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Abstract 
 
The stress on a test specimen during tensile testing is generally measured by a strain gauge. This method has 
some problems in that it would influence the measurement conditions of the tensile test and can evaluate on-
ly the position at which the strain gauge is attached. The acoustoelastic method is proposed as a method re-
placing the strain gauge method. However, an ultrasonic sensor with a piezoelectric oscillator requires a 
coupling medium to inject an ultrasonic wave into a solid material. This condition, due to the error factor of 
the stress measurement, makes it difficult for the ultrasonic sensor to move on the specimen. We then tried to 
develop a non-contact stress measurement system during tensile testing using an electromagnetic acoustic 
transducer (EMAT) with an SH0-plate wave and S0-Lamb wave. The EMAT can measure the propagation 
time in which the ultrasonic wave travels between a receiver and a transmitter without a coupling medium 
during the tensile testing and can move easily. The interval between the transmitter and the receiver is 10mm 
and can be moved along the parallel direction or the vertical direction of the tensile load. The transit time 
was measured by a cross-correlation method and converted into the stress on the test specimen using the 
acoustoelastic method. We confirmed that the stress measurement using an SH0-plate wave was superior to 
that with an S0-Lamb wave. 
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1. Introduction 
 
A strain gauge is widely used as a stress measurement 
method, but it can only measure stress on the specimen 
only at the position where it would be attached. It may 
then be possible to supplement a strain gauge, if we 
could develop a measurement system that evaluates 
stress on a test specimen at an arbitrary position while 
loaded by a tensile machine. There is a stress measure-
ment method that uses an ultrasonic wave as one of the 
methods considered [1-4]. However, it was necessary for 
a commercial ultrasonic wave transducer to touch the 
solid material through a coupling medium such as oil or 
water to allow the ultrasonic wave to penetrate the mate-
rial [5]. It was difficult to do a high-speed and accurate 
evaluation that did not influence the material during the 
mechanical test. Therefore, we have developed a system 
that can evaluate stress distribution in a tensile specimen 
during a tensile test using an electromagnetic acoustic 

transducer (EMAT) which does not need a coupling me-
dium [6-8]. 
 
2. Principle of Stress Measurement 
 
Generally, the transit time of an ultrasonic wave which 
travels a fixed distance is obtained by dividing the prop-
agation distance by the ultrasonic wave velocity. How-
ever, when a compressive or tensile stress is applied to 
the material, the ultrasonic velocity slightly changes in 
proportion to the load stress the propagation time will 
also change. This is generally called the acoustoelastic 
law [1-4]. Therefore, the load stress can be evaluated 
from the transit time change as shown in Equation (1). 
However, when carrying out a nondestructive evaluation 
using a contact type ultrasonic transducer, the sensor 
needs to be in contact with the measurement specimen 
through a coupling medium as shown in Figure 1(a). 
Because the velocity change based on the acoustoelastic  
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Figure 1. Problem and solution for stress measurement 
evaluation by acoustoelastic method; (a) Problem with a 
contact-type ultrasonic probe; (b) Improvement using a 
non-contact type ultrasonic probe. 

 
law is very minute, the thickness change in a coupling 
medium and the distance change between the transmitter 
and the receiver fixed to the specimen will influence the 
transit time measurement by an error factor as shown in 
Equation (3). Moreover, a conventional ultrasonic sensor 
directly influences the mechanical test results, because it 
would load the test specimen itself. We thought that a 
non-contact sensor can solve these problems as shown in 
Figure 1(b) and that Equation 2 could be used to evalu-
ate the tensile stress. 
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L: Distance between the transmitter and the receiver 
ΔL: Elongation of L  
V0: Velocity without any stress in the specimen 
ΔV: Velocity change due to the stress 
σ: Stress  
E: Youngs elastic constant 
CA: Acoustoelastic constant 
ΔT1: Transit time change due to the stress 
ΔT2: Transit time change due to the stress and the 

traveling distance change  
We decided to use a plate wave that can cause the dis-

placement direction of an ultrasonic wave to become 
paralleled relatively to the tensile direction of the tensile 
machine, though there are several kinds of ultrasonic 
wave modes. We especially used the fundamental mode 
of a shear horizontal plate wave (SH0-plate wave) as 
shown in Figure 2(a) because it did not have a velocity 
distribution for a plate thickness change as shown in Eq-
uation (4) [11,12]. We then used an S0-Lamb wave as 
shown in Figure 2(b) which has a velocity dispersion 
relative to the change in the plate thickness for comparing 
the evaluation ability as shown in Equation(5) [11,12]. 
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Figure 2. (a) Displacement pattern of a Lamb wave and an 
SH-plate wave. (a) SH-plate wave; (b) Lamb wave. 
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ρ: density  
λ and μ: Lame constant 
θ: Traveling angle relative to the rolling direction 
A1, A2, A3, B1, B2: Constant by computing using elastic 

constants  
 
3. Basic Structure of an Ultrasonic  

Sensor [6-8] 
 
The basic structure of a trial transducer is shown in Fig-
ure 3. It consists of an electromagnet and a pair of me-
ander line sensor coils of which one is the transmitter 
and the other is the receiver. Although there is a Lorenz 
force and a magnetostrictive effect for the drive force of 
an electromagnetic acoustic transducer (EMAT), we de-
veloped a magnetostrictive type EMAT. A static mag-
netic field is applied to the specimen and arranged to 
become the greatest change in the magnetostriction when 
the magnetic field changes. When a periodic dynamic 
magnetic field is then superimposed on an optimum stat-
ic magnetic field, the greatest change in the magne-
tostriction can be induced in the material. When the in-
tervals between the electrodes of the sensor coil are co-
incident with the wavelength of the plate wave, this is 
converted into the plate wave. The velocity of the plate 
wave is calculated by multiplying the drive frequency 
and the wavelength. The driving force uses a high- fre-
quency magnetostrictive vibration generated in the direc-
tion of the compound’s magnetic field by combining the 
dynamic magnetic field generated by a high-frequency 
electric current in the sensor coil and the static field due 
to the electromagnet. This could generate an S0-Lamb 
wave when the electromagnet was set up parallel to the 
sensor coil pair and could generate an SH0-plate wave 
when the electromagnet was set up vertical to the sensor 
coil pair. The distance between the electric fingers (W) 
was determined to be the half-wavelength computed us- 
ing Ex. (6). Therefore, the distance between the electric 
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Figure 3. Basic principle of an electromagnetic acoustic 
transducer for an SH0-plate wave and an S0-Lamb wave. 
 
fingers was 2.6 mm for the S0-mode Lamb wave and 1.5 
mm for the SH0-plate wave using a thin (0.5 mm) steel 
sheet, because a thin steel sheet of 0.5 mm thickness was 
used as the material for the test piece. The distance be-
tween the transmitter and receivers was typically 10 mm. 
The transmitted signal to drive the transmitter is a 
four-cycle burst-type pulse with a drive frequency of 2 
MHz, and the maximum voltage was 1000 V. The im-
pedance of the transmitter at the 2 MHz drive frequency 
was 4.3 Ω on the test piece, and the number of turns of 
the sensor coil was five. The amplifier is able to amplify 
the signal in the frequency range from 2 kHz to 4 MHz 
with an amplification magnitude of 40 dB. The imped-
ance of the receiver at the 2 MHz drive frequency was 
22.3 Ω on the test piece, and the number of turns of the 
sensor coil was ten. The applied voltage from the power 
supply to drive the electromagnet was 40 V, and the re-
sistance of the magnetic coil in the electromagnet was 4 
Ω. The number of turns of the magnetic coil was 700. 

(km s) (MHz) (mm)V F           (6) 

 
4. Stress Evaluation System 
 
An outline of the trial measurement system is shown in 
Figure 4. The system is composed of a portable type 
tensile machine, the tensile specimen and a sensor 
mounting system. The tensile machine can tensile the 
specimen with a maximum load of 10 kN. The tensile 
specimen has a 0.25 mm thickness, a 200 mm maximum 
length and a 25 mm width. As shown in Figure 4, a di-
rect ultrasonic wave arriving from the transmitter to the 
receiver was observed. 

Both sensors can also move over the tensile specimen 
in the tensile direction. The speed was 1 mm/sec, and the 
sensors can be accurately returned to the same position 
by computer control. 
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Figure 4. Evaluation system for stress in a tensile specimen 
while loading. 
 
5. Measurement Method of Transit Time 
 
We used an SH0-plate wave and an S0-Lamb wave to 
evaluate the average tensile stress over the entire thick-
ness and a distance of 10 mm in the tensile direction. 
Therefore, the transit time can be estimated to be about 2 
μs - 3 μs, if we assume the ultrasonic velocity to be 3,200 
m/s or 5.900 m/s. Also, if we assume an acoustic elastic-
ity coefficient of 10–5/MPa, the change in the transit time 
due to the stress can be estimated to be 0.2 ns - 0.3 ns for 
each 10 MPa. The following transit time method was 
then executed as an evaluation method with high meas-
urement accuracy. The transit time of the same position 
was measured to consider the initial anisotropy of the 
material before it was loaded. Next, the transit time was 
measured after loading. Finally, the difference between 
both transit times was calculated. This method also has 
the effect of removing the influence of the temperature of 
the test piece. Moreover, even when the sheet thickness 
of the test pieces is different, this influence can be re-
moved by considering the difference as shown in Figure 
5. The cross correlation coefficient (Gxy) of the received 
signal both before and after loading was calculated by 
delaying the start time of the received signal at the same 
measuring position as shown in Equation (7) [13,14]. 
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Σxi: Discrete received signal before loading 
Σyi: Discrete received signal after loading  
n: The number of discrete received signal data points 
k: Corresponding to the delay time ( k t   ) 
Δt: Interval between the time resolution 
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Figure 5. Precise transit time measuring method and the 
measured transit time. 

 
Figure 5(b) shows the relationship between the tensile 

stress and the change in the transit time. The change ra-
tios of the transit time of the SH0-mode and the S0-mode 
were (0.012 ± 0.000085) ns/MPa and (0.019 ± 0.00016) 
ns/MPa by using the least squares method. These values 
became –7.08 ± 0.05 × 10–6 (1/MPa) in case of SH0- 
mode and –6.08 ± 0.05×10–6 (1/MPa) in case of S0-mode 
when converting them into the acoustoelastic coeffi-
cients. 
 
6. Test Specimen 
 
The test piece shown in Figure 6 was fabricated to eva-
luate the anti-symmetric stress distribution in the center 
of the test piece. The total length was 200 mm, the width 
of the center was 120 mm and the thickness was 0.25 
mm. The stress values described at positions A-K in the 
figure were calculated by dividing the tensile force by 
the cross section. 
 
7. Experimental Results 
 
Figure 7(a) shows the measured stress distribution in the 
tensile specimen at a tensile force of 350 N, while the 
sensor was moving along the tensile direction. The dif-
ference between the evaluated value using an SH0-plate 
wave and the calculated value was +3.3 MPa on the av-
erage, and the error at any position of the test specimen 
was almost the same value. Next, the difference between 
the evaluated value using an S0-Lamb wave and the cal-
culated value was –6.3 MPa on the average; especially, 
the error at the A and B positions on the test specimen 
was about –16.0 MPa. 

Figure 7(b) shows the measured stress distribution in 
the tensile specimen at a tensile force of 700 N, while the 
sensor was moving along the tensile direction. The dif-
ference between the evaluated value using an SH0-plate 
wave and the calculated value was –2.4 MPa on the av- 
erage, and the error at any position of the test specimen 
was almost the same value. Next, the difference between 
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Figure 6. The computed stress value on a trial tensile speci- 
men at a fixed tensile force. 

 
the evaluated value using an S0-Lamb wave and the cal-
culated value was –18.0 MPa on the average, especially, 
the error at the A and B positions on the test specimen 
was about –40 MPa. 

Figure 7(c) shows the measured stress distribution in 
the tensile specimen at a tensile force of 1050 N, while 
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Figure 7. Measured and computed stress value. (a) 350 N; 
(b) 700 N; (c) 1050 N. 
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the sensor was moving along the tensile direction. The 
difference between the evaluated value using an SH0- 
plate wave and the calculated value was –10 MPa on the 
average, and the error at any position of the test speci-
men was almost the same value. Next, the difference 
between the evaluated value using an S0-Lamb wave and 
the calculated value was –14 MPa on the average; espe-
cially, the error at the A and B positions on the test spe-
cimen was about –34 MPa. 
 
8. Influence of a Plate Thickness Change 
 
It was checked why the evaluation results at position A 
and B using an S0-Lamb wave were underestimated 
compared to the computation results. At first, the change 
in the velocity of an S0-Lamb wave was evaluated when 
the tensile specimen was pulled. The dependence of the 
S0-Lamb wave velocity on the thickness change was 
calculated using Equation (5). Figure 8 shows the calcu-
lation results, which indicate that the velocity change in 
an S0-Lamb wave becomes 0.00135% if the sheet thick-
ness change is 0.1 μm. Next, the sheet thickness change 
from Equation (8) was computed when the test specimen 
was pulled by the tensile machine. The results are shown 
in Figure 9(a). The value of the vertical axis shows the 
change in the plate thickness at the minimum width part 
(A) of the test specimen. Figure 9(b) shows the change 
in the velocity of the S0-Lamb wave and the stress evalu-
ation error due to the change in the test specimen. Black 
square marks in Figure 9(b) show the velocity change in 
an S0-Lamb wave due to the sheet thickness change cal-
culated from the results of Figure 9(a) using Figure 8(b). 
The error value in the evaluated stress value due to the 
change in the S0-Lamb wave velocity is shown by white 
square marks in Figure 9(b).  

t G   　              (8) 

εt: strain, G: vertical elastic constant, σ: stress 
Figure 10 shows the relationship between the maxi-

mum tensile stress on the tensile specimen for the tensile 
force and the error in the estimated stress value at posi-
tion A, the error value in the stress computed from Fig-
ure 10(b). It is shown that the stress evaluation using an 
S0-Lamb wave contained an evaluation error of more 
than 10MPa because in the plate thickness change of the 
test specimen under the measurement conditions. 

Figure 11 shows the experimental result using another 
shape of test specimen (B), which is expected to have the 
same tensile stress in its center area. The evaluation re-
sults using an SH0-plate wave agreed well with the 
computed value within an accuracy of 10 MPa tensile 
stress.  

 
(a)                          (b) 

Figure 8. Plate thickness and the change in the velocity. (a) 
Velocity dependence due to the change in the plate thick-
ness. (b) Velocity change ratio of an S0-Lamb wave due to 
the change in the plate thickness. 
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Figure 9. Velocity change and compensated stress value for 
a plate thickness change. (a) Change in the plate thickness 
due to the tensile stress at A-B on the tensile specimen; (b) 
Change in the S0-Lamb wave velocity and the evaluation 
error in the stress due to the change in the plate thickness. 
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