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Abstract: This paper presents the design and development of a Magnetic Induction tomography double plane sensor array. 

Designed damaged and damage-free carbon fibre reinforced plastic samples were presented for damage imaging. The 

operational frequency and the Signal to Noise (SNR) for the sensor were investigated. A concise theory and the problem of 

Magnetic Induction tomography was presented and the solution implemented for the detection and Imaging of a hidden damage 

in carbon fibre reinforced plastic slab. 
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1. INTRODUCTION 

Carbon fibre Reinforced plastic (CFRP) is becoming the 

most widespread material in engineering applications due 

to its low density, high young’s modulus, chemically 

inactive except in strong oxidising agents coupled with its 

excellent damping property and resistance to high 

temperatures [1]. In general, engineering materials are 

under constant subjection to stress and strain and hence 

liable to damage. CFRP is made up of carbon laminates 

hence damages tend to occur within the material 

undetected from the surface and the most common of the 

damages is delamination which is the splitting of 

composite layers of the material during manufacture or 

operation of the end product [2,3].  The application of 

CFRP is in sensitive areas where both human and 

economic values are at stake such as aircraft, trains, cars, 

rockets among others. Failure in such a condition due to 

internal or surface damage in the CFRP would lead to 

grave losses hence the need for a means of effective and 

reliable damage detection.  

The application of various tomography methods for 

imaging CFRP damage has been carried out extensively 

with some of the techniques being hazardous to health (X-

ray), to the CFRP itself (Flash thermography) or 

inadequate for internal damage detection (Radar), also 

such equipments are very expensive [4].  

Magnetic Induction tomography (MIT) is an electrical 

tomography technique based on the theory of 

electromagnetism which uses the distribution of 

conductivity, permeability and permittivity to image a 

conductive object. This technique is non-invasive, 

harmless and highly inexpensive [5]. Considering the 

advantages of MIT and its late emergence into the field of 

tomography, it offers great improvement opportunities. 

Thus, this paper adapts MIT imaging using conductivity 

distribution to design and develop a double plane sensor 

array for imaging CFRP damage. 

The sensors used in MIT are basically an arrangement 

of inductive coils in a circular [6] or planar [7] form 

connected to a data collection and processing unit which is 

then connected to a computer for image reconstruction. 

Due to the size restriction associated with the circular 

sensor array and the low sensitivity of the single plane, this 

paper proposes a new design of a double plane sensor array 

for damage imaging in CFRP. 

  

2. MIT-SET UP 

The general MIT set-up consist of an MIT inductive 

sensor; which consists of a transmitter coil, a receiver coil 

and the imaging space, a data collection and processing 

unit and a computer in which the imaging is carried out and 

a power supply unit as depicted in Figure 1. In this work, 

data collection is achieved using an NI USB and data 

processing using four ADG406 multiplexers and an 

SN74LS04N inverter on a 32 channel processing board.  

Image reconstruction is then carried out on Matlab 

software. 

 

Figure 1. MIT Basic Set up 
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3. MIT THEORY 

 

Power is supplied to the transmitter coil which generates 

an electromagnetic field according to Faradays law, this 

links the transmitter coil with the receiver coil and an 

electromotive force (emf) is then induced in it. This field 

linking the transmitter and receiver coil is termed the 

primary magnetic field (𝐵𝑃). When a conductive object is 

introduced in the imaging space, Eddy current is induced 

in it which then produces a magnetic field; secondary 

magnetic field (𝐵𝑆) opposing the primary magnetic field. 

The new magnetic field upon introduction of the 

conductive object (𝐵𝑁) is given as; 

 

𝐵𝑁 =  𝐵𝑃 − 𝐵𝑆                        (1) 

 

This new magnetic field causes a change in the receiver 

induced emf. This change in magnetic field and induced 

receiver voltage is then used to image the conductive 

object. 

Obtaining the induced coil voltages given the 

distribution of magnetic field within the measuring space 

is termed the forward problem. On the other hand, using 

the change in induced coil voltage to determine the 

distribution of magnetic field within the imaging space is 

termed the inverse problem. 

 
4. SENSOR DESIGN 

 

The MIT sensor consists of two parts, the inductive coil 

and the sensor base. Using proven mathematical formulae 

and an approved aspect ratio of 0.866 [8,9], a 

Polytetrafluoroethylene (PTFE) inductive sensor core size 

of diameter 4cm and length of 3cm was selected. Due to 

the advantages of the air cored coil over the ferromagnetic 

coil in terms of the absence of hysteresis losses [10,11], the 

former was selected. A single layer turns of copper coil 

with a diameter 0f 0.28mm was wound on the PTFE core. 

The single layered turn has the advantage of preventing 

capacitive coupling [11] and hence was chosen.  

An acrylic plastic material as shown in Figure 3was 

chosen for constructing the base to avoid interference with 

the generated electromagnetic waves. A 2mm thick base of 

size 140mm x 140mm x140mm was constructed with 7 

groves spaced 20mm apart to allow for the slotting of the 

sensor planes at various distances. Two of the same planes 

were made with a dimension of 140mm x 140mm for 

mounting the inductive coils. 

4.1 Signal to Noise Ratio (SNR) 

SNR is a measure of system’s sensitivity to noise. A SNR 

of greater than one indicates higher signal content than 

noise. For all engineering systems a very high SNR value 

is required as this indicates stability in such a system. For 

MIT systems, the minimum SNR value of 40 dB is the 

acceptable level. The SNR is defined by: 

 

𝑆𝑁𝑅 =
𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡 (𝜇)

𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡(𝜎)
 

 

The value of SNR is obtained in decibels, hence 

 

 
  

Figure 2. single plane with nine inductive coils mounted 

 

Figure 3. Complete double plane sensor with 18 inductive 

coil sensors 

𝑆𝑁𝑅 =  20𝑙𝑜𝑔10(𝜇 𝜎⁄ )    (2) 

The SNR of 10 measurement cycles was plotted for when 

the sensor planes are at; 2cm and 4cm apart as seen in 

Figure 4. From the figure when the sensor planes are at 

2cm apart, the average value of the SNR is higher than 

when the planes are moved further apart. Hence the closer 

the sensor planes, the lesser the noise contained in the 

signal. From Figure 4, the greatest value of SNR at both 

distances is recorded at measurement number one: which 

is the induced voltage between two opposite coils and has 

the shortest distance and the values keep on decreasing as 

the distance between coupled coils increases. 
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Figure 4. SNR for double plane sensor array 

4.2 Operating Frequency 

A current of 0.03A at a voltage of 15V was supplied to the 

transmitter coils. The frequency of the supplied voltage 

was varied between low frequencies of 10 kHz to 100 kHz 

for deeper penetration of waves into the CFRP. Figure 5 

gives the various induced average receiver coil voltages at 

each frequency. As seen in Figure 5, 50 kHz gave the 

highest induced average voltage on the corresponding y-

axis hence that frequency was selected for carrying out the 

experiment. 

 

 
 

Figure 5. plot depicting average induced sensor voltage at 

various operational signal frequencies 

5. Sample design 

The aim is to design a damaged carbon fibre slab for 

experimental testing. Internal damages are the most 

dangerous ones as they go undetected hence an internal 

damage of free space was made by embedding a cylindrical 

PTFE of 38mm diameter and 6mm thickness with 2mm 

layers of CFRP both below and on top of the PTFE in the 

centre of a 140mmx140mmx10mm CFRP slab as depicted 

in Figure 6. This gives a free space of the PTFE dimension 

since it is nonconductive. Another CFRP of the same 

dimension but without the damage was also fabricated as 

shown in Figure 7.  

 

 

 

 

 

6. IMAGE RECONSTRUCTION 

Image reconstruction entails solution of both the forward 

and then inverse problems as detailed in the following 

sections. 

 

 

 
 

Figure 6. CFRP slab with PTFE inserted in the middle 

 

 
 

Figure 7. CFRP slab 

 

6.1 Forward Problem 

The solution to the forward problem was implemented 

using edge finite element method. In this formulation the 

imaging space was divided into a mesh of interconnected 

elemental hexahedron with each hexahedron representing 

an image pixel, each connected to the other at the nodes as 

shown in Figure 8. Hexahedron shape is used due to the 

simplicity in dividing the 3-D volumetric problem space.  
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Figure 8. Volumetric representation of the Imaging 

space using elemental Hexahedrons 

 

The inductive coil was divided into elemental distances of 

dl and according to the Biot-Savart law: the field strength 

at a radial distance r, generated by an elemental conductor 

dl carrying a current 𝑖 is given as: 

 

𝛿𝐻 =
1

4𝜋|𝑟|3 𝑖𝑑𝑙 × 𝑟    (3) 

The relationship between magnetic field and field strength 

is given as: 

 

𝐵 = 𝜇𝑜𝐻     (4) 

The total magnetic field then due each elemental conductor 

becomes: 

 

𝐵𝑠𝑒𝑔  =  ∫
𝜇0

4𝜋
 
𝐼𝑑𝑙 𝑥 𝑟

|𝑟|3             (5) 

 

𝐵𝑠𝑒𝑔 =  𝛻 𝑋 𝐴𝑠     (6) 

 

where 𝐴𝑠 is the magnetic potential of free space which is 

substituted to form the sensitivity or Jacobian matrix 

 

 
𝛿𝑉𝑖𝑗

𝛿𝜎𝑘
=  −

𝜔2

𝐼𝑖𝐼𝑗
{𝐴𝑖} (∫{𝑁} . {𝑁}𝑇𝑑𝑣){𝐴𝑗}

𝑇
  (7) 

 

6.2 Inverse Problem 

In the inverse problem, we are using the sensitivity matrix 

obtained from the forward problem and induced coil 

voltages obtained from sensor readings to obtain the 

conductivity distribution of the test object within the 

measuring space. For high conductivity MIT, the inverse 

problem is formulated as a linear equation as this is 

sufficient for the image reconstruction and has less 

computational power and time consumption [12]. In 

general, the modelling of any imaging system is given as 

[12]: 

 

𝐽𝑥 = 𝑏      (8) 

The solution of this problem cannot be obtained directly 

as [12]; 

- The problem is ill posed due to the non-linear 

nature of electromagnetic fields.  

- The sensitivity matrix is not a square matrix 

where its direct inversion can be obtained 

- The dimension of the sensitivity matrix is very 

large resulting in the magnification of errors in 

the reconstructed image 

The solution of this linear equation was obtained as a 

non-iterative Single Step Gauss-Newton method which is 

the most common non-iterative image reconstruction 

algorithm formulated as [13]; 

 

 

𝑥 = (𝐽𝑇𝑏 + 𝑅𝑇𝑥0)/(𝐽𝑇𝐽 + 𝑅𝑇)   (9) 

 

Where R is the regularisation matrix. 

 

6.2.1 Regularisation 

Regularisation entails introducing a restriction within the 

solution so as to obtain better images. For obtaining a 

smooth solution, two types of regularisation parameters 

were investigated. 

 

Tikhonov regularisation:  

This method of regularisation adopts a constant term β 

multiplied by an identity matrix I and included in the 

equation to give 

 

𝑥 = (𝐽𝑇𝑏)/(𝐽𝑇𝐽 + 𝛽2𝐼)    (10) 

 

With x0 assumed to be zero 

 

Newton one step reconstruction (Noser) 

Regularisation: 

In this method, the identity matrix, 𝐼 in Tikhonov 

regularisation is replaced by the diagonal elements of𝐽𝑇𝐽. 

 

𝑥 = (𝐽𝑇𝑏)/(𝐽𝑇𝐽 + 𝛽2𝐻)    (11) 

where: 

 

𝑥 = 𝐻 = 𝑑𝑖𝑎𝑔(𝐽𝑇𝐽)    (12) 

 

7. Experiment and Result 

 

The CFRP Sensor planes were placed 2cm apart, both the 

damaged and damage free CFRP were placed within it. 

The induced coil voltage readings vector (b) for image 

reconstruction was obtained by subtracting the damaged 

voltage readings from the damage free readings, since both 

are identical except for the PTFE; the result is the coil 

voltage vector due to the CFRP damage (PTFE).   

Figure 9a and Figure 9b show the coil voltages 

obtained for the damaged and damage-free CFRP. The 

difference between the two is depicted in Figure 9c. The 

voltage difference obtained is greater than zero; this 

indicates that the sensor is able to detect the presence of 

the PTFE. 

The sensor planes were then moved further apart by 

4cm. the same process was repeated for the 2cm distance 

and the result shown in Figure 10b. The voltage difference 

obtained was also greater than zero. This further proves the 

sensitivity of the sensor at 4cm between planes. 

At distances of 6cm, 8cm, 10cm and 12cm between 

planes no positive voltage differences were obtained as 
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depicted in Figure 11, hence the sensitivity of the double 

plane sensor for the PTFE damage is restricted to 4cm 

between sensor planes.  

 

 
Figure 9a. Sensor Voltage readings for Damage-free 

CFRP (Sensor planes 2cm apart) 

 

 

 

 
Figure 9b. Sensor voltage readings for damaged CFRP 

(Sensor planes 2cm apart) 

 

 

 

 
Figure 9c. Voltage difference between 9a and 9b 

 

 
Figure 10a. CFRP placed in sensor at 4cm between planes 

 

 

 

 
Figure 10b. Voltage difference plot between damaged and 

damage free CFRP sensor voltage readings (Sensor 

planes 4cm apart). 

 

 

 
 

Figure 11a. Voltage difference plot between damaged and 

damage free CFRP at 6cm between sensor planes 

 

https://www.bayerojet.com/


                                                                                                                                                              ISSN: 2449 – 0539 

BAYERO JOURNAL OF ENGINEERING AND TECHNOLOGY (BJET) VOL.16 No.3, AUGUST, 2021 PP 94 - 100 
 

Also available online at https://www.bayerojet.com               99 

 
Figure 11b. Voltage difference plot between damaged and 

damage free CFRP at 8cm between sensor planes 

 

 

 
Figure 11c. Voltage difference plot between damaged and 

damage free CFRP at 10cm between sensor planes 

 

One of the purpose of the study is to maximise the potential 

in terms of imaging space and sensitivity of the sensor 

hence image reconstruction algorithm was carried out on 

the results obtained when the sensor planes were 4cm 

apart. The two different types of gauss newton 

regularisation were then applied for imaging the damage 

as seen in Figure 12 and Figure 13. Of the two algorithms, 

NOSER gave an exact representation of the damage which 

is in the centre. Images obtained using Tikhonov 

regularisation was at the edge and not as complete as that 

obtained using NOSER. Hence for this application, 

NOSER is the best reconstruction algorithm for imaging 

CFRP damage.  

 

 
Figure 12: CFRP damage reconstructed image using 

NOSER regularisation 

 

 

 
Figure 13: CFRP damage reconstructed image using 

Tikhonov regularisation 

 

8. CONCLUSION 

A double plane sensor array was designed and constructed. 

The SNR of the sensor was highest at 2cm between planes 

with values ranging from 58dB to 48dB obtained with the 

least value being above the required minimum.  At 4cm 

between planes values ranging from 68dB to 30dB were 

obtained with the minimum being below the minimum 

required by 10dB. An operational frequency of 50 kHz was 

established as the optimum for the sensor operation from a 

frequency range of 10 kHz to 100 kHz. Design of a CFRP 

sample with a simulated damage in the form of a 

cylindrical PTFE of diameter 38mm and thickness of 6mm 

embedded within the CFRP was done. Image 

reconstruction algorithms were implemented to visualise 

the damage. Successful detection of the damage has been 

realised by the MIT sensor. Among NOSER and 

Tikhonov, NOSER gave a proper representation of the 

damage. Conclusively this paper has demonstrated the 

capability of a double plane sensor array in detecting a 

hidden damage within a CFRP slab Which can be 

implemented in industries for Non-destructive damage 

testing of CFRP and other conductive engineering 

materials. 
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