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Abstract 

A range of permanently installable transducer systems have become commercially available 
for ultrasonic structural health monitoring (SHM). The current technology is based on piezo-
electric transducers, as these have the best sensitivities and have become affordable to 
install. A potential drawback of the piezo-electric technologies is their requirement for 
mechanical coupling of the transducer to the testpiece. This either requires large forces to be 
applied to clamp on the transducer or for adhesives to be used. Both of these make the 
installation process tricky and may require to change/remove protective coating layers 
during the installation process. This talk describes the development of low power non-contact 
electro-magnetic acoustic transducers (EMATs) for SHM. EMATs do not require contact 
between the test piece and the transducer and can function through thin protective layers. 
Use of permanent magnets makes them easy to install. This talk will touch on the 
optimisation of the permanent magnet bias field, coils and acquisition hardware that makes 
low power (<1W) permanently installed EMAT measurements possible. EMAT systems that 
operate at ~1000W are commercially available. However, the low power requirement is 
particularly important for permanently installed sensors in harsh environments where 
intrinsic safety rules need to be observed. 

 
1 INTRODUCTION 

Piezo-electric transducers are widely available and have been built into commercially 
available SHM sensors (e.g. [1], [2], [3]). They work and give good results. Various 
attachment techniques are required such as bonding and clamping. Clamping can be difficult 
as large fixtures or welding of attachment studs can be required. With bonding there can be 
problems such as long-term drifts in the transducer coupling causing small changes in excited 
signal. These changes mask smaller changes in the test medium response that could be due to 
growing defects [4].  Electro-magnetic acoustic transducers EMATs potentially get around 
this problem because they do not rely on mechanical coupling to the structure and are short 
range non-contact transducers that excite signals purely by electro-magnetic means. They 
also have the advantage of being able to excite through coatings and paint layers and being 
attracted (self-adherent) to ferromagnetic materials. Their drawback is efficiency. 
Conventional EMATs require high power signals. Commercial EMATs usually operate at 
600-1200Volts. In some environments (e.g. where intrinsic safety is required) and SHM 
applications (with low power availability) these high voltages are not acceptable.  

Our group therefore set out to carry out research into optimizing EMAT sensitivity and 
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making low power signal acquisition with EMATs possible. More detail of this work has 
been published elsewhere [5].     

2 EMAT EXCITATION MECHANISM 

Researchers have identified several excitation mechanism for EMATs, namely 
Magnetostriction, the Magentisation force and the Lorentz force. In general all three of these 
act at all times to varying extents. Some of them, like Magnetostriction, rely on particular 
material properties, e.g. nickel has higher magenetstrictive coefficients than steel [6]. In our 
work we focus most attention on to the Lorentz force mechanism, it can be made the 
predominant mechanism by design of the coil and magnetic field and it will induce forces in 
any conductive medium.   Figure 1 shows a typical Lorentz force EMAT. The EMAT relies 
on generation of an eddy current in the object under test that is normal to the direction of an 
externally applied bias magnetic field.  The interaction of the eddy current and the magnetic 
field results in the Lorentz force FL:   

 

FL = Je x B  (1) 

where Je is the eddy current that is induced in the structure and B is the magnetic field at 
the same location in the structure. EMATs usually operate at high frequencies which results 
in very small skin depths of the eddy current. Therefore the Lorentz force is essentially only 
applied at the surface of the test piece and becomes similar to a surface traction. The 
configuration that is shown in figure 1 results in linearly polarized shear waves that travel 
into the material in a direction normal to the surface. 

 
 

 

Figure 1: Schematic of the construction of a typical Lorentz force EMAT, showing the eddy current induced by 
an external coil, the bias magnetic field due to an external permanent magnet and the conductive (usually 

metallic) specimen in which waves are excited. 
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3 OPTIMISATION OF BIAS FIELD 

Inspection of equation (1) shows that it is of utmost importance to both maximize the 
magnitude of the eddy current and the magnitude of the magnetic field in order to obtain a 
large excitation force. The maximum eddy current that can be induced depends on the coil 
design, lift off and careful design of the drive circuitry [7]. It is also dependent on the 
substrate material. In practice, factors such as the material under test and the lift off are the 
most influential parameters that govern the magnitude of the eddy current that can be induced 
in the test piece. The coil design can be adapted to be best suited to particular test points 
however it cannot overcome some of the hurdles that are imposed by a poorly conducting test 
pieces or a particular (large) lift-off distance.  

Coil design is relatively mature and it is hard to achieve big gains in eddy current 
magnitude with new designs. In equation (1), the magnetic field strength is highlighted as the 
other key parameter that influences excitation force strength. It will be shown here that the 
magnitude of the magnetic field at the ultrasonic aperture can be adjusted by changing the 
arrangement of several magnets in particular ways. This can produce large changes in 
magnetic field strength. It is particularly favorable because the magnetic field strength is a 
factor both in the excitation and reception process and any gains therefore act twice. It is 
important to note that the received signal strength is also a function of the overall ultrasonic 
aperture area and therefore comparisons should be carried out on apertures of comparable 
area.   
The concept of increasing the magnetic flux density in the area where measurements are 
being carried out is not new however to date mainly simple single magnet arrangements [6] 
or magnets with flux concentrators [8] or periodic permanent magnets (PPM) arrangements 
that effectively only increase the transducer aperture have been employed. In other, non-
EMAT related fields, techniques based on the repulsion effects of like poles that lead to the 
local increase in magnetic field strength have been used [9]. We have investigated such 
repulsion effects in a particular design of shear horizontal (SH) wave EMAT that is used for 
thickness gauging purposes.  
 

 

Figure 2: Top: Magnetic field strength and field lines for magnet arrangements A, B and C Bottom: Axial (red) 
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and radial (blue) magnetic flux density in the surface of the mild steel plate for magnet arrangements A,B,C. All 
magnet arrangements are placed on top of a 8mm thick mild steel plate. Magnets are of 1.46T remnant flux and 
of the size and orientation as indicated. The model is axi-symmetric with axis of symmetry on the left hand side.   
 
Figure 2 shows the three axi-symmetric magnet arrangements that were simulated using the 
Comsol Multiphysics software. The resulting magnetic flux densities in the steel substrate 
beneath them was analysed and it was found that for an arrangement (A) that uses axi-
symmetric magnets (1.46 T remnant flux) with one inward facing pole and a centrally located 
fluxguide (mild steel in this case) that the radial (vertically normal) magnetic field strength 
could be as high as 3.5T. This is a factor of ~3 higher than the flux produced by a simple 
single magnet as shown in configuration C). As this increase in sensitivity will be acting both 
in transmission and reception an increase in ~20dB of signal strength compared to the single 
magnet EMAT was predicted as a result. Configuration B shows that a single magnet with a 
flux concentrator can improve on the field strength of a single EMAT, however a maximum 
of only 2T is achieved with that configuration.     
 

4 EXPERIMENTAL RESULTS 

Building an axi-symmetric magnet with radial field polarization and a central core is 
practically challenging. A prototype approximation of the axi-symmetric configuration could 
be built. The prototype consisted of a central square mild steel core that was abutted by 4 
magnets (1.32T remnant flux as per manufacturer) with like poles all oriented to face the 
square core. The magnets and core were place in a polymer housing to avoid that the 
repulsion forces pushed the assembly apart.   

 A Gauss-meter was used to test the magnetic field strength between the assembly and a 
large mild steel block (200x200x50mm) onto which it was placed. It was confirmed that the 
flux density was increased to about 2.5T for the new arrangement, whereas it was only 1T 
when a single magnet was directly placed onto the Gauss-meter. Once it was confirmed that 
the flux density was increased in the area below the central core. Ultrasonic measurements 
were carried out. The Magnet arrangement was placed onto a D-shaped coil (see figure 3 a). 
A purpose built ultrasonic pulser-receiver (Wavemaker Duet, Macro Design Ltd) was used to 
send a 5 cycle 2MHz toneburst to the coil. The same instrument was used to receive the 
signal and to amplify it by 60dB before it was recorded on an Oscilloscope (LeCroy 
Waverunner 44Xi) and averaged over 2000 samples. Figure 3 b) shows the recorded 
ultrasonic waveforms when the 10x10mm core x 40mm height was placed over the central 
region of the D-shaped coil and when the same measurement was carried out with a single 
magnet 10mm diameter by 40mm height.  
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Figure 3: a) D-shaped coil and cross sectional areas of the 10x10mm core magnet arrangement and the 10mm 
diameter single magnet. b) received ultrasonic signals when (top) the 10x10mm Core Magnet arrangement is 
placed on the coil and (bottom) when a single Magnet is placed on the coil. c) Comparison of relative signal 
amplitude of the two measurements.   

 
 

5 CONCLUSIONS 

EMATs are not conventionally used in SHM because of their poor sensitivity and the 
bulky acquisition equipment that is required as a result of that. If the magnet arrangement is 
optimized, the sensitivity of EMATs can be improved. A particularly attractive solution uses 
the effect of concentration of magnetic flux lines by bringing like poles in close proximity. 
Patent protection for an optimized EMAT design has been sought [10]. The new design 
increases the magnetic flux in the ultrasonic aperture by a factor of 2-3 and results in 
ultrasonic signals that are about 20dB stronger than for EMATs employing the same coil and 
a single magnet of the same dimensions as the ultrasonic aperture. The work shows that SHM 
with permanently installed EMATs is possible and enable easy installation of sensors with 
minimal surface preparation, even if components are coated by a protective non-conductive 
layer.  
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