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Abstract—Electrical Capacitance Tomography (ECT) is a 
popular technique for multi-phase fluidic imaging. For the sake 
of better microfluidics handling within a miniaturized platform, 
this paper presents a simulation study of a lab-on-chip 3D ECT 
model with two set of 8-planar-electrode arrays position 
circularly on the top and bottom layer of the sensing 
microchamber. The presented simulation studies are to 
reconstruct the 3D images of a square phantom (water) in a 
background (air) with different location by using Linear 
Backward Propagation (LBP) as the image reconstruction 
algorithm. The simulation results have shown that the proposed 
lab-on-chip 3D ECT is capable to identify the different position 
of the phantom. 

Keywords—Lab-on-chip 3D ECT; 3D image reconstruction; 
linear backward propagation (LBP); simulation; two-phase fluid 

I. INTRODUCTION 

Microfluidics is referred as fluids which have the volume 
ranging from micro to pico scale [1]. Due to the high surface to 
volume ratio characteristic, microfluidics technology enjoys 
the benefit of being high throughput, which in turn shortens the 
reaction time and outperforms the classical techniques [2].  

In order to ease the handling of microfluidics, lab-on-chip 
that integrates several laboratorial functions including 
microfluidics handling, detection, mixing, analysis, filtering, 
monitoring and separation [3] within a miniaturized platform is 
introduced. Lab-on-chip is equipped with several elementary 
microfluidics components, such as micropumps, 
microchannels, microvalves, junctions, nozzles, and reservoirs 
to carry out the laboratorial functions that are mentioned above. 
Lab-on-chip is novel and revolutionary for microfluidics 
technology due to its compactness, fast sample handling, 
programmability, straightforward process integration, precise 
measurements and reduced reagent volume. 

Lab-on-chip is broadly applied in biomedical industry, as 
lab-on-chip can carry out molecular biology experiments [4]. 
The applications of lab-on-chip in biomedical industry mainly 
focus on biochemical analysis, biosensor, proteomic and cell 
research, and drug development [5]. For instance, cell culturing 
which is useful in studying drugs effect, virus, vaccine, protein 
therapeutic and cancer, is carried out on the platform of lab-on-
chip nowadays, and it is commonly known as microfluidics cell 
culturing. Microfluidics cell culturing does outperform the 
conventional cell culturing technique, as it is more flexible in 
device design, consumes less reagents, yet provides real-time 
and on-chip analysis [1], [6], [7]. On the other hand, for the past 
few decades, lab-on-chip provides another alternative for 

chemical synthesis [8]. As compared to conventional chemical 
synthesis, applying lab-on-chip for chemical synthesis is more 
precise in control, uses less reagent, provides safer 
experimental environment, and  increases energy efficiency 
(green credentials) [9].  In fact, chemical synthesis is 
significant in developing organic chemistry, biomedicine and 
material science [10].  

Undoubtedly, imaging of the reactions within the 
microchamber is important, as it provides vast of information 
including the location, shape and size of the interested object, 
which in turn is useful for monitoring and analyzing during 
experiments. Therefore, lab-on-chip ECT which reconstructs 
images based on the permittivity distribution is proposed to 
fulfill the need of fluidic imaging, as different phase of fluids 
generally have significant difference in their permittivity 
property. In 2014, Aizat Azmi et al. [11] had shown the 
feasibility of applying planar electrodes for lab-on-chip ECT 
application. The capacitance measurements provided by planar 
electrodes are reasonable and have a good agreement with the 
theoretical calculation. In 2015, Zhen Ren et al. [12] had 
investigated the performance of miniaturized ECT through 
simulation in four aspects: (1) the effective sensing area, (2) the 
distance between electrical electrodes, (3) the angle between 
electrical electrodes, and (4) the number of electrical 
electrodes. Later, in the year of 2017, Nur Adila [13] had 
developed a lab-on-chip ECT for two-phase fluidic flow 
imaging. 8-planar-electrode arrays were applied to reconstruct 
the image of a 16mm diameter sensing microchamber. The 
reconstructed images are highly identical to the camera-
captured images. 

All the latest reported works about lab-on-chip ECT are 
limited to 2D imaging. As compared to 3D imaging, 2D 
imaging is poor in visualization and fails to reveal the real 
situation within the microchamber. This is because 2D imaging 
is an intuitive display of 3D imaging. Therefore, this paper 
presents a simulation study of a lab-on-chip ECT model for 
two-phase fluidic 3D imaging. 

II. PRINCIPLE OF ECT 

Fundamentally, ECT displays images based on the 
permittivity distribution within the sensing chamber. The 
derivation of 3D ECT image reconstruction algorithm could be 
started from fundamental equation (1), which shows the 
relationship between capacitance, charge and voltage. 
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C = QVୡ (1) 

where C is the capacitance; Q is the charge; Vୡ is the voltage 
applied across the electrodes. 

Equation (1) is then derived into equation (2), as charge 
equals to the volume integration of volume charge density, Q ׬= ୴	(ܚ)୴ߩ dv . 

C = 1Vୡ න ୴	(ܚ)୴ߩ dv (2) 

where ߩ୴(ܚ)  is the volume charge density; ׬୴ dv  is the 
volume integration; ܚ = (x, y, z). 

According to Gauss’s law (Maxwell’s first equation), ߩ୴ = ∇ ∙  therefore, equation (2) is further derived into equation ;(ܚ)۲
(3). C = 1Vୡ න ∇ ∙ ୴(ܚ)۲ dv (3) 

where ۲(ܚ) is the electric flux density; ∇ ∙ is the divergence 
operator. 

Equation (3) is derived into equation (4) as ۲(ܚ) =ε(ܚ)(ܚ)۳; equation (4) is then derived into equation (5), as ۳(ܚ) = C .(ܚ)∅∇− = 1Vୡ න ∇ ∙ [ε(ܚ)(ܚ)۳]୴ dv (4) 

C = − 1Vୡ න ∇ ∙ [ε(ܚ)∇∅(ܚ)]୴ dv (5) 

where ε(ܚ) is the spatial permittivity distribution; ۳(ܚ) is the 
electric field; ∇∅(ܚ) is the potential difference. 

According to divergence theorem, equation (5) could be 
written as equation (6). Divergence theorem states that, ∮ ୱ܁dۯ  equals to ׬ ∇ ∙ ୴ۯ dv , where ∮ ୱ܁dۯ  is the net 
outflow of flux of vector field ۯ from closed surface; ∇ ∙  is ۯ
the net outflow of flux of vector field ۯ per unit volume over a 
closed surface. Therefore, volume integration of ∇ ∙ ∮ equals to ۯ ୱ܁dۯ . 

C = − 1Vୡ ර ε(ܚ)∇∅(ܚ) d܁ୱ  (6) 

where ∮ 		d܁ୱ  is the closed surface derivation. ∇∅  in equation (6) is also a function of ε . Therefore, 
equation (6) could simplified as equation (7). C = ݂(ε) (7)

where ݂ is the non-linear function. 

For a more detailed explanation of the fundamental image 
reconstruction algorithm of ECT, references [14]–[16] can be 
further referred. 

III. 3D ELECTRICAL CAPACITANCE TOMOGRAPHY  

A. Modelling of Lab-On-Chip 3D ECT 

Fig. 1 illustrates a lab-on-chip 3D ECT model with 8-
planar-electrodes arrays on the top and bottom of the sensing 

chamber. The lab-on-chip ECT model is developed in 
COMSOL Multiphysics. The height of the model is 1mm, 
while both the width and length of the model are 5mm. On the 
other hand, the width and length of the rectangular planar 
electrodes are 0.4mm and 1.5mm respectively. 

In addition, Fig. 2  demonstrates the parts of the lab-on-chip 
3D ECT model. The planar electrodes are made by copper, 
while the container is made by polydimethylsiloxane (PDMS), 
which is a common fast prototypic material of lab-on-chip 
devices.  

 

 
Fig. 1.   Schematic diagram of the lab-on-chip 3D ECT model. 

 

 

(a) 

 

(b) 

 

(c) 

Fig. 2.   Highlighted parts indicate (a) container (b) sensing chamber and (c) 
planar electrodes of the lab-on-chip 3D ECT model. 
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Fig. 3.   X-Y plane of lab-on-chip 3D ECT model. 

 

 
Fig. 4.   Lab-on-chip 3D ECT four layers modelling with single phantom. 

At the same time, Fig. 3 shows the X-Y plane of the lab-
on-chip 3D ECT model. The resolution of the X-Y plane is 
16×16 pixels, which is represented by 256 domains, as 
illustrated as Fig. 3. Both the width and length of each pixel are 
0.3125mm, as the width and length of the X-Y plane are 5mm. 
Moreover, the height of each pixel is 0.25mm, as the vertical 
part of the model is divided into four layers as demonstrated as 
Fig. 4. 

The modelling of COMSOL Multiphysics begins with the 
module selection. Electrostatic module is first chosen. After 
that, 3D geometry of the lab-on-chip ECT model is drawn as 
Fig. 1. The material in each domain and the boundary 
parameters are then defined. Mesh is generated for the finite 
element calculation. Finally, the global capacitance of each 
electrode pair is computed and evaluated. 

For this paper, air and water which have permittivity value 
of 1Fm-1 and 80Fm-1 respectively are applied within the 
sensing chamber. At the same time, for mesh generation, 
option of coarser is chosen for the sake of reasonable 
computational time. Instead of drawing a round sensing 
chamber of 5mm diameter, a polygon, which mimics the round 
shape, is drawn in order to decrease the domains, boundaries, 
and edges during mesh generation. This is because the process 
of finite element calculation could be fastened with less 
domains, boundaries, and edges. 

B. 3D Image Reconstruction Method 

LBP is applied for image reconstruction, as the 
computational time is short, yet the algorithm is easy to be 
understood. Consequently, LBP is commonly applied for real-
time dynamic imaging. 

For ݊  number of planar electrodes, ݉ = ௡(௡ିଵ)ଶ  is the 
possible electrode pair for an image made up of total ݌ pixels. 
The basic LBP algorithm (without truncation or thresholding) 
for calculating a grey level g(݇) for each pixels is g(݇) = ∑ ௜ߣ ௜ܵ(݇)௠௜ୀଵ∑ ௜ܵ(݇)௠௜ୀଵ for	݇ = 1,…	 ,  (8) ݌

where ߣ௜  is the normalized capacitance reading; ௜ܵ(݇) is the 
normalized sensitivity map; ݉ is the number of electrode pair. 
This grey level is supposed to be linearly related to the 
permittivity, with the lowest and highest permittivity material 
corresponding to g = 0  and g = 1  respectively. For detailed 
derivation of basic LBP equation (8) from equation (7), 
reference [17] can be referred. 

In order to normalize the capacitance reading ܥ௜ between 
electrode pair ݅, ߣ௜ is calculated as shown as equation (8).  ߣ௜ = ௜ܥ − ௜(௛௜௚௛)ܥ௜(௟௢௪)ܥ −  ௜(௟௢௪) (9)ܥ

where ܥ௜  is the capacitance reading between electrode pair ݅;	ܥ௜(௟௢௪)  is the capacitance reading between electrode pair ݅ 
when sensor chamber is full of the lowest permittivity material; ܥ௜(௛௜௚௛)  is the capacitance reading between electrode pair ݅ 
when sensor chamber is full of the highest permittivity 
material. 

The sensitivity map is defined by 

௜ܵ(݇) = ௜௞ܥ − ௜(௛௜௚௛)ܥ௜(௟௢௪)ܥ −  ௜(௟௢௪) (10)ܥ

where ܥ௜௞ is the capacitance reading between electrode pair ݅ 
when the area of pixel ݇  is full of the highest permittivity 
material while the rest of the sensing chamber is full of the 
lowest permittivity material. 

For this paper, the sensitivity map of each layer of the 
bottom 8-planar-electrode arrays is first generated. After that, 
the sensitivity map of the top 8-planar-electrode arrays directly 
mirrors the sensitivity map of the bottom 8-planar-electrode 
arrays. In other words, the sensitivity map of the first layer of 
the bottom 8-planar-electrode arrays is the same as the 
sensitivity map of the forth layer of the top 8-planar-electrode 
arrays; the mirroring of sensitivity map could be achieved as 
the proposed lab-on-chip 3D ECT model is symmetric in its 
design. As the result, the time in generating sensitivity map 
could be shortened. In addition, the total number of electrode 
pair of this model is 56, as the bottom and the top have 28 
electrode pair respectively. 

Furthermore, for this paper, the sensitivity map which is 
generated according to equation (10), is raised to the power of 
10 in order to improve the sensitiveness of the map. This is 
because the reconstructed images could be sharpened with the 
higher sensitiveness of map. The reconstructed image based on 
equation (8) would be renormalized again by dividing each 
pixel with the maximum grey level of the reconstructed image 
as illustrated as equation (11). ݃௡(݇) = ݃(݇)݃ு for	݇ = 1,…	,  (11) ݌

where ݃௡(݇) is the renormalized grey level of pixel ݇; ݃ு  is 
the maximum value grey level among g(݇). 
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TABLE I.  SIMULATION RESULTS OF LAB-ON-CHIP 3D ECT MODEL 

 

 
Model 

Reconstructed Images 

Layer 1 Layer 2 Layer 3 Layer 4 

i 

 

 
   

ii 

 

 
 

 
 

iii 

 

 
  

 

iv 

 

    

v 
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IV. SIMULATION RESULTS 

Lab-on-chip 3D ECT modeling and sensitivity map 
generation are done in COMSOL Multiphysics. On the other 
hand, LBP is coded in Matlab for image reconstruction. The 
model is divided into four layers as shown as Fig. 4. Layer 4 is 
known as the top layer and Layer 1 is known as the bottom 
layer. The blue-color-highlighted phantom is made up by 
water, while the rest of the sensing chamber is made up by air. 
Simulation results are tabulated in TABLE I. 

The reconstructed images are greyscale images: the highest 
permittivity material is displayed in white color and the lowest 
permittivity material is displayed in black color. Model i, ii and 
iii have square phantom in all layers; model iv and v have 
square phantom in layer 1-2 and layer 3-4 respectively. 

The simulation results of model i, ii, and iii show that the 
lab-on-chip 3D ECT is capable to identify the phantom location 
in X-Y plane. At the same time, the reconstructed images of 
model iv and v illustrate that the lab-on-chip 3D ECT can 
recognize the phantom location in different vertical level 
(different layer) as well. In short, the proposed lab-on-chip 3D 
ECT model is capable to locate the phantom position in all 
three dimensions. 

On the other hand, the reconstructed images could not 
restore the shape of the phantom. This is probably due to the 
ill-posed inverse problem of LBP. LBP suffers the ill-posed 
inverse problem, as LBP has under-determined equations. 
Under-determined equations problem is due to the smaller 
number of measurements than the number of pixels. In 
addition, LBP itself is very sensitive to noise as well as LBP is 
a scaled approximation solution. As the result, LBP has no 
unique solution and is classified as ill-posed mathematically. 

For model iii, phantom B and phantom C are close to each 
other, while phantom A is far to both phantom B and phantom 
C. Consequently, reconstructed images show that there are 
ghost images appear between phantom B and phantom C. This 
is most probably due to the poor accuracy of LBP as well. 
However, this problem could be solved by applying 
thresholding in algorithm. 

V. CONCLUSION 

This paper demonstrated the simulation study of a 3D lab-
on-chip ECT model with two set of 8-planar-electrode arrays 
position circularly on the top and bottom layer of the sensing 
chamber. The simulation utilized LBP to reconstruct the 
images of each layer of the sensing chamber. The proposed 
lab-on-chip 3D ECT model and image reconstruction method 
were evaluated using square phantom with different position. 
According to the simulation results, LBP algorithm produces 
blur shape images of the phantom, but the reconstructed 
images mapped the phantom position accurately. 
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