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Abstract 
This paper is concerned with a physical model of an interdigitated 
sensor working in a frequency range from 100 Hz to 10 MHz. A 
theoretical approach is proposed to optimize the use of the sensor 
for bioimpedance spectroscopy. The correlation between design 
parameters and frequency behavior in coplanar impedance sensors 
are described. CoventorWare software was used to model the 
biological medium loaded interdigital sensor in three dimensions 
to measure its electrical impedance. Complete system simulation 
by a finite element method (FEM) was used for sensor sensitivity 
optimization. The influence of geometrical parameters (number of 
fingers, width of the electrodes) on the impedance spectroscopy of 
the biological medium was studied. The simulation results are in 
agreement with the theoretical equations of optimization. Thus, it 
is possible to design a priori such sensor by taking into account 
the biological medium of interest that will load the sensor. 
 
Keywords: Bioimpedance, planar interdigitated electrodes, FEM 
simulation, design optimization. 
 
 
Introduction 
 
Impedance spectroscopy is a powerful experimental 
technique that compares the electrical response of a system 
to a time-varying electrical excitation [1]. This method of 
electrical impedance measurement has been demonstrated 
as a potentially useful approach in biomedical applications. 
This method allows the determination of physiological 
status of ex vivo or living tissues in addition to their 
electromagnetic characterization [2]. The changes induced 
by some pathologies could be associated with variations of 
essential tissue parameters such as the physical structure or 
the ionic composition which can be reflected as changes in 
the passive electrical properties. The range of applications 
derived from this technique is quite wide [3]. 

Planar interdigitated electrode arrays are a commonly 
used electrode configuration for conductimetric sensing 
applications [4]. These electrode arrays have become more 
prominent as a sensor device due to the ongoing 
miniaturization of electrodes and the low cost of these 
systems [5]. An important advantage of these sensors is its 
simple and inexpensive mass-fabrication process and the 
ability to use them over a wide range of applications 
without significant changes in the sensor design [6-7]. 
Another potential benefit is the ability to integrate 
electrodes with instrumentation to develop autonomous, 
lab-on-chip measurement systems. Typically they have 

been used for the detection of capacitance, dielectric 
constant, and bulk conductivity in biological mediums [8-
9]. We have been motivated to consider this type of 
geometry for biomedical applications generally and, more 
particularly, to measure the dielectric properties (such as 
conductivity and permittivity) of human blood from a 
droplet. A disadvantage of microelectrodes is their much 
higher impedances compared to macro-electrodes due to 
influence of interfacial capacitance. Interfacial, or double 
layer, capacitance arises from the interactions between ions 
and molecules at the interface of the electrolyte and 
electrode surface and has been established to be indirectly 
proportional to the electrode area [10]. This double layer 
capacitance places a constraint on the measurement 
equipment and increases the measurement error in low 
frequencies (around 1 kHz). Consequently, microelectrode 
design needs to be optimized to reduce interfacial 
impedance as well as to extend the useful frequency 
probing range of the microelectrode in the lower frequency 
band. Two optimization rules have been proposed and 
theoretically studied. The first rule is the elimination of the 
effects of interfacial phenomena, and the second is 
increasing the sensitivity of microbiological measurements. 

This paper presents a new approach of physical 
modeling system of a microelectrodes biological sensor. 
The correlation between design parameters and frequency 
behavior in a coplanar impedance sensor is presented. The 
theoretical optimization of the geometrical parameters of 
the sensor is conducted by developing impedance equations 
and modeling equivalent circuits. One objective was to get 
the optimal ratio between the width of the electrodes and 
the gap between the electrodes to expand the useful 
frequency band, and the optimal number of electrodes. A 
sensor model including a priori the human blood medium 
was described with the finite element method FEM using 
CoventorWare® software for simulation. The influence of 
the medium’s physical properties on the frequency sensor 
response was investigated. We simulated the influence of 
geometric parameters of interdigitated electrodes to define 
the optimal configuration for a 1mm × 1mm cross section. 
The results of the theoretical development of optimization 
of the sensor and those of the 3D modeling and simulation 
are discussed. 
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Analytical optimization of sensor 
 
Equivalent circuit model 
Figure 1.a gives the configuration of the planar structure of 
the interdigitated impedance sensor. Figure 1.b represents 
the simplified equivalent electrical circuit when such a 
sensor is immersed in an electrolyte. This equivalent circuit 
model is adapted from Hong et al. [11] and is also used by 
others [12-18]. We replaced the constant phase element 
(CPE), which is a measure of non-faradaic impedance 
arising from the interface capacitance, with a simple 
capacity CDL to facilitate physical modeling. In this case the 
CPE represents a purely capacitive impedance element 
corresponding to the interfacial capacitance. The electrical 
elements in the equivalent circuit model the physical 
phenomena that determine the total electrical impedance 
(Z) detected in the measurement cell (Figure 1.a). Thus, the 
equivalent model elements could be expressed in terms of 
physical quantities. 
 

 
 
Fig. 1: (a) Configuration of interdigitated impedance cell 
structure and (b) its adapted equivalent circuit model. CCell and 
RSol models the dielectric properties of the medium under testing, 
and CDL models the properties of the double layer phenomena. 
 
The resistance RSol of the medium is the sensing 

element and is related to the electrolyte conductivity σSol by 
the cell constant KCell [13] as described by: 
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In the preceding equations, N is the number of fingers; S 
the finger spacing, W the finger width and L the finger 
length (see Figure 2). Figure 2 presents the electrode 
structure consisting of two parallel coplanar electrodes 
whose design (width, spacing between electrodes, and 
length) is periodically repeated [14]. The function K(k) is 
the incomplete elliptic integral of the first kind. So, 
according to Olthuis et al. [12] the cell constant depends 

entirely on the geometry of the sensor. The lead resistance 
RLead is the result of the series resistances of the connecting 
wires. It was considered negligible in the physical 
modeling. 

Direct capacitive coupling between the two electrodes 
is represented by the cell capacitance CCell given by 
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with 80    Water r,Solr, εε ≈≈ . CCell models the dielectric part of 
the medium, such as the permittivity εr,sol. 

It must be noted that RSol and CCell are placed in parallel 
because the currents propagate both in the form of 
conduction currents through RSol and displacement currents 
through CCell. 

The impedances that explain the interface phenomena 
at the electrode-electrolyte interfaces are simplified to the 
double layer capacitances, CDL. These are dependent on the 
electrode material and the electrolyte solution [1-15], but 
for horizontal electrode surfaces they can be approximated 
by 

SurfaceDL,SurfaceDL, DL CNLW0.5  CA0.5  C ⋅⋅⋅⋅=⋅⋅=    (4) 
 
where A is the electrode surface and CDL,Surface the 
characteristic of the double layer capacitance of the 
electrode-electrolyte system. One must notice that the 
factor 0.5 is the result of CDL determined by only half of the 
electrode surface A. The characteristic capacitance of the 
double layer CDL,Surface is supposed to be equal to the 
characteristic capacitance of the Stern layer for electrolytes 
with high ionic strength. This characteristic capacitance of 
the Stern layer is approximated by CStern,Surface = 10-20 
μF/cm2 [16]. 

 

 
 

Fig. 2: Interdigitated sensor structure of 4 electrodes. The 
dimensional parameters L, W, and S are finger length, finger 
width and finger spacing, respectively.  
 

Optimizing the electrodes geometry 
Based on the equivalent circuit of Figure 1.b, the total 
observed impedance can be expressed as 
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Figure 3 shows the total impedance response to frequency 
of the equivalent circuit model (Figure 1.b). There are three 
zones in the impedance spectrum, which correspond to the 
three kinds of elements in the equivalent circuit. The 
frequency dependent properties of these zones can be 
analyzed using the equivalent circuit mentioned above. 

As shown in Figure 1.b, there are two parallel branches 
(CCell and CDL). When the frequency is not greater than FHi, 
the current cannot cross the middle of the dielectric 
capacitor. That is, the capacitor is inactive, and acts as an 
open circuit. In this case, the total impedance corresponds 
to the double layer capacitance and solution resistance in 
series.  
 

 
Fig. 3: Diagram of total impedance vs. frequency behavior. 
Three cases can be distinguished: For low frequencies (before 
FLow), the total impedance only depends on the double layer 
capacitance CDL. In the intermediate range the impedance 
reaches a plateau, which depends on the solution resistance RSol. 
For high frequencies (after FHi), the impedance depends on the 
cell capacitance CCell. 
 

Total impedance becomes essentially resistive at 
frequencies lower than FLow, and CDL it contributes mainly 
to the total impedance value 
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At lower frequencies, impedance increases with the 
decrease of the frequency in the double layer region.  

However, above FLow, double layer capacitance offers 
no impedance. This is explained by the fact that only the 
resistance of the solution contributes to the impedance 
below FHi when the influence of CCell is not yet significant, 
thus making total impedance independent of frequency 
(resistance of the solution zone). This results into a 
frequency band, restricted by FLow and FHi, in which the 
results (e.g. the conductivity) can be deduced from the 
observed impedance: 

( ) SolLead R 2R  jωZ +=    (8) 

The measurement sensitivity is higher between FLow and FHi 

where RSol is dominant. In order to increase the sensitivity, 
the frequency band should be increased. 

The phenomena of double layer (DL) can then be 
eliminated from the dielectric properties of the electrolyte 
solution in the diagram of total impedance by shifting the 
lower cutoff frequency to be as small as possible. 
Optimizing the impedance cell maximizes the plateau width 
of the curve in Figure 3. 

When the frequency is higher than FHi, the current 
crosses the middle of the dielectric capacitor instead of 
crossing the electrolyte solution resistance. That is, the 
branch containing CDL + RSol + CDL is inactive and the 
branch with CCell is active. In this zone, the dielectric 
capacitance of the medium governs the total impedance, 
and the double layer capacitance and medium resistance 
can be neglected. Thus, the total impedance value is 
inversely proportional to the frequency: 
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By replacing RSol from equation (1), CDL from equation (4) 
and CCell from equation (3) respectively, the equations (7) 
and (10) in terms of conductivity and permittivity 
parameters become: 
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Note that the higher boundary frequency, FHi is not 
dependent on the geometry, according to the theory, when 
there is no wiring capacitance. Obviously, maximizing the 
width of the plateau in the diagram of total impedance 
(Figure 3) can thus only be done by decreasing the lower 
boundary frequency. In order to make the lower boundary 
frequency (11) as low as possible, the geometrical term in 
equation (13) should be maximized. 
 

 W)S, L, (N, KCellNLW ⋅⋅⋅  (13) 
 
We showed in [16], that the cell constant KCell is inversely 
proportional to the width of electrodes W. When W 
increases, KCell decreases and it is impossible to realize the 
maximization of the geometrical term of equation (13). But 
when using a square structure of L×L, one variable can be 
eliminated and the optimization is possible, since

 S-S) (W NL:LL +⋅=× , with L in mm and S in microns: 
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However, it is more illustrative to introduce a factor a = 
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which are based on equation (15) together with the ratio a, 
expression (13) becomes: 
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This optimization expression, which has to be maximized in 
order to minimize FLow, can be split in two parts. The first is 
the factor X(N, L), showing that the cell size L×L must be 
as large as possible while reducing the number of fingers. 
Since there is no maximum in the desired cell size, with 
respect to the optimization of FLow, the value L can be 
chosen according to the medium of interest. A cell size of 
about 1 mm² is used in the modeling. The optimal number 
of fingers N has a minimum of N = 2 which is the lowest 
possible number of fingers. On the opposite side, the 
sensitivity of the impedance measurement depends on the 
number of fingers. 

The sensitivity increases by increasing the area of the 
contact surface between the electrodes and the sample 
under test. The modeling allows us to study the influence of 
the number of fingers on the impedance measurement, 
showing that a higher number of fingers leads to higher 
sensitivity. The factor X(N, L) is related to the sum W+S 
according to equation (14), the second factor in expression 
(16) has only the ratio W/S = a as a parameter. In Figure 4 
this factor is plotted as a function of a varying from 0 to 10. 
For a = 1, the finger width is equal to the gap between 
them. It can be seen that this is not the optimal ratio, for a = 
0.66 the optimization function has a maximum indicating 
that the finger width should be approximately 1.5 times as 
large as the gap width, W = 3S/2. This maximum for the 
function denoted in the figure as f (a) is equal to 0.66. 
 

 
Fig. 4: Analytical optimization of the dimensional parameters 
that to say width W and spacing S. The geometrical term Y (a) is 
a function of S and W, where the ratio a is equal to S/W. Its 
value of optimization is 0.66. 

 
Therefore, when designing a square structure, the design 
rule in physical modeling, based on the maximum 
frequency range criterion according to equation (14) 
becomes  S1)  5N (2.L ⋅−= . 
 
Optimization of cell constant 
In biological measurements of samples with micrometrical 
dimensions, it is preferable to use electrode structures with 
the lowest impedance for the frequency range where the 
total impedance is equal to the sensing element RSol in order 
to increase the sensitivity of microbiological measures. 
Indeed, the impedance variations generated by the cells are 
more easily detected [18]. And therefore it is preferable to 
use interdigitated electrodes, which have the minimal cell 
constant, because RSol depends directly on KCell (equations 
(1) and (2)). 

We analytically studied the variation of the cell 
constant factor KCell (equation (2)) depending on the 
number of fingers N (Figure 5), using the first rule of 
optimization mentioned above, S/W equal 0.66. In this 
figure we note that the cell constant decreases with the 
number of fingers N. We can see a wide variation in the cell 
constant for N ranging from 2 to 20 electrodes. After N 
reached 20 electrodes the change of KCell became almost 
negligible. 

The two optimization rules have been studied by 
leaving the surface area of placement of the sample under 
test L×L constant, but by varying the form factor (cell 
constant KCell). The first rule of optimization is to choose 
the electrode width W equal to 1.5 multiplied by the 
separation between the electrodes S and reduce the number 
of electrodes as much as possible. The second rule is to 
increase the number of electrodes to reduce the cell 
constant as much as possible. As the cell constant does not 
vary significantly after increasing the number of electrodes 
to 20, and by superimposing the two optimization rules we 
chose N equal to 20 as a theoretical optimization of 
interdigitated electrodes. 

 
Fig. 5: The geometrical cell constant KCell by varying the number 
N of electrodes in the optimization case W = S ⋅ 3/2. The finger 
length L is 1000 μm. 

0 2 4 6 8 10
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

 

 

a

Y
(a

)

Geometrical term Y(a)

a = 0.66

0 10 20 30 40 50
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8 x 10-3

Number of digits

K
ce

ll,
 1

/m
ic

ro
m

et
er

 

 

Cell constant



Ibrahim et al.: Theoretical modeling and simulation of Planar Interdigitated Electrodes . J Electr Bioimp, 4, 13-22, 2013

17

3D Modeling system 
 
In this section, the design of the physical model of the 
sensor loaded by the blood is described. This model was 
developed for simulation with a finite element method 
(FEM) using the CoventorWare® software. We used the 
microelectromechanical systems (MEMS) module for 
electro quasi-static harmonic response provided by the 
library of the software and according to this approach. This 
approach is valid only when the frequency used is less than 
107 Hz. 
 
Modeling the electrodes 
The structure of the interdigitated impedance sensor used in 
this simulation is on the order of microns. It is composed of 
two layers of glass and platinum, layers 1 and 2 
respectively (top view shown in Figure 6, 3D view shown 
in Figure 7). A glass layer of length 1300 µm and width of 
1300 μm has been defined as a substrate with thickness of 
1000 μm to carry the system (layer 1 on Figure 7). Glass is 
a good electrical insulator (10-17S ⋅ m-1) with a relative 
permittivity (around 5-7 [19]) that is small. As the glass has 
a very small permittivity, we do not need to put an 
insulating layer between the substrate and the electrodes. 
Next, we defined a mask of platinum electrodes (thickness 
1 μm), known to be a good conductor (9.66 ⋅ 106 S·m-1 [19]), 
using the graphical editor of CoventorWare. This is 
deposited on the glass, red layer on Figure 6 and layer 2 on 
Figure 7. The effective region of electrodes forms a square 
1000 μm × 1000 μm and is constant for all different 
geometries of electrodes.  

The characteristic parameters of the geometry of 
electrodes, the length of digit L, the number of digits N, the 
digit width W and the distance between digits S, were 
selected according to formulas of the first rule of 
optimization given above. With L fixed at 1000 μm: 

2

S3
 W 

⋅
=  μm, ( )1N/25

L
  S

−⋅
=  μm and N is a variable. 

 

 
Fig. 6: Top view of a structural model of 8 electrodes in a planar 
interdigitated array. The size is 1000×1000 μm, the width W and 
finger spacing S of the electrodes in this figure are 79 μm and 52 
μm, respectively.   

 
Then, W, S and N are variable but the surface area of 
placement of the sample under test is constant because 
these parameters are used in that way: 
 

S- S) (W NL +⋅=  
 

For example, N=4 electrodes, S=1000/((4×5/2)-1)=111μm 
and W=111×3/2=167μm. 
 
Modeling the blood medium 
From Figures 1 and 3, the components CCell and RSol models 
the dielectric properties of the medium under testing, and 
the component CDL models the properties of the double 
layer interface phenomena. Therefore the total medium is 
composed of two sub-media. In physical modeling these 
two sub-media are translated into two layers, one over the 
other, horizontally on top of the electrodes. On the other 
hand, in general the type of the equivalent circuit of Figure 
1 exempted of the resistances Rlead must be physically 
modeled in two layers one on top the other in the modeling 
of CoventorWare according to the references provided by 
the software package itself [20]. This again verifies our 
choice of two layers one over the other. 

The two layers that describe the interface phenomena 
occurring at the electrode-electrolyte interface are 
simplified to a single equivalent layer. The double layer, 
DL, consists of the interface between platinum electrode 
and the electrolyte medium, with a thickness of about 5 nm 
and a relative permittivity about 97 [21]. This is the first 
layer shown in Figure 7 (layer 3). The second layer is the 
blood (layer 4).  
 

 
Fig. 7: 3D view of structural model of 4 electrodes type planar 
interdigitated electrode array (layer 2) loaded by the full 
medium, which contains the double layer DL (layer 3) and blood 
medium (layer 4). The entire system is located on a glass 
substrate (layer 1). The width W and spacing S of electrodes in 
this figure is 167 μm and 111 μm, respectively. The size of full 
medium is 1000×1000×500 μm. 

 
The total medium is thus composed by two layers. Since the 
5 nm thickness creates problems in the computer’s memory 
for the mesh system, they were shifted to a thickness of 10 
µm by scaling (equal to 5 nm × 2 × 1000) which is 
conformed to the mesh and to a relative permittivity of 
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194000 (equal to 97 × 2 × 1000) in order to maintain the 
capacity of the new layer at the same value. One can notice 
that the DL is mostly an insulator [21]. We tested the model 
of blood as a biological medium with 0.7 S/m as 
conductivity in the frequency range 100 – 107 [22] and 80 
as relative permittivity at a high frequency around 107 – 108 
Hz [23]. Its layer is of 500µm thickness. 
 
 
Simulation results 
 
The dimensions of the modeled domain are very small at 
the wavelengths of the electric fields used justifying the 
quasi-static approximation [24]. The mesh is an essential 
step in the modeling. An appropriate mesh greatly 
contributes to optimizing the accuracy of calculation of the 
system. In the case of our configuration, the physical model 
mesh was created using a Manhattan mesh with linear 
elements sized five microns in the X, Y, Z directions 
(Figure 8).  

A 1 volt sinusoidal signal potential between the 
terminals of the interdigitated electrodes with a frequency 
range from 100 Hz to 10 MHz was applied. The magnitude 
of the biological impedance Z was simulated for different 
cases of electrodes configuration. For the first models, we 
arbitrarily chose N equal to 16 electrodes. 

 

 
Fig. 8: 3D view of a structural model meshing of 4 electrodes 
type planar interdigitated array, covered by the full blood 
medium. The mesh type is Manhattan bricks and the element 
size is 5 μm.  

 
The magnitude of the electrical impedance Z was calculated 
from the data capacitance, C, and conductance, G, of the 
total medium delivered by the software as simulation 
results (equation (17)). The impedance Z is related to the 
electrical admittance Y by Z=1/Y.  

 

CjG Y
Z
1

ω+==       (17) 

 
Here ω is the frequency and j is the imaginary number. 

To verify the structure of the physical model, chosen as a 
full medium composed of two layers, DL, and blood 
medium, we observed the influence of the double layer 
interface on the simulated electrical impedance of the full 
medium by comparing simulation results of two system 
models with and without the DL. Figure 9 shows the sensor 
response of 16 electrodes for these two cases. One can see 
the response of the first case that with DL corresponds to 
the schematic diagram of the total impedance appeared in 
Figure 3, but the phenomena of the dielectric capacity CCell 

of the blood medium do not appear because the cut off 
frequency FHi is higher than 107 Hertz. For the second case 
without DL, one can notice that the impedance is constant 
throughout the frequency range and does not take into 
account the cut-off frequencies FLow.  
 

 
 

Fig.9 : Simulated electrical impedance for a full blood medium 
deposited on the interdigitated structure of 16 electrodes. The 
medium is modeled with and without interface double layer DL. 
 
 
 

 
 

Fig. 10: Simulated response of interdigital biosensor with 16 
electrodes, by changing the permittivity of the blood medium 
(layer 4). Electrical impedance simulated for two different 
permittivities, 80 and 5200, respectively. 
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In the purpose of verifying the choice of values (5200) of 
the dielectric properties of blood, in particular the 
permittivity, we studied the influence of changing its value 
on simulated impedance response of the interdigital sensor 
with 16 electrodes, displayed in Figure 10. By comparing 
simulation results for two different permittivities (80 and 
5200, respectively), one can observe that the permittivity 
does not affect the impedance reaction for a frequency 
range between 100 and 107 Hertz.  

Figure 11 shows the influence of changing the 
conductivity of the blood medium. Simulation results are 
obtained for two different conductivities, 0.7 and 9 S/m, 
respectively. When the conductivity increases, the RSol 
decreases then the plateau shifts to lower impedance. In 
addition, a change in the height of the plateau implies a 
change in the boundary frequency FLow.  
 

 
 

Fig. 11: Simulated response of interdigital biosensor with 16 
electrodes, by changing the conductivity of the blood medium 
(layer 4). Electrical impedance simulated for two different 
conductivities, 0.7 S/m and 9 S/m, respectively. 
 

 
 

Fig. 12a: Behavior of simulated electrical impedance for the 
blood medium by varying the cell constant of the sensor with 
changing the ratio between width of electrodes and gap, while 
leaving the same contact area of sensor 1000 × 1000 microns by 
N = 8 electrodes. 

 

 
 

Fig. 12b: Behavior of corresponding electrical phase by varying 
the ratio between width of electrodes and gap. 
 

Table 1: Representative table of the variation of cut off frequency 
FLow depending on the geometry. 

 

 FLow (Hz) ∆FLow (Hz) 
Relative 

change %  
S/W = 0.66 7·103 0 0 
S/W = 0.1 10·103 3·103 43 
S/W = 5 20·103 13·103 186 
 

A main objective is the verification of the results of 
theoretical development of equations linking the design 
parameters and the behavior of frequency for coplanar 
impedance sensors, in the first rule of optimization by S/W 
equal 0.66. In the Figure 12 we showed the influence of the 
ratio between the width of electrodes and the separation 
between electrodes. Figure 12a shows the simulated 
electrical impedance in three different cases of S/W where 
this factor equal 0.66, 0.1 and 5. To be able to simulate 
these three cases of S/W, we had to develop systems with 
eight electrodes. In this figure the cut off frequencies 
amongst the different types seem very close. Thus, to 
distinguish the three cut off frequencies for each geometry 
Figure 12b presents the phase curves corresponding to each 
case. 

To confirm the second rule of optimization Figure 13 
gives simulation results of change in electrical impedance 
response and electrical phase for many sensors with 
different electrodes values N. Using the conditions of the 
first rule of sensor optimization mentioned above, that 
spacing over width of electrode S/W equal 0.66, six 
different structures were developed and modeled with 
respect that the surface area of placement of the full 
medium under test is constant for all sensors structure. In 
Figure 13a we study the change in impedance plateau 
values RSol and the cutoff frequency FLow are given by 
figure 13b for different numbers of electrodes (4, 8, 12, ...) 
and it is compared to the case N = 2. This case is taken as 
reference since this is the lowest possible number of 
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fingers. So we study the sensitivity of the sensors relative to 
case 2 electrodes. In this case, we can see that the 
impedance shows a plateau for frequencies above  
FLow = 3·103 Hz. This level is 2000 Ω. For 4 electrodes, one 
can see a different frequency FLow equal to 5·103 Hz and the 
plateau is much changed compared to the case 2 electrodes, 
and this change is 700 Ω. For N equals 8, one can see a 
different frequency FLow equal 7·103 Hz and the plateau 
dominated by RSol is changed compared to the case with 4 
electrodes, and the change is 350 Ω. When N is equal to 12, 
the platform decreases slightly compared to the case with 8 
electrodes with a value of 260 Ω and FLow = 1·104 Hz. The 
curves of 16 and 20 electrodes have almost same value of 
the plateau 220 Ω with a low cut-off frequency 1.6·104 and 
1.7·104 Hz respectively.  

As we mentioned in the paragraph of Optimizing the 
electrodes geometry, the optimal number of fingers N has a 
minimum for N = 2 which is the lowest possible number of 
fingers. Conversely, the sensitivity of the impedance 
measurement depends on the number of fingers. 

The sensitivity increases by increasing the contact 
surface between the electrodes and the sample under test 
[25]. Then, the modeling allows us to study the influence of 
the number of fingers on the measurement sensitivity. In 
order to fully exploit the variation of sensors impedance 
depending on the number of electrodes, N, the impedance 
difference related to the number of electrodes has been 
investigated in Figure 14. We study the sensitivity of 
detection i.e. the change in the sensor’s impedance response 
for the same numbers of electrodes mentioned in Figure 13, 
in order to compare it to the N = 2 case that is the optimal 
number relative to the optimization of frequency range but 
with the smallest measurement sensitivity. We introduce a 
calculation for the sensitivity as 

Volume)(Z2

Z2)(Zi

⋅

−
 

where i is the number of electrodes. 

 
 
Fig. 13a: Behavior of simulated electrical Bioimpedance for the 
blood medium by varying the cell constant of the sensor with 
changing the number of electrodes N, while leaving the same 
contact area of sensor 1000 × 1000 microns. 

 
 
Fig. 13b: Behavior of corresponding electrical phase by varying 
the number of electrodes N. 
 

We can note that this change in impedance for the 2 
electrode configuration is very small below the frequency 
FLow (<10%), and presents good values for frequencies 
greater than FLow. For 4 electrodes the sensitivity was 16 %. 
For 8 electrodes the sensitivity was 42 %. For 12 electrodes 
the sensitivity was. 58 %. For 16 electrodes the sensitivity 
was 68 %. In arriving at 20 electrodes the sensitivity 
increases only 4 % compared to 16 electrodes. 
 

 
 
Fig. 14: Difference sensitivity percentage of simulated electrical 
Bioimpedance for the blood medium relative to the 2 electrodes 
type sensor by varying the number of electrodes N, while leaving 
the same contact area of sensor 1000 × 1000 microns. The 
sensitivity is calculated by (Zi-Z2)/ (Z2·volume), i is the number 
of electrodes. 
 

Discussion 
 
As can be seen in the figures showing the response of the 
impedance and phase, when the impedance is constant as a 
function of the frequency corresponding to RSol, the proper 
phase angle cannot reach zero degrees because the 
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impedance is not entirely completely resistive. There is 
always the capacitive effect of the medium. 

By comparing the two curves in Figure 9, the effects of 
the capacity of double layer interface CDL on the curve of 
the impedance simulated do not exist for the physical model 
without the presence of the defined layer DL (layer 3 in 
Figure 7). The conduction currents passing through RSol are 
subject to double-layer phenomena because they propagate 
through in the sample via CDL. The absence of the layer DL 
in the physical model of the full medium, translates into the 
impedance consists of only resistance RSol in parallel with 
capacitance CCell that has a negligible effect for low 
frequencies, which is suitable for the fact that the value of 
CDL, in the equivalent circuit model of Figure 1, tends 
toward infinity, causing the value of the cut off frequency 
FLow in the equation 11 to tend toward zero, i.e the 
impedance curve remains constant over the entire frequency 
range. Therefore the choice of two layers DL and blood 
medium to make the blood full medium is warranted. 

Both simulated curves for two different permittivities in 
Figure 10 are confounded in the low frequency range. The 
permittivity does not affect the impedance for frequencies 
less than 107 Hertz. Thus the effects of capacity CCell 
representing the dielectric properties of the medium does 
not appear only for high frequencies. Both curves have the 
same low cut off frequency FLow. This justifies the value of 
FLow in equation (11) that does not depend on the 
permittivity of the medium. 

The change of the medium’s conductivity in Figure 11 
changes the level of the plateau of RSol and changes the FLow 
confirming the validation of the two equations (2) and (11) 
of RSol and FLow, respectively. 

In Figure 13 it was shown that the RSol element is 
sensitive because the sensitivity compared to the 2 
electrodes case does not have good values below FLow. 

The three cut off frequencies found from Figure 12 are 
7·103, 10·103 and 20·103 corresponding to W/S = 0.66, 0.1 
and 5, respectively. Table 1 is more representative and 
shows the difference percentage between the case and the 
standard 0.66. In the case of 0.1, there is a difference 
percentage of 43% and in the case 5 there is a percentage of 
186%. These values (43%, 186%) are relatively large 
compared to case 0.66 and verify the theory of the first rule 
of optimization. Furthermore the difference percentage in 
the case 0.1 is relatively low compared to the case 5. This is 
in agreement with the curve Y(a) in Figure 4. We must note 
that for very low conductivities, the change in flow caused 
by changing the geometry is more important. 

The influence of the geometry of a sensing system with 
interdigital electrodes; the width, the separation and the 
number of electrodes on the detected impedance in the 
medium was validated (Figure 13). Indeed, the increasing 
number of electrodes increases the low cut off frequency, 
and a diminution in the impedance into the intermediate 
frequency range where RSol dominates. It verifies the 
dependence of parameters FLow and RSol by the geometry of 
electrodes in equations (2), (11), (13) and (16). It was 

observed that the change in the simulated impedance 
response by varying the number of electrodes is not 
significantly detected by passing 16-20 electrodes. This is 
consistent with Figure 5. 

According to the curves of the impedance in Figure 13a 
we cannot see the high cut off frequency, but according to 
curves of the phase in Figure 13b one finds a common cut 
off for all geometries at approximately 106 Hz. This can be 
explained in two ways: The first is that we really have a 
capacitive effect about 106 Hz, but it is not pure and that the 
values of the G are very large compared to the values of C, 
so we cannot find this frequency in the curve impedance. 
The second way is that as we mentioned on the validity of 
the model above 107 Hz, there was doubt for these values at 
high frequency around 106 – 107 Hz. 

The change in impedance resulting from variation in 
the number of electrodes relative to the impedance of two 
electrodes presented in Figure 14 shows that these 
measurement systems are sensitive to frequencies greater 
than FLow. For the frequencies less than FLow, the sensitivity 
is very low. It justifies why we tried to shift the FLow to 
minimum. It can be noted also that the cut off frequencies 
did not change by varying N, especially for the last three 
cases (12, 16 and 20 electrodes). The variations in the 
impedance dominated by RSol are negligible above 20 
electrodes, which is consistent with Figure 5. This 
sensitivity of detection makes further proof that the sensing 
element of measures is the RSol, listed in the electrical 
circuit of Figure 1. 

Taking into consideration the two optimization rules we 
have presented, it can be confirmed based on the analytic 
geometry optimization of the sensor and according to the 
simulated impedance in the section physical modeling of 
the full system, the optimized geometry of an interdigital 
sensor with size 1mm×1mm, is suitable for 20 electrodes 
having a width 20 microns and spacing 30 microns 
confirming the first rule of optimization. Generally the 
optimized geometry of an interdigital sensor is to choose a 
ratio between the gap and the width of electrodes equal 
0.66. 

The results of the theoretical development of 
optimization of sensor and those of the 3D modeling and 
simulation are consistent. 
 
Conclusion  
 
This paper presents a comparative approach for simulation 
of an interdigitated sensor in a biological medium using 
CoventorWare® software. Three dimensional interdigital 
sensor simulation techniques were done to analyze the 
influence of the physical properties of the medium and the 
impedance response by optimizing the geometry of sensor 
was used. This optimization method used for bioimpedance 
spectroscopy sensor was obtained from theoretical 
equations, by developing total impedance equations and 
modeling equivalent circuits. Sensitivity related to the 
number of electrodes has been studied and a geometrical 
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structure of the sensor was optimized. The simulation 
results are in agreement with the theoretical equations of 
optimization. We found that the optimized geometry of an 
interdigital sensor is to choose a ratio between the gap and 
the width of electrodes equal 0.66 to expand the useful 
frequency band. It is thus possible to design a fully 
optimized interdigitated sensor by including a priori the 
biological medium of interest that will load it. 
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