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Abstract 

In comparison to the bipolar or two-electrode system, the tetrapolar or four-electrode 

arrangement is a well-known technique to reduce electrode polarization just as effectively. 

However, recent studies have showed that phenomena such as negative sensitivity and 

multiple current paths can compromise the advantages of the tetrapolar electrode 

arrangement, thereby potentially limiting its applications. This paper reveals a novel 

method to evaluate the performance of the different electrode systems in which the 

concept of cell constant is extended to an impedance measurement system. We employ it 

as a standardised parameter to quantitatively analyse planar electrode systems in bipolar 

and tetrapolar measurement modes. Indeed, the cell constant is a key parameter in 

conductivity sensors to evaluate electrodes designs since it is independent of any readout 

electronics. A comparison of measurement modes using finite element methods (FEM) 

simulations and measurements for sodium chloride solutions is presented. While the cell 

constant of the bipolar electrode system is one order of magnitude greater than that of the 

tetrapolar arrangement, it shows large discrepancy over the measured frequency range. In 

contrast, despite the existence of measurement errors, the tetrapolar arrangement yields a 

uniform cell constant and good agreement with the simulations.  
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1. Introduction 

A typical biochemical sensing system can be mainly divided into three parts. A sample-

under-tested (SUT) part which can be either in the form of solid, liquid or gas, containing 

the analyte/analytes to be sensed. A signal processing part is used for signal amplification 

and data analysis. And finally a transducer, interfacing the other two parts, is used to 

convert the sample output (in any form) to a readable signal for the processing part [1]. 

Each of the three parts would affect the final sensing performance (e.g. sensitivity, 

detection limit, etc.). Specific considerations have to be taken for each part when 

designing a sensing system in order to achieve the best overall performance.  For instance, 

pre-measurement sample handling is normally required for most biosensing system to 

minimise the interference of native samples [2]. The latest technology node (e.g. the 

different CMOS technology) always tends to be selected to maximize the capabilities of 

the signal processing part [3]. Optimised transducer design could enhance the sensing 

capabilities significantly [4].  

Electrodes are employed as the transducer for a wide range of biochemical sensors. For 

example, electrodes functionalization is one of the common ways to improve the 

selectivity and the detection limit [5–7], while the optimisation of the geometry is a good 

approach to improving the sensitivity [8,9]. Large-area processing technologies provide 

the means to manufacture thin-film planar electrode systems at low cost with a large 

degree of design freedom [10–13]. The sensors’ properties, such as sensitivity and 

dynamic range, can be simply fine-tuned by varying the electrode dimensions [14,15] to 

suit different requirements. Here, a standardised parameter which is independent of 
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readout electronics and one that purely reflects the performance of electrodes is highly 

desirable. 

The cell constant of an electrolyte conductivity sensor, defined as the ratio of the 

measured resistance and the specific resistance of electrolyte, turns out to be an effective 

parameter to evaluate the electrode performance. Here the cell constant is linear and 

inversely proportional to the sensitivity [16]. The concept has been extended to 

capacitance-based sensing [17], and hence would be applicable for impedance-based 

measurements as well [18,19].   

Conventional impedance-based measurements use a bipolar electrode arrangement, in 

which the same electrode pair is shared for both current carrying (CC) and voltage pick 

up (PU). However, an electrolyte-electrode double layer is formed by the driving electric 

field near the CC surfaces; also known as electrode polarization [20]. A tetrapolar 

electrode arrangement separates the PU from CC, and may effectively eliminate the 

electrode polarization [21] at the expense of introducing additional interferences 

embracing negative sensitivity regions and separate current paths [22,23].  These 

measurement errors serve to limit the advantages of the tetrapolar system over the bipolar 

counterpart. 

This paper, reports on the use of cell constant to quantitatively compare the performance 

of planar bipolar and tetrapolar electrode systems. The method of cell constant 

calculation for impedance-based systems is described and the performance of bipolar and 

tetrapolar electrode systems is compared using both finite element methods (FEM) 

simulation and saline concentration measurements.  
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2. Materials and methods 

2.1 Cell constant of electrolyte impedance sensors 

In an electrolyte conductivity sensor, the cell constant κ (cm
-1

) is defined as the 

proportionality between electrolyte resistivity ρ (Ω·cm) and measured resistance R (Ω): 

𝜅 =  
𝑅

𝜌
=  𝑅 ∙ 𝜎         (1) 

where σ (mS/cm) represents the conductivity of the electrolyte. 

For a parallel plate electrode system with homogeneous dielectric medium, the resistance 

R can be calculated as:   

𝑅 =
𝜌∙𝑙

𝐴
=

𝑙

𝜎∙𝐴
          (2) 

where l and A denote the length of the dielectric material and the area of the electrical 

contacts, respectively. For the same system, the capacitance C can be calculated as: 

𝐶 =
𝜀0∙𝜀𝑟∙𝐴

𝑙
          (3) 

where ε0 is the vacuum permittivity and εr the relative permittivity. Thus, 

𝑅 ∙ 𝐶 =
𝜀0∙𝜀𝑟

𝜎
           (4) 

By combining equation (1) and (4), the cell constant κ can be expressed in terms of the 

measured capacitance as: 

𝜅 =  
𝜀0∙𝜀𝑟

𝐶
          (5) 
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Therefore, the total impedance Z of the system with known R and C can be expressed 

using the cell constant κ: 

𝑌 =
1

𝑍
=

1

𝑅
+ 𝑗 ∙ 𝜔 ∙ 𝐶 =

𝜎+𝑗∙𝜔∙𝜀0∙𝜀𝑟

𝜅
       (6) 

Here, Y denotes the admittance (the inverse of impedance). The magnitude of the 

impedance |Z| is: 

|𝑍| =
𝜅

√𝜎2+𝜔2∙𝜀0
2∙𝜀𝑟

2
         (7) 

Thus any given impedance circuit model can be expressed by an equivalent resistance in 

parallel with a capacitance. Equation (7) is applicable to all impedance-based 

measurement systems.  

In addition, by using conformal mapping, any field distribution of a planar electrodes 

system can be converted to that of a corresponding parallel electrode system [24]. 

Therefore, the cell constant expression above can be used for all planar electrode systems. 

2.2 Bipolar and tetrapolar planar electrode systems 

Thin-film metal electrodes were deposited with a thermal evaporator on top of a glass 

substrate as shown in Fig. 1(a). A 20 nm Cr layer was applied for adhesion before an 80 

nm Au layer, and patterned using a shadow mask. Both the separation and the width of 

the electrodes were 0.5 mm while the length was 4 mm. The electrodes were surrounded 

by a PDMS ring to contain the electrolyte for impedance measurements. 

For the bipolar electrode set-up, only the inner pair electrodes were used during the 

measurement. The pair functioned as both input current carrying (CC) electrodes and 
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output voltage pick up (PU) electrodes as shown in Fig. 1(b). For tetrapolar 

measurements, the inner pair was used for PU only while the outer electrodes pair was 

used for CC.  

2.3 Sodium chloride concentration measurements 

Eight groups of NaCl solutions with different concentrations were prepared for the 

impedance measurements as shown in Table 1. The NaCl was purchased from Sigma-

Aldrich (S7653) and was obtained as white powder. Deionized (DI) water from Sigma-

Aldrich (38796) was used with conductivity lower than 4.3 µS/cm.  Firstly, 10 g of NaCl 

powder was dissolved in one litre of deionized (DI) water to prepare a stock solution with 

a concentration of 10 mg/ml. The stock solution was diluted with DI water by 1:1 

yielding a concentration of 5 mg/ml, and further diluted by the same ratio for 

concentration of 2.5 mg/ml. All of the different-concentration samples were prepared 

according to this dilution process. For the bipolar and tetrapolar measurements, 80 µl of 

each sample was used. The impedance measurements were carried out using Solartron 

1260 Gain/Phase Analyzer. An AC signal with the amplitude of 100 mV was used to 

ensure the linearity of the response [25], and the frequency range was from 100 Hz to 1 

MHz at room temperature.  For each frequency sweep, the measurement time is less than 

three minutes, and a one second integration time was used between measurements to 

avoid too much Joule heating in the cell. The linearity of the response of NaCl solution 

around 100 mV was confirmed, and the detailed results are shown in Appendix A. Within 

the selected concentration range (10 ml/ml to 0.078 mg/ml), both the conductivity and 

permittivity of the NaCl solution were linearly proportional to the solution concentration 

[26]. Meanwhile, for the same concentration, the solution’s electrical properties remained 

constant within the measurement frequency range (100 Hz to 1 MHz) [27,28]. The values 

used for simulation and cell constant calculation are listed in Table 1. 

NaCl solution 

concentration  

(mg/ml) 

Approx. conductivity  

(S/m) 

Approx. relative 

permittivity 

10 1.7600 76.0 
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5 0.9000 78.2 

2.5 0.4800 79.3 

1.25 0.2480 79.8 

0.625 0.1240 80.1 

0.312 0.0617 80.2 

0.156 0.0320 80.3 

0.078 0.0135 80.3 

Table 1. Concentrations of NaCl solution used for measurement and their electrical 

properties. 

 

2.4 FEA simulation model 

Finite element analysis (FEA) of the bipolar and tetrapolar electrode systems was 

performed using COMSOL Multiphysics AC/DC package. A 3-dimensional model (as 

shown in Fig. 1(a)) was synthesised based on the specifications of the fabricated thin-film 

electrodes. The model consists of a glass substrate, metal electrodes and conductive 

electrolyte. A cross sectional view of the model and a cut line (A-A’) used for further 

data analysis is shown in Fig. 1(c) and (d). The electrode dimensions shown are based on 

the fabricated device. 

Fig. 1(c) shows the simulation setup for the bipolar electrode arrangement, in which the 

inner electrode pair was connected to a current source and outer pair was floating, and the 

voltage difference between the PU electrodes was recorded for impedance calculations. 

For the tetrapolar simulation shown in Fig. 1(d), the inner electrode pair was connected to 

a high Z end to record the voltage only, and the current source was connected to the outer 

pair. The stimulus frequency was 10 kHz, and the input current was 1 A.  

3. Results and discussion 
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3.1 FEA simulation 

In impedance measurements, a source current is injected from the CC electrodes, leading 

to an electric field in the electrolyte. The corresponding simulated equal-potential 

distributions for both bipolar and tetrapolar systems with 0.078 mg/ml NaCl solution are 

shown in Fig. 2(a) and (b). The horizontal and vertical axes denote dimensions of the 

model and are in units of nm, and the solid line (at y = 0.5×10
6 

nm) indicates the interface 

between the glass substrate and the electrolyte. Four electrodes are located on this 

interface, which are labelled in white. A current source of 1 A is used in the simulations; 

the color bars indicate the value of the potential in volts.  

The polarization distributions of the tetrapolar and bipolar systems are shown in Fig. 2(b) 

and (c). The color bar indicates the polarization strength in C/m
2
. The simulations results 

from the COMSOL software were subsequently processed by Microsoft VISIO to 

enhance visibility. Fig. 2(e) shows the polarization values for both bipolar and tetrapolar 

systems at the cut line A-A’. 

The driving source in the impedance measurement system is current. The current leads to 

the build-up of electric surface charges (in the unit of C/m
2
) that  denotes the electrode 

polarization [29]. The current density (J) can be stated in terms of electric field (E) and 

conductivity (σ): 

𝐽 = 𝜎 ∙ 𝐸          (8) 

The polarization (P) can be expressed by 

𝑃 = 𝜀0 ∙ 𝜒𝑒 ∙ 𝐸   or  𝑃 = 𝜀0 ∙ (𝜀𝑟 − 1) ∙ 𝐸     (9) 
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where χe is the electric susceptibility, which is related to the dielectric permittivity (εr). 

By combining equation (8) and (9), we have  

𝑃 = 𝜀0 ∙ (𝜀𝑟 − 1) ∙
𝐽

𝜎
         (10) 

Therefore, the polarization is directly related to current density. In bipolar measurements, 

the inner pair of electrodes are shared as both CC and PU. A high local polarization 

results from the high current density as shown in Fig. 2(c). In contrast, the tetrapolar 

setup separates CC from PU, and the inner pair electrodes are connected to a high 

impedance input to read the voltage only. Ideally, there should be zero current flow 

through the PU with zero surface charge and therefore zero polarization. However, as 

shown in Fig. 2(e), zero polarization areas can only be observed in the middle region of 

the PU electrodes, while the edges are still polarised due to edge effects [30]. In this 

simulation, the mean normalized polarization between PUs (from X=-0.75 mm to X=0.75 

mm on cutline A-A’) is 0.0139 C/m
2
 for the bipolar system compared to 0.0071 C/m

2
 for 

the tetrapolar counterpart. The latter has nearly 50% less polarization.  

However, the AC/DC module of the COMSOL software is only able to simulate the 

strength of polarization. The polarization related parasitic impedance values cannot be 

extracted since the electrolyte is considered to be homogenous by the simulator. The 

simulated impedance only indicates the ideal results of different electrode systems, which 

will be used as references in later analysis.  

3.2 Impedance measurement 
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The magnitude of the impedance for different saline concentrations as a function of 

frequency is shown in Figure 3. The subplot in Fig. 3(a) depicts a typical equivalent 

circuit of the bipolar electrode system. The circuit consists of a solution capacitance (Cs), 

a measured resistance (Rmeasured) and a polarization capacitance (Cp). This model is used 

for data fitting, and the fitted parameters can be found in Appendix B.  However, this 

equivalent circuit model is not suitable for the tetrapolar arrangement. The capacitive 

elements here are affected by measurement errors and will be explained later in this 

section, while the resistance, Rmeasured can be calculated from the plot directly. 

As shown in Fig. 3(a), the polarization capacitance of the bipolar arrangement dominates 

the impedance behaviour at low frequency (from 1 kHz to 100 kHz) for all eight samples. 

But as the frequency increases, the resistive element starts to prevail and the approximate 

polarization cut-off frequency (ft) [31]: 

𝑓𝑡 ≈
1

2𝜋∙𝑅𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑∙𝐶𝑝
        (11) 

decreases as the measured resistance increases. A higher cut-off frequency (> 1 MHz) 

mainly caused by the solution capacitance (Cs) can also be observed. 

The polarization cut-off frequency for the tetrapolar electrode system cannot be observed 

due to the minimised polarization induced impedance. The impedance of low-

concentration samples is unstable at frequencies below 2 kHz because of parasitic 

capacitances in the measurement set-up since more wires and connections are needed in 

order to accommodate more electrodes.  
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One of the major concerns of the tetrapolar measurement is the separate current paths 

caused by the voltage readout electronics of the PU electrodes. Ideally, the input 

impedance of the PU readout should be infinite to block the current while reading the 

voltage. However, this cannot be realized in real measuring system. The non-ideal PU 

readouts lead to separate current paths in the system, which causes the early roll-off of 

the measured impedance in Fig. 3(b) indicated as ‘tetrapolar measurement error’ [32]. 

Figure 4 illustrates the measured and simulated impedance behaviour as a function of 

concentration at a frequency of 10 kHz for both bipolar and tetrapolar electrode 

arrangements. We observe that the impedance of the former is consistently higher than 

that of the tetrapolar counterpart for all concentrations. Again, this is due to measurement 

errors of the tetrapolar electrode system, which give rise to negative sensitivity zones. 

These are found between CC and PU, where a lower global impedance is detected while 

there are increases in the local impedance [22]. Fig. S.3 in Appendix C shows the 

sensitivity map of the tetrapolar electrode system. 

As shown in the log-log plot in Fig. 4, there is an increasing gap between the simulation 

and measurement results as the concentration of the sample increases for the bipolar 

electrode system. This is mainly due to the polarization induced impedance which can be 

divided into polarization induced resistance and capacitance. Polarization induced 

capacitance is also known as double layer capacitance. A double layer is formed by the 

charges accumulated on the surface of the electrodes immersed in electrolyte. Two layers 

of opposite charges will be formed at the interface between the electrodes and the 

electrolytic solution. The distribution of charge typically obeys Maxwell-Boltzmann 

equations. The polarization induced capacitance depends on the ionic strength and the 
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potential applied on the electrodes. The double layer can be described by the Gouy-

Chapman model. In addition to the capacitive element, the double layer also contributes 

to a resistive element, which is only affected by the ion concentration and is independent 

of the stimulus frequency. 

In Fig 4, the equivalent circuit model-fitted values of Rmeasured are denoted by the solid 

squares of the equivalent circuit model. The impedance differences between the model-

fitted values and the simulation results indicate the polarization induced resistance, and 

the differences between the measured results and the model-fitted values denote the 

polarization induced capacitance.  

As shown in Fig.S5 in Appendix D, the polarization impedance reduces gradually as the 

concentration of the sample increases, while the polarization capacitance remains almost 

the same.  In contrast, the measured data of tetrapolar set-up corroborates with 

simulations for all concentrations, confirming that the measured polarization induced 

impedance in the tetrapolar electrode system is negligible. The fitted Rmeasured also agrees 

well with the measured results because of the purely resistive nature of the sample at 10 

kHz.     

3.3 Cell constant  

The cell constants of both the bipolar and tetrapolar electrode systems are calculated 

using the measured impedance data along with the relations introduced in Section 2.1 and 

parameters in Table 1. At each measured frequency, eight samples of different 

concentrations yield eight cell constants. The mean values are plotted in Fig. 5 with the 

standard deviation as the error bar. The comparison between the ideal cell constants 
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derived from the COMSOL simulations and the calculated values at a frequency of 10 

kHz are shown in the subplot in Fig.5. The measured cell constant of the bipolar 

electrode system is one order of magnitude larger than that of simulations albeit with a 

great error bar, while the simulated and measured cell constant values of the tetrapolar 

electrode system are in good agreement.  

The cell constant of the bipolar electrode system decreases as the frequency increases 

until it reaches the cut-off frequency where all eight samples show purely resistive 

behaviour. Here the calculated values are dramatically affected by the polarization 

capacitance at frequencies below 100 kHz. The cell constant values are also biased by the 

polarization resistance over all frequencies. The polarization induced impedance is 

heavily dependent on the properties of the electrolyte. Thus, the sample-dependent cell 

constant in the bipolar electrode system is no longer able to evaluate the electrode 

performance objectively. 

On the other hand, the values of the cell constants of the tetrapolar electrode system 

relatively uniform over the frequency range, 1 kHz to 10 MHz. The error bar is also 

generally small, and the larger discrepancy above 1 MHz is mainly caused by the 

impedance roll-off associated with the higher cut-off frequency. Since the tetrapolar 

electrode system is almost free of polarization, the measured cell constants are more than 

one order lower than the bipolar counterparts. More importantly, the measured cell 

constant of the tetrapolar setup is concentration-independent, hence can be used to 

objectively evaluate the electrode performance. 
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It is worth mentioning that, the universal applications of bipolar electrode system in 

determining the cell constants are based on single frequency measurement only. Without 

considering the frequency-dependent (capacitive) element, the method is only applicable 

for the conductivity measurement. In our study, we extended the concept of cell constant 

from the real domain (i.e. purely resistive, κ =  
R

ρ
=  R ∙ σ) to the complex domain (i.e. 

both resistive and capacitive, κ = |Z| ∙ √σ2 + ω2 ∙ ε0
2 ∙ εr

2 ). The bad results with 

bipolar electrode system were observed in lower frequency range (1 kHz – 100 kHz). 

This can only be revealed by the frequency-dependent complex domain cell constant 

study. 

4. Conclusions 

In this paper, the cell constant is used as a standardised parameter to quantitatively 

evaluate the performance of planar electrode systems for solutions with different sodium 

chloride concentrations. The tetrapolar system, which is more stable with higher 

sensitivity, has been proven to be a better arrangement as compared to the bipolar 

electrode counterpart. As part of the ongoing work, finite element simulations along with 

experiments using more complex bio-samples are being carried out to fully validate the 

evaluation method presented here. 
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Figures  

  

Fig.1 Schematic layout of the planar electrode systems and FEA simulation models. a) 3D view. b) 

Topview, Cr/Au double layer electrodes on glass substrates. c) Bipolar electrode arrangement. c) Tetrapolar 

electrode arrangement.  
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Fig.2 FEA simulation results for the bipolar and tetrapolar electrode arrangements. a) Cross-sectional 

electric potential distribution of the a) bipolar and b) tetrapolar electrode system. The color bar denotes the 

potential strength in V. Cross-sectional polarization distribution for c) bipolar and d) tetrapolar electrode 

arrangements. The color bar denotes the polarization strength in C/m
2
. e) Normalized polarization over the 

electrode surface along the cut line (A-A’)  
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Fig.3 Impedance measurement results for different concentration saline samples with a) bipolar electrodes 

and b) tetrapolar electrodes. Subplot in a) is a typical equivalent circuit for the impedance with a 

solution capacitance (Cs), a measured resistance (Rmeasured) and a polarization capacitance (Cp) 

 

Fig. 4. Impedance of different saline concentrations for the bipolar and tetrapolar electrode systems. 
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Fig. 5. Measured cell constants of the bipolar and tetrapolar electrode systems. Error bar shows the standard 

deviation over eight different sample concentrations as a function of frequency. Subplot shows the 

average cell constants over all frequencies. 

 

 

 

 

 


