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Abstract 

This PhD work is dedicated to investigating the fringe effect of electrical capacitance 

tomography (ECT) and electrical resistance tomography (ERT) sensors systematically, 

exploring possible solutions and developing a novel 3D imaging technique by utilising 

the fringe effect of electrical tomography (ET) sensors. 

By referring to 2D simulation results, the fringe effect is investigated for 3D ERT and 

ECT sensor models with or without grounded guards, and with different axial lengths of 

electrodes. Simulation results reveal that increasing the electrode length or adopting 

grounded guards can reduce the fringe effect of ECT and ERT sensors. 

In this work, a voltage-excitation strategy is proposed and validated for ERT sensors 

instead of the conventional current-injection strategy. This approach enables ECT and 

ERT sensors to be integrated together as a common one to simplify the sensor design 

and reduce the interference between the ECT and ERT dual-modality measurements. 

For a conventional ERT sensor with the adjacent strategy, the fringe effect is evaluated 

for axially non-uniform central core and off-central core distributions at different axial 

positions and with different axial dimensions and conductivity contrasts. A method is 

proposed for compensating the fringe effect with the above typical distributions and a 

two-object distribution. A three-plane ERT sensor scheme is suggested for reducing the 

fringe effect induced by objects outside the sensor plane and the over-estimation by 

Landweber iteration. Both simulation and experiment have proved the effectiveness of 

the three-plane sensor scheme and the compensation method. 

Using the fringe effect, a novel 3D imaging method is proposed for ET with a single-

plane sensor. It is explored to image metallic objects with ECT. The axial position of 

the object is derived by examining the corresponding fringe effect in a single-plane ECT 

sensor. Along with 2D imaging of the cross-sectional distribution, 3D imaging is 

achieved for a cylindrical metallic rod with known size. With this method, only the 3D 

position of the object needs to be calculated during the reconstruction which reduces the 

number of unknowns greatly and can improve the accuracy and stability of 

reconstruction. 
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Chapter 1: Introduction 

This chapter briefly introduces the research topic studied in this thesis. There are three 

main sections: background, motivation and objectives of this research, plus the 

organisation of this thesis. 

1.1 Background  

1.1.1 2D and 3D imaging in electrical tomography 

The concept of electrical tomography (ET) was established in the 1980s (Barber and 

Brown 1984, Fasching 1988, Huang et al. 1988a). ET is a technique used to visualise 

and measure the distribution of materials with different electrical or magnetic properties 

within an imaging plane or volume of interest using a proper multi-electrode/coil 

sensor. There are three modalities of ET: Electrical Capacitance Tomography (ECT), 

Electrical Resistance Tomography (ERT) and Electro-magnetic Tomography (EMT), 

with similar sensing principles but measuring different electrical or magnetic properties 

and for different applications. The typical application of ET in industry is to measure a 

multi-phase flow, featured by providing 2D (Two-dimensional) or 3D (Three-

dimensional) reconstructed images. 

With 2D imaging, a uniform electrical field distribution is assumed along the axial 

direction of a single-plane ET sensor, which can only be achieved with infinite or 

sufficient long electrodes (Peng et al. 2005) for axially uniform distributions. Under this 

condition, the 3D field distribution can be represented by a 2D one. As a result, a 2D 

slice or cross-sectional image of the 3D material distribution can be reconstructed based 

on the 2D sensitivity matrix, which is derived from the 2D electric field distribution. 

Therefore, 2D imaging can be regarded as a simplified version of 3D imaging and has 

been extensively investigated and applied to various applications (York 2001, Yang 

2010, Giguère et al. 2008, York et al. 2011). 

Since the material distribution of a multi-phase flow in industry and the electric field of 

an ET sensor are essentially 3D, a great effort has been dedicated to 3D imaging with 

ERT and ECT recently (Banasiak et al. 2010, Banasiak et al. 2012, Cao and Xu 2013, 

Dehghani et al. 2005, Li 2008, Marashdeh et al. 2008, Murphy et al. 2006, Pinheiro et 
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al. 1998, Soleimani et al. 2007, Soleimani et al. 2009, Warsito and Fan 2005, Wilkinson 

et al. 2006, Wajman et al. 2006, Warsito et al. 2007, Li and Holland 2013). Most of 

those 3D imaging techniques employ a multi-plane sensor and utilise the measurements 

between electrode planes as proposed by Wajman et al. (2006). To improve the signal-

to-noise ratio (SNR) of 3D ECT imaging with short electrodes, a variety of electrode 

geometries can be applied, subject to the shape of the imaging volume, i.e. the so-called 

electrical capacitance volume tomography (ECVT) (Warsito et al. 2007) and the small 

measurements between the vertically distant electrodes may be abandoned (Warsito et 

al. 2007, Li and Holland 2013). Although the achieved 3D imaging results seem 

promising, more effort is needed to improve the image quality because of the following 

three main reasons. 

Firstly, most of them are implemented with incomplete measurement data because the 

electrodes on both the bottom and top ends of a true 3D sensor are normally removed 

for the measurements (Soleimani et al. 2007). The one with complete measurement data 

should be similar to true 3D ECT imaging proposed by Li (2008) and Soleimani et al. 

(2007). It means that the 3D reconstructions with incomplete measurement data are only 

approximated 3D imaging. 

Secondly, the condition number of the sensitivity matrix of a 3D ET sensor is much 

larger than that of a corresponding 2D sensor due to the increased number of unknowns, 

as compared by Li (2008) between 2D and true 3D ECT sensors. A much larger 

condition number means that 3D ET imaging presents a more severely ill-posed and ill-

conditioned problem and would suffer from very small measurement errors, such as 

measurement noise or simulation errors (Soleimani et al. 2007). This brings high 

demands on sensor fabrication and measurement electronics. A fast reconstruction 

algorithm was implemented by Pinheiro et al. (1998) to reduce the condition number of 

3D ERT imaging but led to deteriorated image resolution. 

Thirdly, 3D imaging with a reasonable resolution takes a much longer time than 2D 

imaging (Li 2008, Pinheiro et al. 1998, Soleimani et al. 2007) because it needs to obtain 

the approximated inverse of a very large sensitivity matrix for image reconstruction, as 

indicated by the large number of independent measurements and voxels for imaging. 

This would limit its application in situations with high commands on real-time 

performance. 3D imaging by a single-plane ET sensor was attempted. However, neither 
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the position nor the shape of the object can be correctly reconstructed (Cao and Xu 

2013, Soleimani et al. 2007). More geometry parameters in a 3D ET sensor also makes 

the sensor design more difficult than a 2D one since the approximated 3D imaging is an 

“open-field” as described by Li (2008). 

In view of the above points, 2D ET imaging is preferred in most practical cases. 

1.1.2 Fringe effect in 2D imaging 

As mentioned previously, only infinite or sufficient long electrodes can make the 

electric field distribution of an ECT sensor uniform in the z-direction for an axially 

uniform distribution. In reality, however, the electrode length is limited, which would 

lead to an electric field’s distortion on the both ends of electrodes, i.e. the fringe effect. 

The fringe effect results in: (1) the sensor has different sensitivities to the perturbations 

of material distribution at different axial layers (Yan et al. 1999, Peng et al. 2005); (2) 

even the material distribution outside the imaging volume of interest can be sensed and 

hence affect the reconstructed image (Yan et al. 1999). Because the inverse problem of 

ET is badly ill-conditioned (Wang et al. 2002, Ma et al. 2006, Yang 2007b), the fringe 

effect would distort the constructed image severely, even if the resultant change in the 

measured data may be insignificant. This means that the fringe effect would make the 

simplification of 3D imaging into 2D non-permissible, if it is not minimised. 

Few literatures have considered the fringe effect in ECT sensors due to their finite 

electrode length. Yan et al. (1999) investigated the fringe effect by comparing the 

sensing ranges and the reconstruction errors of ECT sensors without or with different 

guards for some distributions. However, they did not examine the influence of the 

electrode length on the fringe effect. Peng et al. (2005) tried to determine the optimal 

electrode length by comparing simulation results of 3D models with those of 2D models 

to make the fringe effect negligible for a certain sensor structure, but only qualitative 

results were given. Alme and Mylvaganam (2006a) simulated the fringe effect in 

ECT/ERT sensors using COMSOL Multiphysics (a commercialised FEM package). 

They concluded that the 3D simulation of ECT sensors are closer to the experimental 

results than the 2D simulation, and the fringe effect of an ECT sensor can be quite small 

for low permittivity materials regarding the capacitance values before normalisation. 

Similarly, Alme and Mylvaganam (2006b) compared the resultant capacitance before 
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normalisation from the 2D and 3D simulation of the same ECT sensor for homogeneous 

distribution, and found that the fringe effect, represented by the difference between 

absolute capacitance before normalisation from 2D and 3D simulation, would increase 

almost linearly with permittivity in the image area. York et al. (2011) suggested that it 

is a challenge to constrain the 3D electric field distribution of an ECT sensor to a 2D 

plane, i.e. it is very difficult to achieve 2D imaging with a negligible fringe effect. All 

the above confirmed that serious fringe effect would occur if an ECT sensor is not 

properly designed. Quantitative investigation is still desired for the fringe effect of ECT 

sensors with different structure and geometry. 

Up to now the fringe effect of ERT sensors for 2D imaging has not been investigated 

systematically. Alme and Mylvaganam (2006a) asserted that the small “pin” electrodes 

suggest that the fringe effect is prominent for a conventional ERT sensor. The fringe 

effect was illustrated qualitatively and avoided by using voltage-excitation and long 

strip electrodes (not “pin” electrodes) as described by Li and Yang (2009). It was 

investigated quantitatively by comparing the simulation results of a 3D ERT sensor with 

the corresponding 2D analysis when the fringe effect was ignored (Ma et al. 1997), or 

comparing the 2D and 3D simulation results with the corresponding experimental 

results (Fransolet et al. 2002, Alme and Mylvaganam 2006a). Those comparisons show 

that the fringe effect is severe for a conventional ERT sensor and would be reduced by 

using longer electrodes. However, the comparison was made quantitatively only for 

simulated or measured potential differences before normalization, which may be 

referred to as “absolute” fringe effect. The normalised potential differences, however, 

really matter in image reconstruction. Meanwhile, the current-injection strategy was 

adopted for ERT in all those comparisons, except for that by Li and Yang (2009), which 

only gave a qualitative illustration of the electric field distribution of an ERT sensor 

with voltage-excitation. Therefore, the fringe effect of ERT sensors with either current-

injection or voltage-excitation needs to be further exploited. 

1.1.3 Reducing and making use of fringe effect 

To reduce the fringe effect, possible solutions may be derived from the simplification of 

a 3D model for ET into a 2D one in simulation with finite element method (FEM) as 

suggested by Yan et al. (1999). In the simulation, a 3D model of an ET sensor with a 

limited axial length (user-defined) is simplified into a 2D one based on the assumption 
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that the electric field distribution is axially uniform within the axial sensing range of the 

ET sensor, which is constrained to the user-defined volume enclosed by the electrode 

plane, i.e. no fringe effect presents in this case. Take ECT as an example, this 

assumption can be approximately fulfilled with two prerequisites in practice: (1) The 

measurement electrodes are sufficient long (Peng et al. 2005) and appropriate guards 

are applied, e.g. the use of grounded end guards to constrain the axial sensing range of 

the sensor (Yan et al. 1999); (2) The permittivity distribution is axially uniform (Yan et 

al. 1999) since the electric field distribution also depends on the permittivity 

distribution. This means that the fringe effect of an ET sensor can be affected by two 

factors: (1) sensor structure and geometries and (2) axial object distribution. Systematic 

investigation of the fringe effect may help find solutions to reduce the fringe effect. 

2D FEM simulation with COMSOL Multiphysics can be used as the reference to 

evaluate the fringe effect of an ET sensor. As mentioned above, the measured data from 

an ET sensor contains the fringe effect, which is influenced by the axial material 

distribution, e.g. the axial position of a single rod inside the sensing range of the sensor. 

This makes it possible to implement 3D imaging of certain processes with a 

conventional single-plane ET sensor, which is actually designed for 2D imaging. 

1.2 Motivation and objectives 

1.2.1 Motivation 

Based on the above discussion, there are three motivations for this study: 

(1) Systematic investigation is still needed for the fringe effect of ECT and ERT 

sensors (with either current-injection or voltage-excitation), especially regarding 

the normalised measurements 

(2) Effective methods need to be sought to reduce the fringe effect 

(3) Fringe effect may be used to achieve 3D imaging of certain processes with a 

single-plane ET sensor.  
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1.2.2 Objectives of this study 

This study aims to investigate and reduce the fringe effect of ECT and ERT sensors as 

well as apply the fringe effect for 3D imaging with a conventional single-plane ECT 

sensor. The objectives include: 

(1) To evaluate the fringe effect of ECT and ERT sensors for different electrode 

length, the use of grounded guards and different axial object distributions 

(2) To minimise the fringe effect of ECT and ERT sensors by optimising the sensor 

design or using compensation methods 

(3) To achieve the fringe-effect-based 3D imaging of a metallic rod in dielectric 

material with a conventional single-plane ECT sensor. 

The novelties of this study include: 

(1) A voltage-excitation strategy is proposed for the use with ERT sensors to apply 

grounded end guards for minimised fringe effect and integrate ECT and ERT 

sensors together for improved dual-modality measurement 

(2) By systematic investigation, it is found that increasing the electrode length and 

applying grounded end guards can reduce the fringe effect of ECT and ERT 

sensors with voltage-excitation for axially uniform distributions 

(3) It is found that the fringe effect is related to the axial position and dimension of 

an object distribution as well as the conductivity contrast of the two phases to be 

imaged, which can be minimised with a compensation method based on 

selective scaling 

(4) A three-plane ERT sensor scheme is proved to be effective in reducing the fringe 

effect induced by objects outside the measurement sensor plane and the over-

estimation of object size by Landweber iteration 

(5) Given the prior knowledge about the shape and size, a metallic rod in table salt 

or deionised water is accurately reconstructed in 3D by making use of the fringe 

effect with a conventional single-plane ECT sensor designed for 2D imaging. 
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1.3 Organisation of thesis 

In the beginning of the thesis, the background, motivation and objectives are briefly 

introduced. 

Chapter 2 reviews the fundamentals of ECT and ERT, including their basic principles, 

hardware, forward problems, FEM simulation models, sensitivity calculation, data 

normalisation, inverse problem and popular reconstruction algorithms. 

Chapter 3 investigates the fringe effect of ECT and ERT sensors due to the sensor 

design. The influence of both electrode length and grounded end guards on the fringe 

effect will be evaluated. A voltage-excitation strategy and grounded guards are applied 

to ERT for the first time. A common structure for ECT and ERT sensors is proposed to 

reduce their fringe effect and an integrated sensor is designed for ECT/ERT dual-

modality measurement. 

Chapter 4 evaluates the fringe effect of a conventional ERT sensor due to the axial 

object distribution. The fringe effect is examined by considering the axial position and 

dimensions as well as the conductivity contrast of some typical object distributions. A 

compensation method and a three-plane ERT sensor are suggested to minimise the 

fringe effect. 

Chapter 5 presents an application of fringe effect for 3D imaging with a single-plane 

ECT sensor. The 3D imaging principle and metal detection are illustrated. 3D imaging 

of a metal rod is implemented with both table salt and deionised water as the 

background material. Some calibration issues are addressed. 

Finally in Chapter 6, general conclusions are drawn from this research and suggestions 

are given for future work. 
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Chapter 2: Fundamentals of ECT and ERT 

ET is based on soft-field sensing as the electric field or sensitivity distribution depends 

on the material distribution. Because of the soft-field sensing and the limited or small 

number of measurements on the boundary of the imaging volume, the inverse problem 

for ET is intrinsically ill-posed and challenging. ECT and ERT are two ET techniques, 

which have been extensively investigated in the past two decades. This chapter presents 

a review of the fundamentals of ECT and ERT in term of their basic principles, forward 

problems, finite element method (FEM) simulation models, hardware, sensitivity matrix 

calculation, data normalisation, inverse problems, popular reconstruction algorithms as 

well as the evaluation of the algorithms. 

2.1 Basic principles of ECT and ERT 

Figure 2.1 shows a typical 8-electrode ECT system, which consists of three parts: an 

ECT sensor, a data acquisition system or unit (including a sensing electronics), and an 

image computer (e.g. a PC). A typical ERT system has a similar structure, but with a 

different sensor and sensing electronics. The permittivity or conductivity change of the 

material inside the imaging area can be sensed by the ET sensor. The corresponding 

analogue signal in a selected measurement channel is conditioned by the sensing 

electronics, converted into a digital signal and transmitted to the PC through the data 

acquisition (DAQ) unit. The PC is used to select the measurement channel, control the 

data acquisition process, implement image reconstruction algorithms and display the 

reconstructed image. 

 

Figure 2.1 A typical 8-electrode ECT system (Wu et al. 2013) 
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An ECT or ERT sensor consists of a number of electrodes, typically 8, 12 or 16 

electrodes for ECT and 16 or 32 electrodes for ERT, which are evenly mounted around 

the external or internal periphery of a circular insulated pipe, but occasionally a 

conductive pipe in ERT. As an example, Figure 2.2 shows a typical 12-electrode ECT 

sensor. 

 

Figure 2.2 A typical 12-electrode ECT sensor (Flores et al. 2005) 

As shown in Figure 2.2, the typical ECT sensor is made up of four parts: an insulating 

pipe, measurement electrodes, grounded end guards and a grounded outer screen. The 

grounded end guards and outer screen are metallic and used to eliminate the interference 

of outside noises (Yang 2010). For a typical ERT sensor, however, it is not necessary to 

use grounded end guards and outer screen due to different sensing mechanisms and 

different applications. ECT is usually applied to image a permittivity distribution of a 

two-phase flow with the continuous phase being non-conductive while ERT is usually 

for visualising the conductivity distribution of a two-phase flow with the continuous 

phase being conductive. Since the electrodes need to be in contact with the continuous 

phase inside the imaging region of an ERT sensor, they are normally mounted on the 

inner surface of the pipe. Generally, the measurement electrodes of ECT sensors are 

long strip metal (Yang 2010) while the measurement electrodes of ERT sensors are 

small “pin” metal (Dickin and Wang 1996). The measurement electrodes can be made 

of different types of metals, e.g. solid brass plate (Huang et al. 1989), copper adhesive 

tape (Yang 2010) or copper layer in printed circuit board (PCB) (Mohamad et al. 2012) 

for ECT sensors and stainless steel, silver, gold, platinum or silver palladium (Dickin 

and Wang 1996) for ERT sensors. In some occasions, grounded radial screens may be 

used to reduce the standing capacitance between adjacent electrodes (Yang 2010).  
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To interrogate an imaging area of interest, an electrical signal, i.e. an alternating voltage 

(ECT) or current (ERT), is applied to an electrode with other electrodes being grounded 

in the case of ECT or a pair of electrodes with other electrodes floating in the case of 

ERT, to generate an excitation field. A set of capacitance or resistance measurements is 

then taken from other available electrodes or electrode pairs according to the 

measurement strategy employed, which is called a projection. By moving the excitation 

source around the pipe, other projections from different angles can be obtained to form 

a complete set of measurement data. The forward problem needs to be solved to 

calculate the electric field distribution in the interior area of the sensor and predict the 

measurements at the boundary electrodes or electrode pairs from an arbitrary material 

distribution for image reconstruction.  

The measured data are then normalised and converted into a 2D cross-sectional image 

or 3D image to present the material distribution inside the pipe using a proper image 

reconstruction algorithm. This is termed as solving the inverse problem. The forward 

problem and inverse problem will be discussed in details later. 

For an ECT sensor with the conventional measurement protocol, a complete set of 

independent capacitance measurements are taken between all possible combinations of 

the electrodes. The number of independent measurements is given by          , 

where   is the number of electrodes. For example, all possible electrode combinations 

with a typical 12-electrode ECT sensor are shown in Figure 2.3, giving 66 independent 

measurements. 

Different measurement protocols were 

discussed and compared by Alme and 

Mylvaganam (2007) and Yang and Peng 

(2013). While different electrode 

combination strategies showed certain 

superiorities over the conventional single-

electrode strategy regarding the quality of 

reconstructed images, the total number of 

independent measurements is determined 

by the number of electrodes only. 

 

Figure 2.3 Possible electrode 

combinations with a typical 12-electrode 

ECT sensor (Flores et al. 2005) 
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For an ERT sensor, a typical data collection strategy is the adjacent strategy, which 

applies an alternating current to all possible pairs of adjacent electrodes, and measures 

potential differences between adjacent electrodes (Dickin and Wang 1996). To deal with 

the problems caused by the contact impendence on the electrode-electrolyte interface, 

the measured potential difference related to current-injecting electrodes are discarded. 

Because reciprocity exists between the pairs of current-injecting and voltage-measuring, 

the number of independent measurements for potential difference is given by      

    , where   is the number of electrodes (Barber et al. 1983). A 16-electrode ERT 

sensor gives 104 independent measurements, presenting the potential difference with 

this strategy. Different protocols for data acquisition in ERT, e.g. adjacent, opposite and 

diagonal strategy with non-conductive boundary and the conductive boundary strategy, 

were discussed by Dickin and Wang (1996). Before image reconstruction, the 

capacitance or resistance measurements need to be normalised for calibration purpose, 

which will be discussed later. 

To calculate the sensitivity matrix, the imaging area inside an ET sensor needs to be 

divided into small pixels for FEM or finite difference method (FDM) analysis to 

determine the changes in capacitance between a pair of electrodes or resistance between 

two electrode pairs due to a small perturbation of the permittivity or conductivity in 

each pixel, and also for image reconstruction. The reconstructed image can be 

represented by a matrix, each element of which is allocated a grey level of a pixel at a 

specified spatial position. The number of pixels is typically in the order of 1000 (Yang 

and Peng 2003), which is much larger than the number of independent measurements 

from an ET sensor. It is this reason that it is impossible to obtain a unique solution for 

each image pixel, i.e. the inverse problem is ill-posed and ill-conditioned (Yang 2007b, 

Wang et al. 2002), which results in blurred images. Also, because of the soft-field 

nature of ET, the spatial resolution of ET is relatively low, e.g. it is between 3 and 10% 

of the sensor diameter for ERT (Dyakowski et al. 2000, Wilkinson et al. 2006). 

2.2 Forward problem and FEM simulation model 

ET systems typically employ an alternating voltage or current with a fixed frequency 

below 1 MHz, which is sufficiently low to ignore the coupling between electric and 

magnetic fields. Because the corresponding wavelength is larger than the typical sensor 

size by several orders of magnitude at this frequency range, the electric potential 
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distribution inside an ET sensor can be approximately described by the electrostatic 

field theory. Accordingly, the 2D electric field distribution inside an ECT sensor can be 

described by the Poisson equation and formulated as (Loser et al. 2001): 

                           (2.1) 

where        is the permittivity distribution,        is the electric potential 

distribution, and        is the static charge distribution, which is the source of the 

electric field. In most cases, there is no charge inside the ECT sensor. Thus, equation 

(2.1) becomes the following Laplace equation: 

                     (2.2) 

where the electric field is given by               . Note that with equation (2.2) it 

is assumed that the conductivity of the medium inside the ECT sensor is negligible. If 

the potential distribution is known, the capacitance between a pair of electrodes 

(excitation electrode   and detection electrode   ) can be defined as (Yang and Peng 

2003): 

      
 

     
  

 

     
                
  

 (2.3) 

where       is the potential difference between the electrode pair,    is a surface 

enclosed by the detection electrode   and   is the surface charge on   . This definition 

of the capacitance between a pair of electrodes was also proposed by Xie et al. (1990) 

with more details included, e.g. the influence of a boundary condition. 

Similarly, the 2D electric field distribution inside an ERT sensor can be described as 

(Lionheart 2001): 

                     (2.4) 

where        is the conductivity distribution inside the ERT sensor. For a conventional 

ERT with the current-injection and voltage-measurement strategy, the potential 

difference between each specified electrode pair is measured, which can be predicted 

directly by solving equation (2.4). 
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Using equations (2.2) and (2.4), the 2D electric field distribution inside an ECT or ERT 

sensor can be solved for a given permittivity or conductivity distribution and boundary 

conditions applied to the sensor, i.e. solving the forward problem. Even though the 

Laplace equation may be the simplest partial differential equation (PDE), it is still too 

difficult to obtain the analytical solution to the electric field distribution for the typical 

geometry and the boundary conditions of an ECT or ERT sensor. Therefore, FEM, 

FDM or boundary element method (BEM) is normally used to calculate a numerical 

solution. FEM and FDM discretise the sensing region inside an ET sensor into many 

small elements and a constant permittivity or conductivity is assumed in each element. 

They use interpolation between the specified nodal values with a polynomial basis to 

approximate the potential at a certain position and convert the integral equation into a 

large set of linear equations to solve. BEM only requires the surface of the sensing 

region to be discretised and uses the boundary integral equation to formulate the 

governing equation for the electric field. COMSOL Multiphysics can be used to obtain 

the electric field distribution of ET sensors for simulation purposes. In COMSOL 

Multiphysics, Electrostatic mode can be chosen to solve the equation (2.2) for ECT 

while the Conductive Media DC in Electromagnetic module can be used to solve the 

equation (2.4) for ERT. Besides the governing equations, the boundary conditions need 

to be defined to obtain a unique solution to the electric field distribution inside an ET 

sensor. For ECT, the boundary conditions are defined as (Alme and Mylvaganam 

2006): 

  

                                                                        

                                                                      

                                                                                 

  (2.5) 

For ERT, if the electrodes    and    are the current-injection and sank electrodes, 

respectively, the boundary conditions are defined as (Alme and Mylvaganam 2006): 

 

 
 
 

 
 
         

                                                                                    

          
                                                                                    

                                                                                                      

                                                                   

  (2.6) 
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where   is the norm direction of the electrode surface,   is the current density, and    is 

the magnitude of the injected current. In the Conductive Media DC mode, these 

boundary conditions are called floating potential and electric insulation respectively. 

This FEM model does not account for the influence of the contact impedance between 

the electrodes and electrolyte on the ERT measurement since the contact impedance in 

an industrial application can be ignored with the current-injection strategy and a 

measurement circuit of high input impedance (Szczepanik and Rucki 2007). For a 

complete electrode model of ERT sensors including the contact impedance, one can 

refer to Somersalo et al. (1992) and Giguère et al. (2008). 

If the conductivity of the material inside the sensing region of an ECT sensor cannot be 

neglected, or the effect of the excitation frequency on the simulation needs to be 

considered, the governing equation of the electric field becomes (Alme and 

Mylvaganam 2006): 

                                (2.7) 

where   is the excitation frequency with unit        , and        is the 2D complex 

potential distribution. The equation (2.7) is also applicable to calculate the electric field 

distribution for the ECT/ERT dual-modality measurement as discussed by Marashdeh et 

al. (2007) and Li and Soleimani (2013). It can be solved using the “In-Plane Electric 

Currents” mode of AC/DC module in COMSOL Multiphysics with the same boundary 

conditions as in equation (2.5). In this case, the inter-electrode impedance between 

excitation electrode   and detection electrode   can be calculated by (Alme and 

Mylvaganam 2006): 

      
  

  
 

  

                  
                      

 
 (2.8) 

where    is the voltage phasor on electrode  ,    is the current phasor into electrode  , 

and    is a surface enclosed by electrode  . The equivalent capacitance and conductance 

are then formulated as:  
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  (2.10) 
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where          is the imaginary part of      and          is the real part of     . 

Equations (2.3) and (2.8) for inter-electrode capacitance and impedance can be 

calculated using boundary integration of the post-processing utility in COMSOL 

Multiphysics. FDM and BEM were adopted by Li and Yang (2008) and Ren et al. 

(2014), respectively, to solve the forward problem. Other two different solvers for the 

forward problem with ECT were proposed by Marashdeh et al. (2006a) and Mirkowski 

et al. (2008), where the feed-forward neural network and a capacitor-mesh model were 

used respectively. 

With FEM or other solvers shown above, a numerical solution of the electric field inside 

an ECT or ERT sensor can be obtained. This solution can be used to calculate the 

sensitivity maps, which are needed for image reconstruction or the inter-electrode 

capacitance for simulation purposes. In many occasions, it is also exploited to estimate 

the capacitance vector or update the sensitivity maps for a reconstructed permittivity 

distribution with an non-linear iterative reconstruction algorithm to improve the image 

quality (Marashdeh et al. 2006b, Li and Yang 2008, Mirkowski et al. 2008, Banasiak 

and Soleimani 2010, Ren et al. 2014). In many other iterative algorithms, a linear model 

based on the sensitivity matrix is established to estimate the capacitance vector for a 

reconstructed permittivity distribution, which will be shown later. 

2.3 Hardware for ECT and ERT  

2.3.1 Hardware for ECT 

The hardware for ECT was reviewed by Yang (1996) and Yang and Peng (2003). 

Among those, there are mainly three types of hardware, which were developed at the 

University of Manchester: the charge/discharge circuit (Huang et al. 1988b and 1992), 

the AC-based circuit (Yang et al. 1994, Yang and York 1999, Yang 2001), and LCR 

(inductance/capacitance/resistance) meter (Yang et al. 2002). A new multi-channel 

impedance-analyser-based ET system has been developed by Yang (2007a) and used in 

different applications e.g. by Hu et al. (2008). 

With the charge/discharge circuit, the charge transfer principle is applied (Huang et al. 

1992). The capacitor to be measured is charged and discharged repeatedly by a voltage 

source through the combined action of four switches and transformed into a voltage by 
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an op-amp circuit. There are several disadvantages for the charge/discharge circuit: (1) 

baseline drift due to the DC operation (2) charge injection problems from CMOS 

switches (3) measuring the combination of capacitance and loss conductance (Yang 

1996, Yang 2001). 

With the AC-based circuit, a sine-wave voltage with a single frequency is applied for 

excitation, which can enable narrow-band filters after phase-sensitive demodulation 

(PSD) to be used. This can significantly reduce the measurement noise and to 

distinguish between capacitance and loss conductance (Yang 1996, Yang and York 

1999). Therefore, the AC-based circuit is adopted in many ECT systems developed up 

to now for its low drift, high signal-noise-ratio (SNR) and ability to measure both 

capacitance and loss conductance. 

The tomography system based on an HP LCR meter (HP4284A) can be used for both 

ECT and ERT because either current or voltage signal can be generated for sensor 

excitation (Yang et al. 2002). But it suffers from some drawbacks, e.g. when it is used 

for ECT with voltage excitation, the measurement sensitivity and accuracy is limited by 

the large standing capacitance induced by the large coupling capacitance of the used 

switches. The structure and features of this system are similar to those of the 

impedance-analyser-based system as shown in Figure 2.4. 

The impedance-analyser-based ET system consists of three parts: a multiplexer box, an 

impedance analyser (HP4192) and a PC as shown in Figure 2.4 (Yang 2007a, Hu et al. 

2008). The multiplexer box can have 256 channels at the maximum to measure the 

inter-electrode impedance between specified electrode pairs. Each electrode can be 

configured in one of the following four modes: (a) excitation, (b) detection, (c) floating, 

(d) grounded. Due to the keyboard configuration of the reed relay switches inside the 

multiplexer box, both single-electrode excitation/detection and multi-electrode 

excitation/detection can be achieved (Yang 2007a), i.e. the data acquisition protocol is 

very flexible with this system. 
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Figure 2.4 An impedance-analyser-based ET system (Yang 2007a) 

The impedance analyser used in the system enables the capacitive and resistive 

components of the impedance to be measured simultaneously, which indicates that the 

system can be applied for ECT/ERT dual-modality measurement. Hu et al. (2008) 

further extended the use of the system to the mutual inductance measurement between 

different coil pairs of a planar magnetic sensor. Since the frequency and amplitude of 

the excitation signal are programmable, the system can also be exploited for 

spectroscopy or multi-frequency measurement. A MATLAB-based graphical user 

interface (GUI) was designed for the initial system configuration, data acquisition, 

image reconstruction and post-processing (Yang 2007a). The performance of the system 

was evaluated for capacitance, conductance and mutual inductance measurements, and 

compared with the AC-based ECT system and a Solartron impendence analyser 

(SL1260) in terms of measured parameter, measurement range and resolution, number 

of channels, spectroscopy, data acquisition rate and sensing modality by Hu et al. 

(2008). It was concluded that the impedance-analyser-based ET system performs better 

in most of the aspects, except for that its data acquisition rate is lower than the AC-

based ECT system and its resolution is lower than SL1260. The impedance-analyser-

based ET system will be used in the experiment of this study. 

2.3.2 Hardware for ERT 

Boone and Holder (1996) gave a simplified representation of an electrical impedance 

tomography (EIT) measurement as shown in Figure 2.5 and reviewed the analogue 

instrumentation design in EIT. They analysed the specific factors in instrumentation, 

which cause measurement errors in EIT, and suggested the requirements on current 

source and differential voltage measurement circuit as the most essential parts of EIT 

instrumentation. They also presented the techniques for the design of the current source, 
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e.g. two Howland current sources with well-matched component values between them 

(Jossinet et al. 1994), and differential voltage measurement circuit, e.g. the use of an 

instrumentation amplifier in conjunction with a technique for reducing the common-

mode voltage (Toumazou and Lidgey 1989, Trillaud and Jossinet 1992, Zhu et al. 

1992).  

 

Figure 2.5 A simplified representation of an EIT measurement (Boone and Holder 

1996) 

Dickin and Wang (1996) described their developed ERT data acquisition system, 

including the voltage-controlled current source with dual op-amp and positive feedback 

(Wang 1994), and the use of an instrumentation amplifier (PGA202) with the grounded 

floating measurement technique to reduce the common-mode voltage (Wang and Dickin 

1994). Besides the use of analogue current source, a bi-directional current pulse 

technique was applied in ERT to simplify the data acquisition system and eliminate the 

need for demodulation (Cilliers et al. 2001). In this study, an ERT experimental system 

will be established based on some of the techniques reviewed above, which will be 

described in details in Chapter 4. 

2.4 Sensitivity matrix calculation and data normalisation 

2.4.1  Sensitivity matrix calculation 

Most algorithms for solving the inverse problem of ECT or ERT are based on a 

sensitivity-matrix, which needs to be calculated first before image reconstruction. The 

sensitivity vector corresponding to each electrode or electrode pair combination of the 

sensor in the sensitivity matrix is called a sensitivity map. Each sensitivity map 

describes the sensitivity of the measured capacitance or potential difference change to 
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the permittivity or conductivity change inside the sensing domain for the specified 

electrode or electrode pair combination. For example, an 8-electrode ECT sensor needs 

28 sensitivity maps and a 16-electrode ERT sensor needs 104 sensitivity maps. The 

sensitivity maps for an ECT sensor can be obtained with the following four methods: 

(1) geometry dependence (Wajman et al. 2004); 

(2) perturbation-based measurement (Xie et al. 1992, Yang and Conway 1998);  

(3) a numerical solution to the electric field (Liu et al. 2001); 

(4) calculation along electric field lines by analogy to hard-field tomography (Loser 

et al. 2001). 

The methods (2) and (3) can generate similar sensitivity maps for an ECT sensor. 

Wajman et al. (2004) gave a brief overview of those four methods and illustrated the 

reconstruction results with Landweber iteration for three object distributions and 

different sensitivity maps by those methods. The methods (1) and (4) or (2) and (4) 

were also combined for the calculation of sensitivity matrix (Kim et al. 2006, Kim et al. 

2007, Zhang and Wang 2009). Among those methods, however, the most convenient 

and popular one is that by calculation with a numerical solution. With the numerical 

solution of the electric field, the element in a 2D sensitivity map for an ECT sensor, i.e. 

the sensitivity of electrode pair     to the permittivity change of the pixel at position 

      with an area of       , is defined as (Lionheart 2001, Liu et al. 2001): 

            
       

  
 
       

  

 

      
                      (2.11) 

where         and         are the electric field strength at       when the     and     

electrodes are applied voltages    and    respectively for excitation in turn, and   is the 

number of electrodes. 

Similarly, the element in the 2D sensitivity maps for an ERT sensor, i.e. the sensitivity 

of electrode pairs   and   to the conductivity change of the pixel at position       with 

an area of       , is defined as (Dickin and Wang 1996): 

            
       

  

 

      
 
       

  
      (2.12) 
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where         and         are the electric field strength at       when the     and     

electrode pairs are injected with currents    and    respectively for excitation in turn. 

Before applying reconstruction algorithms, which can be non-iterative or iterative 

methods as described by Yang and Peng (2003), it is a general practice to normalise the 

sensitivity matrix to control its level suitable with the normalised measurements for an 

ECT or ERT sensor, which is completed by the normalisation of sensitivity maps. The 

sensitivity map       for electrode pair     or electrode pairs   and   can be normalised 

as (Kim et al. 2007, Giguère et al. 2008): 

     
  

    

        
 
   

 (2.13) 

where     
  is the normalised sensitivity map for electrode pair     or electrode pairs   

and  , and         is the sensitivity of electrode pair     or electrode pairs   and   to the 

permittivity or conductivity change of the     pixel inside the sensor. All the sensitivity 

maps for possible electrode or electrode pair combinations can be normalised according 

to equation (2.13), and then integrated to be a normalised sensitivity matrix according to 

the data collection strategy, which can be used for image reconstruction. 

2.4.2 Data normalisation 

An ECT system is usually calibrated with a normalisation process based on a low 

permittivity material and a high permittivity material, which is essential for 

reconstructing the high and low permittivity material distribution. Three different 

permittivity models for ECT, i.e. the parallel, series and Maxwell models, were 

examined by Yang and Byars (1999) and McKeen and Pugsley (2002) to show their 

influences on image reconstruction using iterative linear-back projection (LBP). It was 

concluded that the parallel permittivity model gave the best results for all the simulation 

setups specified (McKeen and Pugsley 2002). Chaplin et al. (2005) proposed another 

model: Bottcher model, but it only gives good measurement results in specified cases, 

not for general applications. Based on the parallel and series models, a combined model 

was attempted by Zhang and Wang (2009). Good results can be obtained with all the 

specified distributions. However, the normalisation process is complicated and time-

consuming. Therefore, a normalised capacitance vector based on the parallel 

permittivity model is usually used for image reconstruction.  
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In the parallel model, a parallel material distribution was assumed and the normalised 

capacitance was a linear function of measured capacitance, which can be expressed as 

(Xie et al. 1992):  

        
               

               
                       (2.14) 

where   is the number of electrodes,        is the normalised capacitance for electrode 

pair    ,         is the measured capacitance for electrode pair    ,         and 

        are the capacitances for electrode pair     when the sensor is filled with low 

and high permittivity materials, respectively. 

For ERT, the voltage differences measured for image reconstruction are normalised by 

calculating their relative changes with respect to the reference voltage differences which 

are obtained when an ERT sensor is filled with the conductive background medium. It 

can be termed as (Dickin and Wang 1996, Giguère et al. 2008): 

        
               

       
 (2.15) 

where        is the normalised change of voltage difference for injection electrode pair 

  and measurement electrode pair  , and         and         are the measured and 

reference voltage difference for injection electrode pair   and measurement electrode 

pair   respectively. 

2.5 Inverse problem and popular reconstruction algorithms 

Solving the inverse problem of ECT or ERT is to obtain the permittivity or conductivity 

distribution from the measured inter-electrode capacitance or potential differences on 

the boundary of a sensor. Because the same algorithms can be applied to ECT and ERT 

to solve their respective inverse problem (Yang and Peng 2003, Giguère et al. 2008), 

the following will discuss ECT only. 

Generally, the relationship between the measured inter-electrode capacitance and the 

permittivity distribution is complicated and non-linear as shown by equation (2.3). To 

make it simple to implement, the sensing domain of an ECT sensor is normally divided 

into a large number of small pixels assuming a constant permittivity in each pixel, e.g. 

1024 pixels for a square sensor and about 800 pixels for a circular sensor generated by a 
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32×32 grid. Then a linear approximation can be made between the measured 

capacitance change and the permittivity change in a discrete form (Yang and Peng 

2003): 

        (2.16) 

where       is a vector of the measured capacitance change,       is a vector of 

the permittivity change,        is a Jacobian matrix, i.e. the sensitivity matrix before 

normalisation,   is the number of independent measurements, and   is the number of 

pixels defined inside the sensing domain. This linear approximation is only valid when 

the permittivity perturbation is small. In its normalised form, equation (2.16) is 

generally rewritten as: 

       (2.17) 

where         is the normalised sensitivity matrix,      is the normalised 

capacitance vector,      is the normalised vector of the grey scalar image of the 

permittivity distribution. For ERT, a similar linear equation can be generated to describe 

the relationship between the normalised change of inter-electrode potential difference 

and the normalised conductivity change (Giguère et al. 2008). To reconstruct the 

permittivity distribution   from the measured capacitance  , equation (2.17) needs to be 

solved while the sensitivity matrix    is assumed to be constant in most cases. Note that 

the sensitivity matrix    changes with the permittivity distribution due to the “soft-

field” effect. If the inverse of the sensitivity matrix    can be obtained, the permittivity 

distribution   can be expressed as: 

           (2.18) 

However, the analytical inverse of    does not exist because the number of unknowns or 

pixels   is much larger than the number of independent capacitance measurements  , 

which means that    is not a square matrix and the solution to equation (2.17) is not 

unique. Another challenge associated with equation (2.17) is that it is ill-conditioned. It 

means that a small perturbation in   may induce a very large change in the solution of 

 . As a result, numerical techniques are usually used to derive the approximation of 

       and deal with the ill-conditioning of equation (2.17). The choice of the 

approximation of        in equation (2.18) results in different image reconstruction 
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algorithms as summarised by Giguère et al. (2008). In general, the reconstruction 

algorithms can be classified into two categories: non-iterative and iterative algorithms. 

2.5.1 Non-iterative algorithms 

Linear-back projection (LBP) 

Non-iterative algorithms are single step reconstruction methods, among which the 

simplest and most popular one is the linear-back projection (LBP) algorithm. In LBP, 

the transpose of the sensitivity matrix is used to approximate its inverse and the 

normalised form of the algorithm can be formulated as (Yang and Peng 2003): 

    
   

    
 (2.19) 

where    is the approximated solution of equation (2.17),   is the sensitivity matrix of an 

ECT sensor,    is the transpose of  ,   is the normalised capacitance vector, and    is 

the identity vector, i.e.               . Although the LBP algorithm can only give 

qualitative image, it finds wide application in online reconstruction and measurement 

because it is simple and less computationally intensive. 

Singular value decomposition (SVD) 

If the measurement noises are considered, equation (2.17) is rewritten as 

         (2.20) 

where   is the measurement noise vector. 

To solve equation (2.20), it is a common practise to minimise the    norm 
 

 
         , 

which gives: 

          (2.21) 

Because the inverse of     does not exist, the equation (2.21) cannot be solved directly 

(Yang and Peng 2003). Based on singular value decomposition (SVD) analysis, the 

sensitivity matrix for an ECT sensor can be expressed as: 

         (2.22) 
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where 

                ,                

                     (2.23) 

  is an     orthogonal matrix,   is an     orthogonal matrix,   is an     

diagonal matrix with the non-zero elements   singular values of   (        

         ),   is the number of independent measurements,   is the number of 

pixels in the reconstructed image, and   is the rank of  . 

The so-called pseudo-inverse of   (an approximation of    ) can now be represented by 

      , where 

           
 

  
 
 

  
   

 

  
   (2.24) 

and the approximated solution of equation (2.17) or (2.20) in the least square sense can 

be expressed as: 

            (2.25) 

Because the inverse problem for ECT is ill-posed, this solution is not unique and can 

only be accepted mathematically (Yang and Peng 2003). As suggested by Pan and 

Yagle (1992), Polydorides and McCann (2002) and Tang et al. (2002), the largest 

singular values of   mainly contribute to the main features (lower “spatial” frequency 

components) of the reconstructed image, while the smallest ones to the detailed features 

(higher “spatial” frequency components). Since   is severely ill-conditioned, its smallest 

singular values are nearly zero and have the minimum effect on the sensitivity. 

However, they are very vulnerable to noises in the measured data. It means that it is 

essential to eliminate the noises and to reduce the influences of measurement noises on 

the reconstruction. For this purpose, truncated singular value decomposition (TSVD) 

can be applied (Polydorides and McCann 2002). The basic principle of TSVD is 

described by Yang and Peng (2003) that a spectral filter is included in the conventional 

SVD to lower the sensitivity of the reconstruction to high-frequency noise in the 

measurement. This idea can be extended for generalised filtering solution of equation 

(2.17) or (2.20), which is defined as (Lionheart 2001, Yang and Peng 2003): 
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                 (2.26) 

where      is the spectral filter with     for simplicity. The choice of      leads to 

different algorithms. 

Tikhonov regularisation 

Because the image reconstruction for ECT is an ill-posed inverse problem, 

regularisation tools can be used to find a regularised solution. Some additional 

assumptions and prior information about the material distribution must be added as 

constraints to an optimisation problem associated with equation (2.17) or (2.20). As a 

popular regularisation tool, Tikhonov regularisation has been applied to solve the ill-

posed inverse problem for ECT (Peng et al. 2000, Lionheart 2001). If the spectral filter 

in equation (2.26) is chosen to be (Lionheart 2001, Yang and Peng 2003): 

      
  

    
  (2.27) 

where   is the regularisation parameter, which must be positive and is determined 

empirically in most cases. The standard Tikhonov regularisation solution of equation 

(2.17) or (2.20) can then be formulated as: 

                   (2.28) 

where   is an identity matrix. Equation (2.28) seems the approximated solution of the 

modified problem of equation (2.21) by changing     into        to make the 

inverse exist. The more general Tikhonov regularisation has been discussed by 

Lionheart (2001) with a more generalised SVD filter method. 

Other non-iterative reconstruction techniques for ECT have also been reported, e.g. the 

multiple linear regression and regularization method (Yan et al. 2001), the Calderon’s 

method (Cao et al. 2009 and 2011a), the dbar method (Cao et al. 2010), the enclosure 

method (Cao and Xu 2011), and the factorization method (Cao et al. 2011b, Cao and Xu 

2013). 
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2.5.2 Iterative algorithms 

Non-iterative reconstruction algorithms can provide qualitative images only, because 

they are based on the simplified linear model of ECT and the relationship between 

permittivity and capacitance is actually non-linear. As reported in the literature, iterative 

algorithms are generally adopted to reconstruct quantitative images since the 

discrepancy between the measured capacitance and the estimated capacitance from the 

current image is used to modify the reconstruction iteratively until it is sufficiently 

small. As discussed previously, different solvers for the forward problem of ECT can be 

used to estimate the capacitance, e.g. FEM and sensitivity matrix-based method. 

Meanwhile, different methods, e.g. based on the optimisation theory, can be applied to 

rectify the image with the discrepancy between the measured and calculated 

capacitances. The choice of the forward solver and image rectification method leads to 

different algorithms. Generally, iterative algorithms are more computationally intensive 

than non-iterative ones and only applied for off-line application.  

Landweber iteration 

Landweber iteration method (Yang et al. 1999) is derived from the steepest gradient 

descent method in the optimisation theory. With the image rectification method similar 

to the LBP in each iteration, it can be expressed as (Yang and Peng 2003): 

            
         (2.29) 

where    and      are the normalised permittivity vector for     and       iteration, 

   is the gain or relaxation factor, which is used to determine the convergence rate. 

Note that     is used to estimate the capacitance of the current image   . Actually, 

equation (2.29) can also be derived by replacing the spectral filter in equation (2.26) 

with (Lionheart 2001): 

              
    (2.30) 

To improve the convergence rate, a modified Landweber iteration is (Yang and Peng 

2003): 

              
           (2.31) 
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where   is a projection operator and  

          

                                                   

                                           

                                                   

   (2.32) 

In the iteration process, the relaxation factor    can keep constant or be updated in each 

iteration step as discussed by Peng et al. (2000) and Liu et al. (1999). To start the 

Landweber iteration process, the initial permittivity distribution    is normally 

reconstructed by LBP. Even though it is popular, the Landweber method suffers from its 

semi-convergence behaviour (Yang and Peng 2003, Hansen and Saxild-Hansen 2012). 

The image error would decrease in the initial stage. After a certain number of iterations, 

however, it would increase. Therefore, it is essential to stop after an appropriate number 

of iterations for convergence of the reconstruction with the Landweber method. 

Algebraic reconstruction technique (ART) 

ART has been applied to ECT for image reconstruction by Reinecke and Mewes (1996). 

Unlike the Landweber iteration, it is a row-action method and treats the projection data 

one at a time during the iterations. ART can be formulated as: 

         
           

    
    

   (2.33) 

where    and      are the results for     and       iteration,    is the     row vector 

of the sensitivity matrix  , and    is the     normalised capacitance from the measured 

capacitance vector.  

The drawback of ART lies in that it is sensitive to noises in the measured capacitance 

since only one projection data is involved in each iteration (Yang and Peng 2003). To 

overcome this problem, simultaneous iterative reconstruction technique can be applied 

(Su et al. 2000), which is also a type of descent gradient method and has similar 

performance as the Landweber method regarding the quality of the reconstructed image.  

Other iterative reconstruction algorithms for ECT or ERT have also been reported, 

including: 

(1) Newton-Raphson and modified Newton-Raphson (Yang and Peng 2003); 
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(2) Krylov subspace (i.e. conjugate gradient) (Wang 2002 and Wang et al. 2005); 

(3) Hybrid by combining the Tikhonov regularisation and Landweber method 

(Lionheart 2001);  

(4) Model-based iteration (Isaksen and Nordtvedt 1993, Khambampati et al. 2012); 

(5) Reconstruction with iteratively updated sensitivity matrix or non-linear forward 

solver (Li and Yang 2008, Xue et al. 2012, Marashdeh et al. 2006a and 2006b, 

Banasiak et al. 2010); 

(6) Non-linear reconstruction with total-variation regularisation (Fang 2004, 

Soleimani and Lionheart 2005). 

2.5.3 Evaluation of algorithms 

Three criteria can be employed to evaluate the performance of reconstruction 

algorithms, which are relative image error, capacitance residual and correlation 

coefficient between the true image and the reconstructed image (Peng et al. 2000, Yang 

and Peng 2003). 

     
      

   
 (2.34) 

    
        

   
  (2.35) 

    
         
 
           

          
 
            

 
     

  (2.36) 

where     is the relative image error,    is the capacitance residual,    is the 

correlation coefficient,   is the normalised capacitance vector,   is the sensitivity matrix 

of the sensor,   is the true permittivity distribution,    is the reconstructed permittivity 

distribution,     and    are the mean values of   and    respectively. 

These three criteria can be used to compare the quality of reconstructed images by 

different algorithms with respect to the same permittivity distribution. The better image 

quality means smaller relative image error and capacitance residual as well as larger 

correlation coefficient. However, smaller capacitance residual does not necessarily 

guarantee better images. 
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2.6 Summary 

This chapter presented a brief review of the fundamentals of ECT and ERT, mainly 

regarding their basic principles, data acquisition systems, and the forward and inverse 

problems. An ECT or ERT sensor generally has a certain number of electrodes in a ring 

around the exterior or interior periphery of a pipe section. According to the specified 

measurement protocol, an AC signal is applied to the sensor for excitation and the 

resultant responses can be measured through suitable hardware. Finally, an image can 

be reconstructed with an appropriate reconstruction algorithm based on the acquired 

data. To do the image reconstruction, the forward problem needs to be solved by FEM 

or other methods for the electric potential distribution inside the sensor, which can be 

used to calculate the relevant sensitivity maps, and capacitance/resistance values with 

the specified permittivity/conductivity distribution. To solve the inverse problem, i.e. 

reconstruct an image from the measured or simulated impedance data, various non-

iterative or iterative algorithms (e.g. LBP and Landweber iteration) can be applied, the 

performance of which can be evaluated with certain criteria. 

The governing equations for the electric field in ECT and ERT are similar except for 

different boundary conditions. This indicates that the corresponding solutions to the 

forward problems are different from each other. The same algorithms can be used to 

solve the inverse problems for ECT and ERT. Non-iterative algorithms are fast but can 

only give qualitative images, while iterative algorithms can reconstruct quantitative 

images but are usually computationally intensive. Because the inverse problems for 

ECT and ERT are non-linear in nature, non-linear iterative algorithms, e.g. with updated 

sensitivity matrix or non-linear forward solver, can improve the quality of reconstructed 

images. By incorporating more prior knowledge in the reconstruction, the image quality 

can also be improved, e.g. model-based and regularisation-based methods. To reduce 

the time consumption of image reconstruction, especially by nonlinear iterative 

algorithms, parallel computing based on graphics processing units (GPU) may be 

applied to implement the algorithms. 
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Chapter 3: Fringe effect of ECT and ERT sensors due to their 

sensor design 

This chapter will discuss the fringe effect of ECT and ERT sensors due to the limited 

length of electrodes and the use of grounded end guards. The voltage-excitation strategy 

and the grounded guards are adopted for ERT so that the fringe effect can be minimised 

and ECT and ERT sensors can be integrated together to optimise an ECT/ERT dual-

modality measurement. 

3.1 Introduction 

As discussed in Chapter 1, the fringe effect will occur to the both ends of electrodes for 

ECT and ERT sensors with limited electrode length, i.e. the electric field is axially non-

uniform and spreads to a large volume outside the supposed sensing plane. The fringe 

effect results in that: (1) the sensitivities of the sensor are not uniform along the axial 

direction (Yan et al. 1999, Peng et al. 2005); (2) the sensor can sense and reconstruct 

the objects outside the imaging volume of interest, which are not supposed to appear in 

the reconstructed 2D image (Yan et al. 1999). The above discussion implies that the 

fringe effect of ECT and ERT sensors is complicated and subject to the sensor design 

and axial material distribution inside the sensing volume of the sensor. 

As mentioned in Chapter 1, the fringe effect would be minimal for an ECT sensor under 

two conditions: (1) sufficient long measurement electrodes and appropriate guards; (2) 

axially uniform permittivity distribution. In this chapter, the axial permittivity 

distribution is assumed to be uniform to exclude its influence on the fringe effect. 

Sufficient long measurement electrodes can ensure the axial electric field distribution of 

the sensor to be approximately uniform, while the guards can help constrain the electric 

field distribution to the electrode plane. Grounded end guards has been applied in ECT 

sensors (Yan et al. 1999, Peng et al. 2005, Alme and Mylvaganam 2006b) and proved 

to be effective in narrowing the axial sensing range (Yan et al. 1999). In contrast, driven 

guard electrodes may be used below and above measurement electrodes in the axial 

direction to reduce the fringe effect (Ma et al. 1997, Yan et al. 1999, Ma et al. 1999). 

Although some simulation and experimental results seem promising, the effectiveness 

of driven guards was suspected (Wang 1999, Alme and Mylvaganam 2006b, Yang 
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2010). From these points of view, it is necessary to investigate the impact of electrode 

length and grounded end guards on the fringe effect. 

In this chapter, the fringe effect of ECT and ERT sensors with variable electrode length 

is quantified against the corresponding 2D models (used as references) for both 

symmetric and non-symmetric object distributions. Voltage-excitation for ERT will be 

discussed preceding the quantification process of fringe effect in ERT sensors. Image 

reconstruction will be implemented based on the previous results to investigate the 

impact of fringe effect. Grounded guard electrodes will be evaluated to see its 

effectiveness for reducing the fringe effect. The feasibility of voltage-excitation for ERT 

will be verified by experiment. Finally, a common structure will be proposed for ECT 

and ERT sensors to reduce their fringe effect and integrate the two types of sensors 

together for dual-modality measurement. 

3.2 Fringe effect of ECT sensors with voltage-excitation 

It was suggested that the optimal length of electrodes in an ECT sensor should be the 

same as the inner diameter of a round-shape pipe or vessel or the width of square-shape 

pipe or vessel (Peng et al. 2005). This conclusion is merely qualitative, without 

quantitative verification. From the application point of view, it is desired to use shorter 

electrodes to achieve a narrower sensing range. Therefore, it is necessary to investigate 

the fringe effect on the normalised capacitance when the electrode length is much 

shorter than the dimension of the pipe or vessel diameter. It is also necessary to 

investigate to what extent the fringe effect would distort the reconstructed images. For 

those purposes, 3D simulation for ECT sensors with different electrode lengths, with or 

without guard electrodes, were carried out. Because the frequency of the excitation 

signal for ECT is in the order of 100 kHz to 1 MHz, the corresponding wavelength is 

larger than the sensor size by several orders of magnitudes. This means the potential 

distribution inside an ECT sensor can be approximated by the electrostatic field. This 

assumption is also applicable to ERT sensors. Thus the electrostatic mode in COMSOL 

Multiphysics is adopted for the simulation of ECT sensors and the conductive media 

DC mode for simulation of ERT sensors, as described in Chapter 2. 
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3.2.1 Simulation models for ECT sensors without grounded end guards 

An ECT sensor without end guards and the object distribution for simulation are shown 

in Figure 3.1.  

 

(a) 3D sensor model without end guards 

 

(b) 2D sensor model with object 

distribution 

Figure 3.1 2D and 3D ECT sensor models without end guards 

Some parameters of the ECT sensor model are: 

 Diameter: 10 cm 

 Electrode size: 35 mm  30 mm  2 mm  

 Thickness of pipe wall: 3 mm 

 Distance between shield and electrodes: 10 mm 

While different electrode lengths are used to evaluate the fringe effect, the length of 

shield is always chosen to be 3 cm longer than that of electrodes to ensure the validation 

of modelling. Note that any object distribution simulated in this chapter is always 

axially uniform. 

For calibration purpose, the ECT sensor is first filled with air (    ) as the lower 

reference, and then material of relative permittivity 3.0 as the higher reference. Note 

that the object to be imaged in Figure 3.1 (b) has a relative permittivity of 3.0. To 

measure the capacitance, each time one electrode is applied a voltage and all other 

electrodes are kept at ground potential for detection. This process is repeated until all 

possible electrode pairs are measured, i.e. all independent measurements are taken.  

To ensure numerical accuracy (i.e. the difference in normalised capacitance between a 

mesh and a finer mesh is below 2%), the mesh density is increased until the simulated 
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capacitance or conductance after normalisation converges. At the same time, the length 

of the pipe is increased in different cases until it has almost no influence on simulation 

results. In the simulation, tetrahedral type of elements and direct solver (SPOOLES) are 

used. The number of elements in each case is in the order of 100,000. Take the ECT 

sensor model as shown in Figure 3.1 (a) with an electrode length of 12 cm as an 

example to show the influence of mesh size on simulation. The first coarse mesh 

consists of 66,549 tetrahedral elements, and a finer one consists of 112,736 elements, 

which are shown in Figure 3.2 (a) and (b) respectively. Note that, in these two meshes, a 

denser mesh is generated close to the electrodes of the sensor. 

 

(a) Coarse mesh 

 

(b) Fine Mesh 

Figure 3.2 Meshes 

The simulated capacitance values after the normalisation with the two meshes have the 

maximum difference of 1.1%, as shown in Figure 3.3 (a), with the first 7 values of a 

whole measurement frame. Note that all simulation was done on a PC with an Intel 

CoreTM i7-2600 3.4 GHz CPU, 64-bit Windows 7 Operation System and 8 GB 

memory. In the simulation, the thickness of electrodes is 2 mm, which is larger than 

reality (around 1 mm or less), and it affects the simulation results slightly. This can be 

verified by comparing the simulated capacitance after normalisation when the 

thicknesses of electrodes are 2 mm and 1 mm, respectively. The first 7 values in both 

cases are shown in Figure 3.3 (b). The difference in normalised capacitance between 

these two cases is below 2%. 
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(a) With different meshes 

 

(b) With different electrode thickness 

Figure 3.3 Comparison between normalised capacitance obtained with different meshes 

or different electrode thicknesses 

3.2.2 Simulation results for ECT sensors without end guards 

The ECT sensor model used in this part is the same as shown in Figure 3.1 (a). By 

exciting each electrode in the sensor in turn, the resultant electric potential distributions 

when the sensor is filled with air can be obtained by simulation using FEM in 

COMSOL Multiphysics. Using the post-processing function in COMSOL Multiphysics, 

the axial potential distributions for the above ECT sensor model with two different 

electrode length, i.e. 1 cm and 12 cm, are calculated and shown in Figure 3.4. Note that 

different colour represents different potentials, e.g. red for 1 V and dark blue for 0 V as 

shown in the colour bar. Figure 3.4 actually shows the axial distributions of equi-

potential lines in the two cases. Note that the negative gradient of the electric potential 

distribution generates the electric field distribution. 

12 cm 1 cm 

  

 

Figure 3.4 Axial electric potential distribution for ECT sensors with two different 

electrode lengthes 
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From Figure 3.4, the fringe effect of the ECT sensors with different electrode lengths 

can be seen qualitatively. It is obvious that the long electrodes can generate more 

uniform axial field distribution, as indicated by the fact that more equi-potential lines 

are almost in parallel with the axis of the sensor. In this case, the 3D field distribution 

can be simplified to 2D. This means that an ECT sensor with long electrodes (12 cm) 

presents less fringe effect than that with short electrodes (1 cm). The non-uniform axial 

field distribution in the case of pin electrodes would cause a non-uniform axial 

sensitivity distribution, because the sensitivity at certain point inside the sensor is 

closely related to the 3D electric field distribution generated by exciting one of the 

electrodes (Peng et al. 2005). This non-uniform sensitivity distribution would further 

cause different responses from the sensor when the same object is placed at different 

axial positions inside the sensor, as described in (Wang 1999). 

Besides the sensitivity distribution, an essential factor for image reconstruction affected 

by the fringe effect is the normalised capacitance because the absolute inter-capacitance 

between an electrode pair is related to the electric field distribution. Therefore, the 

normalised capacitance for 3D ECT sensor models with different electrode lengths is 

compared with their 2D reference to see the fringe effect quantitatively. The 

normalisation procedure is the same as described previously in Chapter 2.  

The first 7 capacitance values after normalisation of a whole measurement frame for the 

3D sensor models are shown in Figure 3.5, indicating that the normalised capacitance 

becomes closer and closer to their 2D reference when the length of electrodes increases. 

This phenomenon can also be observed from the images reconstructed using the 

normalised capacitance and the 2D sensitivity maps calculated as described in Chapter 2 

where the 2D ECT sensor model in Figure 3.1 (b) is used with the sensing domain filled 

with a low permittivity material. The reconstructed images using LBP are shown in 

Figure 3.6. Note that the white circle in figures indicates the location of the tube wall in 

the image, the inner of which is the domain of interest. 
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Figure 3.5 Comparison between normalised capacitance for 2D and 3D ECT sensor 

models with different electrode length and without end guards 

 

(a) 2D ECT model 

 

(b) 3D ECT model with 1 cm 

electrodes 

 

(c) 3D ECT model with 3 cm 

electrodes 

 

(d) 3D ECT model with 6 cm 

electrodes 

 

(e) 3D ECT model with 9 cm 

electrodes 

 

(f) 3D ECT model with 20 cm 

electrodes 

Figure 3.6 Reconstructed images of distribution in Figure 3.1 (b) for 2D and 3D ECT 

models with different electrode length and without end guards 

In Figure 3.6, the reconstructed images become more and more similar to the 2D result 

when the electrode length increases. To evaluate the image error induced by the fringe 

effect, the reconstructed image for the 2D ECT sensor model is used as the reference 

image, and the relative image errors of Figure 3.6 (b)~(f) are calculated as described in 

Chapter 2 and shown in Figure 3.7. It shows that the relative image errors of the 3D 

models decrease with the increase in electrode length. This means that the fringe effect 

is reduced when longer electrodes are used. 
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Figure 3.7 Relative image errors of reconstruction results for 3D ECT models with 

different electrode length and without end guards regarding the 2D one 

However, the difference between the 3D normalised capacitance and the 2D one is still 

large (maximum 25%) even when the length of electrodes is twice the inner diameter of 

the pipe (10 cm). From this point of view, the 3D normalised capacitance will approach 

to the 2D one, only after the electrode length becomes infinite relative to the inner 

diameter of the pipe, because of the electric field distortion at both ends of the sensor 

and the effect of the objects outside the sensor on the capacitance measurement, even 

though the uniformity of axial electric field distribution inside the sensor has been 

improved to a large extent. 

3.2.3 Simulation models and results for ECT sensors with end guards 

In practice, grounded guards are always used at both ends of an ECT sensor, with which 

the sensor would have the narrower sensing range in the axial direction (Yan et al. 

1999) and the fringe effect would be reduced. To investigate the fringe effect of ECT 

sensors with grounded guards at both ends, simulation was carried out. The 3D 

simulation model is shown in Figure 3.8. 
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(a) 3D sensor model with end guards 

 

(b) 2D sensor model with object 

distribution 

Figure 3.8 2D and 3D ECT sensor models with grounded end guards 

Some parameters of the 3D ECT sensor model with grounded end guards are: 

 Thickness of end guard: 2 mm 

 Length of end guard: 50 mm  

 Gap between end guard and electrode: 1 mm 

Other parameters of this 3D ECT sensor model are the same as the previous one except 

for the length of shield, which is equal to the sum of electrode length, end guard length 

and the gap between them. The length of end guards is chosen to be half the sensor 

diameter as Peng et al. (2005) suggested that this is the optimal length to reduce the 

fringe effect. Similar simulation and calibration were carried out. For qualitative 

illustration of the fringe effect in ECT sensors with grounded end guards, the axial 

electric potential distribution for the ECT sensors with 9 cm long electrodes and with or 

without grounded end guards are shown in Figure 3.9 for comparison. 

As mentioned previously, grounded end guards would help narrow the axial sensing 

range of an ECT sensor, i.e. the axial range of the electric field distortion (represented 

by the equi-potential line distortion) at both ends of the sensor would be reduced, as 

shown in Figure 3.9. Figure 3.9 also shows that the uniformity of axial electric field 

distribution (represented by the number of equi-potential lines almost in parallel with 

the axis of the sensor) in this case is changed slightly compared to that for the sensor 

without end guards. This combination of uniform axial electric field distribution and 

confined axial sensing range makes it permissible to approximate the 3D electric field 
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distribution within the sensing volume by the corresponding 2D distribution with less 

error caused by the fringe effect. 

Without guards With guards 

  

 

Figure 3.9 Axial electric potential distribution for ECT sensors with 9 cm long 

electrodes and with or without grounded end guards 

Similar to the previous discussion, the first 7 capacitance values after normalisation of a 

whole measurement frame for the 3D ECT sensor models are obtained and shown in 

Figure 3.10, in comparison to the 2D reference. By comparing Figure 3.5 and Figure 

3.10, it can be concluded that the normalised capacitance for each specified electrode 

length is closer to the 2D reference when the grounded guards are applied, i.e. the 

grounded guards can reduce the fringe effect in the normalised capacitance, even though 

the electric field would be slightly distorted at both ends of the sensor in this case. 

Images are reconstructed using the normalised capacitance and the sensitivity maps for 

the 2D ECT model. The reconstructed images using LBP are shown in Figure 3.11. It 

shows that the reconstructed images with the 3D ECT models become more and more 

similar to the 2D result as well, when the electrode length increases, and each is more 

similar to the 2D one than the reconstruction with the corresponding 3D ECT model 

without end guards, as discussed previously. 

Similar to the previous subsection, the reconstructed image with the 2D ECT sensor 

model is used as the reference image, and the relative image errors of Figure 3.11 

(b)~(f) are calculated and shown in Figure 3.12. From Figure 3.12, it can be seen that 

when grounded end guards are applied, the relative image errors for the 3D sensor 

models are much less than their counterparts in Figure 3.7, and also decrease with the 
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increase in the electrode length. This indicates that longer electrodes and grounded end 

guards should be combined together to reduce the fringe effect in ECT sensor design. 

 

Figure 3.10 Comparison between normalised capacitance for 2D and 3D ECT sensor 

models with end guards and different electrode lengths 

 

(a) 2D ECT model 

 

(b) 3D ECT model with 1 cm 

electrodes 

 

(c) 3D ECT model with 3 cm 

electrodes 

 

(d) 3D ECT model with 6 cm 

electrodes 

 

(e) 3D ECT model with 9 cm 

electrodes 

 

(f) 3D ECT model with 20 cm 

electrodes 

Figure 3.11 Reconstructed images of the distribution in Figure 3.8 (b) for 2D and 3D 

ECT models with different electrode lengths and end guards 
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Figure 3.12 Relative image errors for 3D ECT models with different electrode length 

and end guards regarding the 2D one 

3.3 Fringe effect of ERT sensors with voltage-excitation 

Sun and Yang (2011) reported that the electric field distribution along the axial 

direction of an ERT sensor is extremely non-uniform, which leads to the large 

difference between 2D and 3D simulation results before normalisation, i.e. large 

“absolute” fringe effect. This was confirmed by Ma et al. (1997), Fransolet et al. (2002) 

and Alme and Mylvaganam (2006a), as discussed in Chapter 1. It is critical to reduce 

the fringe effect of ERT sensors so that the 3D electric field distribution can be 

simplified into 2D. To achieve this with axially uniform object distribution, two steps 

are needed: (1) improving the uniformity of electric field distribution along the axial 

direction of ERT sensors and (2) confining the axial sensing range of ERT sensors. 

Similarly, the first step can be accomplished by increasing the length of electrodes, and 

the second step by applying grounded end guards. The reason for the use of grounded 

end guards in ERT sensors is that the driven guards proposed by Ma et al. (1997 and 

1999) were proved to be less effective by Wang (1999), since there was no evidence 

that the sensing range of an ERT sensor with driven guards was narrowed compared to 

the normal one without guards. However, a conventional ERT sensor does not allow 

people to do so. Thus the first subsection of this section will illustrate the reason and 

discuss the change needed for ERT sensors to apply the grounded end guards. Then, the 

effectiveness of long electrodes and grounded end guards on reducing the fringe effect 

in ERT sensors will be presented. 
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3.3.1 ERT sensor with voltage-excitation 

In the previous section, it has been suggested that grounded end guards can reduce the 

fringe effect in an ECT sensor, but it is not applicable to ERT sensors when current-

injection is adopted because part of the injected current would flow from the injection 

electrode to the ground directly. 

To apply the grounded end guards in an ERT sensor, voltage-excitation (similar to 

ECT) can be adopted since the electric fields of ECT and ERT sensors are governed by 

Laplace equations with exchangeable coefficients but different boundary conditions, 

which indicates that they are similar to each other if both ERT and ECT sensors are 

excited by voltage signals and measured with the same strategy or protocol. The 

application of voltage-excitation in ERT was claimed by Lidgey et al. (1992) and 

Hartov et al. (2002), but the voltage signal was applied to generate their desired current 

patterns. It means that these systems are still current-excited. Jia et al. (2010) reported 

the use of a voltage source and current sensing in an ERT system to output a current 

with large amplitude (more than 300 mA) to highly conductive flows for more accurate 

measurement. However, in principle this is still the conventional current-injection 

strategy.  

There are two main reasons for the popularity of current-injection for ERT. The first 

one is the consideration of safety for human body since ERT was originated for 

detection of diseased human organs of unknown conductance, and the applied current 

must be within the safety range. For most industrial applications, however, this is no 

longer the case. The second reason is the influence of contact impedance between the 

electrodes and human skin or electrolyte on the conductance measurement. This can be 

ignored in the case of current-injection with proper measurement electronics, but much 

more significant in the case of voltage-excitation, as less optimal for ERT measurement 

than current-injection (Saulnier et al. 2006).  

To reduce this influence, there are two possible solutions. The first one is the 

combination of four-electrode and two-electrode impedance measurement techniques to 

measure the contact impedance directly, as described by Cardu et al. (2012). The second 

one is the use of capacitive-coupled conductivity detection method to avoid direct 

contact of electrodes and electrolyte and reduce the influence of the contact impedance 
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by parallel or series resonance (Shih et al. 2006, Huang et al. 2009) or by increasing the 

coupling capacitance between the sensor and the electrolyte (Wang et al. 2010, Hayes et 

al. 2012). With these solutions, ECT and ERT measurements can potentially be taken 

by just using one common sensor. Similarly, with voltage-excitation, ECT and ERT 

sensors can share a common structure to reduce their fringe effect, which is another 

reason why the voltage-excitation (not current-injection) is chosen for ERT. Some 

experimental results for the verification of ERT with the voltage-excitation will be 

presented in section 3.5. 

3.3.2 Simulation models and results for ERT sensors without end guards 

Based on previous discussion, it is assumed that the influence of the contact impedance 

can be minimised as some promising results using the above solutions have been 

obtained. Because the main purpose of this section is to evaluate the effectiveness of 

grounded end guards on the reduction of the fringe effect in ERT sensors with voltage-

excitation, the fringe effect of an ERT sensor without guards is investigated first. 2D 

and 3D ERT sensor models without guards are shown in Figure 3.13, and each sensor is 

made up of 12 electrodes. Note that the contact impedance is not included in the sensor 

models. Some parameters of the 3D ERT sensor model are: 

 Diameter: 10 cm 

 Electrode size: 70 mm  18 mm  2 mm  

 Conductive medium inside: Saline with            

 

(a) 3D sensor  model without guards 

 

(b) 2D sensor model with distribution 

Figure 3.13 2D and 3D ERT sensor models without end guards 

To examine the fringe effect, different electrode lengths are used. Similar to ECT, each 

time one electrode is applied a voltage signal and all other electrodes are kept at ground 
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for detection. This process is repeated until all the independent measurements are taken. 

Because the voltage-excitation and current-measurement method is used for the 

conductance measurement, the exactly same calibration and normalisation procedure as 

ECT can be adopted. Also, sensitivity maps for ERT sensors can be generated in a 

similar way to that for ECT sensors. Since the object to be imaged in Figure 3.13 (b) is 

non-conductive (       ), the lower reference for conductance measurement is 0. 

The higher reference is acquired when the simulation model is filled with homogeneous 

saline of conductivity listed above, and then the normalisation process is taken after the 

measurement data are obtained. The first 11 values of normalised conductance for 2D 

and 3D ERT sensor models with different electrode length and without end guards are 

shown in Figure 3.14. 

 

Figure 3.14 Comparison between normalised conductance for 2D and 3D ERT sensor 

models with different electrode lengths and without end guards 

Similarly, the normalised conductance for the 3D ERT models would become closer 

and closer to that for the 2D model when the electrode length increases. Based on the 

normalised conductance of a whole measurement frame for each 3D ERT sensor and 

sensitivity maps of the 2D ERT sensor model generated in the same way as ECT, 

images are reconstructed for the distribution in Figure 3.13 (b) using LBP, and the 

results are shown in Figure 3.15. With the reconstruction result for the 2D sensor model 

as the reference image, the relative image errors of Figure 3.15 (b)~(f) are calculated 

and shown in Figure 3.16. As expected, the relative image errors for the 3D ERT sensor 

models decrease with the increase in electrode length, which is similar to the 

corresponding results for the 3D ECT sensors. This also confirms that the electric fields 
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of ECT and ERT sensors are similar to each other and similar fringe effect exists in term 

of the normalised measurement when both are excited in the same way. 

 

(a) 2D ERT model 

 

(b) 3D ERT model with 1 cm 

electrodes 

 

(c) 3D ERT model with 4 cm 

electrodes 

 

(d) 3D ERT model with 7 cm 

electrodes 

 

(e) 3D ERT model with 10 cm 

electrodes 

 

(f) 3D ERT model with 20 cm 

electrodes 

Figure 3.15 Reconstructed images of distribution in Figure 3.13 (b) for 2D and 3D ERT 

models with different electrode lengths and without end guards 

 

Figure 3.16 Relative image errors of reconstruction results for 3D ERT models with 

different electrode lengths and without end guards regarding the 2D one 
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3.3.3 Simulation models and results for ERT sensors with end guards 

To compare with the previous results, grounded end guards are applied to the previous 

3D ERT sensors, and the 2D and 3D sensor structures are shown in Figure 3.17. Some 

parameters of the 3D ERT sensor model with grounded end guards are: 

 Thickness of end guard: 2 mm 

 Length of end guard: 50 mm  

 Gap between end guard and electrode: 5 mm 

 

Other parameters are the same as the ERT sensors without guards. Note that unlike ECT 

sensors, no shield is included in the ERT sensor because no conductive medium exists 

between shield and pipe wall. Similar simulation and normalisation are carried out and 

the first 11 values of normalised conductance for the 2D and 3D ERT sensor models 

with different electrode length and grounded end guards are shown in Figure 3.18. The 

corresponding images reconstructed using LBP are shown in Figure 3.19, while the 

relative image errors for the 3D ERT models with different electrode length and 

grounded end guards are shown in Figure 3.20, referred to the reconstructed image for 

the 2D model. 

 

(a) 3D ERT sensor with end guards 

 

(b) 2D ERT sensor with distribution 

Figure 3.17 2D and 3D ERT sensor models with grounded end guards 
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Figure 3.18 Comparison between normalised conductance for 2D and 3D ERT sensor 

models with end guards and different electrode lengths 

 

(a) 2D ERT model 

 

(b) 3D ERT model with 1 cm 

electrodes 

 

(c) 3D ERT model with 4 cm 

electrodes 

 

(d) 3D ERT model with 7 cm 

electrodes 

 

(e) 3D ERT model with 10 cm 

electrodes 

 

(f) 3D ERT model with 20 cm 

electrodes 

Figure 3.19 Reconstructed images of distribution in Figure 3.18 (b) for 2D and 3D ERT 

models with different electrode lengths and end guards 

Note that the relative image errors for all 3D ERT sensor models with end guards are 

well below 6% regardless of the electrode length as shown in Figure 3.20, although the 

relative image error of the 3D ERT sensor model with electrode length of 4 cm is 

slightly larger than the 3D sensor model with electrode length of 1 cm. This is very 

different from the results for 3D ECT sensors with end guards in Figure 3.12. The 

possible reason for this phenomenon is that the object being imaged is non-conductive, 

i.e. much smaller conductivity than the background. This non-conductive object placed 
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along the middle axis of the pipe would cause the current to flow around the pipe wall 

and the grounded end guards, which are mounted on the inner surface of the pipe wall 

and absorb almost all the current that tends to flow outside the sensor plane. In ECT, 

however, the permittivity contrast of the object to the background is much lower than 

the conductivity contrast in ERT and the high permittivity object would draw the 

electric field to itself. Therefore, a significant part of the electric field lines can still 

penetrate the high permittivity material and spread along the middle axis of the pipe 

with only a few of them drawn to the grounded end guards. This is verified by changing 

the conductivity of the object to be imaged in Figure 3.17 (b) from         to be 

          , with which the conductivity contrast of the object to the background is 

3:1 the same as the permittivity contrast in ECT simulation. Note that both the non-zero 

lower reference and higher reference need to be acquired in this case for normalisation 

of measured conductance. The first 11 values of normalised conductance in this case are 

shown in Figure 3.21. 

The comparison result shown in Figure 3.21 is similar to that for the ECT sensor in 

Figure 3.10, confirming the explanation above. The conclusion is that a similar fringe 

effect exists in ECT and ERT sensors with the same permittivity or conductivity 

contrast of object to background. Since there is a much larger difference between the 

normalised conductance for 2D and 3D ERT sensors with electrode length of 20 cm in 

Figure 3.21 than in Figure 3.18, the normalised conductance for other 3D ERT sensors 

with electrode length less than 20 cm should have even larger difference than those in 

Figure 3.18, as indicated by previous simulation results. 

 

Figure 3.20 Relative image errors of reconstruction results for 3D ERT models with 

different electrode lengths and end guards regarding the 2D one 
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Figure 3.21 Comparison between normalised conductance for 2D and 3D ERT sensor 

models with electrode length of 20 cm and end guards when object being imaged is 

conductive 

3.4 Test case: Fringe effect of ECT/ERT sensors with non-symmetric 

object distribution 

All the previous results are based on the simulation models with the symmetric object 

distribution, i.e. the object is situated in the centre of the sensor. To further investigate 

the fringe effect of ERT sensors, simulation was carried out with a non-symmetric 

object distribution. The simulation models with or without grounded end guards are the 

same as in the section 3.3, but only for electrode length of 4 cm, 10 cm and 20 cm in 

each case. The 2D view of the object distribution is shown in Figure 3.22. 

 

Figure 3.22 2D view of an ERT sensor with non-symmetric object distribution 

Similarly, 66 normalised conductance values of a whole frame for the 2D and 3D ERT 

sensor models with different electrode length and with or without grounded end guards 

are shown in Figure 3.23 and Figure 3.24. 
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Figure 3.23 Comparison between normalised conductance for 2D and 3D ERT sensor 

models with non-symmetric object distribution and different electrode lengths and 

without end guards 

 

Figure 3.24 Comparison between normalised conductance for 2D and 3D ERT sensor 

models with end guards, different electrode lengths and non-symmetric object 

distribution 

Similarly, Figures 3.23 and 3.24 show that the normalised conductance with the 3D 

ERT models would become closer and closer to their 2D reference when the electrode 

length increases or when the grounded end guards are applied. Based on those 

normalised conductance, images are reconstructed using LBP. Regarding the 

reconstructed image for the 2D ERT model as the reference, the relative image errors 

for the 3D ERT sensor models are given in Table 3.1. 
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Table 3.1 Relative image error of reconstruction results for 3D ERT models with non-

symmetric object distribution regarding the 2D reference 

Electrode Length (cm) 

Relative image error (%) 

Without end guards With end guards 

4 25.47 4.63 

10 14.87 3.97 

20 8.55 1.49 

 

From Table 3.1, it can be seen that there is less fringe effect for the ERT sensors with 

the electrode length increased or the grounded end guards applied. However, compared 

with the corresponding results in the last section, the ERT sensors with the non-

symmetric object distribution present less fringe effect for the same electrode length 

without grounded end guards. With this non-conductive object and specific distribution, 

all the normalised conductance related to the nearest electrodes to the object (the first 

and last electrodes excited in the simulation process) is greatly reduced except for those 

corresponding to adjacent electrode pairs (i.e. the detection electrode is adjacent to the 

excitation electrode) as shown in Figure 3.23. The non-conductive object also blocks 

part of the current path between each opposite electrode pair as well as some of those 

related to the electrodes near the object besides the two nearest electrodes. This means 

that the corresponding conductance between all those electrode pairs is reduced. As a 

result, more current flows into other electrodes, most of which are adjacent and nearly 

adjacent to the excitation electrode as indicated by Figure 3.14 and Figure 3.23. Because 

the current received by adjacent and nearly adjacent electrodes flows around the pipe 

wall, it can be absorbed easily by the grounded electrodes when it tends to flow outside 

the electrode plane, compared with the current received by the opposite or nearly 

opposite electrodes. All the above factors lead to less fringe effect. Therefore, with the 

end guards, the fringe effect becomes even less, as indicated by the smaller relative 

image errors of the reconstructed images in this case. Obviously, the end guards can 

absorb most current tending to flow outside the sensor plane. This test case shows that 

long electrodes and grounded end guards can reduce the fringe effect of the ERT 

sensors with the specified non-symmetric object distribution, which complies with the 

previous conclusions. This also applies to ECT sensors with the non-symmetric object 

distribution since ERT and ECT sensors behave similarly as indicated by previous 

simulation results.  
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It is interesting to investigate whether less fringe effect occurs in the case for the 2D and 

3D ECT sensor models shown in Figure 3.1 or Figure 3.8, with the non-symmetric 

object distribution as shown in Figure 3.22. Figure 3.25 shows a comparison between 

28 normalised capacitance values of a whole frame for the sensor models in Figure 3.8 

with the distribution in Figure 3.22. 

 

Figure 3.25 Comparison between normalised capacitance for 2D and 3D ECT sensor 

models with end guards, different electrode lengths and non-symmetric object 

distribution 

Compared with Figure 3.10, Figure 3.25 shows that there is less fringe effect. A 

possible reason is that the high permittivity material (the object) would draw more 

electric field lines to itself, resulting in a larger proportion of electric field distributed 

near the pipe wall compared to the case with an object in the centre. Therefore, more 

electric field lines tending to spread outside the sensor plane can be drawn to the 

grounded electrodes or guards. This indicates less fringe effect in this case. This is also 

confirmed by the smaller relative image errors as shown in Table 3.2 for the 

reconstruction of the non-symmetric distribution using LBP and with 2D result as 

reference, compared with the corresponding results for the symmetric distribution in 

Figure 3.12. 
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Table 3.2 Relative image error of reconstruction results for 3D ECT models with non-

symmetric object distribution and end guards regarding the 2D reference 

Electrode length (cm) Relative image error (%) 

3 35.81 

9 16.39 

20 8.58 

 

3.5 Experimental validation  

3.5.1 Experimental setup and system calibration 

To validate the above findings, e.g. the feasibility of ERT sensors with voltage-

excitation, experiments were carried out using an impedance-analyser-based multi-

channel imaging system. The performance and detailed information about this imaging 

system can be found in Chapter 2 and Hu et al. (2008). For this validation study, an 

available ECT sensor was used for both capacitance and conductance measurement. As 

shown in Figure 3.26 (a), the ECT sensor has 8 large inner electrodes, i.e. the electrodes 

are mounted on the inner surface of the tube wall, which directly contact with the 

substances inside the tube, while its end guards are mounted on the outer surface of the 

tube wall which are not in contact with the substances inside. Its 2D simulation model is 

shown in Figure 3.26 (b) with an object placed in the centre. Some parameters of the 

ECT sensor are listed below: 

 Diameter: 7.4 cm 

 Electrode size: 65 mm  25 mm  1 mm  

 Thickness of pipe wall: 3 mm 

 Distance between shield and electrodes: 11 mm 

 Height of the tube and shield: 17.5 cm 

 Length of grounded end guards: 2 cm 

 Gap between the end guards and electrodes: 5 mm 

 Thickness of tube bottom: 3 cm 

 Distance between the tube bottom and bottom end guards: 1 cm 
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(a) Sensor photo  

 

(b) 2D simulation model  

Figure 3.26 Photo of and 2D simulation model for the ERT sensor used in experiment 

With an impedance analyzer HP4192, an ac voltage of 1.1 V is applied to one electrode 

of the ECT sensor and other electrodes are grounded for conductance or capacitance 

measurements one by one. During the experiment, it was found that a kind of resonance 

occurred in the measurement system when the excitation frequency is above 5 MHz, 

since the whole system can be equivalent to a RLC network. This resonance would 

affect the measured capacitance and conductance significantly (HP, 1987). Therefore, 

the excitation frequency below 5 MHz was chosen to see whether the frequency has 

significant impact on the fringe effect.  

Before measurements were taken, a calibration was conducted for the impedance 

analyser. There are two steps to take in the calibration: (1) The conventional self-testing 

was carried out by pressing the BLUE key and then SELF TEST key after the 

impedance analyser was switched on to confirm the functional operation of the 

instrument as described in (HP, 1987); (2) ZERO (OPEN) and ZERO (SHORT) 

calibration for capacitance and resistance measurements was performed by following 

the procedure described in (HP, 1987), in which the residual impedance and stray 

admittance inherent to the test fixture used can be measured and their effects be offset to 

zero. 

3.5.2 Experimental verification of ERT with voltage-excitation 

After the calibration, the conductance (the real part of the impedance readings) was 

measured and used to reconstruct the distribution in Figure 3.26 (b) and to verify the 

feasibility of ERT with voltage-excitation. The excitation frequencies were chosen to be 

100 kHz, 1 MHz and 5 MHz. The conductive background medium inside the sensing 

domain was saline (             ) with a non-conductive rod as the object. Note 
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that the large electrodes of the ECT sensor used can reduce the influence of contact 

impedance between electrodes and electrolyte on the conductance measurement, but the 

contact impedance is not measured and calibrated. 2D simulation based on the setup as 

shown in Figure 3.26 was conducted using the In-Plane Electric Currents (Quasi-statics, 

electric) mode in COMSOL Multiphysics as described in Chapter 2. Because the 

contact impedance is not considered in the simulation, the normalised conductance at 

the three frequencies from the 2D simulation is almost the same (below 2% difference). 

Thus only 2D simulation results at the excitation frequency of 100 kHz are shown in 

Figure 3.27 together with the experimental results at those three excitation frequencies. 

Note that the measured and simulated conductance are normalised in the same way as in 

section 3.3.  

 

Figure 3.27 Comparison between normalised conductance from 2D simulation and 

experimental setup at different excitation frequencies 

Apparently, the normalised conductance values at the three frequencies are close to each 

other, but significant difference exists between these three and the 2D reference. The 

main reason for this difference is the fringe effect. Although their length is 2 cm (a little 

more than 1/4 of the sensor diameter), the end guards in the ERT sensor used in the 

experiment are mounted on the outer surface of the tube wall, which has no effect on 

confining the axial sensing range of the ERT sensor (no contact with electrolyte). 

Therefore, the current can flow outside the sensor plane and then return to the detection 

electrodes. This shuttle effect increases the conductance between the detection electrode 

and the excitation electrode, especially when the detection electrode is opposite to the 
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excitation electrode. Note that this shuttle effect does not occur in the 2D simulation. In 

the previous simulation for the ERT sensor with grounded end guards, the guard length 

is half of the sensor diameter as suggested by Peng et al. (2005), and the guards directly 

contact with the electrolyte, reducing the fringe effect effectively as shown in Figure 

3.18. 

Another possible reason is the influence of contact impedance, which was claimed to be 

equivalent to a combination of a resistance and a capacitance (Webster 1998, McAdams 

et al. 1996, Boyle and Adler 2011). The impedance value of the capacitance depends on 

the excitation frequency while the resistance does not. The impedance values of these 

two parts would constitute part of the measured resistance or conductance, which would 

contribute to the difference between the experimental results at different excitation 

frequencies and their 2D reference. However, the contact impedance may not be a big 

issue because the normalised conductance for the ERT sensor is almost independent of 

the excitation frequency as shown in Figure 3.27, which was confirmed by Szczepanik 

and Rucki (2007) with simulation and experiment for an ERT sensor with insulating 

wall. By comparing the experiment result and the simulation result with 10 cm long 

electrodes in Figure 3.14, it was found that the fringe effect of the sensor in the 

experiment is less than expected from the simulation because the electrode length in the 

experiment (6.5 cm) is shorter than the tube diameter but the electrode length in the 

simulation (10 cm) equals to the pipe diameter. One possible reason may be the use of 

saline with different conductivity in the experiment. Also in the simulation both top and 

bottom of the sensor are open space and sufficiently far from the measurement 

electrodes, but in the experiment, the bottom of the sensor is near the measurement 

electrodes and sealed with plastic to keep the saline. Other reasons for the asymmetric 

distribution of normalised conductance with measurement number in Figure 3.27 would 

be the fabrication error of the sensor, the measurement noise and the experiment setup 

error. 

With the normalised conductance from the 2D simulation and experiment setup at 

different excitation frequencies, the object distribution in Figure 3.26 can be 

reconstructed using LBP, and shown in Figure 3.28. Note that the sensitivity maps are 

generated from the above 2D simulation model in the same way as in section 3.2. Figure 

3.28 shows that the correct position and shape of the object can be reconstructed at 



78 

different excitation frequencies, although image artefacts exist. This can verify the 

feasibility of the ERT sensor with voltage-excitation and current-measurement. 

 

(a) 2D reference 

 

(b) 100 kHz 

 

(c) 1 MHz 

 

(d) 5 MHz 

Figure 3.28 Reconstructed images of distribution in Figure 3.26 (b) with the 2D ERT 

simulation model and experimental setup at different excitation frequencies 

3.5.3 Experimental validation of findings regarding ECT 

To validate the findings regarding ECT, experiments were conducted using the same 

imaging system and sensor as in the previous subsection. In the experiment, air (      

is the background while salt powder (     , which is the estimated value by 

experiment), as the higher permittivity material, i.e. the object. The imaginary part of 

each reading from the impedance analyser (i.e. capacitance) is used for image 

reconstruction of the distribution shown in Figure 3.26 (b). Since the sensitivity of the 

impedance analyser for capacitance measurement at frequencies below 1 MHz is too 

low for the specified ECT sensor, higher excitation frequencies, i.e. 1 MHz, 2 MHz and 

5 MHz, were chosen in the experiment. But excitation frequencies above 5 MHz were 

not used. As explained previously, they would induce a kind of resonance in the 

measurement system and cause significant errors in the capacitance measurements 

(several times increase in the measured capacitance for all the electrode pairs). 2D 

simulation at those excitation frequencies was conducted using the In-Plane Electric 

Currents (Quasi-statics, electric) mode in COMSOL Multiphysics as described in 
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Chapter 2. Because the 2D simulation at those three excitation frequencies almost gave 

the same normalised capacitance for the specified distribution (below 2% difference), 

only the results at 1 MHz are shown in Figure 3.29 together with the experimental 

results. Note that the measured and simulated capacitance are normalised in the same 

way as in section 3.2. 

 

Figure 3.29 Comparison between normalised capacitance from the 2D simulation and 

experimental setup at different excitation frequencies 

Figure 3.29 shows that certain fringe effect exists in the experimental results at different 

excitation frequencies. There are two crucial differences between the experiment setup 

and the simulation setup in sub-section 3.2.4: (1) The length of grounded end guards is 

only a little more than 1/4 of the sensor diameter, not half the sensor diameter as 

required in simulation; (2) The outer shield is longer than required in simulation (3.5 cm 

and 7.5 cm for the sections just below and above the electrode plane respectively). In 

principle, the shield sections above and below the electrode plane can function similarly 

as the grounded end guards, although a larger gap exists between them and the 

electrodes. Therefore, the longer shield could compensate the drawbacks caused by the 

shorter grounded end guards regarding the fringe effect, especially the section above the 

electrode plane, which is even longer than the sensor diameter, can reduce the fringe 

effect more effectively. This is why the fringe effect of the sensor used in the 

experiment seems more or less the same as the sensor with 9 cm electrodes and end 

guards used in the simulation of section 3.2. Another possible reason for this is that the 

electrode length in the experiment (6.5 cm) is close to the tube diameter (7.4 cm) and 

the electrode length in the simulation (9 cm) is almost equally close to the pipe diameter 
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(10 cm). Similarly, the reasons for the asymmetric distribution of normalised 

capacitance with measurement number in Figure 3.29 would be the fabrication error of 

the sensor, the measurement noise and the experiment setup error. Nevertheless, the 

experimental results at 1 MHz, 2 MHz and 5 MHz can partially verify the findings 

regarding the fringe effect of ECT sensors in the previous simulation. 

To further illustrate the fringe effect of the ECT sensor used in the experiment, images 

were reconstructed for the distribution in Figure 3.26 (b) using LBP and shown in 

Figure 3.30. Note that the sensitivity maps are generated from the 2D simulation model 

in the same way as in section 3.2. 

 

(a) 2D reference 

 

(b) 1 MHz 

 

(c) 2 MHz 

 

(d) 5 MHz 

Figure 3.30 Reconstructed images of distribution in Figure 3.26 (b) with the 2D ECT 

simulation model and experimental setup at different excitation frequencies 

Compared with the 2D reconstruction result, the fringe effect with the specified 

distribution is shown in Figure 3.30 for the ECT sensor used in the experiment at 

different excitation frequencies. Once again, this is similar to the corresponding 

simulation result in section 3.2. The results in this section suggest that a suitable range 

of the excitation frequency is 1~5 MHz for ECT/ERT dual-modality measurements with 

the sensor used in the previous experiment. 
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3.6 Common structure for ECT/ERT sensor 

As discussed in sections 3.2 and 3.3, grounded end guards can be applied to both ECT 

and ERT sensors to reduce their fringe effect, if voltage-excitation is adopted for ERT. 

With voltage-excitation for ERT, only additional calibration and measurements need to 

be taken to reduce the influence of the contact impedance on the conductance 

measurement. From this point of view, ECT and ERT sensors can share a common 

structure similar to that shown in Figure 3.8 to narrow their sensing ranges in the axial 

direction. This is not only beneficial for reduction of the fringe effect, but also for dual-

modality measurement needed in some industrial applications. Li and Yang (2009) 

discussed the necessity and development of multi-modality tomography systems, and 

did some initial simulation and experiment to investigate the feasibility of an ECT/ERT 

dual-modality system with voltage-excitation, and some promising results were 

obtained. This also confirms that an ERT system with voltage-excitation is feasible. 

However, they used two separate sensors for ECT and ERT measurements. Marashdeh 

et al. (2007) proposed a multi-modal system based on ECT sensors, which used 

capacitance measurements for permittivity imaging and power balance measurements 

for conductivity imaging. Although it is non-invasive and seems promising, there is no 

evidence that this kind of system can be applied in the situations with conductive 

background medium since the background medium was always set to be non-conductive 

in their experiment. Also, the proposed reconstruction technique is only valid when the 

capacitance signal is independent from the power signal, which is difficult to achieve in 

most industrial applications.  

To avoid these drawbacks and reduce the fringe effect, the approach described in 

section 3.3 and verified in the section 3.5, with which only one sensor is needed, is 

suggested for both ECT and ERT measurements while related electronics can be 

designed in the same way as proposed by Li and Yang (2009). With this structure, the 

sensor design for ECT and ERT dual-modality measurements would be as simple as 

suggested by Marashdeh et al. (2007), and the interference between two separate 

sensors or two measurement signals can be eliminated. More temporally closely 

correlated ECT and ERT measurements can also be acquired at the same time, which is 

beneficial for dynamic measurements required in some industry processes. 
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3.7 Summary 

Similar fringe effect exists in both ECT and ERT sensors if both of them adopt voltage-

excitation. The 3D distribution of electric field would miscalculate the sizes and 

displace the positions of objects being imaged in a reconstructed 2D image. By 

comparing the simulation results of the 3D ECT and ERT sensor models after 

normalisation with the corresponding 2D one, it is concluded that long electrodes can 

improve the uniformity of axial electric field distribution and reduce the fringe effect in 

ECT and ERT sensors. The negative effect is that it would enlarge the axial sensing 

range. To solve this problem, grounded end guards are commonly used in ECT sensors 

to narrow the axial sensing range for a specified electrode length. Simulation suggested 

that grounded end guards can reduce the fringe effect contained in capacitance after 

normalisation, but it cannot be used in ERT sensors with current-injection. To apply 

grounded end guards in ERT sensors, the voltage-excitation and current-measurement 

strategy is introduced into ERT measurements, and validated by experiments. 

Simulation results indicate that grounded end guards can reduce the fringe effect in ERT 

sensors with voltage-excitation. 

Images are reconstructed for both symmetric and non-symmetric object distributions in 

ECT and ERT sensors without or with end guards using LBP. It is shown that the 

reconstructed images for the 3D sensor models approach to the corresponding 2D 

reference when the electrode length increases or with grounded end guards applied in 

both cases. Finally, a common structure is proposed for ECT and ERT sensors to reduce 

their fringe effect, which has potential applications for improved dual-modality 

measurements required in some industrial processes. 
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Chapter 4: Fringe effect of ERT sensors due to axially non-

uniform object distribution 

This chapter will investigate the fringe effect of ERT sensors due to axial object 

distribution. An ERT sensor is excited with the conventional current-injection strategy 

in both simulation and experiment. The fringe effect is evaluated for typical 

distributions with objects of different lengths and conductivities and at different cross-

sectional and axial positions. An experimental ERT system is established based on a 

commercial data acquisition unit to verify the findings from simulation. A simple 

compensation method for the fringe effect and an associated three-plane sensor scheme 

are proposed, which has been validated by simulation and experiment. 

4.1 Introduction 

The applications of ERT (often referred to as electrical impedance tomography (EIT)) 

have been extended from medical imaging to industrial monitoring and measurement, 

e.g. multi-phase flows with conductive medium inside cylindrical pipes or vessels. 

While the current-injection and voltage-measurement strategy is usually adopted for 

ERT, different protocols can be applied for data acquisition, e.g. adjacent, opposite and 

diagonal with non-conductive boundary for 2D ERT imaging (Dickin and Wang, 1996). 

Among those protocols, the adjacent strategy is the most popular and will be used for 

data acquisition in this chapter. 

As discussed in Chapter 1, the fringe effect would occur with 2D ET imaging because 

certain conditions should be satisfied to make it permissible that the 3D reconstruction 

can be simplified to 2D with tolerable errors. The first condition is that the electric field 

should be approximately confined within an ERT sensor and axially uniform. The 

second one is that the object distribution is axially uniform. This can guarantee a 3D 

electric field to be represented by the corresponding 2D one with negligible errors. With 

axially non-uniform object distribution, however, the electric field distribution would 

become axially non-uniform even if the first condition above is satisfied, i.e. severe 

fringe effect may occur, since the electric field distribution depends on the object 

distribution due to the soft-field nature of ERT besides the sensor structure. 
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Up to now the fringe effect of ERT sensors for 2D imaging has not been investigated 

systematically, as described in Chapter 1. The image-forming mechanism of an EIT 

system was described by using equi-current perturbation hypothesis and axially 

extending an object from the sensor plane to a distant position, aiming at investigating 

the fringe effect with different electrode pairs (Rabbani and Kabir 1991). It was 

concluded that where the disturbed equi-current surface with the largest current density 

intersects the cross-section of the EIT sensor is where the largest change in the 

reconstructed image would take place. The images reconstructed for the extended 

objects covering the whole cross section would be circular, but for the extended objects 

not covering the whole cross section, the situation would be different because the 

corresponding analysis based on the equi-current perturbation hypothesis would be not 

as ideal as in the former case. Wang (1999) also conducted research into the fringe 

effect in EIT with experimental, simulation and analytical models. One of the findings 

was that the axial 3D attenuation range (3/4 attenuation) regarding the EIT sensor plane 

would be one third of the vessel’s diameter. Another phenomenon discovered was that 

the image reconstructed for a small object in the halfway between the centre and the 

pipe wall and moving away from the sensor plane would move towards the centre of the 

cross section of the sensor. But these two findings did not account for the influences of 

the object length on the fringe effect since only a small non-conductive ball was taken 

as the test object in the experiment. In Chapter 3, it was found that a similar fringe 

effect exists in ECT and ERT sensors if both of them are excited by a voltage signal, 

and increasing the electrode length and grounded end guards would reduce the fringe 

effect in both cases. But the fringe effect of the conventional ERT sensors with the 

current-injection strategy was not investigated, e.g. the normalised potential differences 

or resistance with different measurement strategy. Therefore, it is worthwhile evaluating 

the fringe effect of single-plane ERT sensors with the current-injection strategy, 

especially with the normalised measurements as discussed in Chapter 1. 

ERT can be applied to various industrial processes, e.g. multi-phase flow imaging and 

measurement, which normally involves a conductive fluid as the continuous phase and 

non-conductive material as the dispersed phase, e.g. in a bubble column (Fransolet et al. 

2001, Fransolet et al. 2005, Toye et al. 2005, Jin et al. 2007, Vijayan et al. 2007). The 

dispersed phase is usually measured and imaged, with the distribution being axially 

non-uniform. In this case there may exist severe fringe effect. This brings the necessity 
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to study the fringe effect with axially non-uniform distribution. Because of many 

possible distributions, a specified ERT sensor with a typical distribution, i.e. core 

distribution, is investigated, aiming to compensate the fringe effect in 2D imaging. This 

involves checking whether the above two conditions are satisfied with different 

measurement strategies, evaluating how large the fringe effect is with objects of 

different lengths and conductivities and what the influence is when the objects are 

placed at different axial and cross-sectional positions. Based on the phenomenon 

discovered, a method is proposed to compensate for the fringe effect of the ERT sensor 

in different situations. Experimental verification of the findings and the proposed 

methodology is then presented. A three-plane sensor scheme is proposed to measure the 

fringe effect induced by objects outside the sensor plane with two auxiliary electrode 

planes. Simulation and experiment shows that this scheme is effective in reducing the 

fringe effect and the over-estimation of object size by Landweber iteration. 

4.2 Difference between ECT and ERT sensor models 

4.2.1 Simulation model for an ERT sensor 

In Chapter 3, it was concluded that an ECT sensor with long electrodes would have less 

fringe effect with axially uniform distributions, because of smaller differences between 

the normalised capacitance from 3D and 2D simulations. Whether this is true for ERT 

sensors with current-injection will be discussed in this section. A simulation model for 

an experimental ERT sensor is established and shown in Figure 4.1 with its geometry 

parameters and material properties listed. 

 

Figure 4.1 Simulation 

model of an ERT sensor  

 Diameter of electrode: 9 mm 

 Inner diameter:14.1 cm 

 Gap between bottom and electrode plane: 10 cm 

 Number of electrodes per electrode plane: 16 

 Material of tube: Perspex 

 Material of electrodes: Steel 

 Gap between the unused electrode and sensor 

plane: 6 cm 

 Height of the tube: 21 cm 

 Depth of saline: 19.8 cm 
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Actually, the ERT sensor has five electrode planes, but only the middle one was used in 

the simulation as a single-plane ERT sensor as shown in Figure 4.1 (identified by the 

green circle, i.e. the middle cross-section of the electrode ring). The unused electrodes 

below the sensor plane in Figure 4.1 is grounded in the simulation to assemble the real 

situation in practical ERT measurements for the reduction of common mode signals. 

Note that saline with conductivity of 0.02 S/m was used as the background medium 

inside the ERT sensor in all the following 3D and 2D simulation. The 2D model of the 

single-plane ERT sensor with object distribution is shown in Figure 4.2: 

 

(a) Central core 

 

(b) Off-Central core 

Figure 4.2 2D model of the single-plane ERT sensor with object distribution 

The cross-sectional object distribution for the evaluation of fringe effect is shown in 

Figure 4.2, with a cylindrical rod of 3 cm in diameter in the centre or off-central midway. 

It is used as the reference distribution in the following 3D simulation while the rods are 

variable in axial length and position for different purposes. The 2D ERT sensor in Figure 

4.2 (a) or (b) will also be used in all the following 2D simulation to obtain sensitivity 

maps and corresponding 2D results. Note that all the simulation was carried out in 

COMSOL Multiphysics with the “In-Plane Electric Currents” mode in the 2D case and 

“Electric Currents” mode in the 3D case, both of which are in AC/DC module with 10 

kHz as the excitation frequency. In the 3D simulation, tetrahedral elements and direct 

solver (SPOOLES) were used. To ensure the numerical accuracy (i.e. the difference in 

normalised resistance between a coarse mesh and a finer one is below 2%), the mesh 

density is increased until the simulated resistance after normalisation converges. The 

number of elements used in the 3D simulation is of the order of 90,000. Taking the ERT 

sensor shown in Figure 4.1 as an example to show the influence of mesh size on 

simulation, the first coarse mesh (the used one) consists of 88,314 tetrahedral elements, 

and a finer one consists of 180,527 elements, which are shown in Figure 4.3 (a) and (b), 

respectively.  
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(a) Coarse mesh 

 

(b) Fine mesh 

Figure 4.3 Meshes 

The simulated potential differences before normalisation (i.e. the tube is filled with 

uniform background medium) and after normalisation (with an axially uniform object 

distribution as shown in Figure 4.2 (a)) with these two meshes are shown in Figure 4.4, 

which shows the first 13 values of a whole measurement frame in each case. They have 

the maximum difference of 1.4% with these two meshes in both cases. This verifies the 

numerical accuracy of the 3D simulation with the specified mesh. Note that the contact 

impedance is not included in all the ERT sensors for two reasons: (1) to isolate the fring 

effect from other error sources, and (2) because the contact impedance in an industrial 

application can be ignored with the current-injection strategy and a measurement circuit 

of high input impedance (Szczepanik and Rucki 2007).  

 

(a) Before normalisaion 

 

(b) After normalisation 

Figure 4.4 Comparison between the simulated potential difference before and after 

normalisation with different meshes 

4.2.2 Difference between ECT and ERT measurement models 

A 2D and two 3D ERT sensors are considered in this subsection. The 2D and the first 3D 

model are the same as shown in Figure 4.2 and Figure 4.1, respectively. The second 3D 
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model was built by changing the small round electrodes of the first 3D model to be 

rectangle electrodes of 10 cm in length and the same width and axial position with other 

geometry parameters unchanged. To investigate the fringe effect with axially uniform 

distribution, the ERT sensors, no matter 2D or 3D, were first filled with the background 

medium, i.e. saline with conductivity of 0.02 S/m. Currents were injected into the three 

sensors with the same density of 0.55 mA/cm. The first 13 simulated potential 

differences for the two 3D models using the adjacent current-injection and voltage-

measurement strategy are shown in Figure 4.5 (a) with the 2D result as the reference.  

Figure 4.5 (a) shows that there is a very large difference between the simulated potential 

differences from the 2D and 3D ERT sensors with 9 mm long electrodes. This difference 

may be referred to as “absolute” fringe effect, which would be eliminated with infinitely 

long electrodes as in an ECT sensor. However, it is the normalised resistance that 

accounts in the ERT. An axially uniform distribution as shown in Figure 4.2 (a) was set 

up with a non-conductive rod of the same length as the tube depth (19.8 cm) intruding 

into the background medium along the middle axis of the tube with both the 2D and 3D 

sensors. The resultant normalised resistance is shown in Figure 4.5 (b). Note that all the 

objects inside the sensor in all the following 3D simulation and experiments were 

positioned axially symmetric to the sensor plane unless specified. 

 

(a) Before normalisation 

 

(b) After normalisation 

Figure 4.5 Comparison between simulated potential difference before and after 

normalisation for the 2D and 3D ERT sensors with two different electrode lengths 

Unlike the potential difference in Figure 4.5 (a), Figure 4.5 (b) shows very small 

difference between simulated normalised resistance for the 2D ERT sensor and the 3D 

ERT sensors. It seems that the normalisation process for the ERT could reduce the fringe 

effect greatly. However, this does not agree with the corresponding conclusion with the 
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ECT sensors in Chapter 3. A possible reason is that the ECT adopts the voltage-

excitation strategy while the ERT normally adopts the current-injection strategy and their 

boundary conditions are totally different as described in Chapter 2. The former can be 

referred to as “Low Z measurement” while the latter as “High Z measurement”. The 

equivalent circuits in these two cases have been discussed by Neumayer et al. (2011). 

For the former there is a single coupling capacitance between the excitation and 

detection electrodes and for the latter there is actually a voltage divider involving all the 

impedances between possible electrode pairs. With the adjacent current-injection and 

voltage-measurement strategy, the detailed equivalent circuit for the ERT measurement 

is similar to that as described by Szczepanik and Rucki (2007) and is shown in Figure 

4.6, which is for the 2D case only. In Figure 4.6 (b),   ,   ,     and     are the contact 

or electrochemical impedances at the injecting electrodes   and   and the measuring 

electrodes    and   , respectively. The former two have no influence on the potential 

difference measurement while the latter two are negligible for a measurement circuit 

with a high input impedance.     to     and     to     represent the resistance between 

the equi-potential line    and the injecting electrode   and between the equi-potential 

line    and the injecting electrode  , respectively, which also do not affect the potential 

difference measurement.    to    are the resistances to be measured. 

(a) Semi-distributed parameter model 

 

 

 

 

(b) Lumped parameter model 

Figure 4.6 Electrical model of the ERT sensor proposed by Szczepanik and Rucki 

(2007) 

In the 3D case with fringe effect, the equivalent circuit of an ERT sensor would be more 

complicated with each defined axial layer similar to the 2D case. If only a single 

resistance is used to denote the parallel summation of    to    as shown in Figure 4.6 
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(b) in each defined axial layer, then the 3D equivalent circuit of the ERT would be as 

shown in Figure 4.7 (b). Similarly, the 3D equivalent circuit of the ECT is shown in 

Figure 4.7 (a). 

V G
C0 

Ca1 

Ca2 

Can 

Cb1 

Cb2 

Cbn 

 

(a) ECT 

V1 V2
R0 

Ra1 

Ra2 

Ran 

Rb1 

Rb2 

Rbn 

 

(b) ERT 

Figure 4.7 3D electrical models for ECT and ERT measurements 

In Figure 4.7 (a),    stands for the elementary capacitance between the excitation 

electrode   and the detection electrode  , i.e. without the fringe effect.     to     and 

    to     denote the capacitance induced by the fringe effect above and below the ECT 

sensor plane, respectively. Similarly in Figure 4.7 (b),    stands for the elementary 

resistance between detection electrodes    and    without the fringe effect.     to     

and     to     represent the resistance induced by the fringe effect above and below the 

ERT sensor plane, respectively. Figure 4.7 shows that the 3D equivalent circuit of the 

ECT or ERT is a series of capacitors or resistors in parallel along the axial direction, 

respectively. For the ECT, the equivalent capacitance of the circuit in Figure 4.7 (a) can 

be expressed as: 

                                     (4.1) 

For ERT, the equivalent resistance in Figure 4.7 (b) can be expressed as: 

                                             (4.2) 

With an axially uniform distribution, the largest coupling capacitance in Figure 4.7 (a) 

is the one inside the ECT sensor plane (  ), while the smallest resistance in Figure 4.7 

(b) is the one inside the ERT sensor plane (  ). The other coupling capacitance or 

resistance would attenuate with their distance from the electrode plane for axially 
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uniform distribution. The smaller the resistance when the tube is filled with a uniform 

background medium, the more impact its change would have on the related 

measurement after introducing an object. For an ECT sensor with enough long 

electrodes, say the same as or larger than the sensor diameter, the largest capacitance in 

Figure 4.7 (a) would be much larger than other capacitance, which would dominate the 

equivalent capacitance      in equation (4.1), i.e. most electric field lines would be 

confined inside or within certain small axial range above and below the ECT sensor 

plane. This means the fringe effect is negligible since the electric field distribution is 

approaching to the 2D case. But this is not the case with much shorter electrodes than 

the sensor diameter. This is why the fringe effect of ECT sensors would become less 

and less with the increase in the electrode length. For an ERT sensor with the adjacent 

current-injection, however, the situation would be very different. As shown in Figure 

4.6 (b), the measured resistance in the 2D case is a parallel summation of resistance 

between the two equi-potential lines defined by the two measurement electrodes. Since 

those two equi-potential lines both origin from somewhere between the two current-

injection electrodes as shown in Figure 4.6 (a), the resistance between them and near the 

current-injection electrodes, like   , is much smaller than others even with very short 

electrodes (e.g. 9 mm as in Figure 4.1), which would dominate the equivalent resistance 

     in equation (4.2), i.e. most current would flow inside or within certain small axial 

range above and below the ERT sensor plane. This means negligible fringe effect occurs 

in this case since the current distribution is approaching to the 2D case. With longer 

electrodes, only a little improvement can be achieved due to the very small distance 

between the current-injection electrodes, indicating that the electrical field of an ERT 

sensor with the adjacent strategy is more focused than that of an ECT sensor in terms of 

normalised measurements. This is why the conventional ERT sensor as shown in Figure 

4.1 has a negligible fringe effect with the adjacent strategy in terms of the normalised 

resistance. 

A direct proof for the above explanation is that different levels of fringe effect exist for 

an ECT sensor with certain length but different distribution. Normally, the adjacent 

electrode pairs with axially uniform distribution near the pipe wall have less fringe 

effect than the opposite ones with axially uniform distribution along the middle axis of 

the sensor, as discussed in Chapter 3, because the largest elementary capacitance 

normally exists between adjacent electrode pairs, while the smallest one between the 
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opposite ones. To further verify this, the opposite strategy was used for current-injection 

and voltage-measurement with the above two ERT sensors (9 mm and 10 cm), where 

the resistance between the two defined equi-potential lines is not as small as with the 

adjacent strategy. The normalised resistance with the opposite strategy for the above 2D 

and 3D ERT sensors with the same axially uniform distribution is shown in Figure 4.8. 

Note that only 6 out of the 7 normalised resistance values are shown in Figure 4.8 

because the eliminated potential difference measurement is nearly zero with the 

opposite strategy, which induces very large errors after normalisation. Unlike in Figure 

4.5 (b), Figure 4.8 shows that the normalised resistance for the 3D ERT sensor with 

electrodes of 10 cm is much closer to the 2D one, i.e. much less fringe effect. This can 

validate the above explanation. 

 

Figure 4.8 Normalised resistance for 2D and 3D ERT sensors with different electrode 

lengths and axially uniform distribution using opposite measurement strategy 

The above discussion shows that there is negligible fringe effect for a conventional ERT 

sensor with very short electrodes and the specified axially uniform distribution using the 

adjacent strategy. However, the situation would be different with axially non-uniform 

distribution. A simple non-uniform distribution would be a non-conductive cylindrical 

rod shorter than the tube in length intruding into the background medium along the tube 

axis. In this case, some resistance inside the layers without the rod similar to those in 

Figure 4.7 (b) would be reduced, compared to the previous case with axially uniform 

distribution. This would result in the reduction of the equivalent resistance in equation 

(4.2), causing the normalised resistance to decrease due to the unchanged reference, i.e. 

more severe fringe effect in this case. To evaluate the fringe effect with non-conductive  

rods of different lengths and at different axial positions, 3D simulation was carried out 

and the corresponding results are presented and discussed in the following sections. 
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4.3 Fringe effect of ERT sensor with axially non-uniform 

distributions 

4.3.1 Centred non-conductive or conductive perturbation inside sensor plane 

In the first set of simulation, the distribution investigated was established with centred 

non-conductive or conductive objects, the same as in Figure 4.2 (a). They were 

positioned inside and axially symmetrically against the electrode plane with the 3D 

model in Figure 4.1, i.e. core distribution. Because the tube in Figure 4.1 has a limited 

length of 19.8 cm, the length of the centred rod was set to be 1, 4, 7, 10 and 19.8 cm, 

respectively, in the simulation to evaluate the fringe effect. The normalised resistance in 

these situations is shown in Figure 4.9 (a), (b) and (c) with the corresponding 2D result 

as the reference. Note that for comparison, the conductivity of the conductive rods was 

set to be 0.06 S/m and 2 S/m, which are identified by the captions “Conductive” and 

“Highly conductive” respectively in Figure 4.9. 

 

(a) Non-conductive 

 

(b) Conductive 

 

(c) Highly conductive 

 

(d) Non-conductive, conductive and highly 

conductive 

Figure 4.9 Normalised resistance (a-c) and relative image errors of reconstructions 

regarding 2D one (d) for non-conductive, conductive and highly conductive rods inside 

the sensor and with different lengths  
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Figure 4.9 (a) (b) and (c) show that the longer the centred rod, the more similar the 

normalised resistance to the 2D reference, i.e. longer object gives less fringe effect. To 

quantify the fringe effect with the above core distribution, images were reconstructed 

based on their normalised resistance using LBP and the sensitivity maps from the 2D 

model as shown in Figure 4.2. To evaluate the image error induced by the fringe effect, 

the image with the corresponding 2D model is used as reference and the relative image 

errors of reconstructions for the 3D models are calculated and shown in Figure 4.9 (d). It 

shows that the relative image errors for the central core distribution decrease with the 

object length in each case. This means that the fringe effect is reduced when longer 

object emerges inside and along the middle axis of the ERT sensor. This can be 

explained by the fact that the object distribution would become more and more uniform 

along the axial direction with the increase in the object length, eventually enabling the 

permissibility of the 3D electric field being represented by the corresponding 2D one 

with tolerable errors.  

Figure 4.9 (d) shows that less fringe effect occurs with the highly conductive object, 

especially when the object length is very short, because the highly conductive object part 

within the sensor plane would reduce the elementary resistance    in Figure 4.7 (b) and 

attract more current to itself, compared with non-conductive or less conductive object, 

which would result in the reduction of fringe effect. To illustrate how the fringe effect 

affects the reconstructed image, the reconstruction results corresponding to the results in 

Figure 4.9 (a) (for centred non-conductive objects) are shown in Figure 4.10. In Figure 

4.10, the reconstructed images are very dim when the rod is very short, e.g. 1 cm and 4 

cm long, and become more and more similar to the 2D result when the rod length 

increases. The reconstruction results for centred conductive objects are similar to those in 

Figure 4.10. 

Since the variation of the fringe effect with the length of the conductive object along the 

middle axis of the sensor is similar to that of the non-conductive object, the following 

sections will only discuss the fringe effect for the latter, which is also the most common 

in the ERT. It is found that longer electrodes in an ECT sensor would induce a less fringe 

effect for axially uniform distribution. For axially non-uniform distribution, especially 

with a small object simulated above, long electrodes would average the effect of the 

object as indicated by the definition of capacitance. This makes the sensitivity decrease 
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or fringe effect increase. Similarly, an ERT sensor with long electrodes (like 10 cm) 

would further average the response of axially non-uniform object, i.e. the response would 

be smaller than the above result for each object length. This would result in more severe 

fringe effect, and hence short electrodes are preferred for small objects. Therefore, this 

chapter will mainly discuss the fringe effect of an ERT sensor with small size or “pin” 

electrodes, i.e. the conventional ERT sensor as shown in Figure 4.1. 

 

(a) 2D 

 

(b) 1 cm 

 

(c) 4 cm 

 

(d) 7 cm 

 

(e) 10 cm 

 

(f) 19.8 cm 

Figure 4.10 Reconstruction results for central core distribution inside the sensor and 

with different lengths 

4.3.2 Centred non-conductive perturbation outside sensor plane 

This subsection will investigate the fringe effect with centred non-conductive objects 

outside the sensor plane, which should not be sensed and reconstructed by an ERT 

sensor. However, the object would appear in the reconstructed images as artefacts due to 

the fringe effect. In the second set of simulation, centred non-conductive objects were 

positioned above the top end of electrodes by 0 cm, 1 cm and 3 cm along the middle axis 

of the sensor. Their lengths were set according to the length of the tube part above the 

sensor plane. The normalised resistance for the object distribution is shown in Figure 

4.11 (a), (b) and (c). 

Figure 4.11 (a), (b) and (c) show that long object outside the electrode plane can still 

have significant influence on the normalised resistance if the object is very close to the 
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sensor plane. This is due to the existence of severe fringe effect in this case. This kind 

of influence is undesirable and should be eliminated to obtain high axial resolution and 

measurement accuracy. To quantify how significant this kind of influence is for objects 

with the specified lengths, images are reconstructed based on the normalised resistance 

in Figure 4.11 and using LBP and the sensitivity maps from the 2D model. The norm 

ratios of the reconstructed images for those 3D models to that for the 2D model are 

calculated as in equation (4.3) and shown in Figure 4.11 (d). Note that this kind of norm 

ratio is not the relative image error since images for these objects are taken as 

undesirable artefacts. 

    
    

   
  (4.3) 

where    is the norm ratio of two images,    is the reconstructed image for a 3D model, 

and   is the reconstructed image for the 2D model. 

Figure 4.11 (d) shows that the norm ratios increase with the increase in the object length 

when the object is placed above the sensor plane by certain distance. The norm ratio can 

reach 33.64% for the object of 10 cm in length above the sensor plane by 0 cm, which is 

a significant error. However, it would attenuate with the axial distance of the object 

head from the sensor plane for each specified length as shown in Figure 4.9 (d). It is less 

than 12% with 7 cm long object above the sensor plane by 3 cm. Further simulation 

shows that it is less than 5% when a similar object with a length of 5 cm (the longest) is 

placed above the sensor plane by 5 cm. A similar conclusion was drawn by Wang 

(1999) that the 3D attenuation range (3/4 attenuation) in the axial direction regarding 

the electrode plane is one third of the vessel’s diameter (around 4.7 cm) with a non-

conductive ball of small dimensions in the half-way between the pipe wall and the 

centre. In principle, the attenuation of the fring effect is due to the attenuation of the 

electric field strength or the equivalent resistance along the axial direction of the sensor, 

as concluded from the previous 3D electrical model for ERT. 
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(a) Above the sensor plane by 0 cm 

 

(b) Above sensor plane by 1 cm 

 

(c) Above sensor plane by 3 cm 

 

(d) Above sensor plane by 0 cm, 1 cm and 3 cm 

Figure 4.11 Normalised resistance (a-c) and norm ratios of reconstructed images to 2D 

reference (d) for centred non-conductive object above the sensor plane by 0 cm, 1 cm 

and 3 cm and with different lengths 

The above simulation results for a centred non-conductive object outside the sensor 

plane indicate that the further away the object from the electrode plane, the less impact 

it would have on ERT measurement, i.e. less fringe effect. This agrees with the 

deductions made from the 3D circuit model for ERT that the smaller the resistance in a 

defined axial layer when the tube is filled with a uniform background medium, the more 

impact there would be on ERT measurement after introducing a specified object in this 

layer. 

4.3.3 Non-centred non-conductive perturbation inside or outside sensor plane 

The previous sections discussed about the fringe effect for a centred object with 

different lengths and conductivity inside or outside the ERT sensor. For generality, it is 

needed to investigate the fringe effect with a non-centred object with a variable length 

inside or outside the sensor plane. In the third and fourth sets of simulation, non-

conductive objects with the same diameter as in the previous simulation were simulated 
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for this purpose. The position of these objects in the cross section is shown in Figure 4.2 

(b), which is nearly half-way between the center and the tube wall. In the third set of 

simulation, objects were placed inside the sensor plane and their axial lengths were set 

to be 1, 10 and 19.8 cm for comparison. The simulated resistance after normalisation is 

shown in Figure 4.12 (a) together with the 2D reference. 

Figure 4.12 (a) shows that the fringe effect decreases with the object length. Certain 

fringe effect still exists when the object length is the longest (19.8 cm), which is also the 

case for the centered object, because the electric field cannot be completely confined 

within the ERT sensor plane and would be axially non-uniform even with this axially 

uniform object distribution. It shows that the fringe effect in this case would change 

with the relative position of the injection and measurement electrode pairs to the object. 

The closer the injection electrode pair to the object and the larger part of the object lies 

between the two equi-potential lines defined by the measurement electrode pair as 

shown in Figure 4.6 (a), the more severe fringe effect would be in the corresponding 

normalised resistance. This may be explained by the fact that the small distance between 

the injection electrode pair and the non-conductive object would make the small 

equivalent resistance near the injection electrode pair, e.g.    in Figure 4.6 (a), increase 

greatly, if most part of the object lie between the two corresponding equi-potential lines. 

This would increase the elementary resistance between the corresponding measurement 

electrode pair, i.e.    in Figure 4.7 (b), significantly and some resistance induced by the 

fringe effect above or below the sensor plane would be comparable with it. This would 

result in more current flowing outside and further away from the sensor plane, i.e. more 

severe fringe effect. If the injection electrode pair is far away from the object or the 

equivalent resistance between the measurement electrode pair is only slightly affected, 

only a slightly more current would flow outside, which means less fringe effect. 

As mentioned in section 4.1, Wang (1999) found that the images reconstructed for a 

small object in the half-way between the centre and pipe wall and axially moving away 

from the sensor plane would move towards the centre of the sensor’s cross section. This 

means that the artefacts produced by the objects far away from the sensor plane may 

influence the reconstructed image near the sensor centre. To investigate this 

phenomenon, objects were placed above the sensor plane by 0, 3 and 5 cm in the fourth 
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set of simulation and all set to be 4 cm in length. The corresponding normalised 

resistance from simulation is shown in Figure 4.12 (b).  

 

(a) Inside the sensor plane 

 

(b) Above the sensor plane 

Figure 4.12 Normalised resistance for non-centred non-conductive object inside or 

above the sensor plane by different distance 

Figure 4.12 (b) shows that with a fixed length, the further the object away from the 

electrode plane, the less fringe effect. This is consistent with the conclusion drawn from 

the previous simulation results. However, it is observed that the curve shape of the 

normalised resistance against the measurement number changes with the distance of the 

object from the sensor plane. With the distance of 0 cm, the shape of the curve is similar 

to that with the object inside the sensor plane as shown in Figure 4.12 (a). The further the 

object away from the sensor plane, the more similar the shape is to that with the centred 

non-conductive object inside the sensor as shown in Figure 4.9 (a), especially with the 

distance of 5 cm as shown in Figure 4.12 (b). This means that the reconstructed 2D 

image of the object would approach to the sensor centre with its axial distance from the 

sensor plane, which confirms the conclusion made by Wang (1999). However, the fringe 

effect would decrease rapidly with the increase in the distance of the object from the 

sensor plane, as indicated by the normalised resistance for the objects above the sensor 

plane by 0, 3 and 5 cm in Figure 4.12 (b). This makes it possible to reduce the fringe 

effect by compensation, which will be discussed in the next subsection. 

4.3.4 Compensation for fringe effect in an ERT sensor 

To reduce the fringe effect in ERT sensors, there are two possibilities: (1) incorporating 

guard electrodes to the sensor structure, e.g. driven or grounded end guards, and (2) 

using a compensation algorithm during image reconstruction. Since driven guards have 
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been proven to be ineffective in reducing the fringe effect of ERT sensors (Wang 1999) 

and the grounded end guards cannot be applied in ERT sensors with the current-injection 

and voltage-measurement strategy as discussed in Chapter 3, a possible compensation 

method is discussed in this subsection. 

The previous simulation results, e.g. Figure 4.9 (a) and Figure 4.12 (a), show that it is 

possible to reduce the fringe effect by scaling the corresponding normalised resistance 

for non-conductive object of certain length inside the sensor, because those resultant 

curves of the normalised resistance have similar shape but different magnitudes, except 

for those with axially uniform distribution. In the case with an axially uniform 

distribution, there is a much less fringe effect. However, this is unlikely to happen in 

reality. For the object outside the sensor, they normally have less influence on the 

normalised resistance, compared with those with the same lengths but inside the sensor. 

Therefore, it is possible to reduce this kind of fringe effect by removing the resultant 

signals contained in the normalised resistance. To achieve both the above goals, selective 

scaling is a possible solution, to amplify signals after removing the small signal induced 

by the fringe effect. Note that the selective scaling is not necessary when the object is 

inside the sensor plane. For example, the normalised resistance for objects of 1 cm and 

10 cm in Figure 4.9 (a) and Figure 4.12 (a) can be scaled directly by assigning the 

scaling factor with the ratio of the maximum values of the normalised resistance in the 

2D and corresponding 3D cases. The results after scaling are shown in Figure 4.13. It 

shows that the fringe effect is reduced after scaling the normalised resistance 

accordingly. Reconstruction results reveal that the relative image errors after scaling is 

around 11% for both centred objects in Figure 4.13 (a), while the correlation coefficient 

reaches 99.9% in both cases. Compared with the corresponding results in Figure 4.9 (d), 

the relative image errors have been greatly reduced with negligible image distortion 

(indicated by the large correlation coefficients) after scaling. With the non-centred 

object, the relative image errors corresponding to the normalised resistance for 1 and 10 

cm objects in Figure 4.12 (a) are 91.4% and 30.8%, respectively. After scaling, they are 

reduced to 36.4% and 15.3%, respectively, with correlation coefficients 91.5% and 

98.8%, which means the image distortion is still negligible in both cases. 
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(a) Centred object 

 

(b) Non-centred object 

Figure 4.13 Normalised resistance after scaling for centred or non-centred non-

conductive object inside the sensor  

Another more difficult case is that two objects appear inside and outside the sensor plane 

at the same time. In this case, the selective scaling should be used to amplify the signal 

generated by the object inside the sensor plane and remove the unwanted signal induced 

by the object outside the sensor plane. Given a simple example, a centred non-conductive 

object with a length of 10 cm is placed inside the sensor plane while a non-centred non-

conductive object with a length of 4 cm is positioned above the sensor plane by 3 cm, the 

cross-sectional and axial views of the two objects are shown in Figure 4.14. 

With this object setup, the resultant normalised resistance is shown in Figure 4.15 (a) 

together with the 2D reference, the normalised resistance only with the centred non-

conductive object of 10 cm inside the sensor plane (identified by “10cm” in Figure 4.15 

(a) and the same as shown in Figure 4.9 (a)) and the normalised resistance only with the 

non-centred non-conductive object of 4 cm above the sensor plane by 3 cm (identified by 

“3cm” in Figure 4.15 (a) and the same as shown in Figure 4.12 (b)). Figure 4.15 (a) 

shows that the normalised resistance for the two objects is distorted due to the fringe 

effect, compared to that with the object of 10 cm inside the sensor plane. Apparently, the 

normalised resistance for the 2 objects is superposition of those identified by “10cm” and 

“3cm” in Figure 4.15 (a), but not exactly linear. It is natural to remove the fringe effect 

induced by the object outside the sensor plane by subtracting the resultant normalised 

resistance from the one for the 2 objects in Figure 4.15 (a). After subtraction, scaling is 

implemented (the scaling factor is the ratio of the maximum value of the normalised 

resistance in the 2D case to that in this case). The resultant normalised resistance is 

shown in Figure 4.15 (b) together with the 2D reference.  
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(a) Cross-sectional view 

 

(b) Axial view 

Figure 4.14 Cross-sectional and axial views of two objects 

 

(a) Before compensation 

 

(b) After compensation 

Figure 4.15 Normalised resistance for two objects before and after compensation for 

fringe effect 

Figure 4.15 (b) shows that the fringe effect is reduced, compared with the corresponding 

results in Figure 4.15 (a). But small distortion for the normalised resistance still exists 

because the superposition is not exactly linear. Before the selective scaling, the relative 

image error corresponding to the normalised resistance for 2 objects in Figure 4.15 (a) is 

about 27%. It is reduced to about 13% with the correlation coefficient around 99.7% 

after the compensation when the image from the corresponding 2D model is used as the 

reference. 

The above discussion indicates that the selective or direct scaling is effective in reducing 

the fringe effect. However, to obtain the fringe effect induced by the objects outside the 

sensor plane, another one or two auxiliary electrode planes are needed. Modelling of the 

flow patterns in an industrial process to be imaged is also necessary to acquire the 2D 

references for the related measurements, which is crucial for the calculation of the 

scaling factor. In some complicated and extreme circumstances, where the fringe effect 
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overwhelms or distorts the signal too much, it would be difficult to implement this 

compensation method. 

4.4 Experimental verification of findings and proposed methodology 

To validate the findings with the single-plane ERT sensor, experiment was carried out. 

For this purpose, an ERT system was built up, the block diagram of which is shown in 

Figure 4.16: 

 

Figure 4.16 Experimental ERT system with a single-plane ERT sensor 

As shown in Figure 4.16, the experimental ERT system is composed of 7 units:  

 a function generator (HP 33120A),  

 a Howland current source circuit,  

 an ERT sensor,  

 a differential voltage measurement circuit,  

 a current-injection and voltage-measurement multiplexer module, the function of 

which is completed manually,  

 a data acquisition unit (Agilent 34972A), 

 a PC for data record and image reconstruction. 

 

In this system, the adjacent current-injection and voltage-measurement strategy was 

adopted for data acquisition. The function generator was used to drive the Howland 

current source circuit to output a pair of differential sine-wave currents with almost the 

same amplitude. By multiplexing, this pair of differential currents is injected into a pair 

of adjacent electrodes of the ERT sensor. Again by multiplexing, the potential difference 

between each possible pair of adjacent electrodes is conditioned with a differential 

amplification circuit (amplified by 100 times through two stages with each stage 10 

times) and then measured by the data acquisition unit. Note that the structure of the 

differential amplification circuit is the same as the internal structure of PGA202, which is 
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used as the second stage, while the first stage by two OPA602s to enhance the input 

impedance. Then each measurement is sent to the PC for image reconstruction via an 

USB interface. Finally an image is reconstructed in MATLAB using the data received.  

In the experiment, the pair of differential currents has a peak-to-peak magnitude of 

around 1 mA, and nearly out of phase. The frequency of the injected AC current is 10 

kHz. Note that the potential difference is also an AC signal and the data acquisition unit 

(Agilent 34972A) can only measure its root mean square (RMS) value. The amplitude of 

the AC voltage can be estimated from the measured RMS value by: 

                       (4.4) 

where    is the amplitude of the AC voltage,      is the measured RMS value of the AC 

voltage, and              is the ratio of the peak value to the RMS value of a waveform, 

which is calibrated to be 1.414 for the sine wave measured by the data acquisition unit 

(Agilent Technologies 2010).  

Highly-matched resistors were used for the Howland current source circuit (10 k 

resistors with 0.1% precision and manually matched with each other for a mutual 

difference less than 0.05%). Together with the high measurement accuracy of Agilent 

34972A (maximum 6.5 digits), the measurement accuracy of the experimental system 

with the above simulation set-ups can be guaranteed. This will be confirmed by 

comparing with corresponding simulation results afterwards. Note that the common 

mode measurement error was reduced by the relatively high common mode rejection 

ration (CMRR) of PGA202 (around 70 dB at 10 kHz for a gain of 10) and grounding an 

unused electrode for reference. Also, high input impedance is guaranteed with the two 

op-amps OPA602s used in the first stage of differential amplification. The experimental 

set-up with two objects is shown in Figure 4.17 (the PC for image reconstruction is not 

shown). Note that before starting measurement with Agilent 34972A, a complete self-test 

was passed (Agilent Technologies 2010). 

To validate the measurement accuracy of the experimental system, experiment was 

conducted when the tube was filled with the same uniform background medium as in the 

previous simulation, i.e. saline with conductivity of 0.02 S/m. The comparison between 

the 3D simulation and experimental results is shown in Figure 4.18.  
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(a) System set-up 

 

(b) Two-object set-up 

Figure 4.17 Experimental set-up with two objects 

 

Figure 4.18 Comparison between 3D simulation and experimental results of potential 

difference with uniform background medium filling the tube 

Figure 4.18 shows that there is a good agreement between the 3D simulation and 

experimental results of potential difference with a uniform background medium filling 

the tube. This confirms the measurement accuracy of the above experimental system and 

verifies that the contact impedance has negligible impact on the ERT measurement. 

To verify the previous simulation results with centred and non-centred non-conductive 

objects inside or outside the sensor plane, experiment was carried out with similar set-

ups as shown in Figure 4.2 (a) (centred) and Figure 4.2 (b) (non-centred) (referring to 

Figure 4.17 (b)). Perspex rods with certain lengths were placed at different axial and 

cross-sectional positions during the experiment accordingly. Note that for a non-centred 

distribution, the objects were placed at a different cross-sectional position from that in 

Figure 4.2 (b). The experimental results of normalised resistance are shown in Figure 
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4.19, where the legends like “4cm” indicate the lengths of the objects in the 3D 

simulation, “2D” indicates the result from the corresponding 2D simulation and those 

like “4cm(0)” suggest that the object with the specified length (4 cm) is placed above the 

sensor plane by the specified distance (0 cm from the top ends of electrodes). In Figure 

4.19, the same conclusions can be drawn from those experimental results as from the 

previous simulation results. Apparently, the fringe effect for the objects inside the sensor 

plane, as shown in Figure 4.19 (a) and (b) can be compensated by direct scaling. The 

following part will focus on the compensation for fringe effect when the distribution with 

two objects as shown in Figure 4.17 (b) appears inside the tube. The experimental results 

of normalised resistance are shown in Figure 4.20 together with related 2D simulation 

and experimental results including that after compensation by selective scaling. 

 

(a) Centred objects inside the sensor plane 

 

(b) Non-centred objects inside the sensor plane 

 

(c) Non-centred objects outside the sensor plane 

Figure 4.19 Experimental results of normalised resistance for centred and non-centred 

non-conductive objects inside or outside sensor plane 

In Figure 4.20, the legend “2 objects” represents the experimental result for the two 

objects. “8 cm(core)” is for the centred object with a length of 8 cm. “Compensated” 

indicates the normalised resistance after compensation for fringe effect. Other legends 
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have the same meanings as before. Note that the centred object (“8cm(core)”) is not 

axially symmetric to the sensor plane but a little upward (by 1 cm), which explains why 

the normalised resistance in this case is a little different from that in Figure 4.19 (a). 

Figure 4.20 also shows that there is less fringe effect in the normalised resistance after 

compensation by selective scaling. This is consistent with the conclusions drawn from 

the previous simulation. 

 

Figure 4.20 Experimental results of normalised resistance for the distribution with two 

objects and related 2D simulation and experimental results including the one after 

compensation 

The above experimental results confirm that the previous 3D simulation results are valid, 

and validate the feasibility of the proposed methodology for the reduction of fringe 

effect. It is promising to use the direct or selective scaling to compensate for fringe 

effect, but difficulties still need to be addressed, e.g. the determination of the scaling 

factor by calibration and the more complicated distribution to be imaged in reality. 

4.5 Test with three-plane ERT sensor scheme 

As discussed previously, another one or two auxiliary electrode planes may be required 

to measure the fringe effect induced by objects outside the ERT sensor plane, which can 

be used to compensate for the fringe effect as described in the last section. This section 

will introduce a three-plane ERT sensor scheme for this purpose. 
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4.5.1 Simulation with three-plane ERT sensor scheme 

A proposed sensor structure for ERT, i.e. a three-plane sensor scheme, is shown in 

Figure 4.21 with geometry parameters and material properties listed. The three 

electrodes planes of the ERT sensor can be denoted as the top, middle and bottom 

planes, respectively. The middle plane is mainly for image reconstruction, while the 

other two planes are auxiliary planes for compensation of the fringe effect induced by 

objects outside the sensor plane. Unlike the driven guards applied to ERT sensors, 

measurement is also taken from the top and bottom planes in the same way as in the 

middle plane. With the adjacent measurement strategy, a pair of adjacent electrodes in 

the middle plane is injected with a pair of differential current signal, while the two pairs 

of adjacent electrodes in the top and bottom planes above and below this electrode pair 

are injected with almost the same differential current signal, respectively. Note that the 

electrodes in the same column are injected with currents of the same polarity. Potential 

differences are measured in each electrode plane separately according to the 

measurement strategy. This process is repeated until all the independent measurements 

in each electrode plane are taken. In the simulation, each pair of differential currents has 

a peak-to-peak magnitude of 10 mA and exactly out of phase. The frequency of the 

injected AC current is 10 kHz. 

 

Figure 4.21 Three-plane 

ERT sensor 

 Inner Diameter:10 cm 

 Thickness of pipe wall: 3 mm 

 Length of pipe: 50 cm 

 Gap between adjacent planes: 5 mm 

 Number of electrodes in each plane: 16 

 Electrode size: 10 mm × 10 mm 

 Number of electrode planes: 3 

 Material of wall: Perspex 

 Material of electrodes: Steel 

From the electrical model shown in Figure 4.7 (b), it can be inferred that objects inside 

the middle plane of the above ERT sensor can be sensed by its three electrode planes at 

the same time. Objects above or below the middle plane can be sensed by the middle 

plane and top or bottom plane at the same time. Because these three electrode planes are 
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similar to each other in geometry and structure, it can be assumed that their responses 

towards the same object inside their sensing range are correlated to each other. Then, 

the fringe effect induced by objects above the middle plane may be compensated with 

the measurements from the top plane, while the fringe effect induced by objects below 

the middle plane may be compensated with the measurements from the bottom plane. 

The compensation can be made by subtracting the weighed measurement data before the 

normalisation for the top and bottom planes from the measurement data before the 

normalisation for the middle plane, as given in equation (4.5). 

                   (4.5) 

where     is the measured vector of potential differences after compensation,   ,    and 

   are the measured vectors of potential differences from the middle, top and bottom 

electrode planes, respectively, and    is the weighting factor, which is a small positive 

scalar and initially determined based on trial-and-error for the optimum result. 

The measurement data after the compensation is then normalised using the reference 

data acquired from the middle plane with conductive background medium filling the 

sensor. Note that the normalisation is done in the same way as in a conventional ERT 

(as described in Chapter 2). This compensation is only effective in reducing the fringe 

effect induced by objects outside the ERT sensor plane. For the axially non-uniform 

distribution with a single object inside the sensor, the fringe effect can be reduced by 

scaling as described in section 4.3. It was shown that the reconstruction algorithm with 

linear forward projection, e.g. LBP and Landweber iteration, tends to overestimate the 

size of a non-conductive object to be imaged when the distribution is axially uniform 

and this can be overcome with an FEM forward operator, which is computationally 

intensive (Giguère et al. 2008). The same goes for other non-linear forward operators as 

described in Chapter 2. It was found that the above compensation method can also help 

to reduce this kind of over-estimation by linear forward projection (e.g. Landweber 

iteration) at a less cost of time consumption when the distribution is axially uniform. 

Therefore, this section will only examine the axially uniform distribution with a single 

object or axially non-uniform distribution with multiple objects inside or outside the 

sensor plane. Unlike in the previous sections, the true distribution will be used as the 

reference image in this section instead of the qualitative image from the 2D simulation 

model using LBP, because the effectiveness of the compensation method needs to be 
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validated on reducing the over-estimation of the object size by Landweber iteration, not 

only the fringe effect. 

With the above sensor structure, simulation was carried out. Three different setups were 

tested to evaluate the effectiveness of the three-plane ERT sensor on the reduction of 

fringe effect and overestimation by Landweber iteration. The cross-sectional views of 

the normalised true distributions for the three setups are shown in Figure 4.22. 

 

(a) A rod in centre 

 

(b) A rod near pipe wall 

 

(c) Three rods in different 

position 

Figure 4.22 Normalised object distributions for simulation with three-plane ERT sensor 

In Figure 4.22 (c), there are actually three rods distributed in different axial and cross-

sectional positions, as shown in Figure 4.23 (a). But only the one marked with red 

colour in Figure 4.23 (b) is inside the middle plane for imaging with other two outside 

the middle plane. These three rods are of almost the same length and the same cross-

sectional area. In all these setups, the rods are non-conductive with saline of 

conductivity 0.02 S/m as the background medium. The simulated potential differences 

acquired from the three sensor planes with the distribution in Figure 4.22 (c) are shown 

in Figure 4.24. It shows that the measurement data from different planes are correlated 

with each other. The fringe effect induced by objects outside the middle plane may be 

extracted from the measurements in the top and bottom planes. For the distribution in 

Figure 4.22 (a) or (b), the simulated potential differences acquired from the three sensor 

planes are similar to each other since the distribution is almost the same for all the 

planes. 
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(a) 3D view 

 

(b) 2D view 

Figure 4.23 3D and 2D view of three rods in different axial and cross-sectional 

positions with only one inside middle plane for imaging 

 

Figure 4.24 Simulated potential differences acquired from the three sensor planes with 

the distribution in Figure 4.22 (c) 

Using the normalised data after the compensation and the projected Landweber iteration 

as described in Chapter 2, images are reconstructed for the above setups and shown in 

Figure 4.25 (a)~(c). For a comparison, the reconstruction results with a single-plane 

ERT sensor are shown in Figure 4.25 (d)~(f). Note that the single-plane ERT sensor is 

made up of only the middle electrode plane in the three-plane ERT sensor with other 
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geometry parameters unchanged. The weighting factors are 0.166, 0.101, 0.114 for the 

setups in Figure 4.22 (a), (b) and (c) respectively during the reconstruction. 

 

(a) A rod in centre 

 

(b) A rod near pipe wall 

 

(c) Three rods in different 

position 

 

(d) A rod in centre 

 

(e) A rod near pipe wall 

 

(f) Three rods in different 

position 

Figure 4.25 Reconstruction results for three simulation setups with the three-plane ERT 

sensor ((a)~(c)) or single-plane ERT sensor ((d)~(f)) 

The relative image errors and correlation coefficients of Figure 4.25 (a)~(f) regarding 

the respective true distribution are listed in Table 4.1 with the selection of relaxation 

factor and the number of iterations needed for each reconstruction using the projected 

Landweber iteration. Note that the relaxation factor is updated in each step according to 

the linear search method proposed by Liu et al. (1999) during the iteration. Figure 4.25 

and Table 4.1 show that the over-estimation by Landweber iteration and the fringe 

effect induced by objects outside the measurement plane can be reduced with the three-

plane ERT sensor scheme. 
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Table 4.1 The relative image errors and correlation coefficients of Figure 4.25 (a)~(f) 

regarding the respective true distribution 

Subfigure number (a) (b) (c) (d) (e) (f) 

Relaxation factor   is updated in each iteration by linear search 

Number of Iterations 216 18 16 2 2 3 

Relative image error (%) 6.7 34 57 57 65 93 

Correlation coefficient (%) 99.7 93 81.8 85 81 73 

 

Note that the stopping criterion for all the reconstructions is that the iteration will be 

stopped when the image error in current iteration step becomes larger than the one in the 

last iteration step. Therefore, those reconstructed images represent the local optimum 

for the corresponding distributions with the single-plane or three-plane ERT sensors. 

This indicates that the convergence is improved with the three-plane ERT sensor. From 

this point of view, the three-plane ERT sensor has the potential to reconstruct better 

images than the single-plane ERT sensor for non-conductive objects, although the 

number of iterations with the former may be much larger than that with the latter, 

especially for the first setup. However, it was found that if the required accuracy is not 

so high, e.g. 6.7% for the first setup with the three-plane ERT sensor, the iteration 

number can be reduced to a considerable extent (less than 100 iterations), which makes 

the fast and relatively accurate 2D reconstruction possible. 

4.5.2 Experiment with three-plane ERT sensor scheme 

An experimental system with a three-plane ERT sensor, as shown in Figure 4.26, is 

established to verify the simulation results. In this ERT system, the ERT sensor has 

three identical electrode planes with 3 cm gap between adjacent ones, the middle one of 

which is as shown in Figure 4.1. Other geometry parameters and material properties 

also stay the same as shown in Figure 4.1. Howland circuits are used to inject three pairs 

of differential currents into the three electrode planes at the same time with other 

electronics the same as in the previous experimental system. Each pair of differential 

currents has a peak-to-peak magnitude of around 1 mA and nearly out of phase. The 

frequency of the injected AC current is 10 kHz. 
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Figure 4.26 Experimental ERT system with a three-plane ERT sensor 

Three object distributions similar to those used in the simulation were setup in the 

experiment, i.e. a rod in centre, a rod near pipe wall and three rods in different axial and 

cross-sectional positions. The cross-sectional views of the normalised true distributions 

in the three setups are shown in Figure 4.27. 

 

     (a) A rod in centre 

 

(b) A rod near pipe wall 

 

(c) Three rods in different position 

Figure 4.27 Normalised object distributions tested with three-plane ERT sensor 

In Figure 4.27, all the rods are non-conductive with saline of conductivity 0.023 S/m as 

the background medium (the distance of the saline surface from the tube top is around 

1.5 cm). These cylindrical rods for imaging have a diameter of 3 cm and a length of 20 

cm. Note that in Figure 4.27 (c), only the rod inside the middle plane is shown, which 

has a length of 20 cm. The other two rods have the same diameter of 3 cm and a length 

of 8 cm and placed above and below the middle plane respectively and at different 

cross-sectional positions similar to that in Figure 4.23. They are away from the top or 

bottom ends of the electrodes in the middle plane by around 2 mm. With the proposed 

three-plane ERT sensor scheme, the reconstruction results using the projected 

Landweber iterations for those three setups are shown in Figure 4.28 (a)~(c). For 

comparison, the reconstruction results with a single-plane ERT sensor are shown in 

Figure 4.28 (d)~(f). Note that the single-plane ERT sensor is the same as shown in 

Figure 4.1. The weighting factors are 0.05, 0.09 and 0.03 for the setups in Figure 4.27 
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(a), (b) and (c) respectively during the reconstruction. The relative image errors and 

correlation coefficients of Figure 4.28 (a)~(f) regarding the respective true distribution 

are listed in Table 4.2 with the selection of relaxation factor and the number of iterations 

needed for each reconstruction using the projected Landweber iteration. Note that the 

relaxation factor is updated in each step according to the linear search method proposed 

by Liu et al. (1999) during the iteration. 

 

    (a) A rod in centre 

 

     (b) A rod near wall 

 

(c) Three rods in different position 

 

    (d) A rod in centre 

 

     (e) A rod near wall 

 

(f) Three rods in different position 

Figure 4.28 Reconstruction results for three experimental setups with the three-plane 

ERT sensor ((a)~(c)) or single-plane ERT sensor ((d)~(f)) 

Table 4.2 Relative image errors and correlation coefficients of Figure 4.28 (a)~(f) 

regarding respective true distribution 

Subfigure number (a) (b) (c) (d) (e) (f) 

Relaxation factor   is updated in each iteration by linear search 

Number of iterations 200 100 100 200 100 100 

Relative image error (%) 18.7  34.8  49.5  54.2  76  81.1  

Correlation coefficient (%) 98.2  93.8  86.6  87.2  78.7  76.2  

 

From Figure 4.28 and Table 4.2, it is obvious that the three-plane ERT sensor scheme 

can reduce the over-estimation by Landweber iteration with all the distributions and the 

fringe effect induced by objects outside the sensor plane, which improves the quality 
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and accuracy of reconstructed images greatly. This is consistent with the conclusion 

drawn from the previous simulation. 

4.5.3 Determination of weighting factor by linear search 

The compensation before the normalisation process is crucial for the reduction of the 

fringe effect and over-estimation by Landweber iteration. It is important to determine 

the weighting factors for the compensation adaptively, because all the weighting factors 

used previously are manually determined based on trial-and-error. A simple solution is 

to use a linear search method. It can be inferred that the weighting factor lies between 0 

and 1 since the fringe effect or over-estimation only accounts for a portion of the 

measured signals from the auxiliary electrode planes. Therefore, the search can begin 

with an initial value 1 for the weighting factor, and the resultant potential residual is 

calculated after one iteration with Landweber iteration. Then the weighting factor is 

reduced by half. If the resultant potential residual with the current weighting factor after 

one iteration is smaller than that with the previous one, the search will continue by 

further reducing the weighting factor by half and calculating the resultant potential 

residual after one iteration. This process will continue until the potential residual with 

the present weighting factor after one iteration is larger than that with the previous one, 

which is taken as the final weighting factor. The potential residual can be expressed as: 

               (4.6) 

Where    is the vector of potential residual,    is the normalised vector of potential 

differences after trial compensation,   is the sensitivity matrix of the ERT sensor, and   

is the reconstructed image vector of the distribution after one iteration with Landweber 

iteration. 

Simulation and experiment show that the weighting factor obtained in this way is not 

the optimal, but it is accurate enough to reduce the fringe effect of the sensor and the 

over-estimation by Landweber iteration to an acceptable level, which is a little higher 

than that with the optimum weighting factor obtained manually. It is also beneficial for 

the reduction in the number of iterations since less accurate images are reconstructed. 

However, further simulation and experiment are needed to verify the effectiveness of 

this technique. 
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4.6 Summary 

The objective of this chapter was to evaluate the fringe effect with a single-plane ERT 

sensor for some simple but typical distributions, e.g. with objects centred or non-centred 

and inside or outside the sensor plane, which are also variable in axial length and not 

axially uniform in most cases. The goal was to illustrate to what extent an ERT sensor is 

affected by the fringe effect in these situations and try to draw some generalised 

conclusions, which may be used for compensation of the fringe effect. A 3D simulation 

model was established, and experiments were conducted to validate this model and the 

conclusions drawn from the related simulation results as well as the methodology 

proposed for compensation of fringe effect. Finally, a three-plane sensor scheme was 

also tested for reducing the fringe effect induced by objects outside the measurement 

sensor plane and over-estimation of object size by Landweber iteration. 

In the beginning, the difference between the electrical models for ERT and ECT was 

analyzed to explain why an ERT sensor with “pin” electrodes has negligible fringe effect 

for an axially uniform distribution. This explanation was further confirmed by the 

corresponding simulation. For axially non-uniform distributions inside the sensor 

discussed in this chapter, i.e. centred or non-centred single object with a length shorter 

than that of the tube, less fringe effect would occur with longer objects while the curve of 

the normalised resistance against measurement number is of similar shape to the 2D one 

in all the cases. For a single non-conductive object outside the sensor plane, either 

centred or non-centred, its induced fringe effect would decrease with its distance from 

the sensor plane for a specified axial length, but increase with its axial length for a 

specified distance. For two non-conductive objects, one centred and inside the sensor 

plane while the other non-centred and outside the sensor plane, the resultant resistance 

after normalisation is the superposition of the normalised resistance when each object 

appears separately. 

In view of the above conclusions, a compensation method for the fringe effect was 

proposed, i.e. selective scaling of the normalised resistance regarding the corresponding 

2D reference. Both simulation and experiment proved the feasibility of the method 

using a simple setup with two objects. Accordingly, an ERT sensor scheme with two 

auxiliary electrode planes was proposed to compensate for the fringe effect induced by 

the objects outside the measurement sensor plane and reduce the over-estimation of 
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object size by Landweber iteration. Simulation and experiment manifested that the 

three-plane sensor can reconstruct much better image than the corresponding single-

plane sensor. Further tests are still needed to validate this scheme with more 

complicated distributions, e.g. the fringe effect induced by objects outside the 

measurement sensor plane is more severe and overwhelms the signal. 
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Chapter 5: Application of fringe effect in 3D imaging with 

ECT 

This chapter will explore the principle for fringe-effect-based 3D imaging of a single 

object of regular shape with a conventional single-plane ECT sensor. Fringe effect 

contained in the normalised capacitance is examined to estimate the axial position of the 

object to be imaged. Reconstruction is carried out to generate the 2D image of the 

object, the centre of which can be located with certain algorithms. Finally, the obtained 

3D position of the object inside the ECT sensor is used to reconstruct the 3D image of 

the object by incorporating the prior knowledge about the object shape and size. This 

principle can also be applied to the 3D imaging with ERT or EMT since they have 

similar sensing principle and fringe effect to ECT. 

5.1 Introduction 

Although 3D imaging by a single-plane ECT/ERT sensor has been attempted, either the 

position or the shape of the object cannot be correctly reconstructed (Cao and Xu 2013, 

Soleimani et al. 2007). Usually, to implement 3D imaging with a reasonable resolution, 

a very large number of unknowns or voxel values need to be resolved with a small 

number of independent measurements from an ET sensor. With a single-plane ET 

sensor, the number of independent measurements is limited, e.g. 28 for an 8-electrode 

ECT sensor, which results in a severely ill-conditioned and ill-posed inverse problem. 

Therefore, multi-plane ET sensors are usually adopted by researchers to increase the 

number of independent measurements for improved 3D image quality. Soleimani et al. 

(2007) and Li (2008) showed that the increase in the number of electrode planes in an 

ECT sensor would improve the quality of 3D imaging since more independent 

measurements are acquired. On the other hand, more independent measurements would 

lead to a very large sensitivity matrix needed for reconstruction. It takes a very long 

time to obtain the approximated inverse of such a large sensitivity matrix as done in 

most conventional reconstruction algorithms. This means that the real-time performance 

is not satisfactory in this case. To reduce the number of unknowns for 3D imaging, a 

type of shape-based or model-based method was proposed (Banasiak et al. 2010, Ren et 

al. 2014). Banasiak et al. (2010) used FEM to calculate the capacitance from the 

reconstructed permittivity distribution, and a two-stage level set method to do the shape 
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reconstruction. Ren et al. (2014) used BEM to solve the forward problem and the 

Levenberg-Marquardt (L-M) method to do the reconstruction with a fast calculated 

Jacobian matrix, which is based on the shape parameterisation coefficients of the 

inclusion to be imaged using spherical harmonics. Although promising results were 

obtained along with the incorporation of a regularisation or constraint based on the prior 

knowledge during the reconstruction in both the researches, they adopted a multi-plane 

or true 3D ECT sensor for the 3D imaging and the FEM and BEM for solving the 

forward problem are still time-consuming during the iteration. The inspiration is that the 

incorporation of prior knowledge about the object to be imaged and the model-based 

methods can be adopted to reduce the number of unknowns to be solved during 3D 

reconstruction and improve the image quality. 

In the last chapter, it was found that the fringe effect is related to the axial object 

distribution (i.e. the axial position and length of an object) for a conventional single-

plane ERT sensor. Similar conclusions can also be drawn for a conventional single-

plane ECT or EMT sensor as they have similar sensing principles to ERT. This 

indicates that the axial position of an object to be imaged may be derived by examining 

the corresponding fringe effect. Along with conventional 2D imaging techniques, it is 

possible to achieve accurate 3D imaging with a single-plane ET sensor for an object 

with regular shape and known size. This is different from all other 3D reconstruction 

methods in ET since fringe effect has never been exploited during the 3D imaging 

process. With this method, only a single-plane ET sensor is needed to determine the 

cross-sectional and axial positions of the object to be imaged using conventional 2D 

imaging techniques and calibration methods. The 3D image can then be reconstructed 

by incorporating the prior knowledge and the derived 3D position. Since the proposed 

method is simple and fast, it may find applications in the real-time visualisation and 

monitoring of certain processes. For example, an ageing population has led to a 

dramatic rise in the number of total hip replacements being carried out. Due to 

mechanical failures or other reasons, revision surgery is necessary for many patients, 10 

years after the total hip replacement. To do the revision surgery, the bone cement must 

first be removed, which is a difficult and intricate procedure. Navigated drilling or 

milling tools are being developed to remove the bone cement efficiently and replace the 

hip prosthesis without injuring the bone (Brendle et al. 2012a). To do the real-time 

visualisation for navigation, ET may be applied since the milling bit is usually made of 
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metal, the electrical property of which is different from human tissues and bone cement, 

and the measurement of its movement can be regarded as a multi-phase flow 

measurement. Because the milling bit is regular in shape and its dimensions are known 

prior to the reconstruction, only its 3D position needs to be determined, which enables 

the method proposed above to be applied. In this chapter, the feasibility of the proposed 

3D imaging method is investigated with a single-plane ECT sensor for the imaging of a 

metallic rod. In the beginning, the principle for imaging metallic objects with ECT is 

introduced. Simulation was conducted to illustrate the fringe effect with a centred 

dielectric or metallic rod at different axial position. After analysing the change pattern 

of the fringe effect with the axial position of a metallic rod, a strategy is proposed to 

determine its 3D position with a single-plane ECT sensor. With experimental data, the 

3D imaging process of the metallic rod surrounded by table salt or deionised water is 

presented and related estimation errors of the 3D coordinates of the rod head are 

examined in each case with different derivation methods. Subsequently, the calibration 

issues regarding the determination of the axial position of the rod are discussed. Finally, 

an initial test is briefly introduced for the imaging of a metallic rod inside the main bone 

of a pig shank using the proposed 3D imaging method. 

5.2 Principle of 3D imaging of dielectric or metallic rod with a 

single-plane ECT sensor 

5.2.1 Forward simulation models for an ECT sensor 

In ECT, the forward problem is to calculate the capacitance between different electrode 

combinations from the known permittivity distribution inside the sensor. As described 

in Chapter 2, FEM can be used for simulation, which can generate noise-free 

capacitance measurements and help discover the change pattern or prior knowledge 

contained in the measurements before conducting experiment. The simulation model of 

an ECT sensor is shown in Figure 5.1. Note that the bottom of this ECT sensor is 

actually sealed. The tube wall and electrodes are made of glass and copper respectively. 
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Figure 5.1 ECT sensor 

 Inner Diameter:10.2 cm 

 Thickness of wall: 2 mm 

 Shield diameter: 11.6 cm 

 Length of electrode: 6 cm 

 Length of grounded guard: 2.2 cm 

 Length of shield: 11.6 cm 

 Length of wall: 14.6 cm 

 Gap between adjacent electrodes: 4 mm 

 Gap between electrodes and guards: 4 mm  

 Number of electrodes: 8 

To fully illustrate the change of fringe effect with the penetration depth of the object 

into the ECT sensor, three changes were made to the ECT sensor in Figure 5.1 for the 

simulation purpose: 

(1) The length of the tube wall is extended symmetrically to 30 cm; 

(2) Grounded end guards are removed to enlarge the axial sensing range; 

(3) The outer shield is 1 cm longer than the electrodes at each end. 

Other geometry parameters and material properties remain the same as in Figure 5.1. 

The 2D and 3D simulation models are shown in Figure 5.2 with object distribution. 

 

(a) 3D 

 

(b) 2D 

Figure 5.2 2D and 3D simulation models with object distribution 

With the object distribution shown in Figure 5.2 (b), the length of the object and the 

axial position of the object head in the 3D simulation change with respect to the axial 

dimension of the ECT sensor. The top end of the sensor electrodes is referred to as the 

axial origin. Two objects of two kinds of materials were chosen to be simulated, i.e. 
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dielectric and metallic rods, when surrounded by different background materials. The 

dielectric object (Perspex rod) has a diameter of 3 cm with a relative permittivity of 

2.56, while the diameter of the metallic object (Aluminium rod) is 2.6 cm. For 

simulation with the dielectric rod, air acts as the background as well as the low 

permittivity material for calibration while the high permittivity material for calibration 

has a relative permittivity of 1.8. For simulation with the metallic rod, the low and high 

permittivity material for calibration remain the same while the latter is used as the 

background. The 2D ECT sensor in Figure 5.2 (b) is used in all the subsequent 2D 

simulation to obtain sensitivity maps and corresponding 2D references. Note that all the 

simulation was carried out in COMSOL Multiphysics with the “In-Plane Electric 

Currents” mode in the 2D case and “Electric Currents” mode in the 3D case, both of 

which are in AC/DC module with 1 MHz as the excitation frequency. In the 3D 

simulation, tetrahedral elements and direct solver (SPOOLES) are used. The number of 

elements used in the 3D simulation is of the order of 90,000. 

5.2.2 Principle for imaging metallic object with ECT 

ECT is usually used to image dielectric material distribution since the measured 

capacitance values between different electrode pairs are mainly determined by the 

dielectric property (i.e. permittivity) of the materials under investigation for a specified 

distribution. A type of planar capacitance sensor was once utilised to detect the 

dangerous metallic items placed above the sensor, e.g. a metallic knife hidden in airline 

passenger’s shoes. Two different modes can be adopted during the detection: floating 

and shunt mode both of which have their respective merits (Hu 2009). Up to now, 

almost no literature reported the application of ECT sensors with circular shape in the 

imaging of metallic objects. Situations may be different in this case since different 

sensor structures and measurement principles are involved. According to our 

experimental results, the measured capacitance values change unstably and irregularly 

with the distance of the detection electrode from the excitation electrode when a floating 

metallic rod presents in the sensing domain. This may be because the electric potential 

on the metallic rod would change randomly with the changes of surroundings and the 

rod is a little far away from the sensor electrodes, which is not the case in the detection 

of metallic objects with a planar capacitance sensor. With the shunt mode, however, the 

measured capacitance values between different electrode pairs have a regular decrease 
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regarding the position of the grounded metallic rod inside the sensor, because the 

surface of the grounded rod acts as another capacitor plate, which blocks or sinks part of 

the electric field lines transmitted from the excitation electrode to the detection 

electrode. The simulated electric field and potential distribution with a grounded 

metallic rod in the centre of the 2D ECT sensor is shown in Figure 5.3 (a). Note that the 

background material in the simulation has a relative permittivity of 1.8 and an AC 

voltage signal of 1 V is applied to the excitation electrode. 

In Figure 5.3 (a), the red lines scattered from the excitation electrode represent the 

electric field lines while the multi-coloured closed curves around the excitation 

electrode represent the equi-potential lines. Note that the colour bar shows the potentials 

represented. In view of the above points, the metallic rod is grounded in both simulation 

and experiment for effective measurement. With the grounded metallic rod in the centre 

of the 2D sensor as shown in Figure 5.3 (a), the first 7 values of the simulated 

normalised capacitance of a whole frame are illustrated in Figure 5.3 (b). 

 

(a) Electrical field and potential distribution 

 

(b) Normalised capacitance 

Figure 5.3 Simulated electric field and potential distribution and normalised 

capacitance for a grounded metallic rod in centre of a 2D ECT sensor 

Because the high permittivity material is used as the background in the simulation, the 

value of 1.0 can be taken as the reference for the normalised capacitance between 

different electrode pairs. Figure 5.3 (b) shows that the absolute difference between the 

normalised capacitance and its reference is the maximum with the opposite electrode 

pair (indentified by measurement number 4 in Figure 5.3 (b)) and the minimum with the 

adjacent electrode pair (indentified by measurement number 1 or 7 in Figure 5.3 (b)). 

The further the detection electrode is away from the excitation electrode, the larger this 

absolute difference would be. This is similar to the case when a dielectric rod with high 
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permittivity is positioned in the centre of the same 2D ECT sensor with air (low 

permittivity material) as the background, except for the direction of capacitance change. 

This means that the cross-sectional position of the metallic rod can be reconstructed 

with a conventional algorithm for ECT.  

5.2.3 Fringe effect for dielectric or metallic rod at different axial position 

To examine the fringe effect at different axial positions, the head of the dielectric rod 

was placed from above the top end of the sensor electrodes by 4 cm to below the bottom 

end of the sensor electrodes by 4 cm with 2 cm as the interval. In this case, 8 axial 

positions were simulated, denoted as position 0 to 7 from the top to the bottom. The 

head of the metallic rod was positioned from above the top end by 10 cm to below the 

bottom end by 10 cm with 2 cm as the interval, denoted as position 0 to 13 similarly. 

With the 3D sensor model and distribution shown in Figure 5.2, the simulated 

capacitance after normalisation can be acquired for the dielectric or metallic rod at each 

specified axial position. To quantify the fringe effect, the corresponding 2D simulation 

result is obtained with the 2D sensor model as shown in Figure 5.2 (b) and used as the 

reference. To make it simple and straightforward for calculation, the averaged 

capacitance change after normalisation is used for the quantification of fringe effect. 

With the dielectric object, the fringe effect is evaluated by 

                  (5.1) 

where     and     are the corresponding averaged capacitance after normalisation of a 

whole measurement frame for the dielectric rod at specified cross-sectional and 

different axial positions with the 2D and 3D sensor models, respectively. With the 

metallic object, the fringe effect is defined as 

   
         

         
          

   (5.2) 

where    
  and    

  are the corresponding averaged capacitance after normalisation of a 

whole measurement frame for the metallic rod at specified cross-sectional and different 

axial positions with the 2D and 3D sensor models, respectively. The calculated fringe 

effect in each case is shown in Figure 5.4 (a) and (b), respectively: 



126 

 

(a) Dielectric rod 

 

(b) Metallic rod 

Figure 5.4 Change of fringe effect with axial position of dielectric (a) or metallic (b) 

rod in centre of sensor 

In Figure 5.4, the dotted vertical lines represent the top (red) and bottom (green) ends of 

the sensor electrodes. It is shown that the fringe effect decreases when the rod moves 

downwards. The closer the rod head is to the middle cross-section of the sensor, the 

faster the fringe effect decreases with the downward movement. It is noticed that the 

change rate of the fringe effect with the movement of the rod above the top end of 

sensor electrodes is a bit larger than that below the bottom end of sensor electrodes 

regarding the axially symmetric positions to the sensor’s middle cross-section. This may 

be because both dielectric and metallic rods would draw electric field lines to 

themselves. When the rod is above the top end of electrodes, the fringe effect would 

increase. When it is below the bottom ends, the fringe effect would decrease. This also 

results in the axial sensing range above the top end being larger than that below the 

bottom end. It shows that the axial sensing range for the metallic rod is larger than that 

for the dielectric rod, especially above the top end. This may be because the grounded 

metallic rod would act as a greater sank for electric field lines than the dielectric rod, i.e. 

it would draw more electric field lines to itself from a further distance. This leads to the 

fringe effect being much smaller when the head of the metallic rod reaches the bottom 

end of the electrodes (the green line in Figure 5.4 (b)) than that for the dielectric rod.  

To reduce the interferences of surroundings in the capacitance measurement, grounded 

end guards are usually applied to ECT sensors as shown in Figure 5.1. This would 

narrow the axial sensing range of an ECT sensor (Yan et al. 1999), i.e. the dielectric or 

metallic rod cannot be sensed outside this axial range, which is smaller than the 

respective range for the horizontal coordinate shown in Figure 5.4 (a) and (b). In this 
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situation, it is not feasible to implement the 3D imaging with a single-plane ECT sensor 

based on fringe effect. Figure 5.4 implies that it had better determine the axial position 

of the rod in the nearly linear region of the curve, e.g. when the rod head moves from 

the top end (referred to as the axial origin) to the bottom end of the electrodes, with less 

error. To make it simple and accurate, the axial position of the rod head is measured 

when it moves axially within the volume enclosed by the electrodes. To achieve this, 

the change pattern of the fringe effect with the axial position of the rod needs to be 

determined before 3D imaging. By examining the curve part between the top and 

bottom ends of the electrodes in Figure 5.4 (a) and (b), it is found that the data may be 

well interpolated with a polynomial, the order of which needs to be determined by 

experiment. This means that only several calibration points of fringe effect with the rod 

at certain axial positions are needed to derive the interpolation polynomial, which 

describes the change pattern of the fringe effect with the axial distance of the rod head 

from the axial origin. However, the difficulty is that the change pattern would be 

different for the rod at different cross-sectional positions. 

5.2.4 Change pattern of fringe effect with axial position of rod at different cross-

sectional positions 

To explore the change pattern of the fringe effect with the axial position of an object, a 

metallic rod is placed at three different cross-sectional positions as shown in Figure 5.2 

(b) and Figure 5.5 (a) and (b), which are denoted as centre, midway1 and edge1 

respectively. Both simulation and experiment were conducted. The impendence-

analyser-based ECT system as described in Chapter 2 was used in the experiment. The 

detailed description of the experiment setups except for the distribution can be found in 

section 5.3. Note that because the experimental system has a limited accuracy for 

capacitance measurement (referred to Hu et al. (2008)) and is more sensitive to 

grounded metallic objects than dielectric ones, only 3D imaging of a metallic rod is 

discussed in the following sections. Dielectric objects can be reconstructed in a similar 

way with a more accurate measurement system. 
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(a) Midway1 

 

(b) Edge1 

Figure 5.5 2D views of two object distributions examined in simulation for change 

pattern of fringe effect with the axial position of the rod 

With the object distributions shown in Figure 5.2 (b) and Figure 5.5 (a) and (b), the 

length of the rod and the axial position of its head change as required in each 3D 

simulation. The 3D simulation model is the same as shown in Figure 5.1 with grounded 

end guards applied. A material with relative permittivity of 1.8 and air are used as the 

high and low permittivity materials for calibration during the simulation. The acquired 

fringe effect with the rod at the centre or midway1 or edge1 in the cross-section of the 

sensor, is shown in Figure 5.6 (a) for comparison. Note that the rod head moves axially 

from the top end to the bottom end of the electrodes. Only the fringe effect at four test 

points is simulated because it is found that a third-order polynomial by data 

interpolation is good enough to describe the change pattern of the fringe effect with the 

axial distance of the rod head from the origin. This will be verified later by experiment.  

Figure 5.6 (a) shows that the change pattern of the fringe effect with the axial distance 

of the rod head from the origin is slightly different when the rod is at different cross-

sectional positions. The further the rod is from the sensor centre, the faster the change 

will be. This means that this change would depend on the cross-sectional distance of the 

rod from the sensor centre, which can be obtained by examining the reconstructed 2D 

image of the rod. Another interesting phenomenon is that the proportion of the fringe 

effect change within each interval of axial distance in Figure 5.6 (a) (i.e. 2 cm increase) 

to the total change within the whole measurement range, keeps constant. This makes it 

possible to determine the change pattern of the fringe effect with the axial position of 

the rod at any cross-sectional position by knowing the corresponding start (at 0 cm in 

Figure 5.6) and stop values (at 6 cm in Figure 5.6) of the fringe effect at this position 

and the change pattern of fringe effect with the rod at a specified cross-sectional 

position, e.g. in the sensor centre. The start value can be obtained by calibration in the 
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beginning of measurement. The stop value, however, is almost impossible to be attained 

through calibration since it has to be identified by measurement. However, the stop 

value does not change so much with the rod at different cross-sectional positions as 

shown in Figure 5.6 (a), i.e. 7.43%, 6.83% and 6.36% for the rod at the centre, midway1 

and edge1 respectively. Thus one possible method to obtain the stop value is to assume 

that it is constant with the rod at any cross-sectional position, which can be acquired by 

calibration. This needs to be confirmed by experiment. The experimental results with 

the distributions similar to those shown in Figure 5.2 (b) and Figure 5.5 are shown in 

Figure 5.6 (b). Note that the high permittivity material is changed to be table salt 

(      ) in the experiment for more stable measurements since the ECT system has a 

limited accuracy for capacitance measurement. 

 

(a) Simulated 

 

(b) Measured 

Figure 5.6 Change pattern of fringe effect with the axial position of the metallic rod at 

different cross-sectional positions 

The experimental results in Figure 5.6 (b) are consistent with the findings discovered in 

the simulation, i.e. the proportion of the fringe effect change within each interval of 

axial distance to the total change, keeps constant. The difference between the simulation 

and experimental results may be because of the use of different high permittivity 

material and a longer aluminium rod as well as the inferences from the surroundings in 

the experiment, which cannot be modelled exactly in the simulation. 

5.2.5 Circle centre location method 

Once the normalised capacitance is acquired by the experimental ECT system, the 

corresponding object distribution can be reconstructed in 2D with the sensitivity maps 

for the 2D sensor model and a conventional reconstruction algorithm, e.g. LBP and 
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Landweber iteration as described in Chapter 2. As discussed previously, the cross-

sectional centre of the reconstructed rod needs to be located to reconstruct the 3D image 

of the distribution. In the field of precise measurement with Gaussian laser spot, there 

are four popular centre location algorithms (Tang 2009): grey barycentre method, 

elliptical fitting, Gaussian distribution and cumulative Gaussian distribution fitting. 

Grey barycentre method is the simplest, but has the worst accuracy. Elliptical fitting is 

simple and the most efficient but with high location accuracy. Gaussian and cumulative 

Gaussian distribution fittings provide the highest location accuracy but are the most 

complicated and suitable for the precise centre location of very small laser spot. For the 

application in the centre location of the reconstructed 2D image of the metallic rod, the 

elliptical fitting is chosen for efficiency and sufficient accuracy. It needs three steps to 

locate the image centre: (1) Image binarization by thresholding; (2) Image de-noising or 

elimination of small harmful artefacts with circular shape; (3) Ellipse fitting and 

calculation of the centre coordinates. These steps are easy to be implemented in 

MATLAB with ready-made functions for image processing. 

Up to now, 3D imaging of the metallic rod can be implemented in 3 steps: 

(1) A 2D image of the metallic rod is first reconstructed with a frame of normalised 

capacitance from a single-plane ECT sensor, and the cross-sectional centre of 

the reconstructed image is located by applying the elliptical fitting algorithm; 

(2) The axial distance of the rod head from the axial origin is derived by calculating 

the fringe effect contained in the normalised capacitance using Equation (5.2) 

and solving the interpolation polynomial, which describes the change pattern of 

the fringe effect at the located cross-sectional centre; 

(3) The 3D image of the rod inside the sensor is reconstructed by fusing the results 

from step (1) and (2) and the prior knowledge about the object’s shape and size. 

Note that the change pattern of the fringe effect with the axial distance of the rod head 

from the axial origin is obtained by calibration before the 3D imaging process. 

5.3 Experimental results and discussion 

To verify the fringe-effect-based 3D reconstruction technique, a set of experimental 

setups has been established and tested using the impedance-analyser-based ECT system 
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(Hu et al. 2008). The background material, i.e. high permittivity material for calibration, 

has been selected to validate the feasibility of the proposed method in a large range of 

permittivity and characterise the 3D imaging in different situations. Table salt (   

   ) and deionised water (     ) are chosen to achieve this purpose. The background 

material with lower permittivity, e.g. air or packed plastic beads, would make the 

measurement less accurate because the resultant coupling capacitance is too small and 

the experimental system has a limited accuracy for capacitance measurement. Note that 

the low permittivity material for the calibration of the ECT system is still air. 

5.3.1 Experimental setup 

In the experiment, the metallic rod is placed at three different cross-sectional positions 

as shown in Figure 5.2 (b) and Figure 5.7 (a) and (b), which are denoted as centre, 

midway and edge respectively. The capacitance measurement with the rod in the centre 

is for calibration, while the ones with the rod at other two positions are for test. 

 

(a) Midway 

 

(b) Edge 

Figure 5.7 2D views of two object distributions tested in experiment for 3D imaging 

In the experiment, the metallic rod is attached to the beam head of a x-y-z stand, the 3D 

position of which can be adjusted using three verniers with an accuracy of 0.1 mm for 

each coordinate, i.e. the x and y coordinates determine the cross-sectional position and z 

coordinate determines the axial position. At first, the height of the beam head is 

adjusted to make the rod head in the same axial level as the top end of the electrodes in 

the ECT sensor, which is the origin of the z coordinate. Then by moving the beam head 

horizontally, the rod centre is positioned in the centre of the ECT sensor, which is the 

origin of the x and y coordinates. The x and y coordinates of the beam head are then 

adjusted to place the rod in the desired cross-sectional positions as shown in Figure 5.2 

(b) and Figure 5.7. Finally, the z coordinate of the beam head is varied for calibration 

and measurement. According to the definition of the above coordinate system, the x and 
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y coordinates of the cross-sectional centres of the rod in Figure 5.2 (b) and Figure 5.7 

are (0,0), (1,1) and (2,2), respectively, with cm as the unit, which are the reference 

coordinates for the subsequent centre location. Note that the z coordinates 0, 2, 4 and 6 

cm were implemented in the experiment for calibrating the change pattern of the fringe 

effect with the axial distance of the rod head from the origin in most cases when the rod 

was placed in the centre of the sensor’s cross-section as shown in Figure 5.2 (b).  

5.3.2 3D imaging of metallic rod with table salt as background material 

Centre location of reconstructed rod in 2D 

With table salt as the background material, the normalised capacitance with the two 

distributions in Figure 5.7 was acquired by the experimental ECT system when the rod 

was placed at different axial positions, which is shown in Figure 5.8. It shows that the 

normalised capacitance decreases with the increase in the axial distance of the rod head 

from the origin. Note that the legends “0cm”, “2cm”, “4cm” and “6cm” indicate the 

axial distance of the rod head from the axial origin. 

With the use of the normalised capacitance acquired above, the corresponding 2D 

images of the rod at different cross-sectional and axial positions are reconstructed using 

LBP and the sensitivity maps for the 2D sensor model, which are shown in Figure 5.9. 

Note that the blue colour represents the grounded metallic rod while the red one 

represents the background material, i.e. table salt in this sub-section. 

 

(a) Midway 

 

(b) Edge 

Figure 5.8 Normalised capacitance with rod at different cross-sectional and axial 

positions with table salt as the background material 
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Horizontal 

position 

2D 

reference 

Axial distance of the rod head from the origin (cm) 

 0  2  4   6 

 

 

Midway 

      

 

 

Edge 

     

                           

Figure 5.9 Reconstructed images of metallic rod at different cross-sectional and axial 

positions 

Figure 5.9 shows that the reconstructed rod would become larger in the cross-sectional 

area and more and more similar to its 2D reference when the rod head approaches the 

bottom end of the electrodes, referred to as the end point for measurement in the 

following sections. This is consistent with the change pattern of the fringe effect with 

the axial distance of the rod head from the origin. The centre location algorithm 

mentioned previously was applied to those 2D images. The results are shown in Figure 

5.10. Note that the green ellipse in each image represents the data fitting ellipse. The 

located cross-sectional centres of those reconstructed images are shown in Table 5.1. 
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Figure 5.10 Centre location results for reconstructed 2D images of metallic rod at 

different cross-sectional and axial positions 
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Table 5.1 Located cross-sectional centres of reconstructed 2D images of metallic rod at 

different cross-sectional and axial positions with LBP 

Horizontal  

position 

 

Coordinates 

 

2D 
Axial distance of the rod head from the origin (cm) 

0 0.93 2 2.43 4 5.43 6 
 

Midway 
x 0.48 0.46 0.43  0.43  0.44  0.45  0.43  0.42  

y 0.47 0.35 0.41 0.52 0.49 0.57 0.52 0.49 
 

Edge 
x 1.05 1.01  1.02  1.06  1.12  1.21  1.19  1.17 

y 1.05 0.86 1.02 1.13 1.18 1.29 1.26 1.29 

 

Table 5.1 shows that the centre location error of the reconstructed rod at each specified 

axial position with LBP is rather large, because the reconstructed images with LBP are 

merely qualitative, as shown in Figure 5.9. A better location accuracy can be obtained 

when the rod is approaching the end point for measurement, e.g. 4 and 6 cm away from 

the axial origin, since a much larger response of capacitance change can be acquired in 

these cases, i.e. the SNR is relatively high. To improve the centre location accuracy, 

Landweber iteration was adopted to reconstruct the 2D images of the rod at different 

positions. The located cross-sectional centre of the reconstructed rod at different cross-

sectional and axial positions with Landweber iteration is shown in Table 5.2. Note that 

the iteration number is 15 and the relaxation factor is updated in each step according to 

the method proposed by Liu et al. (1999) during the iteration. 

Table 5.2 Located cross-sectional centre of reconstructed rod at different cross-

sectional and axial positions with Landweber iteration 

Horizontal 

position 

 

Coordinates 
 

2D 
Axial distance of the rod head from the origin (cm) 

0 0.93 2 2.43 4 5.43 6 
 

Midway 
x 0.75  0.51 0.65 0.66 0.69 0.69 0.67 0.67 

y 0.74 0.47 0.5 0.79 0.74 0.92 0.80 0.79 
 

Edge 
x 1.44  1.41 1.43 1.35 1.49 1.34 1.44 1.4 

y 1.44 1.28 1.49 1.51 1.63 1.43 1.57 1.66 

 

Apparently, the centre location accuracy is enhanced greatly using the Landweber 

iteration, especially when the rod head is close to the axial origin, e.g. 0 and 2 cm away 

from the origin. By referring to the inner diameter of the ECT sensor wall, i.e. 10.2 cm, 

the maximum relative error for the centre location is around 7% for each coordinate 

after 15 iterations. With the located cross-sectional centre and known size of the rod, a 
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more accurate 2D image can be obtained. The reconstructed 2D images before and after 

using the prior knowledge are shown in Figure 5.11 with the rod at different cross-

sectional and axial positions. 
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Figure 5.11 Reconstructed 2D images of rod inside table salt before and after using 

prior knowledge and proposed method 

Figure 5.11 shows that much better images can be reconstructed after using the prior 

knowledge. Once the axial position of the rod is derived, 3D imaging of the metallic rod 

with a single-plane ECT sensor would be completely feasible. 

Derivation of axial distance of rod head from origin 

In the first experiment, the axial distances of the rod head from the origin were set to be 

0, 0.93, 2, 2.43, 4, 5.43 and 6 cm for both of the distributions shown in Figure 5.7. As 

mentioned previously, the fringe effect with the rod head at the axial origin in each 

distribution was used to calibrate the interpolation polynomial for the derivation of the 

axial position of the rod. Using the previously proposed method, the axial distance of 
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the rod head from the origin can be estimated for each specified cross-sectional position 

of the rod and shown in Table 5.3. 

Table 5.3 Derived axial distance of rod head from origin for each specified cross-

sectional position of rod 

Horizontal  

position 

Axial distance of rod head from origin (cm) 

0.93 2 2.43 4 5.43 6 

Midway 0.95 2 2.42 3.99 5.31 6.14 

Edge 0.94 2 2.46 4.07 5.41 6.27 

 

Table 5.3 shows that the derivation accuracy of the axial distance of the rod head from 

the origin with the rod at the midway is higher than that with the rod at the edge, 

because the fringe effect at the end point with the rod in the edge is much less than that 

with the rod in the centre, which is used in the derivation and only slightly larger than 

that with the rod at the midway. It shows that the derivation accuracy with both the 

distributions deteriorates with the increase in the axial distance of the rod head from the 

origin, which is about 0.27 cm at the end point, because the fringe effect decreases more 

and more slowly when the rod head is approaching the end point, i.e. a relatively small 

change in the fringe effect (caused by the calibration and measurement errors) would 

derive a relatively large change in the estimated axial distance. This may be improved 

by calibrating the fringe effect with both the distributions when the rod head is at the 

end point. With the rod at the edge, the fringe effect at the end point is less than that 

with the rod in the centre by around 1% in both the simulation and experiment. If this 

small difference is calibrated, the derived axial position of the rod head at the end point 

is about 6 cm away from the origin, improving the accuracy. After the calibration, the 

derived axial distance of the rod head from the origin with the rod at the midway or 

edge is shown in Table 5.4. By referring to the axial measurement range of 6 cm, 

however, the maximum relative derivation error is less than 5% before the calibration. 

Table 5.4 Derived axial distance of rod head from origin with rod at midway and edge 

after calibration 

Horizontal  

position 

Axial distance rod head from origin (cm) 

0.93 2 2.43 4 5.43 6 

Midway 0.95 1.99 2.41 3.98 5.28 6 

Edge 0.93 1.98 2.44 4.02 5.29 6 
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Table 5.4 shows that after the calibration, the estimation accuracy for the axial distance 

of 5.43 cm is relatively large (0.15 cm for the maximum). This may be induced by the 

measurement error or data interpolation error. In a more detailed test, a fourth-order 

polynomial interpolation was attempted. It was calibrated by the measured fringe effect 

with the rod in the centre and with axial distances of 0, 2, 4, 5, 6 cm from the origin. 

The results from the fourth-order interpolation with the rod at the edge are indentified 

by the row No. 3 in Table 5.5. The rows No.1 and 2 are from the third-order 

interpolation before and after calibrating the fringe effect at the end point. It shows that 

the fourth-order interpolation does not improve the estimation result as expected, which 

become even worse at some test points. To examine the influence of piecewise 

interpolation on the estimation accuracy, a third-order piecewise interpolation was also 

attempted but still no significant improvement could be achieved. Based on this finding 

and the comparison shown in Table 5.5, it is concluded that the estimation error at the 

axial distance of 5.43 cm in the previous test as shown in Table 5.4 may be because of 

the measurement error since it is reduced in the new test while the derivation errors at 

some other test points become slightly worse. 

Table 5.5 Derived axial distance of rod head from origin with rod at the edge before 

and after using fourth-order polynomial interpolation 

Horizontal 

position 

 

No. 
Axial distance of rod head from origin (cm) 

0.43 1 1.43 2 2.43 3 3.43 4 4.43 5 5.43 6 

 
Edge 

1 0.42 0.95 1.43 1.99 2.44 3.07 3.46 4.03 4.41 4.99 5.39 6.2 

2 0.42 0.95 1.43 1.98 2.43 3.05 3.44 4 4.38 4.95 5.33 6 

3 0.5 1.03 1.47 1.98 2.4 3 3.39 4 4.44 5.05 5.53 6 

 

5.3.3 3D imaging of metallic rod with deionised water as background 

In the previous section, the feasibility of the 3D imaging of a metallic rod with a single-

plane ECT sensor is testified when table salt acts as the high permittivity background 

material. One may wonder whether it is possible for a background material with very 

high permittivity, such as deionised water, and what is the characteristics in this 

situation. In another test, deionised water was used as the high permittivity material and 

the two object distributions as shown in Figure 5.7 were established. The normalised 

capacitance for these two distributions with the rod at different axial position is shown 
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in Figure 5.12. The legends “0cm”, “2cm”, “4cm” and “6cm” indicate the axial distance 

of the rod head from the origin. 

 

(a) Midway 

 

(b) Edge 

Figure 5.12 Normalised capacitance for metallic rod at different cross-sectional and 

axial positions with deioised water as background 

Figure 5.12 shows that the normalised capacitance changes similarly with the axial 

distance of the rod head from the origin as discovered previously. However, the 

difference between the normalised capacitance for the adjacent or nearly adjacent 

electrode pairs (e.g. those indentified by measurement number 1 and 2 in Figure 5.12) 

and the reference value of 1.0 (when the sensor is filled with high permittivity material) 

is much larger than that with table salt. The maximum difference of the normalised 

capacitance between different electrode pair from 1.0 is much smaller than that with 

table salt. This may be induced by the highly non-linear behaviour of capacitance 

measurement with background material of very high permittivity. Together with the 

sensitivity maps from the 2D sensor model, 2D images of the metallic rod can be 

reconstructed. The located cross-sectional centre of the reconstructed rod at different 

axial position with LBP is shown in Table 5.6, which shows better location accuracy 

than the corresponding result with LBP for table salt in the previous section. This may 

be because the SNR of the capacitance measurement with deionised water as 

background material is much higher than that with table salt. The averaged capacitance 

change after normalisation of a whole measurement frame with the former is smaller 

than that with the latter when the metallic rod presents at a specified 3D position inside 

the sensor. This results in the reconstructed rod with the former being smaller in cross-
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sectional area than that with the latter which may help to enhance the location accuracy. 

Similarly, Landweber iteration was attempted to improve the centre location accuracy 

for the reconstructed rod at different axial position. The results are shown in Table 5.7. 

The location accuracy of the x coordinate of the reconstructed rod centre slightly 

deteriorates after 15 iterations when the rod head is close to the axial origin or stays 

almost the same otherwise, while for y coordinate it is improved significantly, 

especially when the rod head is close to the end point. This may be because the 

maximum difference between the normalised capacitance for different electrode pairs is 

much smaller with background material of high permittivity (deionised water) than that 

with background material of low permittivity due to the presence of the rod inside the 

sensor (the former is almost half of the latter), which becomes even smaller when the 

rod head is close to axial origin. As the Landweber iteration is a linear reconstruction 

method, the grey level contrast of the reconstructed image would be small with the 

small contrast of normalised capacitance for different electrode pairs and easily be 

affected by iteration errors due to the highly nonlinear behaviour of the capacitance 

measurement with high permittivity material. This would finally influence the centre 

location accuracy with Landweber iteration. 

Table 5.6 Located cross-sectional centre of reconstructed rod in 2D at different axial 

position with LBP 

Horizontal  

position 

 

Coordinates 

 

2D 
Axial distance of rod head from origin (cm) 

0 1 2 2.43 4 5.43 6 
 

Midway 
x 0.59 0.43 0.49  0.53  0.56  0.6  0.6  0.61  

y 0.59 0.55 0.64 0.72 0.74 0.83 0.84 0.86 
 

Edge 
x 1.47 1.38  1.43 1.45  1.49  1.45  1.44  1.43 

y 1.47 1.49 1.6 1.64 1.66 1.68 1.65 1.66 

 

Table 5.7 Located cross-sectional centre of reconstructed rod in 2D at different axial 

position with Landweber iteration 

Horizontal  

position 

 

Coordinates 

 

2D 
Axial distance of rod head from origin (cm) 

0 1 2 2.43 4 5.43 6 
 

Midway 
x 0.83  0.36 0.39 0.43 0.44 0.51 0.49 0.59 

y 0.83 0.64 0.71 0.77 0.8 0.91 0.92 1 
 

Edge 
x 1.43 1.23 1.26 1.35 1.36 1.4 1.41 1.39 

y 1.42 1.51 1.6 1.71 1.73 1.83 1.82 1.82 
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Using the previously proposed method, more accurate 2D images can be reconstructed 

with the located centre of the reconstructed rod in 2D and the prior knowledge about the 

rod size, which are shown in Figure 5.13. Note that the 2D images before using the prior 

knowledge with the rod at the axial distances of 0 and 2 cm are reconstructed by LBP, 

while others are reconstructed by Landweber iteration (15 iterations and the relaxation 

factor is updated in each step as discussed previously), because the centre location 

accuracy with LBP for the rod at the axial distances of 0 and 2 cm is better than that 

with Landweber iteration. Using the method proposed previously, the axial distance of 

the rod head from the origin can be derived after calibrating the fringe effect at the end 

point with rod at the midway and edge of the cross-section of the sensor, which is 

shown in Table 5.8. It shows that less than 3% relative estimation error (referred to the 

measurement range of 6 cm) can be obtained in this situation. The above results confirm 

that 3D imaging of the metallic object with the single-plane ECT sensor is fully feasible 

for relatively low and high permittivity background materials (i.e. table salt and 

deionised water). 
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Figure 5.13 Reconstructed 2D images of rod inside deionised water before and after 

using prior knowledge and proposed method 
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Table 5.8 Derived axial distance of rod head from origin with rod at midway and edge 

of cross-section after calibrating fringe effect at end point 

Horizontal  

position 

Axial distance of rod head from origin (cm) 

0.43 1 1.43 2 2.43 3 3.43 4 4.43 5 5.43 6 

Midway 0.42 0.98 1.43 2 2.46 3.02 3.47 4 4.42 4.94 5.37 6 

Edge 0.44 1.01 1.48 2.07 2.52 3.1 3.55 4.08 4.49 5.02 5.44 6 

 

With the derived axial distance of the rod head from the axial origin, the 3D image of 

the metallic rod can be reconstructed by extruding the reconstructed 2D image upwards 

along the axial direction accordingly, which is subject to the experiment setup and the 

defined 3D volume for illustration. 

5.3.4 Estimation of 2D reference and calibration of fringe effect at end point 

From the simulation and experiment, it was found that the averaged capacitance after 

the normalisation of a whole measurement frame only depends on the distance of the 

rod centre from the cross-sectional centre of the sensor at a fixed axial position, because 

the ECT sensor has 8 circular symmetric electrodes with a small gap between adjacent 

electrodes, which is approximately rotation invariant. This means that each time the 

cross-sectional centre of the reconstructed rod in 2D is located first, and then the 

distance between the located centre and the sensor centre can be calculated. This 

calculated distance can be used to derive the 2D reference required in equation (5.2) for 

the examination of the fringe effect by solving an interpolation polynomial, which is 

established prior to the reconstruction to describe the change pattern of the 2D reference 

with the cross-sectional distance of the rod centre from the sensor centre, as shown in 

Figure 5.14 (a). For the calibration of the fringe effect at the end point, the same method 

can be adopted since an interpolation polynomial can also be obtained from the 3D 

simulation, which describes the change pattern of the fringe effect variation at the end 

point (by referred to that with the rod in the centre of the sensor) with the cross-

sectional distance of the rod centre from the sensor centre, as shown in Figure 5.14 (b). 
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(a) 2D reference 

 

(b) Fringe effect variation at end point 

Figure 5.14 2D reference and fringe effect variation at end point with rod at different 

cross-sectional positions and table salt as background material 

5.4 Summary 

This chapter is dedicated to the fringe-effect-based 3D imaging of an metallic rod with a 

single-plane ECT sensor. The objective was to explore the model-based 3D imaging 

principle utilising the fringe effect contained in ET measurement and the prior 

knowledge about the shape and size of the object to be imaged. In the beginning, the 

imaging principle for metallic objects with ECT is illustrated. With the capacitance 

measurement from a single-plane ECT sensor, 2D images of the metallic rod can be 

reconstructed, the centre of which can be located by certain algorithm. In the meantime, 

the fringe effect contained in the measured capacitance after normalisation can be 

examined to estimate the axial position of the object. At last, 3D images of the rod can 

be reconstructed by fusing the derived 3D position of the rod and the prior knowledge 

about its shape and size. Based on the proposed method, experiment was conducted to 

locate the centre of the reconstructed rod in 2D and estimate its axial position while 

table salt and deionised water were used as the high permittivity background material 

respectively. The results show that the 3D position of the rod can be calculated 

accurately in both cases. It is suggested that the proposed method can be applied to 3D 

imaging of a dielectric object with a single-plane ECT sensor or 3D imaging with a 

single-plane ERT or EMT sensor when the shape and size of the object are prior 

knowledge and a similar process is involved, e.g. the removal of the bone cement with a 

milling tool during total hip revision. 
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Chapter 6: Conclusions and future work 

This chapter will present conclusions drawn from the simulation and experimental 

results obtained in the previous chapters. Based on the conclusions, some suggestions 

will be made for future work. 

6.1 Conclusions 

Fringe effect occurs in the conventional 2D imaging with ET sensors. It is associated 

with the sensor structure and object distribution as well as the measurement strategy, 

which was investigated systematically in this research. In view of the relevant findings, 

fringe effect can be reduced by the appropriate design of sensor structure or the use of 

some compensation method. To turn the disadvantage into advantage, fringe effect is 

applied in the 3D imaging of certain processes with a single-plane ECT sensor. 

With voltage-excitation strategy and axially uniform distributions, either symmetric or 

non-symmetric, ECT and ERT sensors have similar fringe effect for a particular 

electrode length with or without grounded end guards regarding the normalised 

measurement or reconstructed 2D image by LBP. The simulation result from the 

corresponding 2D sensor model was used as the reference in the evaluation of the fringe 

effect for different structures of ECT/ERT sensors. It was revealed that the fringe effect 

would decrease with the increase in the electrode length and the use of grounded end 

guards would narrow the axial sensing range of the sensor. The feasibility of ERT with 

voltage-excitation was verified by experiment, which enables the use of grounded end 

guards in ERT sensors to reduce their fringe effect. This makes it possible to integrate 

ECT/ERT sensors into one for ECT/ERT dual-modality measurement to simplify the 

sensor structure and reduce the inference between each other. There are two drawbacks, 

however, for the use of long electrodes and grounded end guards: (1) Long electrodes 

can lower the axial sensing resolution of ECT/ERT sensors. Therefore, a trade-off needs 

to be made between the fringe effect and axial sensing resolution in some applications; 

(2) Grounded end guards have a negative effect on the capacitance or conductance 

measurement since electric field lines are drawn to the grounded guards as described by 

Yang (2010) and may not be applicable when the background medium is highly 

conductive. 
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For ERT with adjacent current-injection and voltage-measurement strategy, much less 

fringe effect would occur with axially uniform distribution, compared with ECT/ERT 

with voltage-excitation, because the equivalent electrical models are different in these 

two cases. To investigate the influences of the non-uniformity of the axial distribution 

on the fringe effect, simulation was conducted for objects with different axial length and 

conductivity contrast to the background medium, and at different axial position. For 

conductive or non-conductive objects inside the sensor plane, it was concluded that the 

fringe effect would decrease with the increase in the object length. More conductive the 

object is compared with the background, less fringe effect there would be, if the axial 

length and position of the object are specified. For non-conductive objects outside the 

sensor plane, it was concluded that the fringe effect would increase with the increase in 

the object length for a particular axial position, and decrease with axial distance of the 

object from the sensor plane for a particular axial length. To reduce the fringe effect, a 

compensation method was suggested, i.e. selective scaling, which was proven to be 

effective by simulation and experiment, especially for the distribution with two objects 

at different axial positions. Based on the compensation method, a three-plane ERT 

sensor scheme was proposed to reduce the fringe effect induced by objects outside the 

sensor plane and the over-estimation of object size by Landweber iteration, which was 

also validated by simulation and experiment. The drawback is that overestimation of 

object size by Landweber iteration may not occur all the time, especially when the 

distribution is severely axially non-uniform, e.g. the object to be imaged is much shorter 

than the tube. For the verification, an experimental ERT system was established with 

Howland circuits, differential amplification circuits and a commercialised data 

acquisition unit (Agilent 34972A). 

Simulation showed that fringe effect is related to the axial position and length of an 

object with a regular shape within the axial sensing range of an ET sensor. This implies 

that it can be applied to 3D imaging with a single-plane ET sensor. Instead of 

visualising dielectric materials, a single-plane ECT sensor was used to do 3D imaging 

of a metallic object, the principle of which was introduced by simulation. During the 3D 

imaging process, a 2D image of the object is reconstructed first, the cross-sectional 

centre of which can be located with certain algorithms. By examining the fringe effect, 

the axial position of the object head can be derived with the calibration curve obtained 

by data interpolation before the 3D imaging, which describes the change pattern of the 
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fringe effect with the axial position of the object head. With the 3D position of the 

object head, the 3D image of the object inside the sensor can be reconstructed by 

incorporating the prior knowledge about its shape and dimensions. Table salt and 

deionised water were used as the background material for 3D imaging of a metallic rod 

in the experiment, where different reconstruction algorithms and derivation methods 

were attempted. Experimental results showed that the proposed 3D imaging method is 

feasible. For the practical use, some calibration issues were also addressed. 

6.2 Future work 

In view of the conclusions drawn from this research, future work is suggested in the 

following aspects. 

ERT with voltage-excitation needs to be further verified by experiment regarding 

minimising the effect of contact impendence in different applications and used with 

grounded end guards to reduce the fringe effect and improve the measurement accuracy. 

Relevant electronics need to be developed for ECT/ERT dual-modality measurement 

with a common sensor as proposed in Chapter 3. The dual-modality measurement 

accuracy for the conductive and non-conductive phases in a multiphase flow will be 

evaluated by experiment. In certain cases where the measurement requires the electrode 

length to be much shorter than the sensor dimension, the electrode combination strategy 

as mentioned in Chapter 2 may be tested for its effectiveness in reducing the fringe 

effect of ECT and ERT sensors with voltage-excitation. 

The compensation method for fringe effect and three-plane ERT sensor scheme in 

Chapter 4 may be combined together to reduce the fringe effect due to the axially non-

uniform distribution, either induced by objects outside the sensor plane or not. More 

complicated distributions with multiple objects and different conductivity contrast, may 

be tested with this combined technique to verify the feasibility. The geometry 

parameters of the three-plane ERT sensor may be optimised according to the typical 

flow pattern in a particular application. 

To develop a real-time visualisation tool for total hip revision with ECT, a conical ECT 

sensor has been designed and made, as shown in Figure 6.1, for a test with a pig shank. 

The marrows inside the main bone of the pig shank were removed before the test. It was 
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found that the images of the metal rod inside the bone of the pig shank are not as 

accurate as inside table salt or deionised water in Chapter 5. This may be because the 

relative permittivity of the human tissues, especially the muscles, is too high (several 

hundred for muscles) at low frequencies below 5 MHz and the water inside the tissues is 

conductive. Because most tissues of human beings are more or less conductive and the 

bone cement is almost non-conductive (Brendle et al. 2012a, Brendle et al. 2012b).  

 

Figure 6.1 Conical ECT sensor 

Due to the ineffectiveness of ECT sensor, the fringe-effect-based 3D imaging technique 

may be applied with a single-plane ERT or EMT sensor to visualise the milling process 

in total hip revision. Improved calibration methods without milling the bone cement 

need to be devised to acquire the change pattern of the fringe effect with the axial 

position of the milling bit before the imaging process. Other techniques may be 

attempted to estimate the 3D position of the milling bit, e.g. input an AC voltage signal 

into a milling tool and measure the response signal on each electrode (grounded for 

detection) of an ECT sensor in sequence to determine the respective mutual capacitance, 

which may be used for positioning. Another challenge is when the moving path of the 

milling bit is not vertical but tilt, where a multi-plane ET sensor may be applied. 
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