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Abstract: The miniaturisation of electrical tomography sensors such as EIT has become popular recently and these
miniaturised sensors were investigated for 2D and 3D imaging of cells in EIT. Nevertheless, research on miniaturisation of
ECT sensor also existed which were based on peripheral electrode sensor which had electrodes arranged on the surface around
the sensing chamber. However, the study on the miniature peripheral ECT sensor was limited to 2D image reconstruction and
detection of presents of samples in the sensing chamber only and lacked the works on the 3D imaging capability. Therefore,
this article investigates the 3D image reconstruction capability of peripheral on-chip ECT sensor through simulation approach
by simulating a cube phantom at several test positions in the sensing chamber. Eventually, the 3D and 2D images were
reconstructed and the 3D imaging capability of the sensor was characterised qualitatively based on visual inspection of the
reconstructed image. The simulation results revealed that the 3D imaging capability of peripheral on-chip ECT sensor was
limited to the region where electrodes were present only. However, the 2D reconstructed image results showed that the sensor

was able to locate the positions of test phantom in the sensing chamber accurately.
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1. INTRODUCTION

The 2D electrical capacitance tomography (ECT) is well-
established for cross-sectional visualisation of permittivity
distribution in application such as detecting the position of
surface defect [1], monitoring of fluidised bed processes
[2] [3] and monitoring of flow regime in pipeline [4]. The
2D ECT was rather simpler as the number of pixels
involved often lesser than the number of pixels required for
3D ECT. With the introduction of method of generating
the sensitivity distribution based on the electric field
distribution, it simplifies the work and time required to
generate the sensitivity maps of 3D ECT sensors [5]. The
3D ECT has become an important tools in industrial
process imaging because the conventional 2D ECT failed
to provide accurate and complete information on a process
[6]. As compared to 2D ECT, the 3D ECT provides
additional information such as the volumetric data related
to the process under investigation [7], [8], [9]. The 3D ECT
has been explored for applications such as image fusion for
flame imaging [10] and imaging of two-phase flow [11]
which utilised ECT sensor that has more than one electrode
plane. Besides, 3D image reconstruction based on planar
ECT was particularly useful in subsurface object detection
because 3D ECT involves an additional vertical dimension
which penetrates into the surface [12].

In recent decade, the miniaturisation of electrical
tomography sensor array has been blooming with the

advancement of microfluidics and lab-on-chip
applications. The electrical impedance tomography (EIT)
sensor array for example, has been miniaturised to fit in
miniature sensing chamber of sizes ranging from 12 mm to
35 mm and the size of microelectrodes ranges from 0.6 mm
to 5 mm [13], [14], [15], [16]. The miniature EIT sensors
has been investigated in 3D imaging of cells [17], 2D
visualisation of drug responds on cells in scaffolds [18]
and 3D imaging of 3D cultured cells in scaffold [13].

The feasibility of miniature ECT sensor was
investigated by [19] for lab-on-chip applications and
showed that the capacitance measurement could be
measured and agreed with the simulated capacitance
trend. Meanwhile, [20] investigated the 2D imaging of
multiphase flow using miniature ECT sensor and the
reconstructed 2D images showed high similarity to the
camera-captured image. Besides, [21] performed a
simulation study using miniature ECT sensor on the
sensing of yeast cells and the results showed that miniature
ECT sensor could detect the presence of yeast cell model.
Furthermore, [22] attempted the 3D image reconstruction
of two-phase fluid and found that the miniature ECT
sensor could provide information on the height and the
location of test sample based on the different vertical layer
of 2D image.

The miniature ECT sensor design of the existing works
was based on planar peripheral electrode design whereby
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the electrodes were arranged on the surface around the
circumference of the sensing chamber. The current
performance of the miniature ECT sensors were
investigated for 2D image reconstruction only and the
reconstructed 2D image can describe the position of the
sample correctly but does not provide information
regarding the height of sample. Through 3D image
reconstruction, both the position and height of the sample
could be visualised by considering the z-axis performance
of the miniature ECT sensor. The additional height
information provided by 3D image reconstruction could be
beneficial in application that require volumetric estimation
of the sample. However, there are limited studies on 3D
image reconstruction capability of the miniature ECT
sensor based on peripheral electrode design. Therefore,
this article investigates on the 3D image reconstruction
capability of the peripheral on-chip ECT sensor by
considering the performance in z-axis. The investigation
was performed through numerical simulation. A 2 mm
cube phantom was placed at several positions in the
sensing chamber and the 2D and 3D image were
reconstructed using linear back projection algorithm
(LBP). The 3D image reconstruction capability of the
sensor was characterised quantitatively using correlation
coefficient (CC) and the percentage height error.

2.NUMERICAL SIMULATION

2.1 Sensor model

\ 16 mm \
1 1
1 - — T — 1
1 | 1
1 1
1\ E3 5 /)
. E2
< I EiLs mm
267mm E8 P
t:.: e
2.08 mm

Figure 1. Sensor model of peripheral on-chip ECT sensor

To investigate the 3D imaging capability of the
peripheral on-chip ECT sensor, the optimised sensor
design from [20] has been adopted with parameters as
illustrated in Figure 1. The sensor was modelled in 3D
instead of 2D to obtain the distribution of electric field in
the z-axis direction which is vital for height sensing. The
peripheral on-chip ECT sensor consisted of eight
electrodes which were arranged around the circumference
of the sensing chamber. The electrodes were rectangle in
shape with a length of 2.67 mm and width of 2.08 mm.
According to [20], the electrodes were peripherally
arranged to obtain capacitance measurement from different
angles through the fan beam projection which enhance the
resolution of reconstructed image. Meanwhile, the length
of the electrode was chosen as 2.67 mm so that the electric
field reaches the top of sensing chamber for thorough
sensitivity coverage. Further increasing the length of

electrodes will result in lower penetration of electric field
in the z-axis direction as the gap between opposite
electrode (E1-E5) is narrow, thus lowering the height
sensing of sensor. The electrodes were radially arranged
around the sensing chamber whereby the angle between
two neighbouring electrodes was 45°. The electrodes were
designed to fit into a sensing chamber with a height of 3
mm and a diameter of 16 mm. The sensor model of
peripheral on-chip ECT sensor was simulated in 3D using
COMSOL Multiphysics. The electric field between all
possible electrode pairs were simulated and used in the
computation of 3D sensitivity map for 3D image
reconstruction. In this study, the sensing chamber was
discretised into 10240 voxels in total and it composed of
32 x 32 voxels in the x-y plane and 10 layers along the z-
axis. The 2D sensitivity map was obtained by extracting
the first layer of the 3D sensitivity map.

2.2 Simulation image reconstruction

The simulation image reconstruction was performed by
placing a test phantom at several test positions in the
sensing chamber as shown in Figure 2.
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Figure 2. Test position of cube phantom in peripheral on-
chip ECT sensor

As illustrated in Figure 2, a 2 mm cube phantom was
used in the 2D and 3D image reconstruction simulation.
The permittivity of the cube phantom was set to 190 while
the background permittivity was set to 1 so that
permittivity contrast was present between the cube
phantom and the background. The cube phantom was
placed at test positions P1, P2 and P3 one at a time. Then,
the interelectrode capacitance measurement was simulated
in COMSOL Multiphysics. Eventually, the simulated
interelectrode capacitance measurements were exported
and the 2D and 3D image were reconstructed using LBP in
MATLAB.

3.RESULTS AND DISCUSSION

Figure 3 shows the reconstructed 2D image of the 2 mm
cube phantom at test positions P1, P2 and P3. A red dotted
boundary is superimposed onto the 2D image to represent
the actual position of the cube phantom at each test
position. Meanwhile, Figure 4 illustrates the 3D
reconstructed image of the cube phantom in 2D slices
along the z-axis. The colour bars in Figure 3 and Figure 4
show the permittivity distribution in the sensing chamber
with yellow representing high permittivity and blue
representing low permittivity. The numbers on the colour
bar ranging from 0 to 1.0 represent the lowest to the highest
scale of the permittivity distribution. In this study, the
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yellow region indicates the reconstructed cube phantom
while the blue region indicates the background medium.
Figure 5 present the synthesised 3D isosurface image
based on the 2D slices. The actual cube phantom is
superimposed on the 3D isosurface image for references.
As shown in Figure 3, the peripheral on-chip ECT
sensor successfully reconstructs 2D image at all the test
positions. The reconstructed 2D image of the cube

phantom falls within the actual position of the cube
phantom. The 2D imaging results indicated that the
peripheral on-chip ECT sensor can locate the presence of
samples in the sensing chamber. However, the 2D image
quality was limited to displaying the cube phantom in the
form of circular shades only and the height cannot be
visualised.

Figure 3. 2D reconstructed image of cube phantom at test positions P1, P2 and P3
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Figure 4. 3D reconstructed image of cube phantom at test positions P1, P2 and P3 presented in 2D slices
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Figure 5. Synthesised isosurface representation of 3D reconstructed image of cube phantom at test positions P1, P2 and P3
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The primary interest of 3D image reconstruction is the
reconstruction of the height of sample in the sensing
chamber. As illustrated in Figure 4 and Figure 5, the 3D
imaging performance of peripheral on-chip ECT sensor is
dependent on the position of cube phantom in the sensing
chamber. The reconstructed 3D image revealed that the
height of cube phantom was able to be reconstructed when
the cube phantom was positioned above the electrode at
test position P3. Although the height of cube phantom was
reconstructed lower than the actual height of cube
phantom, the peripheral on-chip ECT sensor showed the
ability to resolve the height of test sample.

Meanwhile, the reconstructed 3D images at test
positions P1 and P2 showed that the height of cube
phantom failed to be resolve as the reconstructed height
extended from bottom to the top of sensing chamber. The
test positions P1 and P2 were both located away from the
electrodes. Based on the 3D image reconstruction results,
it was deduced that the 3D imaging capability of peripheral
on-chip ECT sensor is limited to the location where
electrodes are present only.

The quality of the reconstructed 3D image was
quantitatively evaluated using CC which is given by

coo T -9(E-F)

G- 5 )

where N is the number of voxels which in this study is
10240 while € and € are the reconstructed image and cube
phantom, respectively. € and & are the means of & and &,
respectively. The CC evaluate the resemblance of the
reconstructed 3D image to the actual cube phantom.
Meanwhile, the height of reconstructed 3D image was
evaluated using the percentage height error given by

hreconstructed - hactual

Eh = X 100%

hactual

where E), is the percentage height error, Ry econstructed 15
the height of reconstructed 3D image and h,cpqq; 1S the
height of the cube phantom. Figure 6 shows the CC and the
percentage height error of the reconstructed 3D images at
test positions P1, P2 and P3.
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Figure 6. The CC and height error of reconstructed 3D
image of cube phantom

Figure 6 shows that the extended reconstructed height
from bottom to the top of sensing chamber at test positions
P1 and P2 resulted in 50% height error. Meanwhile, a
lower height error of 30% is reconstructed at test position
P3 where the electrodes are located. The decrease in height
error and the increase in CC of the reconstructed 3D image
from test position P2 to P3 suggest that the quality of
reconstructed 3D image is improved when the object is
placed near to the electrodes. However, the CC of
reconstructed 3D image at test position P1 is the highest
despite having 50% height error. A high CC is computed
at test position P1 because the reconstructed 3D image
fully occupies the reference cube as illustrated in Figure 5
(a) indicating low difference between the reconstructed 3D
image and the cube phantom along the horizontal x and y
axis.

To investigate the underlaying reason of the limited 3D
imaging capability of peripheral on-chip ECT sensor, the
axial resolution analysis was performed on the sensitivity
map of peripheral on-chip ECT sensor. The axial
resolution analysis analysed the sensitivity distribution of
peripheral on-chip ECT sensor along the z-axis which
correspond to the height reconstruction at different
location of x-y plane. Figure 7 shows the axial resolution
analysis plot of peripheral on-chip ECT sensor.
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Figure 7. Axial resolution analysis at test positions P1, P2
and P3

Based on Figure 7, it can be deduced that the sensitivity
variation along z-axis is needed for peripheral on-chip
ECT sensor to reconstruct the height of cube phantom in
3D image reconstruction. When the cube phantom was
placed at test position P3 which has variation in sensitivity
along z-axis, the height of the 3D image of cube phantom
can be resolved. Besides, the reconstructed height of cube
phantom was lower than the actual height of 2 mm and this
corresponds to the lower magnitude of sensitivity
distribution when the height from electrode surface
approaches 2 mm.

Meanwhile at test positions P1 and P2, the reconstructed
height of cube phantom extended from bottom the top of
sensing chamber because these test positions lacked
variation in sensitivity along z-axis. As illustrated in

3
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Figure 7, the sensitivity distribution magnitude at test
positions P1 and P2 remained constant along the z-axis.
Therefore, the reconstructed 3D images have equal
contrast from bottom to the top of sensing chamber.

4. CONCLUSION

In this article, the 2D and 3D imaging capability of
peripheral on-chip ECT sensor was investigated through
simulation approach. The simulation results revealed that
the peripheral on-chip ECT sensor was able to reconstruct
2D images of cube phantom at all the test positions
correctly. The 3D image reconstruction results, however,
showed that the height of the reconstructed 3D image of
cube phantom was not necessarily correct although the
position of the cube phantom was correctly reconstructed
in 2D image reconstruction. It was found that the variation
of sensitivity distribution along the z-axis was necessary
for peripheral on-chip ECT sensor to reconstruct the height
of cube phantom in 3D image reconstruction. The
sensitivity variation along z-axis was identified to be found
in region where the electrodes were located only. Based on
the findings in this article, the peripheral on-chip ECT
sensor was not practical for ECT applications that require
3D image reconstruction because the height of the
reconstructed image varies with position. The design of
planar electrode arrays for 3D ECT should be made such
that sensitivity variation is present throughout the sensing
chamber so that the height of 3D reconstructed image can
be resolved at all locations within the sensing chamber.
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