
 

 

저 시-비 리- 경 지 2.0 한민  

는 아래  조건  르는 경 에 한하여 게 

l  저 물  복제, 포, 전송, 전시, 공연  송할 수 습니다.  

다 과 같  조건  라야 합니다: 

l 하는,  저 물  나 포  경 ,  저 물에 적 된 허락조건
 명확하게 나타내어야 합니다.  

l 저 터  허가를 면 러한 조건들  적 되지 않습니다.  

저 에 른  리는  내 에 하여 향  지 않습니다. 

것  허락규약(Legal Code)  해하  쉽게 약한 것 니다.  

Disclaimer  

  

  

저 시. 하는 원저 를 시하여야 합니다. 

비 리. 하는  저 물  리 목적  할 수 없습니다. 

경 지. 하는  저 물  개 , 형 또는 가공할 수 없습니다. 

http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/


 

공학박사학위논문 

 

 

단일 모드 램파 가진을 위한 

전방향 전자기 트랜스듀서 개발 

 

Development of omnidirectional electromagnetic transducers 

for single mode Lamb wave generation 

 

 

 

 

 

 

2016년 2월 

 

 

 

 

 

서울대학교 대학원 

기계항공공학부 

이 주 경 



i 

Abstract 
 

Development of omnidirectional 
electromagnetic transducers 

for single mode Lamb wave generation 
 

Joo Kyung Lee 

School of Mechanical and Aerospace Engineering 

The Graduate School 

Seoul National University 

 

This thesis is concerned with the development of two types of omnidirectional 

electromagnetic transducers tuned for generation of a single mode Lamb wave in a 

plate-like structure. Omnidirectional Lamb wave transducers may be preferred for 

efficient defect imaging in a plate. With an array consisting of them, the entire 

region can be effectively covered by the same inspection system and the imaging 

algorithm can be simple. One of the major issues in them is generation of only a 

single mode Lamb wave. When an excitation frequency is high, several Lamb 

wave modes are simultaneously generated to complicate signal processing and 

lower the accuracy of defect detection. Therefore, newly-designed omnidirectional 

transducers tuned for a single mode Lamb wave need to be developed. 
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To generate a single mode Lamb wave, two types of transducers, called an 

omnidirectional Lamb wave magnetostrictive patch transducer (OL-MPT) and an 

omnidirectional Lamb wave electromagnetic acoustic transducer (OL-EMAT) are 

developed. Firstly, the OL-MPT which can generate the S0 or A0 modes Lamb 

wave selectively is proposed. Because the circular magnetostrictive patch of the 

OL-MPT works as a wavelength filter, the relation between the wavelength of the 

generated Lamb wave and the diameter of the patch is found from modal analysis 

and a set of experiments.  

 

Secondly, the OL-EMAT tuned for S0 mode Lamb wave is developed. A spiral 

double coil is applied to the OL-EMAT for maximizing the S0 mode and 

suppressing the accompanied A0 mode. Because the diameters and the widths of 

the double coil are the key factors determining the amplitudes of the S0 and A0 

modes, a parameter study on the double coil is performed theoretically. 

 

Finally, the defect imaging with an array consisting of the developed transducers is 

performed in a plate. For this, the defect imaging system including hardware and 

software is developed. And then the system is applied for crack detection in a plate. 

 

Keywords: Guided wave, Lamb wave, Magnetostrictive patch transducer, 

Electromagnetic acoustic transducer 

Student Number: 2009-23914 
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Chapter 1  

 

Introduction 

 

1.1 Motivation 

Guided ultrasonic waves are very attractive for nondestructive evaluation (NDE) of 

large and thin structures, such as plates or pipes. Because they can propagate a long 

distance without significant attenuation, a large portion of the structure can be 

rapidly inspected by a single point excitation. For this reason, many kinds of 

guided wave based NDE techniques have been developed over the last few decades 

[1-8]. Among them, methods for defect imaging in a plate have recently received 

widespread attention due to their advantages that the sizes as well as the locations 

of defects can be identified. Defect imaging in a plate can be performed by various 

imaging algorithms: phased array beamforming [9-14], SAFT (synthetic aperture 

focusing technique) [15-17], TFM (total focusing method) [18, 19] and so on. In 

these algorithms, guided wave energy can be focused at any target position in an 

inspection area by controlling the appropriate time delay and amplitude of each 
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transducer of the array. 

 

In forming the defect imaging system, an omnidirectional guided wave transducer 

is more useful than narrow beam or unidirectional transducers which have been 

preferred in many cases. Because the omnidirectional property can offer efficient 

wave focusing in any direction, the entire region can be effectively covered by the 

same inspection system and the imaging algorithm can be simple. Since Lamb 

waves have been widely used for defect imaging in a plate among several guided 

wave modes, various kinds of omnidirectional Lamb wave transducers, such as 

piezoelectric transducers [20-26], electromagnetic acoustic transducers (EMATs) 

[27-30] have been developed. 

 

One of the major issues in them is generation of only a single mode Lamb wave. 

Since the number of Lamb modes increases with increasing frequency, it is 

necessary to excite only the desired mode for efficiency. Several Lamb wave 

modes that are simultaneously generated in a plate may complicate signal 

processing and lower the accuracy of defect detection. Therefore, newly-designed 

omnidirectional transducers for a single mode Lamb wave need to be developed. 

 

For piezoelectric transducers, several studies on generation of a single mode 

omnidirectional Lamb wave have been conducted [31-33]. However, no 

magnetostrictive patch transducer (MPT) that can generate omnidirectional Lamb 
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waves has been proposed so far. Various MPTs for directional Lamb waves have 

been developed due to their advantages over other transducers such as good 

sensitivity, durability, the absence of direct wiring to a transducer or test specimen, 

long-range inspection, simple configuration, easy implementation, and cost 

effectiveness [34]. Thus it is worth developing an MPT for omnidirectional Lamb 

waves. For EMATs, there have been some studies to generate a single mode 

omnidirectional Lamb wave selectively [35, 36]. But they have only focused on 

enhancing the A0 mode and suppressing the S0 mode. They are difficult to apply to 

generation of the S0 mode Lamb wave. 
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1.2 Research objectives 

The main goal of this research is to develop two types of newly-designed 

transducers for generation of a single mode Lamb wave in a plate structure: an 

omnidirectional Lamb wave magnetostrictive patch transducer (OL-MPT) and an 

omnidirectional Lamb wave electromagnetic acoustic transducer (OL-EMAT). 

 

The main objectives associated with this research can be summarized as follows. 

 

 Development of the first MPT for omnidirectional Lamb waves 

Until now, the developments of MPTs have focused on narrow beam 

transducers for high-power characteristics. To build a defect imaging system 

with MPTs, an MPT for omnidirectional Lamb waves needs to be developed. 

Various characteristics of the developed MPT such as a wave mode, a 

bandwidth and a radiation pattern should be investigated. Also, it should be 

possible for the MPT to generate the desired single mode Lamb wave. 

 

 Development of the tuned double coil EMAT for omnidirectional S0 

mode Lamb wave 

The conventional EMATs for omnidirectional Lamb waves usually consist of a 

cylindrical permanent magnet and a single spiral coil. The improvement of the 

A0 mode selectivity has been achieved by optimizing the configuration of the 
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magnet. To improve the S0 mode selectivity, however, the different method is 

necessary which is called ‘tuned double coil method’. The effect of the 

geometry of the double coil on the mode selectivity should be identified and 

the performance of the developed EMAT should be verified by experiments. 

 

 

1.3 Thesis outline 

Chapter 2 gives a general overview on Lamb waves. Rayleigh-Lamb frequency 

equations are derived and the dispersion characteristics of Lamb waves are 

discussed. 

 

In Chapter 3, the first MPT for omnidirectional Lamb waves (OL-MPT) is 

proposed. The theory on the magnetostrictive effect and the principle of an MPT 

are introduced first. Then the configuration and the characteristics of the developed 

OL-MPT are described. The relation between the wavelength of the generated 

Lamb wave and the diameter of the patch which is the most important finding is 

discussed. The finding is verified by a set of experiments and finite element 

simulations using COMSOL Multiphysics. Finally the optimal configurations of 

the cylindrical magnet and the patch of the OL-MPT are investigated to maximize 

the amplitude of the desired mode Lamb wave. 
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Chapter 4 presents the tuned double coil EMAT for omnidirectional S0 mode Lamb 

wave (OL-EMAT). Similarly to Chapter 3, the principle of a general EMAT and the 

configuration of the developed OL-EMAT are introduced first. The harmonic and 

transient solutions to Lamb waves are obtained theoretically. The effect of the coil 

diameters and widths on the generated Lamb waves is examined by the solutions. 

Then the optimization of the coil geometry for better mode selectivity is presented. 

Several underlying experiments are performed for verification. 

 

In Chapter 5, a defect imaging with an array consisting of the developed OL-MPTs 

is performed in a plate. For this, the defect imaging system including hardware and 

software is developed. To check the performance of the developed system, the 

Lamb wave focusing experiments are conducted. And then the system is applied 

for crack detection in a plate. 

 

Finally, Chapter 6 summarizes the main results of this research and provides the 

suggestions of future works. 
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Chapter 2  

 

Lamb waves in an isotropic plate 

 

2.1 Introduction 

Lamb waves are elastic waves propagating in plate structures with free surfaces. In 

a plate, the propagating longitudinal waves (P-wave) and shear waves (S-wave) are 

guided by the existence of upper and lower surfaces. As shown in Fig. 2.1(a), Lamb 

waves are formed by the superposition of guided P-waves and guided S-waves 

within an elastic layer. Because Lamb waves can travel long distance with little 

attenuation, numerous studies on them have been performed over the last few 

decades. 

 

The early studies on Lamb waves were performed by Rayleigh [37] and Lamb [38]. 

The Rayleigh – Lamb frequency equations give the solutions to wavenumbers and 

frequencies of straight crested Lamb waves. And Goodman [39] investigated 

circular crested Lamb waves and found the solutions in terms of Bessel functions. 
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By his work, Rayleigh – Lamb frequency equations for straight crested Lamb 

waves can be applied to circular crested Lamb waves after propagation over 2~3 

wavelengths. The propagation characteristics of Lamb waves in an isotropic plate 

were examined by Achenbach [40] and Graff [41]. 

 

Lamb waves can be classified as symmetric modes (S0, S1, S2, …) with symmetric 

motion about the mid-plane of a plate and antisymmetric modes (A0, A1, A2, …) 

with antisymmetric motion. The symbol n in Sn and An denotes the mode number 

and S0 and A0 denote the fundamental symmetric and antisymmetric Lamb wave 

modes, respectively. The more modes exist for each type of the Lamb waves as the 

frequency becomes higher. The particle motions in a plate by symmetric modes and 

anti-symmetric modes are shown in Figs. 2.1(b)-(c). Due to the particle motions, 

the symmetric modes and anti-symmetric modes are also called extensional modes 

and flexural modes, respectively. 
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2.2 Rayleigh – Lamb frequency equations 

The geometric model of a plate with free surfaces is illustrated in Fig. 2.2. From 

the theory of elasticity, the equation of motion for this model without body forces 

can be expressed as 

2
2

2
( )

t
        


u

u u ,                 (2.1) 

 

where   and   are Lamé constants of the material. The symbol u is the 

displacement vector and   is the density of the material. By using the Helmholtz 

decomposition, the displacement vector is decomposed into scalar potential   and 

vector potential H , such that 

 

 u H ,  0 H .                 (2.2) 

 

Under the plane strain assumption which implies 0yu   and 0y   , the 

displacement components are 

xu
x z

  
 
 

,                       (2.3) 

zu
z x

  
 
 

,                       (2.4) 

where H y   which is the y-component of the vector potential H . 
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Substituting equations (2.3) and (2.4) into equation (2.1), the wave equations are 

obtained as 

 

2 2 2

2 2 2

1

Lx z c t

    
 

  
   for longitudinal waves,      (2.5) 

2 2 2

2 2 2

1

Tx z c t

    
 

  
  for shear waves,           (2.6) 

 

where Lc  is the longitudinal wave velocity and Tc  is the shear wave velocity. 

They are defined as 

 

2
Lc

 



  ,  Tc



  .                  (2.7) 

 

Under the assumptions of time-harmonic waves and traveling in the x  direction, 

the displacement potential solutions can be written as 

 

  ( )i kx tz e    ,                      (2.8) 

  ( )i kx tz e    ,                      (2.9) 

 

where k  is the wavenumber and   is the angular frequency. 
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Substituting equations (2.8) and (2.9) into equations (2.5) and (2.6), the solutions to 

unknown functions   and   can be obtained as 

 

  1 2sin( ) cos( )z A pz A pz   ,              (2.10) 

  1 2sin( ) cos( )z B qz B qz   ,              (2.11) 

where 

2
2 2

2
L

p k
c


  ,                      (2.12) 

2
2 2

2
T

q k
c


  .                      (2.13) 

 

Substitution of equations (2.8) and (2.9) into equations (2.3) and (2.4) yields 

 

  (
2 1 1 2cos( ) cos( ) sin( ) sin( ) i kx t

xu ikA pz qB qz ikA pz qB qz e      ,   (2.14) 

  (
2 1 1 2sin( ) sin( ) cos( ) cos( ) i kx t

zu pA pz ikB qz pA pz ikB qz e       .  (2.15) 

 

The solutions have the sine terms that are anti-symmetric to z  and the cosine 

terms that are symmetric to z . Considering the particle motions in a plate, the 

solutions can be split into two sets of modes: symmetric modes and anti-symmetric 

modes. 
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For symmetric modes, 

  (
2 1cos( ) cos( ) i kx t

xu ikA pz qB qz e    ,           (2.16) 

  (
2 1sin( ) sin( ) i kx t

zu pA pz ikB qz e     .          (2.17) 

 
For anti-symmetric modes, 

  (
1 2sin( ) sin( ) i kx t

xu ikA pz qB qz e    ,           (2.18) 

  (
1 2cos( ) cos( ) i kx t

zu pA pz ikB qz e    .          (2.19) 

 

The boundary conditions for the traction-free surfaces can be written as 

 

0     at xz zz z h     .                  (2.20) 

 

For symmetric modes, the following system of linear equations is obtained by the 

boundary conditions. 

 

2 2
2 12 sin( ) ( )sin( ) 0ikA p ph B k q qh    ,           (2.21) 

2 2
2 1( )cos( ) 2 sin( ) 0A k q ph ikB q qh   .           (2.22) 

 

The determinant should be zero for this linear system to have the valid solution. 

 

Finally, the Rayleigh – Lamb frequency equation for symmetric modes is obtained 
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as 

2 2 2

2

tan( ) ( )

tan( ) 4

ph q k

qh k pq


    for symmetric modes.         (2.23) 

 

Through the analogous process, the Rayleigh – Lamb frequency equation for anti-

symmetric modes is obtained as 

 

2

2 2 2

tan( ) 4

tan( ) ( )

ph k pq

qh q k
 


  for anti-symmetric modes.     (2.24) 
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2.3 Dispersion characteristics 

The Rayleigh – Lamb frequency equations (2.23) and (2.24) give the relation 

between the frequency   and the wavenumber k  of the Lamb wave modes. For 

any given frequency, there are an infinite number of complex wavenumbers that 

satisfy the Rayleigh – Lamb frequency equations. The numbers of real or purely 

imaginary solutions are finite. The solutions can be classified as three types of 

waves by the sign of the imaginary part. Recall that the wave solutions were 

assumed to be time-harmonic as follows. 

 

 exp ( )u i kx t .                    (2.25) 

 

Only the time-harmonic factor is considered here. The wavenumber k  has the real 

part realk  and the imaginary part imagk , that is, real imagk k ik  . Thus equation 

(2.25) is rewritten as 

 

 exp ( ) expreal imagu i k x t k x     .             (2.26) 

 

If a wavenumber has a negative imaginary part ( 0imagk  ), the wave would grow 

exponentially with distance. This kind of wave has not been physically observed. A 

wavenumber that has a positive imaginary part ( 0imagk  ) is interpreted as the 
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wave decaying exponentially with distance. This kind of wave is called an 

evanescent wave. Although this solution is important in scattering problems or 

loaded plate problems, this can be neglected for simple unloaded plate problems. If 

a wavenumber has no imaginary part ( 0imagk  ), the wave would propagate with 

no damping. Thus, only real wavenumbers need to be considered for unloaded 

plate problems. 

 

Because the Rayleigh – Lamb frequency equations do not have analytical solutions, 

the wavenumbers can only be obtained numerically. The dispersion curve for the 2 

mm thick aluminum plate (E = 70 GPa, ν = 0.33, ρ = 2700 kg/m3) obtained by 

DISPERSE [42] is shown in Fig. 2.3. From this curve, the phase velocity and the 

group velocity of the Lamb wave can be calculated. The phase velocity ( pc ) and 

the group velocity ( gc ) are defined as 

 

pc
k


 ,                        (2.27) 

g

d
c

dk


 .                       (2.28) 

 

The phase velocity is the speed at which the phase of the wave propagates through 

space. The group velocity is the speed at which the envelope (or group) of the wave 

propagates through space. Fig. 2.4 shows the group velocity curve and the phase 
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velocity curve for the 2mm thick aluminum plate. 

 

For non-dispersive waves such as the fundamental shear horizontal wave, the phase 

velocity is equal to the group velocity. But the Lamb waves which are dispersive 

have the different group velocities to the phase velocities. Moreover both velocities 

vary with the frequency. For a propagating wave packet, the dispersion 

characteristics cause the spread of the wave energy in time and space. Fig. 2.5 

shows the simulated transient signals of S0 modes in the 2 mm thick aluminum 

plate at (a) 200 kHz and (b) 600 kHz. The dashed lines and the solid lines denote 

the signals for the traveling distance of 100 mm and 300 mm, respectively. At 200 

kHz which is in the little dispersive region of S0 mode, the shape of the Lamb 

wave remains during propagation. At 600 kHz, however, the wave packet becomes 

wider and the amplitude becomes weaker due to dispersion as the wave propagates. 

This results in the lower resolution in time of the inspection and makes long-range 

inspection very difficult. 
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2.4 Selection of Lamb wave modes 

As mentioned in Chapter 1.1 and Chapter 2.3, the plate inspection with Lamb 

waves is complicated by the existence of several modes and the dispersion nature 

[43]. To overcome this problem, the proper Lamb wave modes and the frequency 

range should be selected. 

 

As shown in Fig. 2.4, only two modes, the S0 mode and the A0 mode, can 

propagate under the cut-off frequency of the A1 mode. It is easier to generate the 

single mode at this frequency range than at higher frequencies. Additionally, the S0 

mode of very low frequencies and the A0 mode of low frequencies are little 

dispersive and they can be readily excited and received [44]. Thus the S0 and A0 

modes have been preferred in nondestructive evaluation with the Lamb waves [45]. 

 

For this reason, the S0 and A0 modes are selected for this research. The main 

advantages of the S0 mode are low dispersion at low frequencies, high sensitivity 

to defects at any depth in the plate, a high group velocity that enables separation of 

the S0 mode and other modes and low attenuation [46, 47]. The advantages of the 

A0 mode are low dispersion at low frequencies, a shorter wavelength that enables 

smaller crack detection, high sensitivity to delamination and transverse cracks and 

low sensitivity to the surface coatings [48, 49]. Also, the A0 mode is more sensitive 

to thickness variations of the plate such as corrosions. 
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Fig. 2.1 (a) Formation of Lamb waves by the superposition of guided P-waves and 

S-waves in a plate. The particle motions in a plate by (b) symmetric mode 

Lamb waves and (c) anti-symmetric mode Lamb waves. 

 

 

Fig. 2.2 Geometry of a plate with free surfaces. The thickness of the plate is 2h. 
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Fig. 2.3 Dispersion curve for the 2 mm thick aluminum plate obtained by 

DISPERSE [42]. 
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Fig. 2.4 (a) Group velocity curve and (b) the phase velocity curve for the 2 mm 

thick aluminum plate obtained by DISPERSE [42]. 
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Fig. 2.5 Simulated transient signals of S0 modes in the 2 mm thick aluminum plate 

at (a) 200 kHz and (b) 600 kHz. The dashed lines and the solid lines 

denote the signals for the traveling distance of 100 mm and 300 mm, 

respectively. 
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Chapter 3  

 

Magnetostrictive patch transducer for 

omnidirectional Lamb waves 

 

3.1 Introduction 

As described in Chapter 1, several kinds of omnidirectional guided wave 

transducers and defect imaging systems utilizing these transducers have been 

investigated due to their advantages that the entire region can be effectively 

covered by the same inspection system and the imaging algorithm can be simple. 

Until now, piezoelectric transducers [20-26] or EMATs [27-30] for omnidirectional 

Lamb waves are mainly developed. Because MPTs have unique characteristics 

such as the cost effectiveness and the simple configurations [34], it is also worth 

developing an MPT suitable for generating omnidirectional Lamb waves in a plate. 

It is noted that although several different types of MPTs have been developed so far, 

no omnidirectional MPT applicable in a plate has been proposed. 

 



23 

In this chapter, an axisymmetrically-configured MPT for omnidirectional Lamb 

waves (OL-MPT) is proposed [50]. The theory on the magnetostrictive effect and 

the principle of an MPT are introduced first. Then the configuration and the 

characteristics of the developed OL-MPT are described. After verifying the 

omnidirectional radiation pattern of the generated wave by the proposed MPT 

through pitch-catch experiments in an aluminum plate, several underlying 

experiments are carried out to investigate its omnidirectional wave generation 

mechanism. The investigation includes establishing the excitation frequency at 

which the Lamb wave of the largest magnitude is generated. For the investigation, 

modal analysis of a circular magnetostrictive patch, an element of the proposed 

MPT, is conducted and its resonance mode responsible to generate the Lamb wave 

is identified. The corresponding wavelength is also estimated. The identified 

wavelength is shown to be equal to that of the generated Lamb wave of the largest 

magnitude under the same current input to the wave-generating MPT. By using the 

dispersion relation in the plate, the frequency at which the generated wave has the 

largest magnitude can be determined. Transient finite element analysis considering 

magneto-mechanical-elastic coupled wave phenomena is also carried out to 

confirm the findings on the frequency characteristics of the proposed MPT. Finally 

the optimal configurations of the cylindrical magnet and the patch of the OL-MPT 

are investigated to maximize the amplitude of the desired mode Lamb wave. 
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3.2 Principle of MPTs 

3.2.1 Magnetostriction 

Magnetostriction refers to coupling effects between magnetic field change and 

mechanical deformation in ferromagnetic materials such as iron, nickel and cobalt 

[51]. A ferromagnetic material is longitudinally deformed under an external 

magnetic field. This phenomenon, magnetostriction, was firstly identified in 1842 

by Joule [52]. Thus the magnetostriction is called the Joule effect. The reciprocal 

effect called the Villari effect [53] refers to that the magnetic flux of a 

ferromagnetic material changes when subjected to a mechanical stress. On the 

other hand, a shear deformation is developed when a ferromagnetic material is 

subject to the static magnetic field and a dynamic magnetic field whose directions 

are orthogonal to each other. This effect is called the Wiedemann effect [54] and 

the inverse effect, the Matteucci effect [53]. 

 

Without an external magnetic field, a magnetostrictive material (ferromagnetic 

material) consists of magnetic domains, each of which is a region of uniform 

magnetic polarization (S1) as shown in Fig. 3.1(a). When an external magnetic 

field is applied to the domains, the magnetic domain wall movement occurs to 

minimize the total energy of the system (S2). As a result of the magnetic domain 

wall movement, the domain whose magnetic polarization is roughly parallel to the 

magnetic field becomes larger but the other domain that has the opposite 
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polarization becomes smaller. With the stronger external magnetic field, only the 

domain whose magnetic polarization is roughly parallel to the magnetic field 

remains (S3). If the external magnetic field becomes much higher, the magnetic 

domain rotates to minimize the total energy (S4). By the rotations of the magnetic 

domains, a magnetostrictive material is deformed and the elongation e  is 

developed as shown in Figs. 3.1(b)-(c) [55]. 

 

 

3.2.2 Magnetostrictive constitutive equations 

For the small dynamic magnetic field compared with a static magnetic field, the 

magnetostrictive constitutive equations can be linearized as [56] 

 

D D D  TS CT d H ,                     (3.1) 

D D D B dT μH ,                      (3.2) 

 

where DS  and DH  respectively denote the engineering strain defined as 

T[    ]D xx yy zz yz xz xyS S S S S SS    and the dynamic magnetic field defined as 

T
D [   ]

x y zD D DH H HH . The symbol C  is the compliance and DT  is the stress 

tensor; d is the permeability, DB  is the dynamic magnetic flux density and μ  

is the magnetostrictive coupling coefficient. The quantities DS , DH , DB  and 
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DT  that are subscribed with D  are related to the dynamic magnetic field. And 

the coefficients C , d and μ  are functions of the static magnetic field SH  and 

independent of DH . 

 

The coupling coefficient μ  is the key factor because equations (3.1) and (3.2) are 

coupled by μ  and the magnetostriction characteristics of the magnetostrictive 

material are involved in μ . Assuming that a static magnetic field SH  is applied 

along the x direction in a thin magnetostrictive material lying on the x-y plane, d 

can be written as [56] 

 

11 12 12

35

35

0 0 0

0 0 0 0 0

0 0 0 0 0

d d d

d

d

 
   
  

d ,               (3.3) 

 

where 
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f H
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H





,  12 110.5d d  ,  35

( )
3 S

S

f H
d

H
 .         (3.4) 

 

The function ( )f H  is a magnetostriction curve describing the one-dimensional 

magnetostrictive relation between the magnetic field strength H  and the strain in 
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a magnetostrictive material. Fig. 3.2 shows an example of a magnetostriction curve. 

With no static magnetic field ( 0SH  ), the components of d have very small 

values; the deformation DS  by the magnetostriction is also small. The appropriate 

static magnetic field SH  should be applied to the magnetostrictive material for 

maximizing the deformation DS . A magnetostriction curve of a magnetostrictive 

material can be obtained from experiments. The magnetostriction curves of pure 

nickel measured by Williams [57], Jiles [58] and Ribichini [59] are shown in Fig. 

3.3. With a magnetostriction curve, the coupling coefficient d can be calculated 

and then the theoretical analysis of a magnetostrictive material can be performed 

by equations (3.1) and (3.2). 

 

 

3.2.3 Wave generation mechanism of an MPT 

Since the magnetostriction was used to generate and measure guided waves [60, 

61], various MPTs have been developed for nondestructive testing (NDT) 

applications in a pipe [62-67] or a plate [68-73]. For the subsequent discussions, 

only MPTs for plate inspection are overviewed because the research objectives are 

developing electromagnetic transducers for generating Lamb waves in a plate. 

An MPT consists of a magnetostrictive patch, permanent magnets for biasing static 

magnetic field and a coil for applying dynamic magnetic field as shown in Fig. 3.4. 
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The magnetostrictive patch is bonded onto or coupled with a plate. The static 

magnetic field for biasing is applied to the patch by the permanent magnets. When 

the alternating current is flown into the coil, a dynamic magnetic field is induced 

within the patch. If the dynamic magnetic field is parallel to the static magnetic 

field as shown in Fig. 3.4(a), the patch deforms longitudinally along the direction 

of the dynamic magnetic field due to the Joule effect and the Lamb waves are 

generated in the same direction. On the contrary, if the dynamic magnetic field is 

perpendicular to the static magnetic field as shown in Fig. 3.4(b), the shear 

deformation is developed in the patch due to the Wiedemann effect and the shear 

horizontal waves (SH waves) are generated in the direction of the dynamic 

magnetic field. It is the major advantage for an MPT to be able to select the guided 

wave mode by controlling the magnetic circuits. 

 

 

3.2.4 Various MPTs for plate inspection 

To utilize this unique advantage of an MPT, various MPTs have been developed as 

shown in Fig. 3.5. The OPMT (orientation-adjustable patch-type magnetostrictive 

transducer) [74, 75] can generate directional Lamb waves or SH waves in a plate. It 

consists of a circular magnetostrictive patch, two anti-symmetrically polarized 

permanent magnets and a figure-of-eight coil. Because the orientation of the 

magnetic flux is adjustable by the design of the plastic bobbin, the guided wave 

mode can be easily altered. The PSA-OPMT (planar solenoid array OPMT) [76, 77] 
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is the upgraded successor of the OPMT for focusing wave energy along a target 

direction. The difference to the OPMT is that it adopts a planar solenoid array 

instead of the figure-of-eight coil. With the planar solenoid array, the directivity of 

the generated SH wave is fairly improved. 

 

The OSH-MPT (omnidirectional shear horizontal wave MPT) [78] is the first 

developed transducer that can generate omnidirectional SH waves in a plate. It 

consists of an annular magnetostrictive patch, a cylindrical permanent magnet and 

a coil that is specially wound in the form of a toroidal coil. The magnet supplies a 

static magnetic field in the patch along the radial direction. The circumferential 

dynamic magnetic field is induced by the coil. In this manner, the omnidirectional 

SH wave is generated by the OSH-MPT. 

 

Finally, the OL-MPT (omnidirectional Lamb wave MPT) [50] is developed to 

generate Lamb waves omnidirectionally in this research. The detailed description 

of the OL-MPT is presented in the remainder of Chapter 3. 
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3.3 Proposed OL-MPT for S0 mode generation 

3.3.1 Configuration 

Fig. 3.6 shows the configuration and the cross-sectional view of the proposed OL-

MPT. It consists of three components: a thin circular magnetostrictive patch, a 

cylindrical permanent magnet that is centered just over the origin of the patch and a 

spiral coil. A 0.15-mm-thick circular nickel patch is used as a magnetostrictive 

patch. The effect of the thickness of the patch on the Lamb wave generation will be 

discussed in Chapter 3.7. The hollow circular coil is made of an enamel-coated 

wire of 0.3 mm in diameter. The specific winding is illustrated in Fig. 3.6(b); the 

outer diameter of the hollow coil is the same as a diameter ( D ) of the patch while 

its inner diameter, half the diameter of the patch. The inner diameter of the coil is 

so chosen as to better excite the proper patch mode as will be explained in Chapter 

3.4. A neodymium magnet of 6 mm in diameter and 3 mm in height is placed 3 mm 

above the patch. The vertical gap helps supply a uniform static magnetic field in 

the patch along the radial direction. The effect of the vertical gap on the Lamb 

wave generation will be discussed in Chapter 3.7. 

 

When an alternating current is flown into the coil, a dynamic magnetic field is 

induced within the patch along the radial direction as illustrated in Fig. 3.7(a). The 

static magnetic field applied by the magnet for biasing the patch is also radial 

within the patch. Since the directions of two magnetic fields are parallel in the 
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patch as shown in Fig. 3.7(a), the patch is dynamically deformed mainly along the 

radial direction due to its magnetostriction (Joule effect). Because the patch is 

bonded onto a plate, the patch deformation induces the generation of the Lamb 

wave in the plate. Because of the axisymmetric configuration of the OL-MPT, the 

generated wave propagates omnidirectionally through a plate. 

 

Before going further, it is worth mentioning the difference between the wave 

generation mechanism of the proposed OL-MPT and that of a typical OL-EMAT 

[79] shown in Fig. 3.7(b). The latter can be also used to generate omnidirectional 

Lamb waves, but the wave generation mechanism is different. Note that unlike in 

the OL-MPT case, the static magnetic field in Fig. 3.7(b) is applied in the out-of-

plane direction directly above the coil. The dynamic magnetic field induces eddy 

currents along the circumferential direction in a metallic plate. The static magnetic 

field and eddy currents in the plate induce the Lorentz force in the plate that 

generates the Lamb wave. On the other hand, the OL-MPT employs a different 

magnetic circuit and generates the omnidirectional Lamb wave mostly by the 

magnetostriction of the patch. In comparison with non-contact EMATs, the main 

advantage of MPTs is that MPTs generate waves of much larger magnitudes while 

MPTs require physical coupling with test plates. MPTs can be also effective for 

structures made of non-metals. 
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3.3.2 Lamb wave mode and omnidirectivity 

In proposing a new OL-MPT, one should make sure that the generated wave by the 

OL-MPT is omnidirectional. Also, one needs to investigate how the magnitude of 

the generated Lamb wave is influenced by the operating frequency. To characterize 

the OL-MPT in these aspects, a series of pitch-catch experiments were conducted. 

 

Before investigating the radiation pattern, the experiments were performed to 

check the guided mode of the wave generated by the OL-MPT. A couple of OL-

MPTs with their patch diameter ( D ) equal to 20 mm were bonded onto a 2 mm 

thick aluminum plate by epoxy resin as shown in Fig. 3.8. The distance ( L ) 

between the two OL-MPTs is 100 mm. As an input signal to the transmitting OL-

MPT, the Gabor pulse [80] was used because it effectively concentrates energy at a 

target frequency with a short time duration. The further details about the Gabor 

pulse are presented in Appendix B. The Gabor pulse centered at 430 kHz was 

generated by a function generator (33250A, Agilent, Santa Clara, CA) and 

amplified by a power amplifier (AG1017L, T&C Power Conversion, Rochester, 

NY) before being sent to a transmitting OL-MPT. The signal measured by a 

receiving OL-MPT was amplified by a pre-amplifier (SR560, Stanford Research 

Systems, Sunnyvale, CA) and then stored by an oscilloscope (WaveRunner 

104MXi-A, LeCroy, Chestnut Ridge, NY). The measured signal is shown in Fig. 

3.9(a). By calculating the arrival time of the measured pulse signal, the group 



33 

velocity ( gc ) of the generated wave was found to be 5182 m/s at 430 kHz. For 

other frequencies (from 300 kHz to 500 kHz in increments of 50 kHz), similar 

experiments were carried out and the obtained group velocities are indicated as 

circles in Fig. 3.9(b). And the theoretical group velocities of Lamb waves obtained 

by DISPERSE are also shown in Fig. 3.9(b). The comparison of the experimental 

and theoretical results confirms the successful generation of the S0 mode Lamb 

wave by the OL-MPT. Moreover, no other Lamb wave mode is accompanied with 

the S0 mode as shown in Fig. 3.9(a). Considering that the group velocity of the A0 

mode is 3103 m/s at 430 kHz, the A0 mode may exist at about 35 s , but it is not 

observable. The PTP voltage of the S0 mode is 194 mV, while that of the A0 mode 

between 30 s  to 40 s  is 5.8 mV. The S0/A0 amplitude ratio in decibels is 

defined as 

 

0
0/ 0

0

20log S
S A

A

V
R

V
 ,                    (3.5) 

 

where 0SV  and 0AV  are the PTP voltages of the S0 and A0 modes, respectively. 

The 0/ 0S AR  is calculated to be 30.4 dB, which is sufficient for NDT applications. 

This means that the proposed OL-MPT is tuned to generate only the S0 mode at the 

frequency range from 300 kHz to 500 kHz. 
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Let us now investigate the radiation pattern of the proposed OL-MPT. Basically, 

the same experimental setup in Fig. 3.8 was used. The signals were measured by a 

circular EMAT at every 15° from 0° to 180° as shown in Fig. 3.10(a). The main 

reason to use a non-contact EMAT as a receiver instead of an OL-MPT is to 

minimize any effects of the bonding state between the patch and the test plate in a 

receiver on the measured signals. For the radiation pattern analysis, the peak-to-

peak (PTP) voltages of the measured signals were extracted and normalized. The 

results are plotted in Fig. 3.10(b). From the figure, the proposed OL-MPT is shown 

to generate the S0 mode Lamb wave omnidirectionally; the normalized PTP values 

ranged between 1 and 0.967, confirming the omnidirectivity. 
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3.3.3 Frequency characteristics 

To investigate the frequency characteristics of the proposed OL-MPT, wave 

experiments with various excitation frequencies and patch diameter values were 

conducted. Specifically, the frequencies of the input Gabor pulses were varied from 

320 kHz to 520 kHz in increments of 10 kHz. The selected values of the patch 

diameter D  were 18 mm, 20 mm and 22 mm. The PTP voltages at various 

frequencies were extracted from the experimentally-measured signals by the 

receiving OL-MPT and the results are shown in Fig. 3.11. This figure clearly shows 

the dependence of the peak frequency ( peakf ) on the patch diameter D . Here, 

peakf  is defined as the frequency at which the PTP value is the largest. From Fig. 

3.11,  

 

peakf  = 470 kHz for D  = 18 mm, 

peakf  = 430 kHz for D  = 20 mm, 

peakf  = 380 kHz for D  = 22 mm. 

 

Obviously, one can find that the larger D  is, the lower peakf  becomes. The 

question is how to support this finding. The relation between peakf  and D  will 

be investigated theoretically.  
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3.4 Wavelength-diameter relation 

In this subchapter, the experimentally observed peakf - D  relation will be analyzed 

theoretically. To investigate how the patch size ( D ) of the OL-MPT affects the 

peak frequency ( peakf ), the mechanism of the Lamb wave generation should be 

understood first. 

 

When an alternating current is flown into the coil of the proposed OL-MPT, a 

dynamic magnetic field centered at a certain frequency ( f ) is applied in the radial 

direction to the magnetostrictive patch attached onto the test plate. The patch is 

then deformed dynamically as a result of its magnetostriction. To facilitate the 

subsequent analysis, the applied dynamic magnetic field may be viewed as a 

harmonic excitation source causing vibrations in the patch. Which vibration mode 

of the patch will be excited depends on the excitation location and frequency. For 

instance, if the excitation point is near or at the location of the largest magnitude of 

a certain mode, the mode will be mainly excited. Since the magnetostrictive patch 

is bonded onto a test plate, the generated wave in the plate will have virtually the 

same wavelength as the wavelength of the excited mode of the patch. Therefore, 

the axisymmetric modal analysis of the magnetostrictive patch is critical in 

investigating the peakf - D  relation. 
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3.4.1 Modal analysis of the magnetostrictive patch 

To reveal the modal characteristics of the circular magnetostrictive patch, a 

theoretical modal analysis for the patch was carried out. Although the patch in 

operation is bonded onto a plate, one can extract much information out of the 

vibration modes of the patch that is un-bonded from the plate. Here, the unbounded 

magnetostrictive patch is modeled as a thin circular plate and the cylindrical 

coordinate system shown in Fig. 3.12 is employed. The radial coordinate is denoted 

by r . The vibration modes of the patch can be classified as transverse, tangential 

and radial extensional modes depending on its dominant deformation pattern of its 

middle plane. Since the guided wave generated by the proposed OL-MPT is the 

omnidirectional S0 mode Lamb wave that involves dominant radial extensional 

deformations, only the radial extensional mode needs to be considered here. 

 

If the radial displacement ( ru ) of the middle plane of the patch is assumed to be 

harmonic in time t  as [81] 

 

( , ) ( ) i t
ru r t U r e  ,                      (3.6) 

 

where   is the angular frequency. Under the plane-stress assumption, the mode 

shapes ( )U r  can be found from [81, 82] to be 
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1 1 1 1( ) ( ) ( *)
r

U r C J k C J kr
a

  ,                (3.7) 

 

where 1C  is a constant, *r  is a dimensionless radius and k  satisfies 

 

0 1( ) ( ) (1 ) ( )k J k J k  .                  (3.8) 

 

The symbols a and   are the radius and Poisson’s ratio of the magnetostrictive 

patch, respectively; 0J  and 1J  are the 0th and 1st-order Bessel functions of the 

first kind, respectively. The corresponding resonant frequencies ( patchf ) is given as 

 

patch 22 (1 )

k E
f

a  



,                   (3.9) 

 

where E  is the Young’s modulus. Note that patchf  cannot be directly connected 

to peakf  because patchf  represents the resonant frequency of a magnetostrictive 

patch that is not bonded onto the plate. When the patch is bonded onto a test plate, 

the presence of the plate can affect significantly the resonant frequency of the patch. 

On the other hand, the radial vibration mode virtually would remain the same 

whether the patch is bonded onto a plate or not. Thus, it is convenient to rely on the 

information that can be extracted from the mode shape (equivalently, its modal 
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wavelength) of the un-bonded patch in finding the relation between peakf  and D . 

Therefore, the peakf - D  relation can be estimated by the equivalent wavelength of 

the mode shape of the un-bonded patch as long as patchf  is not too far from the 

actual peakf . 

 

Since equation (3.8) has an infinite number of roots, infinitely-many resonant 

frequencies and mode shapes can be found. By using the material properties of the 

magnetostrictive patch listed in Table 3.1, the lowest three mode shapes are plotted 

in Fig. 3.13. For reference, the resonant frequencies of the un-bonded 

magnetostrictive patch are also listed in Table 3.2 for three values of D . Fig. 

3.13(a) shows the mode shapes for the radial displacement ( ru ) of the patch while 

Fig. 3.13(b), the mode shapes for the radial normal strain component ( rr ). In case 

when the patch is excited by an axisymmetric radial force, the dominantly-excited 

mode will be determined by the displacement ( ru ) mode shapes. In the present 

OL-MPT, however, the mechanical deformation in the magnetostrictive patch is 

induced in the form of strain ( rr ) due to an applied magnetic field. Therefore, the 

investigation of the rr  mode shapes is necessary to analyze the Lamb wave 

generation in a test plate. 
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3.4.2 Patch mode shape and the Lamb wave wavelength 

Fig. 3.14(a) schematically shows the distributions of the magnetic fields and the 

deformation of the patch by the magnetostriction. Assume that the dynamic 

magnetic field is radially applied toward the center of the patch, opposite to the 

static magnetic field. By the magnetostriction or the Joule effect, the compressional 

deformation is developed in the annular region of the patch between *r  = 5 and 

*r  = 10 that is directly covered by the electric coil. This region may have a 

negative strain. Due to the coil geometry, the extensional deformation is developed 

in the circular region of the patch between *r  = 0 and *r  = 5. This region may 

have a positive strain. The strain distribution developed in the patch by the 

magnetostriction almost coincides with the mode shape for the radial normal strain 

component ( rr ) of the second vibration mode that is re-shown in Fig. 3.14(b). 

Thereby, the second vibration mode is identified to be most efficiently excited. 

 

When the second vibration mode is most efficiently excited in the patch, the 

generated Lamb wave having the same wavelength as the equivalent wavelength of 

the second mode of the patch will have the largest amplitude. Because the patch is 

firmly bonded onto the plate, the wavelength of the Lamb wave generated in the 

plate must be the same as the wavelength of the excitation mode (the second radial 

extensional mode) of the patch. Therefore, one needs to estimate the wavelength of 

the radial extensional mode of the patch. As Fig. 3.14(b) shows, the second strain 
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vibration mode has 3/2 wavelengths through the patch diameter ( D ). The 

wavelength ( *
theory ) estimated by the theoretically calculated mode shape can be 

written as 

 

* 2

3theory D  .                        (3.10) 

 

When the patch diameter D  = 20 mm, the estimated wavelength is *
theory  = 

13.3 mm and the corresponding frequency is 400 kHz by the dispersion relation of 

the S0 mode. The wavelength of the S0 mode Lamb wave at peakf  (430 kHz) 

obtained from the experiments is *
exp  = 12.4 mm. The values of *

theory  and 

*
exp  for D  = 18 mm, 20 mm and 22 mm are listed in Table 3.3. The three-

dimensional finite element analysis, the procedure which will be explained in the 

next subchapter, is also used to obtain peakf  and the corresponding *
FEA . The 

results are also listed in Table 3.3. From Table 3.3, it is clear that the theoretical 

predictions by equation (3.10) based on the modal analysis of the circular patch and 

the finite element predictions agree well with the experimental results with less 

than 8 % errors. 
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3.5 Finite element analysis 

3.5.1 Modeling of an OL-MPT with COMSOL Multiphysics 

To support the findings from the previous subchapter, three-dimensional finite 

element analysis was carried out by COMSOL Multiphysics [83]. To analyze an 

MPT using finite element simulation, three steps of analysis is required as follows. 

 

(a) Magnetostatic analysis 

This analysis is to obtain the static magnetic field applied by a permanent 

magnet. The static magnetic field distribution in the patch is used to 

calculate the magnetostrictive coupling coefficients. 

 

(b) Induction current and magnetostriction analysis 

Through this analysis, the dynamic magnetic field induced by an alternating 

current flowing into a coil is obtained. Also the magnetostriction of the patch 

coupled with the dynamic magnetic field is simultaneously analyzed. 

 

(c) Wave propagation analysis 

From the induction current and magnetostriction analysis, the deformation of 

the patch is obtained. In this analysis, the propagation of the wave generated 

by the patch through the plate is analyzed. 
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The OL-MPT with the patch of 20 mm in diameter installed on the 2 mm thick 

aluminum plate is modeled in the simulation as shown in Fig. 3.15. The mechanical 

material properties used for the simulation are summarized in Table 3.1. The 

magnetostriction curve of the nickel patch was taken from Ribichini [59] shown in 

Fig. 3.3. And the magnetization curve of the nickel patch was taken from Suzuki 

[84]. First, the time-harmonic analysis for the transmitting OL-MPT was conducted. 

The frequency is set to 430 kHz, which is the peak frequency peakf  for D  = 20 

mm in the experiments. The radial normal strain plot of the plate obtained from the 

simulation is shown in Fig. 3.15. One can see that the generated wave propagates 

well omnidirectionally in the plate. 

 

For the time-transient analysis, the additional OL-MPT was modeled as a receiver 

to obtain time signals as shown in Fig. 3.16(a). The same Gabor pulse of 430 kHz 

as an excitation signal in the experiments was induced to the coil domain as the 

current density. And then the current induced in the coil of the receiving OL-MPT 

was obtained. Figs. 3.16(a) and (b) show the radial normal strain of the plate at 

18t s  and the transient signal of the induced current, respectively. The 

transient signal by the simulation corresponds quite well to the experimental signal 

shown in Fig. 3.9(a). This result verifies the finite element analysis of the OL-

MPTs with COMSOL Multiphysics. 
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3.5.2 Verification of the wavelength-diameter relation 

The time-transient analyses for various frequencies and various patch diameters 

were conducted. The PTP values were extracted from the transient signals of the 

induced currents and the results are shown in Fig. 3.17. From this figure, the peak 

frequencies ( peakf ) for different D  values are identified and the corresponding 

wavelengths ( *
FEA ) calculated by the dispersion relation are given in Table 3.3. It 

is clear that the finite element analysis supports the validity of the present 

prediction of the wavelength-diameter relation. 

 

To confirm that the second vibration mode of the patch of the OL-MPT is 

responsible for the generation of the Lamb wave, the snapshots of the radial 

displacements ( ru ) of the patch of the transmitting OL-MPT at different times 

from t  = 0 to 7.0 s  (half the excitation period) are plotted in Fig. 3.18. The 

patch deformation agrees well with the mode shape of the second vibration mode 

shown in Fig. 3.13(a). This agreement confirms that the second radial extensional 

vibration mode is indeed the mode that generates the Lamb wave in the plate. 
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3.6 A0 mode generation with OL-MPTs 

Until now, the characteristics of the OL-MPT for the S0 mode Lamb wave were 

investigated. In this subchapter, the performance for the OL-MPT of generating the 

A0 mode Lamb wave is presented. 

 

As mentioned in Chapter 2.3, the A0 mode is very dispersive at low frequency-

thickness products. For this reason, the A0 mode of low frequencies in a thin plate 

is generally not preferred. Thus, a 5 mm thick aluminum plate is used to increase 

the frequency-thickness product; it is thicker than the 2 mm thick plate used in the 

previous investigations. Fig. 3.19 shows the group velocity curve and the 

wavelength curve for the 5 mm thick aluminum plate obtained by DISPERSE [42]. 

According to the Fig. 3.19(a), the A0 mode is almost non-dispersive at higher than 

150 kHz. 

 

The same experimental setup shown in Fig. 3.8 is used for A0 mode generation 

experiments. Two OL-MPTs with the patches of 20 mm in diameter were bonded 

onto a 5 mm thick aluminum plate. The distance ( L ) between the two OL-MPTs is 

300 mm. The frequencies of the input Gabor pulses were varied from 50 kHz to 

550 kHz in increments of 10 kHz. The PTP voltages were extracted from the 

signals measured by the receiver and are plotted in Fig. 3.20(a). The two local 

maxima are observed at 190 kHz and 480 kHz. The received signals at those 
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frequencies are shown in Fig. 3.21. Considering the group velocities of the pulses, 

the received pulses are found to be the small S0 mode and the large A0 mode at 

190 kHz, and the large A1 mode at 480 kHz. 

 

By equation (3.10), the wavelength ( *
theory ) of the generated Lamb wave is 

theoretically estimated to be 13.3mm. When the wavelength is fixed, the 

corresponding Lamb wave modes are selected as shown in Fig. 3.20(b). In the 

phase velocity curve, the angle is equivalent to the wavelength. From the figure, 

the selected modes are the A0, S0, A1 and S1 modes. Because the S0 and S1 modes 

are very dispersive at the frequencies corresponding to the wavelength, 370 kHz 

for the S0 mode and 580 kHz for the S1 mode, they will not be observable. The 

corresponding frequency of the A0 mode is 170 kHz and that of the S0 mode is 500 

kHz, which agree well with the experimental results. 

 

Fig. 3.20(b) shows the frequency characteristics of the OL-MPT with the patch of 

23 mm in diameter. The two local maxima are observed at 150 kHz and 450 kHz 

which are slightly lower than those in the previous case. By equation (3.10), the 

wavelength of the generated Lamb wave is theoretically estimated to be 15.3mm 

for the patch of 23 mm in diameter. From Fig. 3.22(b), the A0 mode is selected at 

about 150 kHz and the A1 mode, at about 450 kHz. The S0 and S1 modes are not 

observable due to the dispersion. These analytic estimations correspond well with 

the experimental results. Therefore, the wavelength-diameter relation found from 
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the S0 mode holds for the A0 and A1 modes. 

 

As shown in Fig. 3.21(a), the A0 mode is accompanied with the S0 mode that is not 

desired. The PTP voltage of the S0 mode is 1.5 mV while that of the A0 mode is 

17.7 mV. Similarly to equation (3.5), the A0/S0 amplitude ratio ( 0/S0AR ) in decibels 

is defined as 

 

0
0/S0

0

20 log A
A

S

V
R

V
 ,                    (3.11) 

 

where 0AV  and 0SV  are the PTP voltages of the A0 and S0 modes, respectively. 

Although 0/S0AR  is calculated to be 21.2 dB which is insufficient for NDT 

applications, the OL-MPT for the A0 mode is enough to be used in a laboratory test. 
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3.7 Optimal configurations of a magnet and a patch 

As mention in Chapter 3.3.1, 0.15-mm-thick circular nickel patches are used for the 

OL-MPT. And a neodymium magnet of 6 mm in diameter and 3 mm in height is 

placed 3 mm above the patch. This configuration is the optimized result for the OL-

MPT of 20 mm in diameter to generate the Lamb wave in a plate. 

 

Fig. 3.22(a) shows the parameters of the OL-MPT that affects the magnitude of the 

generated Lamb wave: a magnet thickness ( magnett ), a magnet lift-off ( liftL ) and a 

patch thickness ( patcht ). The magnet thickness and the magnet lift-off determine the 

magnetic flux density in the patch. The magnetic flux densities of various 

combinations of the magnet thickness and the magnet lift-off were measured at the 

bottoms of the magnets and are listed in Table 3.4. As the magnet lift-off is shorter 

and the magnet is thicker, the induced magnetic flux density becomes higher. With 

these combinations of the magnets, the experiments for generating and measuring 

the Lamb wave were conducted. The patch diameter is 20 mm and the excitation 

frequency is set to 430 kHz to generate the S0 mode. These experiments were 

repeated for various patch thicknesses ( patcht  = 0.15 mm, 0.2 mm, 0.5 mm and 1.0 

mm). The results are shown in Fig. 3.22(b). The horizontal axis of the figure is the 

measured magnetic flux density and the vertical axis, the PTP voltages of the Lamb 

wave signals.  
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For the patch thicknesses of 0.15 mm and 0.2 mm, the PTP voltages are the 

maximums with the magnet of 3 mm in height and 3 mm in lift-off. For the patch 

thicknesses of 0.5 mm and 1.0 mm, however, the PTP voltages increase with 

increasing magnetic flux density. This difference can be explained as follows. 

Under the same magnetic field, the higher magnetic flux density is applied in the 

thinner magnetostrictive patch. Thus, the stronger magnet is necessary to supply 

the optimal magnetic field to the thicker patch. 

 

There is one more finding that the Lamb wave magnitude decreases with increasing 

patch thickness. To deform a thicker patch, the more energy is required. But the 

magnetostriction is only developed in the thin surface layer of the patch, because 

the dynamic magnetic field concentrates on the surface of the patch due to the skin 

effect. For nickel, the skin depth is only 21 m  at 400 kHz. Thus, the thinner patch 

is advantageous to generation of the larger Lamb wave. Among all combination, 

the largest Lamb wave is generated with the patch of 0.15 mm in thickness and the 

magnet of 3 mm in height and 3 mm in lift-off. This configuration was adopted for 

all experiment and simulation in this research. 
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3.8 Summary 

A new configuration of the MPT suitable for generating omnidirectional Lamb 

waves was presented and its mechanism to generate the Lamb wave in the plate 

was investigated. The proposed OL-MPT is composed of typical MPT elements 

such as a magnetostrictive patch, a coil and a magnet but they should be arranged 

exactly as suggested in this work in order to ensure the omnidirectivity of the 

generated Lamb wave. Unlike typical transducers utilizing the lowest resonance 

mode of an actuation element of a transducer, the proposed OL-MPT is shown to 

operate in its second resonance mode of the magnetostrictive patch. Specifically, 

the second radial extensional axisymmetric vibration mode of the circular 

magnetostrictive patch is identified to be the actuation mode that generates the S0 

and A0 modes in a test plate. It is also found that the wavelength of the maximum 

Lamb wave motion in a plate corresponds roughly to two-thirds of the diameter of 

the patch. In fact, this relation is very useful in designing OL-MPTs because 

optimal operating frequencies of the OL-MPTs in plate applications can be directly 

estimated. Finally the optimal configurations of the cylindrical magnet and the 

patch of the OL-MPT are investigated to maximize the amplitude of the desired 

mode Lamb wave. 
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Table 3.1 The material properties of a test plate and a patch of an OL-MPT. 

Plate Patch 

Material Aluminum Nickel 

Young’s modulus 70.3 GPa 232.4 GPa 

Density 2724 kg/m3 8867 kg/m3 

Poisson’s ratio 0.33 0.31 

 

 

 

Table 3.2 The lowest three resonant frequencies of 0.15-mm-thick circular nickel 

patches for varying diameters. 

Mode No. 
D = 18 mm 

(kHz) 

D = 20 mm 

(kHz) 

D = 22 mm 

(kHz) 

1 195.7 176.1 160.1 

2 513.4 462.0 420.0 

3 816.4 734.7 667.9 
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Table 3.3 The wavelengths of the S0 mode obtained by the experiments, the theo-

retical analysis and the finite element analysis. 

D  

(mm) 

*
exp  

(mm) 

*
theory  

(mm) 

*
FEA  

(mm) 

18 11.3 12.0 12.1 

20 12.4 13.3 13.3 

22 14.0 14.7 14.8 

 

 

Table 3.4 The thicknesses (tmagnet) and the lift-offs (Llift) of the magnets and the 

magnetic flux densities measured at the bottoms of the magnets. 

tmagnet 

(mm) 

Llift 

(mm) 

Magnetic flux density 

(T) 

3 5 0.040 

3 3 0.088 

3 2 0.150 

3 0 0.364 

5 0 0.453 

10 0 0.489 

20 0 0.514 
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Fig. 3.1 (a) Mechanism of the magnetic domain wall movement and the magnetic 

domain rotation. (b) The unaligned magnetic domains. (c) The aligned 

magnetic domains by the external magnetic field. The symbol e denotes 

the elongation. 
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Fig. 3.2 Magnetostriction curve of a magnetostrictive material. 

 

 

Fig. 3.3 Magnetostriction curves of pure nickel measured by Williams [57], Jiles 

[58] and Ribichini [59]. 
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Fig. 3.4 Configurations and the magnetic field distributions of MPTs for generating 

(a) Lamb waves and (b) shear horizontal waves in a plate. 
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Fig. 3.5 Various MPTs for plate inspection. The OPMT [74, 75] generates 

directional Lamb waves or SH waves in a plate. The PSA-OPMT [76, 77] 

generates SH wave with narrow beam pattern. The OSH-MPT [78] 

generates omnidirectional SH waves. The OL-MPT [50] developed in 

this research generates omnidirectional Lamb waves in a plate. 
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Fig. 3.6 The proposed OL-MPT for generating omnidirectional Lamb waves in a 

plate. The coil is placed simply over the magnetostrictive patch of 

diameter D. (a) Three-dimensional view and (b) cross-sectional view of 

the OL-MPT. 
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Fig. 3.7 Distributions of the static and dynamic magnetic fields of (a) the OL-MPT 

and (b) the OL-EMAT. 

 

 

Fig. 3.8 Experimental setup for wave generation and measurement with a couple of 

OL-MPTs installed on a 2 mm thick aluminum plate. 
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Fig. 3.9 (a) Measured time signal for an excitation Gabor pulse of 430 kHz. (b) The 

group velocity curves for the Lamb waves of the test aluminum plate. The 

lines denote the theoretical group velocities obtained by DISPERSE, 

while the circles, the group velocities obtained from the experiments. 

  



60 

 

 

Fig. 3.10 (a) Experimental setup for measuring the radiation pattern and (b) 

the radiation pattern of the OL-MPT obtained by the experiments. 
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Fig. 3.11 Frequency-amplitude relations of the S0 mode generated by the OL-

MPTs for the patch diameter D = 18 mm, 20 mm and 22 mm. 

 

 

Fig. 3.12 Geometry of a magnetostrictive patch. The thickness of the patch is 

neglected under the plane-stress assumption. 
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Fig. 3.13 Radial extensional mode shapes calculated by theoretical analysis for (a) 

the radial displacement ur and (b) the radial normal strain εrr of the 

circular patch. Only the lowest three mode shapes are plotted here. 
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Fig. 3.14 (a) Distributions of the magnetic fields and the deformation of the patch 

by the magnetostriction. (b) Re-illustrated radial extensional mode shapes 

for the radial normal strain εrr through the patch diameter. 
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Fig. 3.15 Model of the OL-MPT and the radial normal strain plot of the plate 

obtained from the time-harmonic analysis with COMSOL Multiphysics. 
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Fig. 3.16 (a) Radial normal strain plot ( 18t s ) and (b) the transient signal of the 

current induced in the receiver obtained from the time-transient analysis 

with COMSOL Multiphysics. 
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Fig. 3.17 Frequency-amplitude relations of the S0 mode simulated by COMSOL 

Multiphysics for the patch diameter D = 18 mm, 20 mm and 22 mm. 

 

 

Fig. 3.18 Snapshots of the radial displacements of the patch of the transmitting OL-

MPT at different times from t  = 0 to 7.0 s . 
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Fig. 3.19 (a) Group velocity curve and (b) the wavelength curve for the 5 mm thick 

aluminum plate obtained by DISPERSE [42]. 
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Fig. 3.20 (a) Frequency-amplitude relations of the Lamb waves generated by the 

OL-MPTs for the patch diameter D = 20 mm. (b) The phase velocity 

curve for the 5 mm thick aluminum plate. 
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Fig. 3.21 Signals of the Lamb waves measured by the receiving OL-MPT with the 

patch of 20 mm in diameter. The excitation frequencies are (a) 190 kHz 

and (b) 480 kHz. 
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Fig. 3.22 (a) Frequency-amplitude relations of the Lamb waves generated by the 

OL-MPTs for the patch diameter D = 23 mm. (b) The phase velocity 

curve for the 5 mm thick aluminum plate. 
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Fig. 3.23 (a) Parameters of the OL-MPT that affects the magnitude of the generated 

Lamb wave: a magnet thickness ( magnett ), a magnet lift-off ( liftL ) and a 

patch thickness ( patcht ). (b) The PTP voltages of the Lamb wave for 

various values of the parameters. 
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Chapter 4  

 

Electromagnetic acoustic transducer for 

omnidirectional Lamb waves 

 

4.1 Introduction 

EMATs have been widely used for NDT applications because of their unique 

advantage over other transducers, that is, operation without any contact. In the 

mechanisms of wave generation and reception, the physical contact is not required. 

Thus, EMATs have been specially utilized for contactless testing on moving 

structures or high-temperature structures. In this chapter, a new EMAT for the 

omnidirectional S0 mode Lamb wave is proposed. Lamb waves can be classified as 

symmetric modes antisymmetric modes. Since the number of Lamb modes 

increases with increasing frequency, it is necessary to excite only the desired mode 

for efficiency. Until now, however, no method has been developed to generate the 

desired symmetric mode selectively without generating unwanted modes based on 

EMATs. 
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EMATs generate guided waves in a conductive structure with magnets and coils; 

the configurations of magnets and coils determine the modes of the generated 

Lamb waves. (Further details are described in the beginning of Chapter 4.3.) Figs. 

4.1(a) and (b) show the configurations of EMATs for generating omnidirectional 

symmetric and antisymmetric Lamb wave modes, respectively. Although the 

configuration of an EMAT shown in Fig. 4.1(a) is designed for symmetric modes, it 

is difficult to generate only the desired symmetric Lamb wave mode selectively, 

because of the accompanied antisymmetric Lamb wave modes. In reference [79], 

the method for exciting symmetric modes with controlling coil diameters, coil 

widths and frequencies has been discussed, but no study to achieve better mode 

control of an EMAT for the S0 mode Lamb wave has been reported. 

 

The researches on mode control of an EMAT have usually focused on enhancing 

the A0 mode and suppressing the S0 mode with the configuration shown in Fig. 

4.1(b). Seher et al. [36] optimized a magnet diameter and a liftoff distance between 

a magnet and a plate using a genetic algorithm to excite the A0 mode and minimize 

the S0 mode. Nagy et al. [35] calculated the relation of the inclination angle of a 

Lorentz force to the amplitudes of the A0 and S0 modes and found the optimal 

angle which maximizes the A0/S0 amplitude ratio. These methods, however, are 

difficult to apply to the selective S0 mode excitation of an EMAT. On the other 

hand, for piezoelectric transducers, an annular array transducer with several 

annular piezoelectric elements has been developed for omnidirectional Lamb wave 
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mode control [33]. This work compared the comb type and inter-digital type 

configurations of elements analytically and experimentally. The result shows that 

there is a relation of the separation between the centers of the elements to the 

wavelength of the generated wave. The separation in the comb type corresponds to 

one wavelength and the separation in the inter-digital type, half the wavelength. 

Glushkov et al. [31] developed an omnidirectional multi-element transducer for 

selective Lamb mode excitation. In this work, mode control is achieved by tuning 

the amplitude and the time delay of the input signal for each element. Noticing that 

the use of several excitation elements can be useful for Lamb wave mode control, it 

is aimed to design an omnidirectional EMAT with several excitation coils and 

propose a method for generating only the symmetric mode Lamb waves. 

 

In this chapter, the principle of an EMAT is introduced first. The configuration of 

the proposed OL-EMAT with a double spiral coil is presented [85]. To excite the 

desired symmetric mode and suppress the unwanted antisymmetric mode at a given 

operating frequency, the analysis of Lamb wave generation by the Lorentz force 

induced by the double coil and Lamb wave propagation in a plate is performed. 

Using the analytic result, the parameters of the double coil are tuned to achieve 

better mode control and suggest the relations of the coil diameters and the coil 

width to the wavelength of the Lamb wave. Then the analytic and experimental 

verification are presented. Finally, the observations obtained from the analysis and 

the experiments are summarized. 
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4.2 Principle of EMATs 

4.2.1 Wave generation mechanism of an EMAT 

General EMATs consists of a permanent magnet for biasing static magnetic field 

and a coil for supplying dynamic magnetic field as shown in Fig. 4.2. When an 

EMAT is placed on a conductive (or metallic) structure and an alternating current is 

flown into the coil, a dynamic magnetic field is induced in the structure; this results 

in an eddy current. The induced eddy current concentrates on a surface layer of the 

conductive structure, due to the skin effect. The skin depth ( ) of the conductor 

where the eddy current flows mainly is defined as [86] 

 

1

f


 
 ,                        (4.1) 

 

where f  is the frequency of the alternating current;   and   is respectively 

the magnetic permeability and the electrical conductivity of the structure. For the 

frequency of 300 kHz, the skin depth of an aluminum structure is only about 0.16 

mm. Thus the Lorentz force is mainly located in the thin surface layer of the 

structure. 

 

The interaction of the static magnetic field by the permanent magnet with the 

induced eddy current generates the Lorentz force LF  in the structure, which is 
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given as [87] 

L e SF J B  ,                       (4.2) 

 

where eJ  is the eddy current density and sB  is the magnetic flux density of the 

static field. With the EMAT configuration shown in Fig. 4.2, the static magnetic 

field is perpendicular to the plate. Because the Lorentz force is in the form of a 

cross product of the eddy currents and the static magnetic flux, it is generated 

horizontally on the conductive plate. This causes the generation of guided waves in 

the plate. 

 

 

4.2.2 Wave reception mechanism of an EMAT 

An EMAT measures the elastic wave using the reversed Lorentz force mechanism 

written as [87] 

S

u
E B

t


 


,                       (4.3) 

 

where E  is the induced electric field, u  is the displacement of the plate and t  

is time. Equation (4.3) states that the dynamic displacement field under the static 

magnetic field generates the dynamic electric field E . This electric field induces a 

current loop in the plate and the resulting magnetic field is measured by the coil of 
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the receiving EMAT. 

 

Under the assumption that the static magnetic flux density ( SB ) is uniform and 

perpendicular to the plate, the magnitude of E  is only proportional to the radial 

velocity u t   of the plate. Because the electric field E  generates a current 

flowing through the coil of the receiving EMAT, the response of the receiver can be 

assumed as the line integral of u t   along the coil geometry. In time-harmonic 

analysis, 

 

u
i u

t





.                         (4.4) 

 

With the harmonic solutions, the transient solution can be calculated [20]. First, 

obtain the harmonic solutions over the bandwidth and the Fourier transform of the 

excitation signal as shown in Figs. 4.3(a)-(c). Then perform the inverse Fourier 

transform of the product of them. The result is the transient solution as shown in 

Fig. 4.3(d). With this method, the transient response of a receiving EMAT can be 

analytically obtained. 
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4.3 Proposed OL-EMAT for S0 mode generation 

Before going further, it is worth explaining the Lamb wave generation by existing 

omnidirectional EMATs shown in Fig. 4.1. Because the EMAT configuration for 

symmetric mode excitation shown in Fig. 4.1(a) has a magnet of a larger diameter 

than the coil, the magnetic field from the magnet is almost perpendicularly incident 

on a plate. Hence, the Lorentz force is generated mainly along the in-plane 

direction. This distribution of the Lorentz force is suitable for generating 

symmetric mode Lamb waves which have dominant in-plane displacements. In the 

case of the EMAT for antisymmetric mode excitation shown in Fig. 4.1(b), to the 

contrary, the magnet has a smaller diameter than the coil and the direction of the 

generated Lorentz force is almost out-of-plane. 

 

 

4.3.1 Configuration 

To excite the symmetric mode selectively and suppress the antisymmetric mode, a 

double spiral coil instead of a single spiral coil is applied to the EMAT 

configuration for symmetric mode excitation, as shown in Fig. 4.4. The double 

spiral coil consists of two coils which are connected to each other. The inner coil, 

wound clockwise, has an average diameter of 1D  and a width of 1W . The outer 

coil, wound counterclockwise, has an average diameter of 2D  and a width of 2W . 
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Fig. 4.5 shows the schematic distributions of the magnetic fields and the Lorentz 

force generated by the tuned double coil EMAT. The two eddy current circuits 

opposite to each other are induced in a plate by the dynamic magnetic field from 

the double coil. The Lorentz force LF  is generated by the static magnetic flux and 

the eddy currents. 

 

Under the assumption that the magnet has a much larger diameter than the coil and 

the static magnetic field is uniform and perpendicular to the plate, the Lorentz 

forces are generated horizontally since it is in the form of a cross product of the 

eddy currents and the static magnetic field. Because the directions of the two eddy 

current circuits are opposed, the directions of the Lorentz forces due to the two 

circuits are also opposite. As mentioned in Chapter 4.2.1, the generated Lorentz 

force is mainly located in the thin surface layer of the plate due to the skin effect. 

The aluminum plate used in the analysis and the experiments of the present work 

has a thickness of 2 mm, which is much thicker than the skin depth ( = 0.16 mm 

for 300 kHz). Therefore the Lorentz force can be assumed to be a horizontal 

surface force [79]. 

 

 

4.3.2 Analysis of generated waves 

The axisymmetric model of the tuned double coil EMAT for time-harmonic 
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analysis is shown in Fig. 4.6(a). The centers of the cylindrical magnet and the 

double coil are placed on the z-axis, and the horizontal surface forces opposite to 

each other are located under the inner coil and the outer coil. Referring to [20, 21], 

the displacement field of this model is derived as 

 

2 2 1 1

2 2 1 1

2 2 1 1

2 2 1 1

( ) 2 ( ) 2 (2)0
1 1 1( ) 2 ( ) 2

( ) 2 ( ) 2 (2)0
1 1 1( ) 2 ( ) 2

( )
( ) ( )d ( )d ( )

2 ( )

( )
( )d ( )d

2 ( )

S
D W D WS S S i tS n

r n n nSz h D W D W
n S n

A
D W D WA A A n

n n AD W D W
A n

i N k
u r aJ k a a aJ k a a H k r e

D k

i N k
aJ k a a aJ k a a H

D k

 


 


 

  

 

 

     

     

  

  ( ) ,A i t
n

n

k r e 
 

(4.5) 

where 

2 2 2 2

2 2 2 2

2 2

2 2

( ) ( ) cos sin 4 sin cos ,

( ) ( ) sin cos 4 cos sin ,

( ) ( )cos cos ,

( ) ( )sin sin ,

S

A

S

A

D k k q ph qh k pq ph qh

D k k q ph qh k pq ph qh

N k kq k q ph qh

N k kq k q ph qh

  

  

 

 

      (4.6) 

and 

2
2 2

L

p k
c


  ,  

2
2 2

T

q k
c


  .                (4.7) 

 

In equation (4.5), ru  is the radial displacement of the plate; 0  is the traction per 

unit length and is assumed to be unity. The symbol n  represents the mode number 

of each mode; S
nk  and A

nk  are respectively the wavenumbers of the n th 

symmetric mode and the n th antisymmetric mode. Hence, the first term of the 
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right-hand side of equation (4.5) is the solution to symmetric modes, and the 

second term is the solution to antisymmetric modes. The symbol prime ( ' ) means 

derivative with respect to the wavenumber k . The symbols 1J  and (2)
1H  are 

respectively the first-order Bessel function of the first kind and the first-order 

Hankel function of the second kind. The symbol   represents the angular 

frequency of the harmonic analysis and i  is the unit imaginary number, and h  is 

half the thickness of the plate. And Lc  and Tc  are respectively the speeds of the 

longitudinal wave and the transverse wave in the plate. The values of S
nk  and A

nk  

are obtained from equations (2.23) and (2.24) called the Rayleigh-Lamb frequency 

equations. 

 

Because the magnitude LambV  of the Lamb wave generated by the proposed 

EMAT is proportional to the strain of the plate, 

 

( )
( ) r

Lamb r

u r
V r

r
 




 .                   (4.8) 

 

Equation (4.8) is from time-harmonic analysis and hence it will not correspond 

well to the experimental results which will be described in Chapter 4.6. For 

comparison with the experimental results, the transient response of the receiving 

EMAT is obtained by the method explained in Chapter 4.2.2. 
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4.3.3 Design variables for a double coil 

There are four design variables for a double coil: the inner coil diameter 1D  and 

width 1W , the outer coil diameter 2D  and width 2W . First of all, the time-

harmonic analysis was conducted to see the effects of the four design variables on 

the Lamb waves generated by the proposed EMAT. With five sets of design 

variables, the radial strains at the point ( r = 0.3 m) on the surface of a 2 mm thick 

aluminum plate are obtained for the frequency range from 100 kHz to 500 kHz 

using equation (4.8) as shown in Fig. 4.6(b). The sets of design variables are as 

follows. 

 

1 2 1 2

1 2 1 2

1 2 1 2

1 2 1 2

1 2 1 2

Set1: ( , , , ) (9mm,21mm,4mm,4mm),

Set 2: ( , , , ) (12mm,28mm,4mm,4mm),

Set3: ( , , , ) (15mm,35mm,4mm,4mm),

Set 4: ( , , , ) (12mm,28mm,2mm,2mm),

Set5: ( , , , ) (12mm,28mm,6mm,6mm).

D D W W

D D W W

D D W W

D D W W

D D W W







 

 

The combination of Set 1, Set 2 and Set 3 is for checking the effect of the coil 

diameters, while the effect of the coil widths can be found by comparing the results 

of Set 2, Set 4 and Set 5. Fig. 4.7 shows the amplitudes of the S0 and A0 modes 

which are normalized to the maximum value of the S0 mode for the five sets of 

design variables. 
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Comparing the results of Set 1, Set 2 and Set 3, one can see that the peak frequency 

of the amplitude of the S0 mode decreases with increasing coil diameters 1D  and 

2D . The peak frequencies of Sets 1-3 are respectively 419 kHz, 321 kHz and 259 

kHz. On the other hand, the peak frequencies of Set 4 and Set 5 are respectively 

325 kHz and 315 kHz, which are near that of Set 2. The peak frequencies change 

little but the amplitudes of A0 become smaller with increasing coil widths; see the 

results in Fig. 4.7 for Sets 2, 4 and 5. Therefore the coil diameters influence the 

peak frequency of the S0 mode, and the coil width determines the amplitude ratio 

of the S0 mode to the A0 mode, which represents the mode selectivity. In the 

following part, these findings will be analyzed quantitatively. 
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4.4 Wavelength-Diameter relation 

First, let us examine the relation between the coil diameters of the double coil of 

the proposed EMAT and the peak frequency of the S0 mode Lamb wave. Fig. 4.8 

shows the contour plot of the radial strain of the S0 mode for various 1D  and 2D  

on the 2 mm thick aluminum plate at 500 kHz for 1W  = 2W  = 1 mm. For 1D  of 

8.0 mm and 2D  of 18.6 mm, the amplitude of the S0 mode reaches a maximum. 

At 500 kHz, the wavelength 0S  of the S0 mode is 10.6 mm in the plate. By 

defining *
1D  and *

2D  as the coil diameters maximizing the amplitude of the S0 

mode at the given frequency, one can introduce the following parameters *
1K  and 

*
2K  defined as 

*
* 1

1
0

8.0
0.755

10.6S

D
K


  ,                   (4.9) 

*
* 2

2
0

18.6
1.755

10.6S

D
K


  .                 (4.10) 

 

The symbols *
1K  and *

2K  are respectively the ratios of the diameters of the 

inner coil and the outer coil to the wavelength of the S0 mode. Fig. 4.9(a) plots 

*
1K  and *

2K  at the frequency range from 200 kHz to 700 kHz as circles. The 

wavelength of the S0 mode is a function of a frequency; one may plot *
1K  and 
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*
2K  as functions of the wavelength, instead of frequency, as shown in Fig. 4.9(b). 

The important finding from Fig. 4.9 is that *
1K  and *

2K  are nearly constant for 

various frequencies or wavelengths. 

 

Figs. 4.10(a) and (b) show *
1K  and *

2K  for various wavelengths for 1W  = 2W  

= 3 mm and 1W  = 2W  = 5 mm, respectively. The value of *
1K  decreases 

slightly as the wavelength becomes shorter, as shown in Fig. 4.10(a). When the coil 

width is wider as shown in Fig 4.10(b), this tendency is more noticeable and *
1K  

decreases rapidly for a wavelength of less than 10 mm. The reason why the 

inflection point of *
1K  appears at the wavelength of 10 mm is that the coil width 

corresponds to half the wavelength at that point. From equations (4.9) and (4.10), 

 

* *
2 1 1K K  .                       (4.11) 

 

As shown in Fig. 4.6(a), the inner coil cannot be overlapped with the outer coil; 

thus 

 

* *
2 1 1 2

12 2 2

D D W W
W


      (when 1W  = 2W ).       (4.12) 
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From equations (4.11) and (4.12), 

 

0 12S W  .                       (4.13) 

 

This suggests that *
1K  and *

2K  values are meaningful when the wavelength is 

more than twice the coil width. The solid lines in Figs. 4.9 and 4.10 denote the 

average values of *
1K  and *

2K  in the range of the wavelength which satisfies 

equation (4.13); the average values are also listed in Table 4.1. Although the 

average *
1K  and the average *

2K  decrease slightly with increasing coil width, 

they roughly satisfy the following equations 

 

*
1

3

4
K  ,                        (4.14) 

*
2

7

4
K  .                        (4.15) 

 

Additionally, the above analysis is performed for different plate thicknesses. Fig. 

4.11 shows the average *
1K  and the average *

2K  for coil widths of 0 ~ 5 mm 

and plate thicknesses of 1 ~ 4 mm. The coil width of 0 mm means that the surface 

forces are assumed to be the point forces. As shown in Fig. 4.11, the average *
1K  

and the average *
2K  are more sensitive to the coil width than the plate thickness. 
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But each difference between the minimum and the maximum is only a few percent 

of the original value. Thus one can see that *
1K  and *

2K  are nearly constant 

regardless of excitation frequency, coil width and plate thickness, and that the coil 

diameters and the wavelength of the S0 mode satisfy 

 

*
1 0

3

4 SD  ,                       (4.16) 

*
2 0

7

4 SD  .                       (4.17) 

 

Recall that the displacement field developed by the axisymmetric force is in the 

form of Bessel functions. In equation (4.8), the term with respect to the coil 

diameters is 1( )kaJ ka , where a  is the radius of the coil and k  is the 

wavelength. The first extremum of the function 1( )kaJ ka  is at 

1 1 2.41ka D    and the second extremum is at 2 5.53ka   as shown in Fig. 

4.12. This means that the magnitude LambV  of the Lamb wave becomes the local 

maximum when 1 0.767D   and 2 1.76D  , which implies equations (4.16) 

and (4.17). From equations (4.16) and (4.17), 

 

* *
2 1 0SD D   .                    (4.18) 
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Equation (4.18) can be explained by the fact that the amplitude of the S0 mode is 

maximized when the difference of radius between the inner coil and the outer coil 

is half the wavelength, because the inner coil and the outer coil are excited with 

opposite phases to each other. In conclusion, the optimized omnidirectional EMAT 

for the given frequency or wavelength can be designed with the suggested relations 

between the coil diameters and the wavelength of the S0 mode. 
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4.5 Optimization for mode selectivity 

As mentioned before, the coil width influences the amplitude ratio of the S0 mode 

to the A0 mode which represents the mode selectivity. Thus the optimization of coil 

widths is needed to achieve better mode control. For the optimization, the three 

double coils denoted by DC-1, DC-2 and DC-3 were chosen. For the wavelengths 

( 0S ) of 12 mm, 16 mm and 20 mm, 1D  and 2D  of the double coils were 

determined by equations (4.16) and (4.17), as listed in Table 4.2. The amplitude 

0SV  of the S0 mode and the amplitude 0AV  of the A0 mode are calculated 

analytically by the Hilbert transform of the transient response for the three double 

coils. And the S0/A0 amplitude ratio (  0/ 0 0 020 logS A S AR V V ) is obtained at the 

frequency for which 0SV  is the largest. Through such a method, the values of 

0/ 0S AR  were calculated for various coil widths 1W  and 2W , and are plotted in 

Fig. 4.12. And the maximum value of 0/ 0S AR  was searched for the three double 

coils. Table 4.2 lists the optimal coil widths 1
optW  and 2

optW  to maximize the 

0/ 0S AR  values. In case of DC-1, the maximum of 0/ 0S AR  is 45.4 dB at the point 

( 1
optW , 2

optW ) = (5, 5). The maximum values of 0/ 0S AR  for DC-2 and DC-3 are 

52.8 dB and 59.5 dB at the point ( 1
optW , 2

optW ) = (6, 6) and (8, 8), respectively. 

 

For all of the three double coils, the mode selectivity is improved as the coil widths 
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are wider, and the S0/A0 amplitude ratio 0/ 0S AR  reaches a maximum when the 

coil widths are about 40% of the wavelength of the S0 mode. Consequently, in 

order to design an optimized omnidirectional EMAT with a double coil, one can 

use equations (4.16) and (4.17) to determine the diameters of the inner and outer 

coils and set the coil width to roughly 40% of the wavelength for the best mode 

selectivity. 

 

  



91 

4.6 Verifications 

In this subchapter, the mode selectivity of a single coil and a double coil are 

compared analytically and the analysis conducted before is verified experimentally. 

 

4.6.1 Analytical verification 

First, the amplitudes of the S0 and A0 modes are obtained for a single coil and a 

double coil by using equation (4.8), as shown in Fig. 4.14. The 2 mm thick 

aluminum plate was considered as before and DC-2 was used for analysis. Fig. 

4.14(a) shows the amplitudes of the S0 and A0 modes which are normalized to the 

maximum value of the S0 mode when only the inner coil of DC-2 is excited, and 

Fig. 4.14(b), when both the inner and outer coils are excited. When only the inner 

coil is excited, the peak frequency of the S0 mode is 266 kHz, and the A0 mode is 

remarkable at the vicinity of that frequency. As shown in Fig. 4.14(b), however, the 

A0 mode becomes much weaker at the vicinity of 315 kHz which is the peak 

frequency of the S0 mode. This is because the outer coil works as a wavelength 

filter, which enhances the S0 mode at the vicinity of 315 kHz and suppresses the 

A0 mode which has a different wavelength from the S0 mode. Therefore it is 

verified that a double coil has better mode selectivity than a single coil under the 

same conditions. 

 

Figs. 4.15 and 4.16 shows the analytic transient signals measured at the receiving 
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EMAT for verification of findings in Chapters 4.4 and 4.5. To investigate the effect 

of the coil parameters, they are slightly modified from that of the optimal double 

coil, DC-2, which is of 12 mm in 1D , 28 mm in 2D  and 6 mm in width. The 

transient signals of outer diameter-modified coils are shown in Fig. 4.15. The other 

parameters are fixed and the excitation frequency is 300 kHz. All the signals are 

normalized to the maximum amplitude of the S0 mode. When 2D  = 28 mm 

which is obtained by equation (4.17), the amplitude of the A0 mode is the 

minimum and the S0/A0 amplitude ratio is the maximum. As the outer diameter is 

far from 28 mm, the A0 mode becomes larger. Next, the coil widths are slightly 

modified and the results are plotted in Fig. 4.16. In the same manner, the 

suppression of the A0 mode is maximized when the coil widths are 6 mm which is 

obtained in Chapter 4.5. These results verify analytically the findings in Chapters 

4.4 and 4.5. 

 

 

4.6.2 Experimental verification 

The experiments as shown in Fig. 4.17 are conducted to check the mode control of 

a double coil. Two tuned double coil EMATs were installed on the 2 mm thick 

aluminum plate with a distance of 300 mm between them. The EMATs consisted of 

one of the three double coils given in Table 4.2 and the cylindrical NdFeB magnet 

of 60 mm in diameter and 20 mm in thickness. The double coils were manufactured 
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on a PCB (printed circuit board) as shown in Fig. 4.18. To gain higher transduction 

efficiency, the coil patterns were printed on both the top layer and the bottom layer 

of the PCB. 

 

The transmitting EMAT was connected to a power amplifier (AG1017L, T&C 

Power Conversion, Rochester, NY) and a function generator (33250A, Agilent, 

Santa Clara, CA) and the receiving EMAT was connected to a pre-amplifier 

(SR560, Stanford Research Systems, Sunnyvale, CA) and an oscilloscope 

(WaveRunner 104MXi-A, LeCroy, Chestnut Ridge, NY). The Gabor pulse 

(modulated Gaussian pulse) [80] with a shaping factor of 5 was used as an input 

signal. The further details about the Gabor pulse are presented in Appendix B. The 

amplitudes of the S0 and A0 modes were obtained by the Hilbert transform of the 

received signals and are plotted in Fig. 4.19 as circles. The analytic transient 

responses are plotted in Fig. 4.19 as solid lines. The three plots of Fig. 4.19 reveal 

that the analytic results under the assumption of a horizontal surface force 

correspond well to the experimental results. 

 

Figs. 4.20-22 show the transient signals measured at the receiving EMAT obtained 

from the data used in Fig. 4.19. The analytic and experimental signals with DC-1 at 

390 kHz which is the peak frequency of the S0 mode are plotted in Fig. 4.20. In the 

same manner, the signals with DC-2 at 300 kHz are depicted in Fig. 4.21. And Fig. 

4.22 shows the signals with DC-3 at 240 kHz. 
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The S0 mode signals commonly appear at 60 s  with large amplitudes and the 

much smaller A0 mode signals appear at 105 s . The S0/A0 amplitude ratios 

0/ 0S AR  are calculated and listed in Table 4.3. The maximum S0/A0 amplitude ratio 

of the experimental results is 44.7 dB; the excitations of A0 mode were fairly 

suppressed. The main reason why the experimental S0/A0 amplitude ratios are less 

than the analytic ones is the electrical noise from the equipment, especially the 

power amplifier. There is no noise in the analytic signals but the experimental 

signals have overall noise. 
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4.7 Larger-diameter double coil and triple coil 

In the beginning of Chapter 4.4, the coil diameters *
1D  and *

2D  maximizing the 

amplitude of the S0 mode are obtained from Fig. 4.8. In the figure, the first peak 

point was considered as the optimal diameters. But, there are more peak points as 

the diameters increase. When the optimal coil diameters are calculated from the 

second peak point, the wavelength-diameter relations are obtained as follows. 

 

*
1 0

7

4 SD  ,                       (4.19) 

*
2 0

11

4 SD  .                      (4.20) 

 

For the wavelength of 16 mm, *
1D  = 28 mm and *

2D  = 44 mm. The coil widths 

are determined to be 6 mm. This coil will be called DC2-2 named after DC-2 which 

consists of the inner coil of 12 mm in diameter and the outer coil of 28 mm in 

diameter. With DC2-2, the same transient analysis and experiments as before were 

conducted. The results are shown in Fig. 4.24. The peak frequency of the S0 mode 

is expected to be about 300 kHz by the dispersion relation. In the analytic transient 

result, the peak frequency is 181 kHz. The second peak appears at 291 kHz, which 

is near the expected peak frequency. In the experimental result, only one peak 

appears at 180 kHz. Fig. 4.25 shows the analytic and experimental transient signals 
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at the expected peak frequency. The shapes of the S0 mode signals are distorted in 

common from the excitation pulse (Gabor pulse). This is because of the absence of 

the coil of 12 mm in diameter which is the inner coil of DC-2. 

 

If the coil of 12 mm in diameter is added to DC2-2, the triple coil shown in Fig. 

4.26(a) is composed. With the triple coil, the same transient analysis was 

performed. Fig. 4.26(b) shows the analytic transient signals of the triple coil and 

the double coil DC2-2 at 291 kHz. The fronts and ends of the two signals are much 

the same. The difference of the middle parts of the signal is due to the existence of 

the 12 mm coil which locates the center of the triple coil. Thus the double coil 

designed from the second peak point is not suitable for generating Lamb waves. 

 

The frequency-amplitude plot of the triple coil is shown in Fig. 4.27(a). The peak 

frequency of the S0 mode is 308 kHz which is near the expected peak frequency. 

The transient signal at 308 kHz is shown in Fig. 4.27(b). For comparison, the 

transient signal of the double coil DC-2 shown in Fig. 4.21(a) is inset to Fig. 

4.27(b). Unlike the signal of DC2-2, the S0 mode signal by the triple coil is well 

developed. The S0/A0 amplitude ratio is 56.2 dB, which is a little higher than that 

of DC-2 (52.8 dB). But the triple coil has several disadvantages such as the wider 

wave packet of the signal, the higher production cost and the larger size compared 

to the double coil. Considering them, the utility value of the triple coil is small and 

the double coil is sufficient for mode selection. 
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4.8 Effect of the lift-off 

The unique advantage of an EMAT over other transducers is non-contact 

generation and sensing of elastic waves. But the magnitude of the generated wave 

decreases rapidly, as the lift-off of the EMAT increases. Thus the effect of the lift-

off needs to be investigated for the developed EMAT. 

 

Fig. 4.28(a) shows the configuration of the double coil EMAT with the lift-off 

( liftL ). First, the effect of the lift-off is identified by the simulation with COMSOL 

Multiphysics [83]. The axisymmetric model of the EMAT is shown in Fig. 4.28(b). 

The magnet of 60 mm in diameter and 20 mm in thickness and the double coil DC-

2 are lifted off the 2 mm thick aluminum plate. The excitation current is applied to 

the coil, and then the static magnetic flux density ( SB ) and the induced current 

density ( eJ ) are measured at the surface of the plate under the coil. The measured 

values are plotted in Fig. 4.29. As the lift-off increases, the static magnetic flux 

density gradually decreases, whereas the induced current density shrinks rapidly. 

From equation (4.2), the Lorentz force LF , the source of Lamb waves, is the cross 

product of SB  and eJ ., which is normalized and shown in Fig. 4.30(a). With the 

EMAT of the same configuration, the experiments for generating and measuring 

the S0 mode were conducted. The lift-off distance of the transmitting EMAT was 

from 0 mm to 4 mm by 0.5 mm. The receiving EMAT was placed on the plate 
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without any gap. From the measured signals, the amplitudes of the S0 and A0 

modes were extracted. The amplitudes of the S0 mode are shown in Fig. 4.30(a), 

and the S0/A0 amplitude ratios are shown in Fig. 4.30(b). From Fig. 4.30(a), the 

experimental result corresponds well to the simulation result. Although the 

amplitude decreases rapidly with the increasing lift-off, the S0/A0 amplitude ratio 

is reduced slightly. Considering the absolute magnitude and the mode selectivity, 

the developed EMAT may be lifted off to 2 mm without critical problems. 
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4.9 Summary 

The tuned double coil EMAT was newly proposed to generate omnidirectional 

symmetric mode Lamb waves in a plate. There is a limit to suppressing the A0 

mode using an omnidirectional EMAT with a single coil. Thus a double coil was 

applied to an EMAT to excite the S0 mode selectively and suppress the A0 mode. 

The double coil consists of two spiral coils wound in opposite directions to each 

other and works as a wavelength filter in a transmitter or a receiver. The relations 

between the coil diameters of the double coil and the wavelength of the S0 mode 

are found from time-harmonic analysis under the assumption of a horizontal 

surface force. Also, guidelines for determining the coil width to improve mode 

selectivity were suggested by investigating the effect of the coil width on the S0/A0 

amplitude ratio with the analytic transient responses. Through the experiments, the 

validation of the analysis was confirmed and the S0/A0 amplitude ratio of 44.7 dB 

was achieved. Finally, the utility value of the triple coil and the effect of the lift-off 

were investigated. The findings of the present work about the effect of the coil 

diameters and widths of the double coil can be utilized to design an 

omnidirectional symmetric mode Lamb wave EMAT. 
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Table 4.1 The average *
1K  and *

2K  for various coil widths. 

Coil Width Average *
1K  Average *

2K  

1W  = 2W  = 1 mm 0.764 1.756 

1W  = 2W  = 3 mm 0.747 1.750 

1W  = 2W  = 5 mm 0.731 1.743 

 

 

Table 4.2 The average diameters and the optimized widths of the proposed three 

double coils. 

Coil No. 0S  

(mm) 

1D  

(mm) 
2D  

(mm) 
1
optW  

(mm) 
2

optW  

(mm) 

DC-1 12 9 21 5 5 

DC-2 16 12 28 6 6 

DC-3 20 15 35 8 8 

 

 

Table 4.3 The S0/A0 amplitude ratios (R) of transient signals. 

Coil No. 
Analysis 

(dB) 

Experiment 

(dB) 

DC-1 45.4 37.7 

DC-2 52.8 40.7 

DC-3 59.5 44.7 
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Fig. 4.1 Configurations of EMATs for (a) symmetric mode Lamb wave excitation 

and (b) antisymmetric mode Lamb wave excitation [35]. 

 

 

Fig. 4.2 Principle of generation of the Lorenz force by an EMAT. 
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Fig. 4.3 Process of obtaining a transient solution with harmonic solutions. (a) The 

harmonic solutions over the bandwidth, (b) the input signal to the 

transmitter, (c) the Fourier transform of the input signal and (d) the 

analytically-obtained transient solution. 
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Fig. 4.4 Configuration of the tuned double coil EMAT. 

 

 

Fig. 4.5 Distribution of the Lorentz forces generated by the tuned double coil 

EMAT. 
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Fig. 4.6 (a) Axisymmetric model of the EMAT for time-harmonic analysis in a 

polar coordinate system. (b) The setup of the analysis to investigate the 

effects of the design variables of the EMAT. 
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(Continued) 
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(Continued) 
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Fig. 4.7 Frequency-radial strain plots for the S0 and A0 modes of the aluminum 

plate when the variable sets (D1, D2, W1, W2) are: (a) Set 1: (9, 21, 4, 4), 

(b) Set 2: (12, 28, 4, 4), (c) Set 3: (15, 35, 4, 4), (d) Set 4: (12, 28, 2, 2) 

and (e) Set 5: (12, 28, 6, 6), respectively (unit: mm). 
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Fig. 4.8 Contour plot of the amplitudes of the S0 mode for various D1 and D2 at 

500 kHz. 
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Fig. 4.9 Plots of *
1K  and *

2K  for (a) various frequencies and (b) various 

wavelengths of the S0 mode in the 2 mm thick aluminum plate for W1 = 

W2 = 1 mm. 
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Fig. 4.10 Plots of *
1K  and *

2K  for various wavelengths of the S0 mode in the 2 

mm thick aluminum plate for (a) W1 = W2 = 3 mm and (b) W1 = W2 = 5 

mm. 
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Fig. 4.11 Plots of (a) the average *
1K  and (b) the average *

2K  for coil widths of 

0~5 mm and plate thicknesses of 1~4 mm. 
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Fig. 4.12 The plot of 1( )kaJ ka . The first extremum is at 2.41ka   and the 

second extremum is at 5.53ka  . 
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Fig. 4.13 Contour plots of the S0/A0 amplitude ratios in decibels with (a) DC-1, (b) 

DC-2 and (c) DC-3. 
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Fig. 4.14 Frequency-radial strain plots for the S0 and A0 modes in the aluminum 

plate when (a) only the inner coil of the double coil is excited and (b) the 

inner and outer coils are simultaneously excited. 
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Fig. 4.15 Analytic transient signals measured at the receiving EMAT. The outer 

diameters 2D  of the double coils are (a) 24 mm, (b) 28 mm, (c) 32 mm 

and (d) 36 mm. 
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Fig. 4.16 Analytic transient signals measured at the receiving EMAT. The coil 

widths of the double coils are (a) 2 mm, (b) 4 mm, (c) 6 mm and (d) 8 

mm. 
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Fig. 4.17 Experimental setup for Lamb wave generation and measurement with the 

EMATs 
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Fig. 4.18 Manufactured PCB-based double coils: DC-1 (left), DC-2 (center) and 

DC-3 (right). 
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Fig. 4.19 Frequency-amplitude plots for the S0 and A0 modes with (a) DC-1, (b) 

DC-2 and (c) DC-3. Solid lines denote the analytic results and circles, the 

experimental results. 
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Fig. 4.20 Transient signals measured at the receiving EMAT with DC-1 (a) 

theoretically and (b) experimentally. Both actuating and receiving 

EMATs have the same configurations. 
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Fig. 4.21 Transient signals measured at the receiving EMAT with DC-2 (a) 

theoretically and (b) experimentally. Both actuating and receiving 

EMATs have the same configurations. 
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Fig. 4.22 Transient signals measured at the receiving EMAT with DC-3 (a) 

theoretically and (b) experimentally. Both actuating and receiving 

EMATs have the same configurations. 
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Fig. 4.23 Contour plot of the amplitudes of the S0 mode for various D1 and D2 at 

500 kHz. 
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Fig. 4.24 Frequency-amplitude plots for the S0 and A0 modes with DC-2 obtained 

by (a) the transient analysis and (b) the experiments. 
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Fig. 4.25 (a) Analytic transient signal of DC2-2 at 291 kHz and (b) the 

experimental transient signal of DC2-2 at 290 kHz. 
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Fig. 4.26 (a) Configuration of the EMAT with the triple coil. (b) The analytic 

transient signals of the triple coil and the double coil DC2-2 (by the 2nd 

peak point) at 291 kHz. 
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Fig. 4.27 (a) Frequency-amplitude plot of the triple coil obtained by the transient 

analysis. (b) The analytic transient signals of the triple coil at 308 kHz 

and the double coil DC-2 at 300 kHz (inset). 
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Fig. 4.28 (a) Configuration of the double coil EMAT with the lift-off. (b) The 

axisymmetric model of the EMAT in COMSOL Multiphysics. 
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Fig. 4.29 Plots of (a) the magnetic flux density and (b) the induced current density 

at the measuring point. 
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Fig. 4.30 (a) Magnitudes of the S0 mode obtained by the experiments and the 

Lorentz force obtained by the simulations. (b) The S0/A0 amplitude 

ratios obtained by the experiments. 
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Chapter 5  

 

Defect imaging with OL-MPTs in a plate 

 

5.1 Introduction 

In this chapter, a defect imaging system for plate inspection with an array of MPTs 

is newly proposed as shown in Fig. 5.1(a) [88]. Recently, methods for defect 

imaging in a plate have received widespread attention due to their advantages that 

the sizes as well as the locations of defects can be identified. In that most defect 

imaging systems rely on piezoelectric transducers [10-13] or EMATs [9, 28], this 

system has its own unique feature of employing MPTs. 

 

Interest in a defect imaging system with an array of MPTs has been recently 

reported for pipe inspection [67]. As mentioned in Chapter 3, an MPT has its 

advantages over other transducers such as such as good sensitivity, durability, the 

absence of direct wiring to a transducer or test specimen, long-range inspection, 

simple configuration, easy implementation, and cost effectiveness [34]. Kim et al. 
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[67] has performed defect imaging in a pipe with the transducer arrays that each 

consists of six MPTs for the fundamental shear horizontal mode. But no such 

system has been developed for plate inspection yet. Because the dispersion 

characteristics and the modes of Lamb waves in a plate are different from those of 

shear horizontal waves in a pipe, the different imaging algorithm is necessary. 

 

In this investigation, a defect imaging system for plate inspection with an array of 

OL-MPTs presented in Chapter 3 is proposed. The developed system consists of a 

multi-channel function generator, a multi-channel power amplifier, a multi-channel 

preamplifier and a data acquisition unit. Before performing defect imaging in a 

plate, the basic experiments for Lamb wave focusing was conducted to check the 

performance of the developed defect imaging system. Finally, the system is applied 

for actual crack detection experiments. 

  



133 

5.2 Development of a defect imaging system 

Fig. 5.1(b) shows the schematic diagram of the developed defect imaging system. 

It consists of a multi-channel function generator that generates the desired input 

signals, a multi-channel power amplifier that amplifies the input signals, a 

transducer array, a multi-channel preamplifier that amplifies the received signals, 

and a data acquisition unit that records the amplified received signals automatically. 

The photo of the actual developed system is shown in Fig. 5.2. 

 

In the process of its development, each of the units must be checked and in doing 

so, types of Lamb wave experiments were carried out. The further details about the 

developed system are described in Appendix A. 
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5.3 Lamb wave focusing in a plate 

Before performing defect imaging in a plate, the basic experiments for Lamb wave 

focusing were conducted to check the performance of the developed defect 

imaging system [89]. The experimental setup is shown in Fig. 5.3. Four OL-MPTs 

were installed on the 2 mm thick aluminum plate. The inspection area was set to 

the square that has a side length of 100 mm and divided by a 10 by 10 grid. The 

121 focusing points are located on the grid. The distance (Lij) from each transmitter 

(Xi, Yi) to each focusing point (xi, yi) can be expressed as 

 

   2 2

0 0ij j i j iL x X X y Y Y      ,             (5.1) 

 

where the subscripts i and j denote the number of the transmitter and the number of 

the focusing point, respectively. To focus Lamb waves on the focusing point, the 

transmitters should generate Lamb waves at the different time because the 

distances Lij for 4 transmitters are different. The appropriate time delay (tij) for each 

transmitter can be written as 

 

 0 ij

ij
g

L L
t

c


 ,                       (5.2) 

 

where L0 is the distance of the farthest transmitter from the focusing point and cg is 
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the group velocity of the Lamb wave. 

 

The Lamb wave focusing experiments were conducted for the two focusing points, 

which are the point #1: (x, y) = (60 mm, 60 mm) and the point #2: (x, y) = (80 mm, 

20 mm). The square pulses centered at 350 kHz were generated at the four channels 

of the developed function generator with the appropriate time delays calculated by 

equation (5.2). The 350 kHz S0 mode Lamb waves were generated in the plate by 

the transmitting OL-MPTs of 24 mm in diameter and measured at every point on 

the grid in the inspection area by the receiving OL-MPT which was the same as the 

transmitters. 

 

The results for the focusing point #1 are shown in Fig. 5.4. The peak-to-peak 

voltages of the Lamb waves were obtained from the 121 signals measured at every 

point and are plotted in Fig. 5.4(a). The peak-to-peak voltages at the focusing point 

is the largest because the constructive interference occurred only at that point. Figs. 

5.4(b)-(e) respectively show the received signals at the focusing point when the 

numbers of the active transmitters are 1, 2, 3 and 4. As can be seen from the figures, 

the amplitude of the Lamb wave becomes larger with increasing number of the 

transmitters. Fig. 5.5 shows the results for the focusing point #2. Similarly to the 

previous case, the largest Lamb wave was measured at the focusing point. From 

Figs. 5.4 and 5.5, one can see that Lamb waves were successfully focused by the 

developed system. 
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5.4 Defect imaging in a plate 

Finally, the defect imaging experiments were conducted in a plate with the 

developed defect imaging system. As shown in Fig. 5.6, eight OL-MPTs (4 

transmitters and 4 receivers) were installed on the aluminum plate of 1.2 m in 

width, 1.2 m in height and 2 mm in thickness. The transmitters and the receivers 

respectively locate on the corners of each square that has a side length of 100 mm. 

To generate 400 kHz S0 mode Lamb wave for defect imaging experiments, the OL-

MPTs of 20 mm in diameter were chosen. The coordinate of the center of the plate 

is set to (0, 0) and the unit for lengths is mm and omitted in this subchapter for 

simplicity. The defect of 20 mm in length locates at (250, 0) and the defect of 30 

mm in length locates at (250, 250). The coordinate of the inspection area can be 

expressed as (150 ≤ x ≤ 300, -300 ≤ y ≤ 300). The inspection area is 

divided by a 30 by 120 grid whose interval is 5 mm; the number of the total 

inspection points is 3751. 

 

To obtain better results of defect imaging, the dispersion characteristics of Lamb 

waves should be considered in the calculation of time delays and in the post-

processing for images. Since group velocities of Lamb waves are different from 

phase velocities of Lamb waves, the constructive interference may become weaker 

or even the destructive interference may occur when only the group velocities are 

considered in the calculation. As shown in Fig. 5.7, there is a time gap (tgap) 
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between the time (tgroup) when the group arrives and the time (tarrival) when the 

maximum phase arrives, because the group velocity (the velocity of the window 

function) differs from the phase velocity (the velocity of the Gabor pulse). The 

time of the maximum phase (tarrival) can be obtained as follows. 

 

group
g

L
t

c
 ,                        (5.3) 

phase
p

L
t

c
 ,                        (5.4) 

  modgap phase groupt t t p  ,                 (5.5) 

 If  , then assign  to 
2gap gap gap

p
t t p t  ,            (5.6) 

arrival group gapt t t  ,                     (5.7) 

 

where cg and cp are respectively a group velocity and a phase velocity of the Lamb 

wave. The symbol L is the propagation distance and p is the period of the Lamb 

wave. In equation (5.5), ‘mod’ denotes the modulo operator that finds the 

remainder. For constructive interference, the time delays for transmitters should be 

calculated with the time of the maximum phase (tarrival). 

 

The defect imaging experiments were performed with two imaging algorithms: the 

phased array method and the synthetic focusing method. In the phased array 
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method, the four transmitters generate Lamb waves together to focus them on the 

inspection points and the four receivers measure Lamb waves reflected by the 

defects. This process is repeated for every inspection points. Then the 15004 (3751 

points × 4 receivers) signals are post-processed to obtain the two-dimensional 

image. On the other hand, in the synthetic focusing method, one transmitter 

generates Lamb waves alone and the four receivers measure Lamb waves. This 

process is repeated for every transmitter. Then the 16 (4 transmitters × 4 

receivers) signals are post-processed to obtain the two-dimensional image. The 

two-dimensional images obtained by the two algorithms are shown in Fig. 5.8. Two 

defects are quite observable in the two images. And their locations estimated by the 

images, (250, 0) and (250, 250), are exactly the same as their actual locations. 

Furthermore, the defect of 30 mm in length located on (250, 250) is plotted larger 

than the defect of 20 mm in length located on (250, 0). This represents that the 

defect size as well as its location can be estimated from the imaging results. 

 

The additional defect imaging experiment was conducted to examine the effect of 

defect shapes and defect sizes on the imaging result. The same experimental setup 

as the previous case was applied to the 2 mm thick aluminum plate that has various 

defects. The transducer array locates on the center of the dead zone which cannot 

be inspected because of the size of the array. The sizes of the defects are in the 

range from 3 mm to 20 mm and the defect shapes include a hole and a slit. The 

imaging result obtained by the synthetic focusing method is shown in Fig. 5.9. 
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Most of the defects are observable on the image. The detectable smallest defect is 

the 7 mm hole; the 3 mm hole is not recognizable because of the artifacts. The 

wavelength of 400 kHz S0 mode Lamb wave used in this experiment is 13.3 mm. 

Since the defect that is smaller than half the wavelength cannot be observed by 

diffraction limit, the 3 mm hole is not visible in the result. With the Lamb wave of 

a higher frequency or a shorter wavelength, the smaller defects can be also detected. 
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5.5 Summary 

In this chapter, a defect imaging system for plate inspection with an array of OL-

MPTs is developed. The developed system consists of a multi-channel function 

generator that generates the desired input signals, a multi-channel power amplifier 

that amplifies the input signals, a transducer array of OL-MPTs, a multi-channel 

preamplifier that amplifies the received signals, and a data acquisition unit that 

records the amplified received signals automatically. To check the performance of 

the developed defect imaging system, the basic experiments for Lamb wave 

focusing was conducted. The results showed that the Lamb waves generated by 

four transmitters were focused well on the desired location. Finally, the system was 

applied for actual crack detection experiments. The defect locations and sizes were 

estimated well from the obtained two-dimensional images. Although this imaging 

system was developed for MPTs, it can be applied to EMATs which also need high 

current for operation. 
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Fig. 5.1 (a) Concept image of a defect imaging system for plate inspection and (b) 

the schematic diagram of the developed defect imaging system. 
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Fig. 5.2 Photo of the developed defect imaging system. 
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Fig. 5.3 Experimental setup for Lamb wave focusing. The symbols X and Y denote 

the global Cartesian coordinates and x and y denote the local Cartesian 

coordinates. 
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Fig. 5.4 Results for Lamb wave focusing at (x, y) = (60 mm, 60 mm). (a) Processed 

two-dimensional image. The received signals at the focusing point when 

the numbers of the active transmitters are (b) 1, (c) 2, (d) 3 and (e) 4. 
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Fig. 5.5 Results for Lamb wave focusing at (x, y) = (80 mm, 20 mm). (a) Processed 

two-dimensional image. The received signals at the focusing point when 

the numbers of the active transmitters are (b) 1, (c) 2, (d) 3 and (e) 4. 
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Fig. 5.6 Experimental setup for the defect imaging of a test plate that has two 

cracks. The symbols T1 through T4 denote transmitters No. 1 to No. 4 

while R1 through R4, receivers No. 1 to No. 4. 
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Fig. 5.7 The effect of the S0 mode dispersion on the arrival time. The solid line 

denotes the simulated 500 kHz Gabor pulses at t = 0 μs and t = 30 μs and 

the dashed line, the window function of the Gabor pulse. 
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Fig. 5.8 Two-dimensional imaging results by (a) the phased array method and (b) 

the synthetic focusing method. 
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Fig. 5.9 Two-dimensional imaging result for various defects by the synthetic 

focusing method. 
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Chapter 6  

 

Conclusions and future works 

 

6.1 Conclusions 

This dissertation presented the development of two types of omnidirectional 

electromagnetic transducers tuned for generation of a single mode Lamb wave in a 

plate-like structure, which are called an omnidirectional Lamb wave 

magnetostrictive patch transducer (OL-MPT) and an omnidirectional Lamb wave 

electromagnetic acoustic transducer (OL-EMAT). 

 

Firstly, the OL-MPT which can generate the S0 or A0 modes selectively was 

proposed. The OL-MPT, composed of a circular magnetostrictive patch, a spiral 

coil and a cylindrical magnet, was shown to operate in its second resonance mode 

of the magnetostrictive patch from the model analysis. It was also found that the 

wavelength of the maximum Lamb wave motion in a plate corresponds roughly to 

two-thirds of the diameter of the patch. The relation between the wavelength and 
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the patch diameter works as a wavelength filter, which determines the generated 

Lamb wave mode. The relation was verified by the finite element analysis and a set 

of experiments. Finally, the optimal configurations of the cylindrical magnet and 

the patch of the OL-MPT were also investigated to maximize the amplitude of the 

desired mode Lamb wave. 

 

Secondly, the OL-EMAT tuned for S0 mode Lamb wave was developed. There is a 

limit to suppressing the A0 mode using an omnidirectional EMAT with a single 

coil. Thus a double coil was applied to an EMAT to excite the S0 mode selectively 

and suppress the A0 mode. The relation between the coil diameters of the double 

coil and the wavelength of the S0 mode was found from time-harmonic analysis. 

And the coil widths to maximize mode selectivity were shown to be about 40% of 

the wavelength of the S0 mode from transient analysis. Finally, the validation of 

the analysis was confirmed and the S0/A0 amplitude ratio of 44.7 dB was achieved 

through the experiments. The findings of the present work about the effect of the 

coil diameters and widths of the double coil can be utilized to design an OL-EMAT. 

 

Thirdly, a defect imaging with an array consisting of the developed OL-MPTs was 

performed in a plate. For this, the defect imaging system including hardware and 

software was developed. To check the performance of the developed system, the 

Lamb wave focusing experiments were conducted. And then the system was 

successfully applied for crack detection in a plate. 
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6.2 Suggestions for future works 

There are still several issues with regard to the transducers developed in this 

research. The mode selectivity of the OL-MPT for the S0 mode is satisfactory, 

whereas the mode selectivity for the A0 mode is poor. There may be various 

solutions of improving the A0 mode selectivity such as new patch designs, 

optimizations of the magnetic circuit and application of a double coil. 

 

Because the principle of OL-MPTs is the magnetostriction which occurs in 

ferromagnetic materials, OL-MPTs have the best performance on the non-

ferromagnetic plate such as an aluminum plate. But since most of the industrial 

structures are ferromagnetic, the performance of OL-MPTs on ferromagnetic plates 

needs to be investigated. 

 

A double coil can be applied to the OL-EMAT for the A0 mode. Although the 

existing researches have shown OL-EMATs which have the sufficient mode 

selectivity of the A0 mode, the double coil OL-EMAT can be a good alternative. 

Since the permanent magnet of the OL-EMAT for the A0 mode is smaller than that 

for the S0 mode, the additional magnet may be considered to supply the static 

magnetic field to the outer coil. 
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Appendix A 

 

Development of the defect imaging system 

 

A.1 Multi-channel function generator 

To focus Lamb waves generated by the elements of the array on a desired point, a 

different time delay should be given to each channel because each element has a 

different distance to the desired point. The distances between the elements are only 

a few tens of millimeters and the group velocities of Lamb waves are several 

kilometers per second. For this reason, the time delay should be less than one 

microsecond; a fine control of the time delay is necessary. To this end the multi-

channel function generator was developed with a FPGA (field programmable gate 

array). 

 

As shown in Fig. A.1(a), it consists of a FM-CY6S development kit (NewTC) with 

a Cyclone™ chipset (Altera), a UART (universal asynchronous receiver/transmitter) 

communication module (AD-USBTINY, NewTC) and eight DAC (digial-to-analog 
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converter) chipsets (AD9752, Analog Device). The UART communication module 

is connected to a computer through an USB interface and transfers orders from the 

computer to the FPGA. The DAC chipsets are connected to the output ports of the 

FPGA and convert the digital signals by the FPGA to analog signals such as sine 

pulses, square pulses and Gabor pulses [80]. The developed function generator can 

generate a different signal to each channel that has a different pulse type, a 

different frequency, a different amplitude and a different time delay. The operating 

clock frequency is 100 MHz; the minimum time delay is 10 nanoseconds. 

 

Fig. A.1(b) shows the four signals with different amplitudes and time delays that 

are generated by the developed function generator. Note that there is no 

interference between the channels and no distortion in the signals. To control the 

function generator with a computer, the controller program is developed in 

LabVIEW [90] as shown in Fig. A.2. 

 

 

A.2 Multi-channel power amplifier 

The PCB-based 4-channel power amplifier was developed to amplify the signals 

from the function generator as shown in Fig. A.3(a). A power amplifier plays roles 

of amplifying an input signal and supplying a demanding current. In general, a 

piezoelectric transducer consumes little current and its output is almost 

proportional to the induced voltage. On the other hand, an MPT needs much higher 
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current than a piezoelectric transducer because its output is proportional to the 

induced current. Thus it is important for the power amplifier to supply an MPT 

with high current. To satisfy this requirement, MP111 chipsets (APEX) which can 

supply up to 50 amperes current in a burst mode was adopted to the 4-channel 

power amplifier. An inverting amplifier circuit was made with a potentiometer for 

an adjustable amplifying ratio and calibration. For safety, an additional circuit was 

added for limiting the maximum output current to 6.5 amperes. 

 

Experiments were conducted to check the performance of the developed power 

amplifier. The experimental setup is shown in Fig. A.4. A couple of MPTs for 

torsional waves were installed on a test aluminum pipe of 25 mm in diameter, 2 

mm in thickness and 2 m in length. The distance between the MPTs was set to 500 

mm. The transmitter was connected to the developed power amplifier or the 

commercial power amplifier (AG1017L, T&C power conversion) for comparison. 

The receiver was connected to the preamplifier (SR560, Stanford Research 

Systems). The signals that were received when the developed function generator 

generated a 500 kHz Gabor pulse are shown in Fig. A.5(a). Although the amplitude 

of the signal by the developed power amplifier (MP111) is a little smaller than that 

by the commercial power amplifier (AG1017L), the developed power amplifier is 

enough to be used in a laboratory test. 
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A.3 Multi-channel preamplifier 

To amplify the Lamb wave signals measured at the receiver, the PCB-based 4-

channel preamplifier was developed as shown in Fig. A.3(b). Two inverting 

amplifier circuit were made with AD797 chipsets (Analog Device) and connected 

to each other in series for increasing an amplifying ratio. The amplifying ratio of 

the developed preamplifier can be set from 100 to 900 by controlling two 

potentiometers. 

 

To check the performance of the developed preamplifier, experiments were carried 

out. The experimental setup was almost the same as that described in Chapter A.2. 

The only difference was that the receiver was connected to the developed 

preamplifier (AD797) or the commercial preamplifier (SR560, Stanford Research 

Systems) for comparison. When the amplifying ratios of the preamplifiers were set 

to 900, the received signals are shown in Fig. A.5(b). The amplitudes of two signals 

are similar to each other. The signal-to-noise ratios are 36.7 for the commercial 

preamplifier and 30.8 for the developed preamplifier. Therefore, the developed 

preamplifier can be utilized enough to a defect imaging system. 

 

 

A.4 Multi-channel data acquisition system 

The 8-channel data acquisition system was developed to record the signals from the 
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preamplifiers. The system consists of a PXI chassis (PXI-1042Q, National 

Instruments), an 8-channel oscilloscope module (PXI-5105, National Instruments) 

and the program developed in LabVIEW shown in Fig. A.6. The system can 

average the 8-channel data and store them to files. Moreover it transfers the data 

containing pulse types, frequencies, amplitudes, time delays to the function 

generator. With this program, the defect imaging can be performed automatically. 
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Fig. A.1 (a) Photo of the developed 8-channel function generator and (b) the Gabor 

pulses centered at 500 kHz generated by the developed function generator 

with different time delays and amplitudes. 
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Fig. A.2 FPGA controller program developed in LabVIEW. 
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Fig. A.3 PCB-based 4-channel (a) power amplifier and (b) pre-amplifier. 
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Fig. A.4 Experimental setup to check the performances of the developed power 

amplifier and preamplifier. 
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Fig. A.5 Received signals in the comparison experiments (a) for the power 

amplifiers and (b) for the preamplifiers. 
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Fig. A.6 The 8-channel data acquisition program developed in LabVIEW. 
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Appendix B 

 

Gabor pulse for excitation 

 

B.1 Gabor pulse 

For experiments and simulations, a modulated Gaussian pulse also known as Gabor 

pulse was employed as an excitation pulse. The Gabor pulse is widely used for 

NDT applications because it has the best energy concentration both in time and in 

frequency. The expression of the Gabor pulse ( Gf ) is defined as [80, 91] 

 

1 2
2 4
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( ) ( ) exp cos(2 )
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,            (B.1) 
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f



 .                         (B.2) 

 

The symbol f  is the excitation frequency and   is the standard deviation of 
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the Gaussian envelope; SG  is the Gabor shaping factor. The Gabor shaping factor 

determines the shape of the envelope and the number of oscillations within the 

envelope width [92]. 

 

Fig. B.1 shows the simulated Gabor pulses with the various Gabor shaping factors 

at 100 kHz and 200 kHz. The number of oscillations increases with the increasing 

Gabor shaping factor. With the fixed Gabor shaping factor, however, the number of 

oscillations remains although the frequency is changed. The frequency 

characteristics of Gabor pulses can be explained by the Fourier transforms shown 

in Fig. B.2. With higher Gabor shaping factor, the energy concentration in 

frequency domain increases. But the energy concentration in time domain 

decreases as shown in Fig. B.1. Therefore, the proper Gabor shaping factor needs 

to be chosen as an excitation signal, considering the concentration in time or 

frequency domains. 
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Fig. B.1 Simulated Gabor pulses with the Gabor shaping factors GS of 2, 5 and 10 

at (a) 100 kHz and (b) 200 kHz. 
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Fig. B.2 Fourier transforms of the Gabor pulses with the Gabor shaping factors GS 

of 5 and 10 at 200 kHz. 
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Abstract (Korean) 
 

단일 모드 램파 가진을 위한 

전방향 전자기 트랜스듀서 개발 

 
 

이 주 경 

서울대학교 대학원 

기계항공공학부 

 

본 논문에서는 평판 구조물에서의 단일 모드 램파 가진을 위한 두 종류

의 전방향 전자기 트랜스듀서를 개발하였다. 전방향 램파 트랜스듀서는, 

이를 이용해 배열을 구성하면 넓은 영역을 같은 진단 시스템과 알고리즘

으로 영상화를 수행할 수 있다는 장점으로 인해, 평판의 결함 영상화에 

널리 이용되어 왔다. 전방향 램파 트랜스듀서의 개발에서 중요한 이슈 

중 하나는 원하는 단일 모드 램파만을 가진하는 것이다. 가진 주파수가 

높아지면, 여러 모드의 램파가 함께 발생 및 측정되는데, 이는 신호 분석

을 어렵게 하고, 결함 탐상의 정확도를 낮춘다. 따라서 원하는 단일 모드 

램파만을 가진하는 새로운 전방향 램파 트랜스듀서의 개발이 필요하다. 
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단일 모드 램파 가진을 위해 두 가지 방식의 트랜스듀서, 즉 전방향 램

파 자기변형 패치 트랜스듀서(OL-MPT)와 전방향 램파 전자기 음향 트랜

스듀서(OL-EMAT)가 개발되었다. 먼저, 평판에서 S0 모드 또는 A0 모드

만을 가진할 수 있는 OL-MPT가 제안되었다. OL-MPT의 원형 자기변형 

패치가 파장 필터의 역할을 하므로, 원형 패치의 모달 해석 및 실험을 

통해 발생되는 램파의 파장과 패치 직경간의 관계를 규명하였다. 

 

다음으로 S0 모드 가진을 위한 OL-EMAT를 개발하였다. S0 모드와 함께 

발생하는 A0 모드의 크기를 최소화하기 위해 기존의 단일 코일이 아닌 

이중 코일을 OL-EMAT에 적용하였다. 이중 코일의 직경과 폭에 따라 발

생되는 S0 모드와 A0 모드의 크기 및 주파수 특성이 결정되므로, 이에 

대한 이론적인 파라미터 연구를 수행하였다. 그리고 실험을 통하여 개발

된 OL-EMAT의 성능을 확인하였다. 

 

마지막으로, 개발된 트랜스듀서를 이용해 평판의 결함 영상화 연구를 수

행하였다. 영상화에 필요한 하드웨어 및 소프트웨어를 직접 개발하여, 통

합된 시스템을 구축하였고, 이를 활용해 영상화를 진행하였다. 

 

주요어: 유도초음파, 램파, 자기변형 트랜스듀서, 전자기음향 트랜스듀서 
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