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Abstract—Electrical capacitance tomography (ECT) is a 
non-invasive imaging technique that aims at visualization 
the permittivity distribution of dielectric materials based on 
the measured capacitances. In this paper, the 3D finite 
element models of a direct 3D ECT sensor with or without 
dielectric spheres inside the sensor are set up by using finite 
element modeling. The sensitivity analysis of the sensor is 
carried out by means of electric field intensity. A 
Landweber iteration method with non-zero threshold is 
presented to reconstruct 3D permittivity distributions 
directly. 3D visualization of the reconstructed result (volume 
data) is achieved by iso-surface. 3D images reconstructed 
and error analysis show that the Landweber iteration 
method with non-zero threshold has much better 
reconstruction performance compared with the classic 
Landweber iteration method. 
 
Index Terms—ECT, 3D reconstruction, 3D visualization, 
finite element modeling 
 

I.  INTRODUCTION 

Electrical capacitance tomography (ECT) is a non-
intrusive and non-destructive imaging technique that 
seeks to image materials with a contrast in dielectric 
permittivity using measurements of capacitance between 
a set of electrodes, which are placed around the periphery 
of a vessel or pipe to be imaged. The 2D or 3D material 
distribution within the vessel can be obtained from the 
measured data by a suitable reconstruction algorithm. 
ECT offers some advantages over other tomography 
modalities, such as no radiation, rapid response, low 
construction cost and suitability for small or large vessel. 
Typical applications of ECT include the monitoring of 
oil-gas flows in pipelines, gas-solids flows in pneumatic 
conveying and imaging flames in combustion [1]-[5] 

The classic ECT is to reconstruct 2D images of a 
process cross section. Most processes take place in 3D 

space; therefore direct 3D ECT [2]-[4] has gained 
increased attention in the past few years. As a classic 
ECT system, a direct 3D ECT system consists of three 
basic components: a capacitance sensor, a data 
acquisition system, and an image computer for 
reconstruction and viewing. The basic structure of the 
sensor and the measurement concept in direct 3D ECT 
are the same as in classic ECT. The difference lies in the 
layout of electrodes. The electrodes are arranged in 
single-layer for a classic ECT sensor, while a direct 3D 
ECT sensor usually has at least two-layer electrodes in 
axial direction.  

In ECT technique, the forward problem is to determine 
the capacitance values for known permittivity distribution. 
Conversely, the inverse problem is to obtain the material 
distribution (permittivity) distribution) from the 
capacitance measurements — a process known as image 
reconstruction [5]. Currently, the research on direct 3D 
ECT is still in its initial stage. The reasons for this are 
serious difficulties in sensor design, measurement circuit 
design, 3D finite element (FE) modeling, reconstruction 
algorithms and 3D visualization [4]. In this paper, the 
authors present their work on direct 3D ECT. 3D FE 
modeling, 3D sensitivity calculation and analysis, 3D 
reconstruction algorithm and 3D visualization are focused 
on. 

II. DIRECT 3D ECT SENSOR AND ITS 3D FE MODELING 

A.  The Structure of the Sensor 
A direct 3D ECT sensor with 12 electrodes is used in 

this paper. The 12 electrodes numbered from 1 to 12 are 
arranged on the outer surface of an insulating pipe in 
three layers, each layer has four electrodes, as shown in 
Fig.1. The height, inner and outer diameters of the pipe 
are 54mm, 46mm and 50mm, respectively. The pipe wall 
is assumed to have a relative permittivity of 4. The 
earthed screen is 8mm from the electrode array. Each 
electrode is 9mm in height and 29.45mm in width. The 
gap length between electrodes in the horizontal and 
vertical direction is 9.8mm and 9mm, respectively.  
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Figure 1.  Structure of a direct 3D ECT sensor. 

 
Figure 2.  The FE mesh used when the sensor is empty. 

To establish the mathematical model of the sensor, it is 
necessary to describe how the capacitance measurements 
are performed. In a complete measurement cycle, a 
excitation potential cV is first supplied to electrode 1 
(which is referred to as the source electrode) and the 
capacitances between 1 and 2, 1 and 3, …, and 1 and L  
( L  is the number of electrodes) are measured. Next, 
electrode 2 is the source electrode and the capacitances 
between 2 and 3, 2 and 4, …, and 2 and L are measured.  
This process continues until electrode 11 is the source 
electrode, and the capacitance between 11 and 12 are 
measured [5]-[7]. The earthed screen and all the 
electrodes besides the source electrode are at earth or 
virtual earth potential in the measurement. In this way, a 
total of 2/)1( −= LLM  independent capacitance 
measurements are produced in a cycle. In this paper, 
L =12 and M =66. 

 

 

B.  3D FE Modeling of the Sensor  
The electrostatic field in ECT sensor is governed by 

Laplace’s equation (assuming no free charge inside the 
screen) [7]-[8]: 

 
( ) ( )[ ] 0,,,, =∇⋅∇ zyxzyx ϕε                 (1) 

 
and the associated boundary conditions (the Dirichlet 
conditions, i.e. the known potentials of all the electrodes 
and the screen) imposed by the measurement technique, 
when electrode i  is the source electrode )11,...,2,1( =i , 
are 
 

( )( ) ( )( ) ( )( ){ }00),,..1( =Γ=≠=Γ=Γ= sjci ijLjVB ϕϕϕ ∪∪  
 
where )zy,x,(ε and )zy,x,(ϕ  are, respectively, the 3D 
permittivity and potential distributions; 1Γ , 2Γ , …, and 

12Γ represent the spatial location of the 12 electrodes, 

sΓ that of the sensor screen. 
Since the permittivity distribution is, in general, very 

irregular, there is no analytical solution to (1). Therefore, 
the finite element (FE) method [8]-[11] is used to obtain a 
numeric solution. The FE analysis and simulation work in 
this study is carried out with the help of COMSOL 
Multiphysics software.  

COMSOL Multiphysics is a FE analysis software 
package for various physics and engineering applications, 
especially coupled phenomena, or multiphysics. It also 
offers an extensive interface to MATLAB and its 
toolboxes for a large variety of programming, pre-
processing and post-processing possibilities. The 
COMSOL Multiphysics simulation environment 
facilitates all the steps in the modeling process – defining 
your geometry, meshing, specifying your physics, solving, 
and then visualizing your results.  

The modeling steps used in this study can be listed as 
follows.  

1) Select Space Dimension>3D.  
2) Select AC/DC>Electrostatics (es) in the Add physics 

tree.  
3) Select Preset Studies>Stationary in the Studies tree.  
4) Draw the sensor geometries.  
5) Set electrical properties in the domains.  
6) Set the boundary conditions, i.e., add electrodes and 

earthed screen as terminals.  
7) Generate the unstructured tetrahedral mesh.  
8) Solve FE equation and obtain the node potential 

distribution. 
9) Compute capacitances and the distribution of 

electric field intensity (when necessary) using the post-
processing capabilities in COMSOL. 

When the sensor is empty, the simulation model 
established by conducting above steps from 1 to 6 is 
shown in Fig.1. The FE mesh obtained after step 7 is 
shown in Fig.2; the domain is partitioned into 65385 
tetrahedrons.  

III.  3D SENSITIVITY ANALYSIS 

The sensing field of an ECT sensor is non-uniform 
distributed in a 3D space. The sensitivity maps are 
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Figure 3.  Normalized sensitivity maps for all 66 electrode pairs in 
selected positions. (a) Two positions selected. (b) Axial sensitivity 

maps in the center. (c) Axial sensitivity maps near the wall. 

usually obtained by FE analysis [8]. Subdividing the 
domain (the volume enclosed by the screen) into a 
number of voxels (volume element), the sensitivity of kth 
voxel of electrode pair i-j can be defined as: 

 

dxdydz
V

yzxEzyxE
ks

kV c

ji
ij ∫

⋅
−≅ 2

),(),,(
)(                   (2) 

 
where ),,(),,,( zyxEzyxE ji are the electric field intensity 
when the excitation voltage Vc is applied to ith electrode 
and jth electrode, respectively, Vk denotes the kth voxel.  

FE meshes in 2D tomography usually have a few 
hundred pixels. In the case of 3D tomography the number 
of voxels reaches up to thousands or even more. Using a 
typical FEM mesh generator, the obtained mesh is denser 
in the vicinity of the electrodes and sparser in the middle. 
This is desirable since the electric field can be calculated 
more accurately but, as a result, a lot of elements are very 
small. From the view of reconstruction point, this is a 
waste of valuable computing resources and results in 
more undetermined inverse problem (more elements are 
used to construct the domain to be reconstructed). In [4], 
a coarse and homogeneous 3D FE mesh is used for FE 
analysis and image reconstruction, thus the problem 
caused by an inhomogeneous distribution of element 
density is avoided at the cost of FE analysis accuracy. 

The values of the electric field intensity required are 
calculated using the FE mesh shown in Fig.2. But this FE 
mesh is not used for image reconstruction since it is 
inhomogeneous, with a lot of very small elements. 
Another homogeneous mesh is generated specially for 
image reconstruction. In doing so, the 
46mm×46mm×54mm space is digitized into 23×23×24 
voxels, each voxel is 2mm×2mm×2.5mm. In this way, 
both the requirements of FE analysis and image 
reconstruction are ensured. 

In the mesh for image reconstruction, the layers in z 
direction are 24. Layer 1 is in the bottom. Electrode 1~4 
occupy layer 19~22, electrode 5~8 occupy layer 11~14, 
and electrode 9~12 occupy layer 3~6. To illustrate the 3D 
sensing field of the sensor, two positions in cross-section 
are selected, one in the center, and the other near the wall, 
see Fig.3 (a). The normalized sensitivity maps for all 66 
electrode pairs corresponding these two positions are 
given in Fig.3 (b) and (c), which can present the axial 
distribution of sensitivity more clearly. Following can be 
found in Fig.3.  

1) The difference in sensitivities among different 
electrode pairs is very large;  

2) The sensitivity inhomogeneity of any electrode pair 
is very serious. 

The sensitivity analysis is necessary for ECT sensor 
design. Not only that, the sensitivity matrix (Jacobian) S 
obtained by sensitivity analysis plays a crucial role in 
image reconstruction. Currently, LBP method and 
Landweber iteration method are the most widely used 
reconstruction algorithms. LBP is simple and fast, but the 
quality of the image reconstructed by LBP is relatively 
low. Compare with LBP, Landweber iteration method can 

produce much better images at the expense of more time 
consuming [5],[12]-[13]. 

IV. LANDWEBER ITERATION METHOD WITH NON-ZERO 
THRESHOLD 
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A.  Classic Landweber Iteration Method 
In ECT, the relationship between the measured 

capacitance and the permittivity distribution of the region 
to be reconstructed is nonlinear but, for simplicity, can be 
simplified to a linear form SGC = . G, C and S are the 
normalized permittivity (i.e. grey level) vector, the 
normalized capacitance vector and the normalized 
sensitivity matrix. 

The Landweber iteration method is one of the 
variations of the steepest gradient descent method and its 
cost function to be minimized is expressed as 

 
2

2
1)( SGCG −=f                             (3) 

The gradient of f(G) with respect to G can be defined 
as  

 
)()( SGCSG −=∇ Tf                          (4) 

 
The iteration procedure of classic Landweber iterative 

method can be written as: 
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        (5) 

 
The non-linear function P in (5) constrain the 

reconstructed image so that ],1,0[1 ∈+kG  i.e. when a 
normalized grey level is less than zero it is constrained to 
zero and when it is larger than “1” it is constrained to “1”. 
It has been found that the inclusion of the constraint 
function is necessary in order to regularize the iteration 
and to produce a stable solution. Usually, the initial 
image is obtained by LBP method [12]-[13], and the step 
length ,2 maxλα = maxλ is the maximum eigenvalue of 

.SST  

B.  Landweber Iteration Method with Non-zero Threshold   
Classic Landweber iterative method given in (5) 

usually can reconstruct good images in 2D ECT system. 
But when using in direct 3D ECT system, its 
reconstruction images are not satisfactory due to the 
existence of too many artifacts, see Fig. 4 in section V.  

An image artifact is any pattern within an image which 
is not present within the original object. As seen in (5), 
the image vector is corrected iteratively by ).( k

T SGCS −α  
When the number of capacitance data is much smaller 
than the number of pixels, )( kSGC −  becomes 
insignificant, and the image is basically corrected by ,TS  
producing the so-called “sensitivity-caused artifacts”. 
That is, the generated image seems to be directed toward 
the stronger sites of the sensitivity. These “sensitivity-
caused artifacts” are often found in 2D reconstruction 
images too, but in 3D reconstruction images, they 
become much more significant. This is because the 

number of pixels is considerably increased and the 
inhomogeneity of sensing field is more serious.  

Unfortunately, function P can not reduce the 
“sensitivity-caused artifacts”, and these low-level 
artifacts would be enhanced in iteration. In order to 
reduce the low-level artifacts timely, we modified (5) as 
follows. 
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That is, we replaced the original zero threshold in (5) 

with a small positive number η. We call this method as 
the Landweber iteration method with non-zero threshold. 
In this paper, η is fixed at 0.04. The reconstruction results 
given in section V indicate that the non-zero threshold 
can reduce artifacts effectively. 

For convenience, we also call the method described in 
(5) as classic Landweber, the method described in (6) as 
Landweber with non-zero threshold. 

V.  TEST OF RECONSTRUCTION PERFORMANCE 

A.  Test Phantoms 
We carried out extensive computer simulation with 

synthetic data to illustrate the reconstruction performance 
of Landweber with non-zero threshold. The test object is 
a dielectric sphere, the radius of the sphere is 4.5mm, and 
the relative permittivity of the sphere is 2.6. Four test 
phantoms are generated in COMSOL. Phantom 1, with a 
sphere located in (0, 0, 27), is partitioned into 67533 
tetrahedral. Phantom 2, with a sphere located in (0, 0, 9), 
is partitioned into 67709 tetrahedrons. Phantom 3, with 
two spheres located in (0, 0, 9) and (0, 0, 45) respectively, 
is partitioned into 69843 tetrahedrons. Phantom 4, with a 
sphere located in (0, 0, 18), is partitioned into 67949 
tetrahedrons. The phantoms are given in the first column 
of Fig.4. The simulation data of the capacitance 
measurements are calculated in COMSOL. 

B.  3D Visualization of Volume Data 
A very important step of the inverse process is to 

present reconstruction results and show them in a suitable 
and realistic form. The reconstruction result of 3D ECT is 
scalar volume data, which comprises four 3D arrays. The 
X, Y, and Z arrays specify the coordinates of the scalar 
values (i.e. the reconstructed normalized permittivities) in 
the array G. Volume visualization is the creation of 
graphical representations of data sets that are defined on 
3D grids. The techniques you select to visualize volume 
data depend on what type of data you have and what you 
want to learn. In general, scalar data is best viewed with 
isosurfaces, slice planes, and contour slices. In this paper, 
isosurfaces are used since they can display the overall 
structure of a volume.  

The information conveyed by a complex 3D graph 
can be greatly enhanced through careful composition of 
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the scene. Viewing techniques include adjusting camera 
position, specifying aspect ratio and project type, 
zooming in or out, and so on. In addition, lighting is an 
effective means to enhance the visibility of surface shape 
and to provide a 3D perspective to volume graphs.  

The 3D images given in this paper are isosurface 
displays with an isovalue of 0. Viewing techniques such 
as default 3D view, a light right and up from camera and 
Gouraud lighting are used to generate effective 
visualizations. The PDF document should be sent as an 
open file, i.e. without any data protection.  

C.  Evaluation of Errors 
In addition to the 3D visualizations of reconstructed 

results, following three criteria are used in order to 
evaluate the reconstruction quality quantitatively: spatial 
image error SIE, volumetric error VE, and correlation 
coefficient CC [5]-[6], [13].  

SIE represents the spatial error information as one 
would see on the difference image. It contains all the 
spatial errors such as those in shape, position and volume 
of the reconstructed object. SIE is defined as follows: 
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VE represents the relative volume error between the 

reconstructed object and the true object. It is defined as 
follows: 
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=                            (8) 

 
where VT  and VR are the volume of the true object and the 
reconstructed object, respectively. 

CC represents the correlation coefficient between the 
true and reconstructed permittivities. It is defined as 
follows: 
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where kĝ and kg are, respectively, the reconstructed and 

real normalized permittivity of the kth voxel; g  and ĝ  

are, respectively, the mean value of the reconstructed and 
real normalized permittivity vector. 

Small SIE, VE and CC closer to 1 give a better 
reconstruction performance. 

D.  Reconstruction Results 
Both classic Landweber and Landweber with non-zero 

threshold are used for image reconstruction. The 
reconstruction results are obtained after 100 iterations. 
Fig. 4 gives the true objects and the objects reconstructed. 
Table I gives the reconstruction errors. 

Following can be found from Table I and Fig. 4.  
1) The objects reconstructed by classic Landweber are 

much bigger then the true objects, combined with 
scattered artifacts.  

2) The objects reconstructed by Landweber with non-
zero threshold are similar to the true objects. No scattered 
artifacts are found in these 3D isosurfaces.  

3) Compare with classic Landweber, Landweber with 
non-zero threshold can generate much smaller SIE, VE, 
and CC closer to 1. 

VI. CONCLUSIONS AND FURTHER PLAN  

In this paper, the 3D reconstruction and visualization 
techniques in ECT are investigated. A Landweber 
iteration method with non-zero threshold is presented to 
reconstruct 3D permittivity distributions directly form the 
measured capacitances. The 3D visualizations of the 
volume data obtained are achieved by iso-surfaces. 
Extensive simulation researches conducted in COMSOL 
show the following. 

1) The Landweber iteration method with non-zero 
threshold can produce much better 3D images than can 
the classic Landweber iteration method. The 3D objects 
reconstructed by Landweber with non-zero threshold are 
much closer to the true objects, both in shape and in size, 
than are those reconstructed by classic Landweber. 

2) Compare with classic Landweber, Landweber with 
non-zero threshold can generate much smaller spatial 
image error, much smaller volume error, and correlation 
coefficient closer to 1. 

3) The use of non-zero threshold can reduce the low-
level artifacts effectively and simply. 

4) Simulation research on direct 3D ECT can be 
conducted by means of COMSOL efficiently. 

In the current stage of development, the quality and 
spatial resolution of the images are still insufficient. The 
selection of the number of voxels is a trade-off. Defining 
more voxels makes the inverse problem more 
undetermined, while using of too few voxels results in 
coarse images. We intend to overcome these issues by 
increasing the number of electrodes, optimizing the 
structure and parameters of the sensor, improving the 
algorithms of reconstruction and visualization, so better 
quality and spatial resolution could be achieved.  
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TABLE I.   
RECONSTRUCTION ERRORS  

Phantom Classic Landweber Landweber with 
non-zero threshold

1 

SIE=7.6136 SIE=1.3182 

VE=7.6136 VE=1.3182 

CC=0.6234 CC=0.7192 

2 

SIE=7.1818 SIE=0.2727 

VE=7.1818 VE=0.0909 

CC=0.6586 CC=0.8603 

3 

SIE=5.5341 SIE=0.4091 

VE=5.5341 VE=0.2273 

CC=0.6606 CC=0.7810 

4 

SIE=7.2500 SIE=0.9091 

VE=7.2500 VE=0.7273 

CC=0.6335 CC=0.8062 
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