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Study on the Shape of Staggered Electrodes for 3-D
Electrical Capacitance Tomography Sensors
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Abstract— A conventional electrical capacitance tomography
(ECT) sensor consists of multiple rectangular electrodes in a
single plane. To generate 3-D images, some researchers use an
ECT sensor with multiplane rectangular electrodes and in-line
arrangement of different electrode planes and measure the capac-
itance between the electrode pairs not only within the same plane
but also between different planes. Because those electrode pairs
in different planes are far away from each other, the measured
capacitance signals between them are weak and, hence, are easily
affected by noise, resulting in the obvious disturbance on the
measured signals and, hence, low image quality. To address those
problems, the 3-D ECT sensors with different arrangements and
different shapes of electrodes are studied to investigate the effect
of different arrangements and different shapes of electrodes on
the measured capacitance signals and the image quality. Four 3-D
ECT sensors are made with different arrangements or shapes
of electrodes: rectangular electrodes are in line arrangement,
whereas diamond, circular, and hexagon electrodes are staggered
arrangement. The performance of the four 3-D ECT sensors is
compared. The results show that 3-D ECT sensors with staggered
electrodes can decrease the disturbance on the measured signals
and improve the image quality of static models compared with
that with conventional rectangular electrodes. Among the three
3-D ECT sensors with staggered electrodes, the 3-D ECT sensor
with hexagonal electrodes has superior performance to the other
two 3-D ECT sensors with diamond and circular electrodes.
It was used to measure moving objects and a fluidized bed.

Index Terms— 3-D electrical capacitance tomography (ECT)
sensor, electrode shape, image quality, measurement signal,
staggered electrodes.
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I. INTRODUCTION

AS A safe, economic, nonintrusive, noninvasive, and rapid
response measurement technique, electrical capacitance

tomography (ECT) has been used for the measurement of
fluidized beds for many years [1]–[3]. ECT is based on the
measurement of variation in capacitance from a multielectrode
sensor, which is normally installed externally of a pipe or
vessel, e.g., a fluidized bed [4]–[6]. Stable and accurate
capacitance measurements are essential to high-quality images.
In ECT, measurement errors are caused by many possible
sources, such as noise from equipment, powerlines, and elec-
trification, the change in temperature and humidity, and the
inaccurate fabrication of an ECT sensor [7]–[9].

In the past few years, researchers made effort on 3-D ECT.
Compared with 2-D ECT, it is expected that 3-D ECT can pro-
vide more measurements and, hence, more information from
the volumetric images, e.g., flow pattern and size and velocity
of bubbles in a fluidized bed [10]–[12]. Some researchers use
an ECT sensor with electrodes in a single plane and time as
the 3-D to reconstruct 3-D images [13], [14]. The condition
for this approach to work is that the flow velocity must be
constant, and it faces an axial average effect, which causes dis-
tortion of the reconstructed 3-D images [15], [16]. In principle,
multiplane electrodes are preferred for 3-D ECT [15]. Usually,
three or four planes of rectangular electrodes are arranged in-
line [17]–[19]. In this case, the measured signals between the
electrodes in different planes, which are far away from each
other and much smaller than those between electrodes in the
same plane, causing serious measurement errors [20]–[22].

The ill-posedness of the inverse problem is reflected by the
condition number of the sensitivity matrix. Because 3-D ECT
provides many more independent measurements, the condition
number is much larger than 2-D ECT, and hence, the cal-
culated permittivity distribution, i.e., the reconstructed 3-D
image, is more sensitive to measurement errors than 2-D
ECT [23]. In other words, 3-D ECT is much more difficult
than 2-D ECT both in capacitance measurement and image
reconstruction (IR) [20]. Therefore, the measurement error is a
serious challenge for 3-D ECT and makes it difficult to obtain
high-quality 3-D images [7].

As mentioned earlier, one of the challenges of 3-D ECT
is that the signals between the electrodes from layers far
from each other are extremely weak, which could be readily
affected by noise and cause large-signal disturbance on the
measurements. The small-signal disturbance is critical for
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obtaining high image quality for the measurement of moving
objects, e.g., gas bubbles in fluidized beds. Indeed, some work
on 3-D ECT has been conducted. In addition to the well-known
ill-posed inverse problems [15], [24], [25] in IR, optimal
design of 3-D ECT sensors also received attention, e.g., the
number of electrodes in different planes [26], the angular dis-
tribution of electrodes [27]–[29], and the electrode length [22].
Ye et al. [26] studied three 3-D ECT sensors with three planes
of rectangular electrodes in each sensor and four, eight, and
12 electrodes in each plane. They found that the inverse
problem becomes more ill-conditioned and more susceptible
to noise with the increase in the number of electrodes. They
suggested that four electrodes in each plane are used with
a signal-to-noise ratio (SNR) of less than 50. Rotation of
electrodes in different planes can improve the homogeneity
and decrease the condition number of sensitivity matrix
although the image quality becomes slightly worse [27], [28].
By rotating an electrode plane by 45◦ while keeping adjacent
planes at the same position, Wang et al. [29] studied the stag-
gered electrodes. They compared two ECT sensors, i.e., three
planes with four electrodes in each plane and four planes
with six electrodes in each plane, and found that the latter
can provide higher spatial resolution for reconstructed 3-D
images. However, to ensure the reliability of measured signals,
a reduced sampling frequency was used. Li and Holland [22]
studied a 3-D ECT sensor with four planes of rectangular
electrodes and six electrodes in each plane. They discussed the
effect of different electrode length on the image quality and
showed that shorter electrodes result in a smaller condition
number of sensitivity matrix and higher image quality. They
recommended the electrode length is 1.5 times the pipe
diameter. Up until now, however, improving the quality of
measured signals via optimization of electrodes is yet to be
studied, especially with regard to the applications of 3-D ECT
in measuring moving objects [7].

Soleimani et al. [15] investigated a true 3-D ECT sensor
with electrodes in six sides of a cube to reconstruct 3-D
images directly. Because they used rectangle electrodes with
sharp corners, the electric charges are readily accumulated
on the corners, causing a significant fringe effect. An ECT
sensor with hexagon electrodes was proposed and compared
with the ECT sensor with rectangular electrodes by numerical
simulation, showing that the former can provide a more
uniform sensitivity distribution along the axial direction [30].
However, no experimental evidence was shown to confirm
the performance of the ECT sensor with hexagon electrodes.
Baidillah et al. [31] considered ECT sensors with regular
square, triangular, trapezoidal, and hexagonal electrodes. They
compared the performance of ECT sensors in terms of capac-
itance data, sensitivity map, and image quality in the tests of
static models. However, they did not consider the effect of
electrode shape on measurements of moving objects.

In this article, we will identify the optimal sensor design
by comparing the standard deviation of measured signals and
imaging quality for different 3-D ECT sensors. We also focus
on the measurement of moving objects, in which small-signal
disturbance is critical for obtaining high-quality images.

II. PRINCIPLE OF 3-D ECT

An ECT system mainly consists of a multielectrode sensor,
sensing electronics, and a computer for hardware control and
IR, as shown in Fig. S1 in the Supplementary Material.
An ECT sensor with a number of electrodes is used to measure
variation in capacitance caused by different permittivity and/or
different permittivity distributions. The relationship between
capacitance and permittivity is given by

Ci, j = − 1

V

�
�

ε(x, y, z)∇ϕ(x, y, z)·d� (1)

where Ci, j is the capacitance between the excitation electrode i
and the detection electrode j , V is the potential difference,
� is the surface of electrodes, ε(x , y, z) is the permittivity
distribution, and ϕ(x, y, z) is the potential distribution.

It is difficult to calculate the capacitance value for a
3-D ECT sensor because of the complicated relative position
of the excitation electrode(s) and detection electrodes in the
sensing space, which causes divergence and bending of electric
field lines. Therefore, a numerical simulation based on a
finite-element method (FEM), e.g., COMSOL Multiphysics,
is often used to calculate capacitance.

Because (1) is too complicated, its linearized normalization
form is usually expressed as [32]

λ = Sg. (2)

This is a matrix equation, where λ, S, and g are the normal-
ized capacitance vector, normalized sensitivity matrix, and the
normalized permittivity vector, respectively. It is not necessary
to obtain the absolute capacitance for IR. Equation (2) is the
first-order approximation of (1), which introduces linearization
error. Because the linearization error is small, it is always
neglected.

The sensitivity matrix S is an M×N matrix, where M is the
number of the capacitance measurements, and N is the number
of voxels. Yang and Conway [33] obtained a sensitivity
distribution by physically measuring the sensitivity to a test
rod. They found that the sensitivity distribution obtained is
similar to that calculated by numerical simulation. Because
the physical measurement is very demanding in positioning
the test rod, it is difficult to implement this approach with
many voxels for 3-D ECT. Therefore, numerical simulation is
used to calculate the sensitivity matrix, based on FEM. The
following is the equation used [34]–[36]:

S∗
i, j (k) = −

�
v(k)

Ei(k)

Vi
· E j(k)

Vj
dv (3)

where Ei(k) is the electric field distribution of the kth element
when the i th electrode is applied voltage Vi , the same with
E j (k), and v(k) is the volume of the voxel k.

The normalized form of S is

Si, j (k) = S∗
i, j (k)�N

k=1 S∗
i, j (k)

. (4)

Because M is significantly less than N , the inverse of S
does not exist, which makes it impossible to obtain g in (2)
directly. The 3-D regularized sensitivity distributions between
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the region of excitation electrodes and detection electrodes are
obviously larger than other regions. The sensitivity distribution
is shown in Fig. S2 in the Supplementary Material.

Liner back projection (LBP) and Landweber iteration are
the two most commonly used IR algorithms to obtain an
approximate solution ĝ. As the simplest and fastest IR method,
LBP is to replace the inverse with the transpose of S. LBP
is commonly used for on-line IR, which is shown in the
following equation:

ĝ = ST λ

ST uλ

uλ = [1, 1, . . . , 1]. (5)

Because the image quality of LBP is poor, LBP can be
used for qualitative analysis only. The Landweber iteration is
the most widely used iterative method [37], which is based
on the steepest gradient descent theory. It takes a long time
to calculate but can improve image quality. The Landweber
iteration is often used for off-line quantitative analysis and
expressed by the following equation:

ĝk+1 = ĝk − αST (Sĝk − λ). (6)

A projected operator of the Landweber iteration can be used
to improve its convergence, which is expressed by

ĝk+1 = P
�
ĝk − αST (Sĝk − λ)

�
(7)

P[ f (x)] =

⎧⎪⎨
⎪⎩

0 if f (x) < 0

f (x) if 0 ≤ f (x) ≤ 1

1 if f (x) > 1.

(8)

Choosing relaxation factor α and the number of iterations
is empirical, e.g., the number of iterations is often chosen as
a few hundred. α is positive, which decides the step at each
iteration, and it can be changed in the iteration process or
chosen as a fixed value for simplification [23], [32].

III. NUMERICAL SIMULATION AND EXPERIMENT

A. Experimental Conditions

High SNR sensing electronics is essential to the accurate
measurement for 3-D ECT because a 3-D ECT sensor has
much small capacitance than a 2-D ECT sensor, and hence,
the measurement errors cause a more serious problem, espe-
cially for the measurements between electrodes in different
planes that are far away from each other. SNR is calculated
by the following equation for ECT:

SNR = 20log10

��� �F
i=1 C2

i�F
i=1 (Ci − C̄i )

2 (9)

where ci is the i th group of measurement capacitance signals
between electrode pairs, C̄i is the average measurement capac-
itance of the electrode pairs, and F is the number of sampling,
e.g., 1000 in this work.

In Sections IV and V, SNR means the average SNR over
all the electrode pairs, and the number of electrode pairs in
this work is 224, as shown in Section III-C. An ac-based
ECT system [8], [38] is used for capacitance measurement,
which has been widely used in studying gas/solids fluidized
beds [39], [40]. COMSOL Multiphysics [22], [26] is chosen
for numerical simulation.

Fig. 1. 3-D ECT sensors with different shapes of electrodes. (S1) Rectangle.
(S2) Diamond. (S3) Circular. (S4) Hexagon.

Fig. 2. Geometry of test models. (M1) Cylinder: r = 10 and L = 60. (M2)
Cylinder: r = 15 and L = 60. (M3) Cone: r = 20 and h = 60. (M4) Cube:
L = 30. (M5) Sphere: r = 20. (M6) Sphere: r = 15 [unit: millimeters].

B. Sensors Design

The sensor design makes a great impact on the performance
of a 3-D ECT system. For a 3-D ECT sensor, the value
of measured capacitance mainly depends on the size of the
electrodes, the distance between the excitation electrode and
detection electrode, and their relative position. In this work,
3-D ECT sensors with staggered electrodes of different shapes,
including diamond, circular, and hexagon, are compared with
that with in-line rectangular electrodes (as shown in Fig. 1).

The electrodes, made of copper foil with a thickness of
0.03 mm, are mounted outside of polymethyl methacrylate
tubes. The tube has an external diameter of 65 mm and a wall
thickness of 2.5 mm. Each ECT sensor consists of four planes
of electrodes with four electrodes in each plane. The detailed
geometry parameters are shown in Fig. S3 in the Supplemen-
tary Material. The region for IR, from the center of electrodes
of the bottom plane to that of the top plane, keeps the same
for different ECT sensors. Two axial end screen electrodes,
which have a height of 25 mm, are, respectively, installed on
both ends of each ECT sensor, and an outer screen is used to
cover the electrodes on the outer surface of the tube to protect
the influence from external electromagnetic signals. Adjacent
electrode planes are interlaced, and the distance between the
first and the third plane of electrodes is obviously shortened
for sensors with staggered electrodes, especially for diamond
electrodes, compared with the ECT sensor with rectangular
electrodes. In Fig. 1, only the electrodes on ECT sensor S2 are
numbered as an example. In the four ECT sensors, the sensing
region and electrode area are kept the same. However, it is
difficult to maintain the same gaps between electrodes because
of complex geometries for different electrode shapes. A couple
of test models of different shapes made by Nylon are used
for calibration and testing in the experiment. The relative
permittivities of the tube, test models, and surroundings are 2,
3, and 1, respectively. Fig. 2 shows different test models and
their main geometric parameters.

For the experiment, an automatic control system [13] has
been developed to move test models and control the relative
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position and moving velocity of the test models. A thin
bamboo stick was specially made to link the test models at one
end and fixed at a holding part, which can freely move in 3-D.
Thus, the starting/ending position and moving velocity can be
controlled precisely by adjusting the controlling parameters.

C. Data Acquisition

Dual-electrode excitation is used to increase the magnitude
of measurement capacitance. For instance, when two adjacent
electrodes (say, 1 and 2) are applied for excitation, the rest
of the electrodes (say, 3–16) are used for detection in turn in
sequence. There are totally 16 × 14 = 224 measured data
in each group of capacitance measurements. The excitation
signal used is sinusoidal signals with an amplitude of 20 Vp−p

and a frequency of 180 kHz.

D. Image Reconstruction

The spatial resolution used for IR is 20 × 20 × 26
in the sensing region with the volume for each voxel of
3 mm × 3 mm × 3 mm. The spatial resolution for 3-D
ECT is low because of the limited number of electrodes
and, hence, the limited number of independent capacitance
measurements compared with the number of voxels. For the
Landweber iteration, the relaxation factor is chosen as 3, and
the number of iterations has been optimally selected with
static experiments using different test models and used for
quantitative analyze and improving the image quality. The
initial value ĝ0 is calculated by LBP. The ill-posedness of the
inverse problem of 3-D ECT is very serious, which causes
artifacts. Therefore, the reconstructed image needs further
image processing.

Because the measurement errors cause distortion of recon-
structed images, a median filter as a digital filtering technique
is adopted to deal with these problems and improve the
image quality. As a nonlinear smoothing filter, the median
filter is to replace the noisy pixel with a median value of
its surrounding voxels without concerning about the image
features. The determination method of “surrounding voxels”
is considered with the 3-D template of the median filter.
In general, the image quality can be improved because the
median filter can deal with the artifacts and distortion of
images.

Image segmentation can be effectively used for extracting
the boundaries of two materials with different permittivities in
ECT. In this work, it is only used for a preliminary study for
IR using the measured capacitance of static models because
the threshold chosen for image segmentation in ECT is still an
open question, and it is difficult to determine the threshold for
complex models in measurements, e.g., bubbles in a fluidized
bed. However, the scope of this article is to discuss the design
of 3-D ECT sensors, we are not going to discuss the threshold
selection, and thus, the Otsu method has not been used for
moving objects. A 3-D template of the median filter used is
shown in Fig. 3, where the number “1” means the voxel is
considered and “0” means ignored.

Fig. 3. 3-D template of the median filter.

E. Evaluation Criteria

Standard deviation (STD) is used to evaluate the
disturbance of the measured signals and the uniformity
of sensitivity distribution, and image error (Ie) and correlation
coefficient (Cc) are used for comparison of the image quality.
The condition number (CN) of a sensitivity matrix is used to
assess the ill-posedness, which reflects the sensitivity of the
solution of the inverse problem to the measurement errors.
The following are definitions for STD, Ie, Cc, and CN:

STD =
��� 1

N − 1

N�
i=1

�
Ci − C

�2
(10)

STD =
��� 1

M N − 1

M�
l=1

N�
k=1

(Sl·k − S̄)
2 (11)

Ie = � ĝ − g�
�g� (12)

Cc =
�N

i=1

�
ĝi − ¯̂g

�
(gi − ḡ)��N

i=1(ĝi − ḡ)2 �N
i=1(gi − ḡ)2

(13)

CN =
�

λ1

λn
(14)

where λ1 and λn are the maximum and minimum eigenvalues
of the sensitivity matrix.

IV. RESULTS AND DISCUSSION

A. Capacitance Data

Fig. 4 shows the numerical simulation results of comparison
of capacitance data from ECT sensors S1, S2, S3, and S4 when
the ECT sensors are filled with low permittivity material, while
electrodes 1 and 2 used for excitation and electrodes in the
third and fourth planes used for detection. The capacitance
values of the 3-D ECT sensors with staggered electrodes are
bigger than those with rectangular electrodes, e.g., the mini-
mum capacitances of the four ECT sensors are 0.88, 1.07, 0.98,
and 1.05 fF, respectively, which is favorable for improvement
of the precision of the measured signals.

To further illustrate the effects of electrode shape and
arrangement, simulation is carried out on the 3-D ECT sensors
with hexagonal electrodes of different edge length (L), which
results in varying electrode area, and the capacitance data
are compared when the ECT sensors are filled with low
permittivity materials. The results are shown in Table SI
in the Supplementary Material. With the decrease in L,
the capacitance between the electrode pairs shows an apparent
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Fig. 4. Comparison of capacitance data of ECT sensors S1, S2, S3, and
S4 when the ECT sensors are filled with low permittivity material, electrodes 1
and 2 were used for excitation, (1) electrodes in the third planes (from
D9 to D12) are used for detection, and (2) electrodes in the fourth planes
(from D12 to D16) are used for detection. Note that D9 means electrode
number 9 is used as the detection electrode.

Fig. 5. Average STD of 1000 groups of data for 224 measured normalized
capacitance signals using 3-D ECT sensors in different testing conditions. The
data were obtained by experiment.

reduction, which, in turn, leads to an increment in errors that
are unfavorable for the measurements. Therefore, an electrode
length of 17.9 mm is used in this study.

Experiments were conducted for the following situa-
tions: 1) the tube was filled with low permittivity material
(“L” in Fig. 5); 2) the tube was filled with high permittivity
material (“H ” in Fig. 5); and 3) test models of M1, M2, M3,
and M4 in the tube.

Air was used as the low permittivity material and Nylon for
test models and as high permittivity materials. The average
STD represents the overall disturbance of measured signals
from the ECT sensors. STD of the measured signals is closely
related to the design of 3-D ECT sensors, and the disturbance
of the measured signals of the 3-D ECT sensors with staggered
electrodes is obviously lower than those with rectangular elec-
trodes, according to STD of the measured signals. Especially,
ECT sensor S4 with hexagon electrodes is superior to ECT
sensors S2 and S3 with diamond and circular electrodes. When
a 3-D ECT sensor is filled with low permittivity material, the
performance is poor because of weak measured signals. The
disturbance of measured signals is significantly reduced when
a high permittivity object is located in the measurement region.

B. Electric Field Distribution

For an ECT sensor, the arrangement of electrodes would
affect the electric field distribution. For instance, the electric
charges would readily accumulate at the edge and, especially,

Fig. 6. Reconstructed images of M3 of different 3-D ECT sensors with noise
data by numerical simulation. (a) SNR = 45. (b) SNR = 60. The images
shown in the first column are reconstructed using noise-free data, the images
shown in the second column are based on the Gaussian white noise data with
SNR of 45 or 60 dB, the images shown in the third column are processed
by the median filter, and the images shown in the fourth column are further
processed with Otsu’s method to extract the boundaries of objects.

the corner of electrodes, which can cause the “soft-field”
effect and, thus, nonlinear and nonuniform distribution of
the sensitivity. In this sense, a more uniform distribution of
electric field is favorable in 3-D ECT measurements. Fig. S4 in
the Supplementary Material shows the electric field intensity
distribution of the four 3-D ECT sensors. Fig. S4 in the
Supplementary Material displays the electric field distribution
to qualitatively illustrate the influence of electrode shapes and
arrangement, partially explaining the underlying mechanism of
nonlinear, and nonuniform distribution of the sensitivity shown
in Section IV-C.

C. Sensitivity Field

Table SII in the Supplementary Material gives STD and
CN of normalized sensitivity distribution when the 3-D ECT
sensors are filled with low permittivity material. STD indicates
the uniformity of the sensitivity distribution [20], [22], and CN
reflects the ill-posedness of the inverse problem or the change
in calculated permittivity distribution for a small change in
measured signals. The smaller the values of STD and CN are,
the more uniform the sensitivity is, and the less ill-posedness
the inverse problem is. The data reveal that the uniformity
of the sensitivity of ECT sensors S2, S3, and S4 is slightly
higher than ECT sensor S1, and the ill-posedness of the inverse
problem of ECT sensors S2 and S1 is slightly superior to
ECT sensors S3 and S4. In addition, the normalized sensitivity
distribution in the axial direction for the 3-D ECT sensors
is considered, as shown in Fig. S5 in the Supplementary
Material, which reflects that ECT sensor with rectangular
electrodes somehow has “dead zones” [20] at the end of the
ECT sensor, whereas ECT sensors with staggered electrodes
have no obvious “dead zones” in the sensing regions.

D. Experiment With Static Test Models

Fig. 6 and Fig. S6 in the Supplementary Material show
the reconstructed 3-D isosurface images of M3 and M5 with
numerical simulation data. The test models are located in the
center of the tube. Images in the first column are reconstructed
using noise-free data, and the second column is based on the
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Fig. 7. Reconstructed images of static test models using 3-D ECT sensors
with experiments. (a) Original images. (b) Images processed with the median
filter.

Gaussian white noise data with an SNR of 45 or 60 dB.
It can be seen from the first two columns that artifacts clearly
exist, even with noise-free data, and adding noise makes a
little effect on artifacts. The primary reason for artifacts is
the ill-posedness of the inverse problems. In addition, image
distortion becomes more serious with an SNR of 45 dB than
60 dB. A median filter is used to process the reconstructed
images that are displayed in the third column of Fig. 6 and
Fig. S6 in the Supplementary Material. A comparison of
quality between the reconstructed images processed with the
median filter and original images confirms that the median
filter can significantly improve the image quality. Images in the
fourth column are further processed with Otsu’s method [41]
to extract the boundaries of objects. Otsu’s method, an image
segmentation method based on maximizing the object func-
tion, is used for automatically obtaining an optimal threshold
from the gray histogram of reconstructed images. This is an
attempt to adaptively obtain the boundaries of reconstructed
images with threshold segmentation, e.g., bubbles in fluidized
beds. Clear and accurate boundaries are helpful for the analysis
of flow patterns and the gas velocity of fluidized beds [42].

Fig. 7 shows the reconstructed images of static test models
with average measured signals of 1000 groups by experiments,
where Fig. 7(a) shows the original images without filtering and
Fig. 7(b) shows the original images processed with the median
filter. Reconstructed images of (T3) and (T5) in Fig. 7 are
compared with the simulation results. The reason for the
difference of reconstructed images between simulation and
experiment may be that the measured signals in the experiment

Fig. 8. Evaluation of image quality with 3-D ECT sensors by experiment.
(a) Cc of M2 with 1000 groups of measured signals. (b) Ie without a median
filter. (c) Ie with a median filter. (d) Cc without a median filter. (e) Cc with
the median filter.

are preliminarily processed. In general, the quality of images
reconstructed by measured capacitance in the experiment is
higher than that in simulation with an SNR of 45. The experi-
mental results confirm the conclusion from the simulation that
the image quality is improved after an image is processed by
the median filter. Image segmentation is not adopted in the
experiment because the selection for threshold in complicated
measurement conditions remains an open question and needs
further study.

The 3-D shape of the test models can be obtained from
the reconstructed images with a 3-D ECT sensor, especially
when reconstructed images are processed by the median filter.
Artifacts of images obtained from the four 3-D ECT sensors
clearly exist, but image distortion with 3-D ECT sensors with
staggered electrodes is smaller than that with rectangular elec-
trodes. From the reconstructed images of M4 compared with
other test models, it can be conjectured that the reconstructed
images of test models with sharp edges are not very well
resolved with 3-D ECT.

Fig. 8 shows the quantitative analysis of image quality
of test models in different experiment conditions, and the
detailed data were shown in Table SIII in the Supplementary
Material, which confirms the result of Fig. 7. The number
of iterations used for the Landweber iteration is optimal from
100 to 1000 to obtain the lowest Ie and highest Cc for different
test models and different ECT sensors. The optimal process is
shown in Table SIV in the Supplementary Material in which
model M2 is chosen as an example to show the variation
of Ie and Cc with different numbers of iterations. When the
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Fig. 9. Reconstructed images by a combination of two M6 using 3-D ECT
sensors with experiment.

number of iterations is greater than 300, it has little effect on
Ie and Cc but needs longer computing time. Therefore, in the
following section, 300 is chosen as the fixed number of itera-
tions for the Landweber iteration. The results of reconstructed
3-D images of test models indicate that a 3-D ECT sensor
with 16 electrodes in four planes can maintain a good SNR
and provide high image quality.

For measuring a moving object, e.g., gas bubbles in a flu-
idized bed, the measurement is unrepeatable, and small-signal
disturbance is critical for obtaining high image quality. Let
us take the results of Cc of the reconstructed images of
M2 with 1000 groups of measured signals as an example. As
shown in Fig. 8(a), the ECT sensors with staggered electrodes
can provide more stable measurement signals than that with
rectangular electrodes, which is very important for measuring
moving and dynamic objects. Fig. 8(b)–(d) shows the boxplot
of quantitative analysis of image quality by measuring
different static models and using the average capacitance
of 1000 repeated measurements, and the reconstructed images
are shown in Fig. 7. The evaluation of the reconstructed
images without the median filter is shown in Fig. 8(b) and (c),
while the evaluation with the median filter is shown in
Fig. 8(d) and (e). The sign “∗” in Fig. 8(b)–(e) means the
average evaluation result with eight measuring conditions.
Basically, random errors can be minimized by measuring
static models and using the average capacitance of many
repeated measurements. The quality of reconstructed images
by ECT sensors with staggered electrodes is better than that
with rectangular electrodes, as indicated by a lower average Ie

and higher average Cc on average with the average measuring
signals. For example, the average Ie decreases from 0.74 to
0.69, and the average Cc increases from 0.71 to 0.75 by the
ECT sensor with hexagon electrodes compared with rectangu-
lar electrodes without image process. By postprocessing with
the median filter, the image quality increases as the average
Ie decreases from 0.69 to 0.63, and the average Cc increases
from 0.75 to 0.78 by the ECT sensor with hexagon electrodes.

Fig. 9 shows the reconstructed images of two M6 with a
relative distance of 20, 12.4, 6.1, and 1.6 mm, respectively,

Fig. 10. Reconstructed images of the movement of M5 in different velocities
using 3-D ECT sensor with hexagonal electrodes [unit: mm/s].

after postprocessing by the median filter. Fig. 9 exhibits
the images when one M6 gradually approaches another
M6 model. For large distances (i.e., the distance of 20 and
12.4 mm), all the ECT sensors can distinguish these two
models in the sensing region. However, when the distance
becomes 1.6 mm, the two models cannot be distinguished
because of the “soft field” effect and low spatial resolution of
ECT. The reconstructed images of multimodels need further
postprocessing of images for quantitative analysis.

E. Experiment With Motion Model

Having analyzed the performance of different 3-D ECT
sensors with capacitance data, measured signals, electric field
distribution, sensitivity field distribution, and image quality of
static models, the 3-D ECT sensor with hexagonal electrodes
is chosen for further testing to confirm its performance.
In an actual gas–solids two-phase flow, gas or solids phases
are moving in the measurement region, and the permittivity
distribution is changing, making the measurement even more
difficult. Therefore, it is difficult to obtain the true distribution
of gas/solids phases in a gas–solids fluidized bed to evaluate
the measurement results. Because the difference between the
static test model experiment and real fluid is considerable,
an experiment with a motion model was conducted. In this
experiment, a test model moves at a certain velocity (1, 10,
50, 100, and 200 mm/s, respectively) to simulate the real
fluid flow.

Fig. 10 shows the part of the reconstructed images of M5
with different movement velocities passing through the mea-
surement region. Six images are chosen at the same time
interval to display the trajectory of the test model for each
movement velocity. With the 3-D ECT sensor with hexagonal
electrodes, the main shape characteristic of the test model
can be obtained, confirming that the ECT sensor has a good
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Fig. 11. Images of bubble motion at different superficial gas velocities
of fluidized beds with 3-D ECT sensor with hexagonal electrodes.
(a) U /Umf = 1.5. (b) U /Umf = 2.0. (c) U /Umf = 2.5.

Fig. 12. Images reconstructed by sensor S4 showing bubble coalescence and
break in fluidized beds. (a) Coalescence. (b) Break.

dynamic performance. When the movement velocity (V ) is
no more than 200 mm/s and the sampling frequency is about
21 frames/s used in this work, images of the test models
passing through the sensing region can still be reconstructed
with relatively good quality. When the velocity is very small,
e.g., 1 or 10 mm/s, it has little effect on the quality of
reconstructed images. However, when V = 200 mm/s, it has
a slight movement of the test models in the sensing region
in a single frame of measurement, which causes distortion
of the image. If the movement velocity of the test model
increases further, the distortion will be more severe. In this
circumstance, the sampling frequency of ECT needs to be
increased to obtain reliable measured signals and good image
quality. Further image processing can be performed to obtain
more information, such as the central position, volume, and
velocity of the test model. However, this work is focused
on the performance of 3-D ECT sensors, and further image
processing will be the topic for future research.

F. Application in Fluidized Beds

The particles used for the fluidized bed experiment are
Al2O3 (diameter dp = 500 μm with a uniform size distri-
bution, bulk density ρb = 1.09 g/cm3, and the minimum
fluidized velocity Umf = 7.0 cm/s with air at ambient tem-
perature and pressures). Fig. 11 shows the reconstructed
images of bubble motion when the superficial gas velocity

is U /Umf = 1.5, 2.0, and 2.5. The position and size of bubbles
can be observed clearly from the 3-D images. With an increase
in superficial gas velocity, the size, velocity, and frequency of
bubbles increase. The bubbles coalescence and break can be
observed by 3-D ECT, as shown in Fig. 12. The reconstructed
3-D images need further processing to obtain more quantitative
information about the flow characteristics in fluidized beds,
such as the velocity, frequency, and size of bubbles.

V. CONCLUSION

In this work, we studied 3-D ECT sensors with different
arrangements and different shapes of electrodes, including
staggered diamond, circular, and hexagon electrodes and
in-line rectangular electrodes, and the effect of arrangement
and shape of electrodes on the measured capacitance signals
and image quality. The results show that 3-D ECT sensors with
staggered electrodes can decrease the disturbance of measured
signals by increasing the capacitance between electrodes in
different planes far away from each other, thus making it easier
to measure capacitance. It is confirmed by a static test using
models for the experiment and comparison of STD from the
measured signals of different 3-D ECT sensors. In addition,
the quality of images generated by the 3-D ECT sensor
with staggered electrodes is superior to that with rectangular
electrodes. The 3-D ECT sensor with 16 electrodes in four
planes can maintain good SNR and image quality with a
suitable sensor design. The quality of images processed by
the median filter is obviously improved. The electric field
distribution and fringe effect of 3-D ECT sensors with different
shapes of electrodes are also discussed.

Having analyzed the performance of different 3-D ECT
sensors according to measurement stability and accuracy,
the 3-D ECT sensor with hexagonal electrodes is chosen for
the motion test model experiment to confirm its performance.
Under the condition of the high moving velocity of test models
(U = 0.2 m/s), images of the test models can be reconstructed
using the 3-D ECT sensor with hexagonal electrodes, giving
relatively good quality. Finally, a fluidized bed experiment
is conducted. Not only the moving trajectory of bubbles but
also more complex phenomena, such as bubble coalescence
and break, can be observed using the 3-D ECT sensor with
hexagonal electrodes.
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