-sample system is constituted of a magnetostatic
source region (1), a HF magnetic source region (2), and a conductive sample subject to
eddy currents and acoustic wave propagation (3). All these active regions are separated
by air which is, in this case, an inactive region for both the electromagnetic and acoustic
quantities.
The coupled electromagnetic acoustic problem can be expressed as follows :
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D( ~A) = ~J + ~JS (13)

W (~u) = ~J � ~B + ~Fm (14)

~J = (� + "@t )
�
@t ~A+ ~rV

�
+ � ~B � @t~u (15)

In 13, 14 and 15, D and W are functionals involving time and space simple and double
derivatives, A and V are respectively the magnetic vector and electric scalar potentials,
B is the magnetostatic �ux density, � is the electrical conductivity, " is the electrical
permittivity, Js is a source current density, u is the displacement vector, @t denotes a
time derivative and Fm represents magnetic forces [14].
Analytical and numerical methods based on �nite element (FEM) and �nite di¤erence

(FD) in time and frequency domains are commonly used to solve the coupled problem.
However, if these methods generally converge, the spatio-temporal modeling may be consi-
derably time consuming, unless making some assumptions and simpli�cations.
For the used frequencies, the displacement currents (i.e. the term "@t.) can be neglected.

In many problems, 2D modeling may be su¢ cient ; in this case, the electric scalar potential
is not necessary, since the problem of the electrical current conservation does not arise.
To avoid a coupling with the circuit equation in the HF source, which may lead to a
high mesh density, it is suitable to impose a current source density (JS) in this region.
The magnetostatic and HF sources regions can thus be modeled using volume integral
equations, avoiding the discretization of the air region [22]. As, for the used frequencies,
the skin depth region is generally very thin, the surface impedance method could be very
e¤ective to evaluate the eddy currents [7]. For the acoustic part, the use of the dyadic
Green�s functions, when possible, is an interesting alternative, limiting the discretization
to the source and the scattering regions [23-24].

6. Conclusion

EMATs were granted little interest for years due to their relatively low signal to noise
ratio compared to classical acoustic transducers. However, the advances achieved in elec-
tronics and signal processing make them interesting alternatives for material control and
characterization, and even for energy transfer and data communication. They arouse gro-
wing interest among the scienti�c community. In this context, this paper gives short notes
which may be useful for EMATs design and modeling.
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