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Abstract 

It is of great importance to provide an effective stress estimation method for critical components of 

rotorcraft and vertical-lift aircraft. Owing to the shortcoming of existing stress assessment methods such as 

x-ray diffraction, ultrasonic and electromagnetic methods, practical and cost-effective methods for stress 

assessment of ferromagnetic components over wide areas are still being sought. A planar flexible 

electromagnetic sensor and corresponding method for nondestructive stress estimation of ferromagnetic 

materials are presented in this paper. The measurement grids are obtained by simulation of the sensor and 

the materials under test (MUT) using finite element method, which constitute a database and reveal the 

relationship between the magnetic permeability and the sensor impedance. The magnetic permeability of 

ferromagnetic materials can be surveyed from the grid database according to the sensor impedance. Thus, 

the stress in ferromagnetic materials can be estimated based on inverse magnetostrictive effect. After 

establishing the test system, a series of experiments were carried out. The experimental results show that 

the planar flexible electromagnetic sensor has a capability to estimate the stress of ferromagnetic materials 

nondestructively via magnetic permeability measurements. A prominent advantage of this new sensor and 

stress estimation method is the capability to estimate material stress through an air gap, a coating, or a 

non-ferromagnetic layer. 

Keywords: Planar flexible electromagnetic sensor, magnetic permeability, stress estimation, 
measurement grid databases 

1. Introduction 

High stress aircraft components, such as rotor shaft of vertical-lift aircraft, require the use of 
steel heat treated to very high strength levels. Longevity and integrity of components 

fabricated from the high strength steel can be affected by cyclic loading, or other stress events 

[1]. It is of great importance to provide an effective stress estimation method for the high 

stress aircraft components. Existing stress assessment methods such as x-ray diffraction, 
ultrasonic and electromagnetic methods have shortcomings in cost and efficiency[2].  

Possible correlations between magnetic properties and stresses in ferromagnetic materials 
have been studied for over 100 years. Magnetostriction effect data would suggest that, 

depending on the magnitude and sign of the magnetostriction coefficient, one could expect a 

correlation between stress and magnetic permeability within certain ranges of the magnetic 

field. Changes of permeability associated with stress changes are attributed to so-called 
inverse magnetostriction effect, or magnetomechanical effect[2]. The effect can be described 

as a change in magnetization, at a given applied magnetic field, due to stress. Attempts to use 

conventional inductive winding coil eddy-current sensors for assessment of stress as well as 

for a number of other applications has shown serious limitations, particularly for complex 
geometry components. JENTEK Sensors, Inc. has developed Meandering Winding 

Magnetometer (MWM) sensor arrays used for fatigue and stress monitoring [3-6]. There are 

many issues require study to improve sensor performance.  

A planar flexible electromagnetic sensor and corresponding method for nondestructive stress 
estimation of ferromagnetic materials are introduced in this paper. The measurement grids are 

obtained by simulation of the sensor and the materials under test (MUT) using finite element 
method, which constitute a database and reveals the relationship between the magnetic 

permeability and the sensor impedance. The magnetic permeability of ferromagnetic materials 

can be surveyed from the grid database according to the sensor impedance. Thus, the stress in 
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ferromagnetic materials can be estimated based on inverse magnetostrictive effect. After 

establishing the test system, a series of experiments were carried out. The experimental results 

demonstrate the effectiveness of the sensor and methods.  

2. Operating principle of planar electromagnetic sensors 

Figure 1 shows a schematic of the planar electromagnetic sensors. It consists of three coils: 

the thicker one coil is known as the exciting coil and the other two coils are known as the 
sensing coils. The exciting coil is formed by the wider wire to withstand high current. These 

coils laid out in a periodic pattern on an insulating flexible substrate.  
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Figure 1. Schematic structure of planar electromagnetic sensors 

The operating principle of the sensors is based on the interaction of the electromagnetic field 

generated by the sensors with the neighboring materials under investigation. The exciting coil 

carries alternating current ID and generates a high frequency electromagnetic field penetrates 

in to the material under test. The induced electromagnetic field in the testing material will 
generate eddy currents in the material under test, given that the material under test is of 

conducting or magnetic type. The sensing coils will induce voltage Vs1 and Vs2. Due to the 

flow of eddy current the induced field in the testing material will modify the generated field, 

and the resultant field will be detected by the sensing coils. 

The two sensing coils are usually connected in series (VS=VS1+VS2) or in parallel 

(VS=VS1=VS2). The sensor’s complex transfer impedance is defined as the induced voltage and 
excitation current ratio, i.e. 

S D
Z V I  

The transfer impedance is expressed as the plural form, as 

jZ R X  

The transfer impedance is directly linked to the properties (magnetic permeability and 

conductivity) of the material under test, lift-off, working frequency, and so on. The magnetic 
permeability is main associate with the stress on the material under test. Therefore, the 

conductivity is assumed approximately constant to estimate stress of material. The magnetic 

permeability and lift-off can be extracted from the transfer impedance. 

It needs pre-computed measurement grid to extract the magnetic permeability and lift-off 

from the transfer impedance. The two-dimensional measurement grid is a database of the 

sensor transfer impedances calculated for a range of values of magnetic permeability and 
lift-off. For every combination of values of the two parameters, the sensor transfer 

impedances are computed and tabulated. The parameter estimation is then carried out by 

using a two-dimensional inverse interpolation technique, to obtain the magnetic permeability 

that corresponds to the measured sensor response. It is also possible to have one-dimensional 
or three-dimensional grids, which relate a single or three unknown parameter. The 

measurement grid can be calculated by mathematical models or finite element method 

simulation. Finite element method simulation was adopted in this paper. 



3. Simulation analysis of planar sensor using finite element method 

3.1 Planar sensor FEM simulation model 

In this section the characterization of planar sensor has been carried out using finite element 

modeling. Before experimentation the sensors is modeled to analyze the distribution of 
electric field and magnetic flux and to get the measurement grid. The finite element software 

ANSYS is used to model and analyze the sensor[7]. The sensor three-dimensional FEM 

model was shown in figure 2. The MUT is located below the sensor. The exciting frequency is 

1 MHz. The aim of the modeling is to calculate the measurement grid. 

 

Figure 2. Sensor three-dimensional FEM model  

3.2 Simulation results 

Eddy current distribution in MUT was shown in figure 3. Its shape is same as exciting coil. 

Figure 3(a) is eddy current total distribution. Figure 3(b) is the real part of eddy current. 
Figure 3(c) is the imaginary part of eddy current.  

 

(a) Total distribution         (b) Real part            (c) Imaginary part 

Figure 3. Eddy current distribution in MUT 

Magnetic flux density distribution in the sensor was shown in figure 3. The real part of the 

magnetic flux density is mainly formed by exciting current and eddy current, and the 
imaginary part is mainly formed by exciting current and induced current in sensing coils.  

    

(a) Real part                    (b) Imaginary part  
Figure 4. Magnetic flux density distribution in the sensor 

By number of FEM simulation, a typical magnetic permeability/lift-off measurement grid was 
shown in Figure 5. The air point is the transfer impedance without MUT. The air point 

measured values can be used for the calibration of the sensor original impedance. In actual 



using the measurement grid, the impedance value corresponding to the magnetic permeability 

and lift-off can be obtained by non-linear search algorithm. 

 

Figure 5. Magnetic permeability/lift-off measurement grid 

4. Experiment 

4.1 Real planar flexible electromagnetic sensor for experiment 

According to the FEM simulation results a planar electromagnetic sensor was made, as shown 
in Figure 6. Figure 6(b) shows the specific dimensions of the sensor.  
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(a) Photo of the sensor      (b) Schematic structure of sensor section dimensions 

Figure 6. Real Planar electromagnetic Sensor for experiment 

4.2 Tensile stress experiment 

To verify the feasibility and effectiveness of the planar flexible electromagnetic sensors to 

estimate stress of ferromagnetic materials, a stress detection system was built in laboratory. A 

type of low carbon cold steel A3 was selected as the measured object. Its size is 
20cm×4cm×0.5cm. The sensor was affixed to the middle surface of the measured object. 

Tensile stress experimental apparatus is shown in figure 7. The x-axis direction is the 

Sensitive direction of the sensor. It is same as pull force. 

 

Figure 7. Schematic diagram of tensile stress experimental apparatus 

Tensile stress was gradually increased from zero to 250Mpa. The data was recorded every an 



increase of about 50Mpa. 5 times repeated experiment averaged as the final result. After 

treatment, the experimental results are shown in Table 1. It shows the experiment measured 

lift-off is approximately 0.23mm. Here, lift-off is the sensor substrate thickness and space 
between the sensor and measured object. The sensor substrate thickness is 0.10mm, and then 

the distance between the sensor and the measured object is about 0.13mm. 

Table 1. The experiment results data 

Stress 

(MPa) 

Transfer impedance(mΩ) Relative magnetic 

 permeability 

Lift-off 

(mm) Real part Imaginary part 

0.150 10.75 96.46 138 0.236 

50.780 10.65 97.11 149 0.234 

100.140 10.55 97.84 161 0.233 

148.720 10.45 98.26 171 0.231 

197.065 10.35 98.71 181 0.229 

243.690 10.25 99.09 191 0.228 

The curve of stress and relative magnetic permeability is shown in figure 8. It shows that the 
stress and relative magnetic permeability have a good linear relationship. The linear equation 

can be obtained by the MATLAB the linear fit. It shows as follow. 

μ=0.2176σ+138.3 

i.e.                            σ=4.596μ-635.6 

Here, μ is the relative magnetic permeability and σ is the stress. Residual is 7.1338×10-3. 

 

Figure 8. Curve of stress and relative magnetic permeability 

4.3 Stress dynamic detection experiment 

To verify the dynamic performance of the planar flexible electromagnetic sensors to estimate 

stress of ferromagnetic materials, a stress dynamic detection system was built in laboratory as 

shown in figure 9. The test specimen is soft steel. Its size is 20cm×4cm×0.1cm. One end of 

the steel is fixed, the other end is free. When a impulse force is applied at the free end of the 
steel, the steel will do oscillation movement with damping. At this time, near the fixed end of 

the steel parts will be tension and pressure alternatively. And, Steel are both sides force is the 

opposite (If one side of steel is pull, the other side is pressure or vice versa). The two sensors 

a and b parallel to the direction of the force were fixed in the steel near the fixed part of the 
both sides, then a sensor c perpendicular to the direction of the force was fixed in the fixed 

part of the front as the same side of the sensor a, as shown in figure 9. The theoretical analysis 

shows that the force of sensor a and b must be reverse, that the sensor c measured stress 

values should remain basically unchanged because the sensor c is perpendicular to the 
direction of the force.  



Each sensors measured relative permeability change with stress as shown in Figure 10. It can 

be seen from Figure 10, the sensors have good dynamic detection performance. Sensors a and 

b measured the relative permeability changes with stress have the same trend, both the form 
of damped oscillation. Sensor c output although small-scale fluctuations, but the overall trend 

is basically flat. The experiment results are consistent with the theoretical analysis. 
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Figure 9. Photo of stress dynamic detection experiment 

 

Figure 10. Each sensors measured relative permeability changes with stress 

5. Conclusions 

A planar flexible electromagnetic sensor and corresponding method for nondestructive stress 

estimation of ferromagnetic materials were described in this paper. After establishing the test 
system, a series of experiments were carried out. The experimental results show that the 

planar flexible electromagnetic sensor has a capability to estimate the stress of ferromagnetic 

materials nondestructively via magnetic permeability measurements. If the planar flexible 

electromagnetic sensor is designed as array sensor, the stress distribution of the measured 
object can be obtained.  
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