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1. Introduction 

Sensors with high sensitivity, selectivity, and efficiency are becoming more important in today’s world. Most of the 

conventional sensors and detectors involve bulk and expensive instruments such as chromatography-mass spectrometry 

(GC-MS), capillary-electrophoresis mass spectrometry (CE-MS), and high-performance liquid chromatography (HP-

LC), which may need additional pre-treatment [1]–[3]. Thus, electrochemical-based screen-printed electrode (SPE) 

sensors fabricated using screen-printing technology have emerged as a promising and cheap alternative to the complex 

Abstract: The screen-printed electrode (SPE) sensor is widely employed in food analysis, environmental health 

monitoring, disease detection, toxin detection and other applications. As it is crucial for the SPE sensor to have an 

outstanding performance, this study examined the effects of manipulating the working electrode (WE) radius, gap 

spacing between electrodes, and counter electrode (CE) width on the performance of an SPE sensor. Finite element 

simulation on various geometrical dimensions was done prior to screen-printed electrode SPE sensor’s fabrication at 

Jabil Circuits Sdn Bhd. The electrodes performance is measured through cyclic voltammetry (CV) using a 

potentiostat at an optimum scan rate of 0.01 V/s and a voltammetry potential window range of -0.2 to 0.8 V in 0.01 

M Phosphate Buffered Saline (PBS) solution. It is discovered that adjusting the WE area and the gap separation 

between the electrodes had the most impact on sensor performance compared to varying the CE width. In both 

simulation and CV measurements, WE with the highest radius of 0.9 mm with an effective area of 2.54 mm2, and 

the smallest gap spacing of 0.7 mm has shown the highest current density of 0.04 A/mm2 (simulation) and 0.3 

μA/mm2 (experiment) which can be translated as the highest sensitivity for the SPE sensor. Further CV measurement 

in nicotine sensing application has proven that the SPE sensor can effectively detect the nicotine oxidation indicating 

its promising potential as a biosensor. Combination of optimum SPE dimension together with suitable electrode 

modification process serves as the basis for an effective and sensitive SPE sensor for various biosensing applications. 
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chromatography and spectrometry technology, due to its ease of use and quick analysis time. The total performance of 

an electrochemical SPE sensor is determined by the characteristics of the electrodes, and therefore the optimal SPE 

sensor’s characteristics must be chosen to maximize the sensor's efficiency. In other words, the design, material, and type 

of electrodes have a significant impact on the quality of SPE sensors. This type of sensor will be examined from various 

perspectives, including the electrode design, material selection, main parameters, and fabrication method [4]–[6]. 

In recent years, many applications in industries such as medicine and healthcare, clinical research, and agriculture 

are utilizing screen-printed sensors integrated with electrochemical systems due to their many advantages [7], [8]. One 

of the well-known SPE sensors is the glucose sensor to diagnose and treat diabetes by measuring the patient’s glucose 

levels [9]. Another example of an SPE sensor in the medical industry is the nicotine sensor which is used to detect nicotine 

levels of smokers and ex-smokers [10]. 

 Aside from the low cost and the mass production, the most important feature of SPE sensors is the size of the 

microelectronic, which allows the amount of sample used for analysis to be reduced to as little as a few microliters. This 

SPE's key feature enables the monitoring instrument to be connected to the portable instruments while minimizing the 

total size of the electrochemical sensor device [6], [7]. For biosensing applications, the electrodes particularly WE play 

a significant role in which the bioanalytical interaction and its electrochemical process take place. As such, in improving 

the SPE sensors’ overall performance, concentrated research efforts are found to be dealing with electrodes modification 

such as adding metal compounds [11], pre-treating electrodes [12], performing mechanical activation [13], and adjusting 

the design parameters [14].  

The SPE has been used in many applications due to its design and material flexibility. To improve the performance 

of these SPE sensors, the ideal structures, and geometrical dimensions must be explored [15]. However, many recent 

studies concentrate on electrode modifications to improve the SPE sensor’s performance. Metal oxides, polymers, carbon 

nanotubes, and graphene are among the active materials that have been employed to modify the electrodes. There is still 

a lack of research on optimizing the SPE design parameters and how it influences the electrochemical sensing capability. 

Few studies on optimizing SPE design parameters are found but most of them are restricted to simulation and modeling 

only, without considering its performance experimentally [8], [16], [17].  

In this research, we investigated the effects of varying the SPE dimensions through simulation works as well as 

experimental measurements. This investigation is crucial because the fabrication of various electrode geometrical 

dimensions which cannot be achieved using commercial SPE will experimentally verify the effect of having optimum 

SPE design on the sensor’s performance, thus paving the way forward for its development for biosensing applications.  

 

2. Methodology 

Since an optimum SPE design will ensure high electro-migration of ions mobility in the electrochemical process, 

this study considers various combinations of SPE geometrical dimensions such as the width of the CE, the gap between 

the CE and WE, and the radius of the WE. This study involves the investigation of these design parameters through 

COMSOL simulation as well as electroanalytical measurements of various design measurements of Carbon-Silver-SPEs 

in the presence of salt. In COMSOL simulation, the sensor’s performance is measured in terms of the current density 

while in electroanalytical measurement, the reduction and oxidation processes that occurred on these SPEs are 

represented by cyclic voltammetry (CV) measurement. The overall flow of the outlined methodology is illustrated in Fig. 

1.  

 
 

Fig. 1 - The overall flow of the outlined methodology 
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2.1 Chemicals and Apparatus 

The phosphate buffer saline (PBS) tablets, Potassium Hexacyanoferrate (II) Trihydrate powder, KCl powder, and 

standard solution of nicotine were purchased from Sigma-Aldrich. Deionized water was used for all solution preparation. 

PBS and PBS with nicotine solutions were used as supporting electrolytes and were prepared just before measurement 

and stored in the dark to prevent oxidation. 

In this work, the SPE sensors with various geometrical dimensions were fabricated by Jabil Circuits Sdn. Bhd. which 

consists of three electrodes: WE, CE, and reference electrode (RE). The WE are dominant over the other electrodes 

because it is the active area where immobilized agents aim to identify the electrochemical events such as oxidation and 

reduction (redox). Meanwhile, the RE and CE are needed to maintain the potential of the WE and complete the circuit 

[6], [18]. For each electrode, carbon and silver were utilized as materials in this study. Carbon was chosen as CE and WE 

because it is an affordable chemical inert material that can be modified to increase its performance [19]. Silver was 

applied as RE because of its high conductivity and low resistance, making it an excellent conductor [19]–[21].  

 

2.2 Design and Fabrication of SPE at Various Geometrical Dimensions 

Depending on the application, the shape, pattern, and material of the SPE can all be changed to suit our preferences 

and demands. In this work, the three-electrodes are printed on top of a thin plastic substrate as a planar system as 

illustrated in Fig. 2. As illustrated in both the cross-section and top view of the electrochemical sensor design, the 

electrochemical reactions are triggered when antigens/antibodies from the analyte are deposited at the working electrode 

during electrochemical measurements of a sensor, interrupting the current in the electrode and electrolyte system. This 

behavior demonstrates how different surface areas of the electrode and electrolyte system affect current density. [22]–

[24].  

The SPE sensors reported in this paper were designed in 2D drawings using QCAD software, incorporating 

references to several commercial sensor designs and existing SPE sensor studies [6], [7], [18], [25]. There were 28 sets 

of SPE design at various gaps between the electrodes, various radii of the WE, and various widths of the CE. The size 

range of each parameter used in this research is tabulated in Table 1. The sensor size was designed in 10 mm of width 

and 30 mm of length and was standardized for all 28 sets of sensors. It is worth noting that the gap between the three-

electrode extended legs and its width is fixed to 1 mm to make it easier for the SPE sensor to be connected to a portable 

device and used with commercial connectors. 

 

 
 

Fig. 2 - Cross-section and top view of the electrochemical sensor with biosensing application [16] 

 

 

Table 1 – Range of SPE geometrical dimensions 

 
Design Parameters Gap, g The radius of WE, rWE Width of CE, wCE 

Range Value 0.7 mm, 1 mm, 

1.3 mm 

0.9 mm, 1.1 mm, 1.4 mm, 

1.7 mm, 2 mm 

0.7 mm, 1 mm, 

1.3 mm 
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2.3 COMSOL Simulation and Butler-Volmer Theory 

The results of varying the geometrical dimensions were obtained using the finite element method in COMSOL 

Multiphysics software in terms of current density. The model was chosen from COMSOL's electrical AC/DC 3D 

simulation module. Because it is ideal for computing electric fields and modeling potential distributions in a conducting 

medium with negligible inductive effects, the electric current (ec) was chosen as the physics in this simulation. COMSOL 

evaluates the equation of conduction and displacement current continuity, as well as the free induction effects, as 

indicated in Equation 1 [26] 

−∇. ((𝜎 + 𝑗𝜔 𝜀𝑟 𝜀0 ) ∇𝑉 ) = 0      (1) 

where, σ is the conductivity, ω is the angular frequency, ε0 is the vacuum permittivity, εr is the material relative 

permittivity, and V is the potential. The electric field, E and displacement, D can be obtained from the gradient of V from 

Equation 2 and 3: 

𝐸 =  −∇𝑉      (2) 

𝐷 =  𝜀𝑟 𝜀0 𝐸      (3) 

As shown in Fig. 3 (a), only WE and CE are simulated in this simulation at various geometrical dimensions. The RE 

is excluded because its primary function is to complete the circuit and maintain the constant voltage generated by both 

the CE and the WE [7]. The input elements required in the COMSOL simulation are listed in Table 2. A global parameter 

of the gap size was set at 0.7 mm to avoid measurement interference from other electrodes during the gap size adjustment. 

The parametric sweep range is defined to be between 0.7 and 1.3 mm. Aside from the gap dimensions, the same analyses 

were performed using a specified working area with a radius of 0.9 mm to 2 mm. The physics-controlled mesh sequence 

type was used for this simulation to produce more accurate results, and the mesh element size was set to extremely fine, 

as shown in Fig. 3 (b). 

 

  
        (a)                        (b) 

Fig. 3 – (a) Working area defined in COMSOL; (b) extremely fine-meshed working area  

 

Table 2 - Parameters used in COMSOL simulation 

 

Parameter 
COMSOL SIMULATION 

Definition Value Unit 

rWE The radius of Working Electrode 0.9, 1.1, 1.4, 1.7, 2 mm 

g Gap Spacing Between WE and CE 0.7, 1.0, 1.3 mm 

wCE Width of Counter Electrode 0.7, 1.0, 1.3 mm 

V1 Voltage Applied 1.275 V 

cond_water Electrical Conductivity of Water 5.5𝑒−6  S/m 

perm_water Relative Permittivity of Water 80 1 

cond_carbon Electrical Conductivity of Carbon 3e5 S/m 

perm_carbon Relative Permittivity of Carbon 12 1 
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Butler-Volmer’s theory as represented in Equation 4 used to analyze the relationship between current density and 

total capacitance over the electrode surface area [8]. According to this theory, capacitance is proportional to current 

density, which means that as total capacitance increases, current density begins to increase as well. Furthermore, because 

the active geometric area is inversely proportional to current density, reducing the size of the WE geometric area increases 

current density while also improving the SPE sensor's sensitivity.  

 

𝑖0 =  
𝐼𝑠𝑒𝑛𝑠𝑜𝑟.𝐶𝑃𝐸.𝑗𝜔.𝑉𝑎𝑝𝑝𝑙𝑖𝑒𝑑

𝐴𝑔𝑒𝑜.{𝑒[
(1−𝛼).𝑛.𝐹

𝑅.𝑇
.(𝐸−𝐸𝑒𝑞)]−𝑒[−

𝑎.𝑛.𝐹

𝑅.𝑇
.(𝐸−𝐸𝑒𝑞)]}

     (4) 

 

i0 = current density, A/m2  
Ageo = area of electrode active geometry, m2  
Isensor = total sensing current, A  
Ctotal = CPE = total capacitance, F  
E = electrode potential, V  

Vapplied = applied potential, V  
Eeq = equilibrium potential, V  
T = absolute temperature, K  

n = number of electrons involved in reaction  

F = Faraday constant = 96485 C mol−1  
R = universal gas constant = 8.3145 J/mol.K  

α = symmetry factor 

 

2.4 Samples Preparation 

The 0.01 Phosphate buffered saline (PBS) solution used in this work was prepared by dissolving a PBS tablet into 

200 ml of deionized water. For PBS with nicotine, 0.1 ml of standard nicotine solution was drop-casted into 20 ml of 

PBS solution. Both prepared solutions were stored at 4 ⁰C in laboratory freezer for later use in experiments. 

The Ferricyanide solution was prepared in an Eppendorf tube by dissolving the 0.15 g of KCl powder and 0.04 g of 

potassium hexacyanoferrate (II) trihydrate powder into 20 mL of deionized water. Then, the tube was capped and mixed 

the solution by swirling the tube until translucent pale yellow appeared, and the solution was stored in the darkroom. 

 

2.5 Measurement of Cyclic Voltammetry 

All electrochemical SPE sensors fabricated were tested using a three-electrode setup on an Autolab PGSTAT128N 

potentiostat (Metrohm AG, Switzerland). As shown in Fig. 4, the SPE sensor was attached to standard cell cables to the 

potentiostat device which is later connected to NOVA 2.1 software. To keep the pH stable and to provide ions for the 

electrochemical studies, a buffered solution is employed in this work. The SPE sensor's WE are then completely immersed 

in the beaker containing 15 ml of PBS solution, 15 ml of PBS with nicotine, and 15 ml of Ferricyanide solution. The 

buffered solution, which contains salt ions, migrates to balance the charge, and completes the electrical circuit during the 

electrons transferred at WE of the electrodes. 

 

 
Fig. 4 - Experiment setup for electrochemical CV measurement 
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3. Results and Discussion 

The three-electrode SPE sensors and their electrochemical evaluation were explored through simulation in COMSOL 

software as well as through experimental studies of CV measurement in 0.01 M PBS solution. In CV measurement, the 

current generated when the potential is changed from 0.3 V to -0.2 V, then to 0.8 V, then back to the initial potential, 

shows the electrochemical properties of the analyte. The maximum or peak current must be as high as possible during 

CV scanning. Since peak currents are the key parameters for a CV, the final comparison of the CV peak currents of the 

fabricated SPE sensors with various geometrical dimensions was performed to compare the sensor's performance in terms 

of current density [18].  

The simulation and CV measurement works are employed to compare the effect of various combinations of 

electrodes’ geometrical dimensions on the current density and the electrochemical performance of the sensors. Thus, the 

sensors are grouped according to their gap spacing between the electrodes, the radius of the WE, and the width of the 

CE. 

 

3.1 Simulation Works 

COMSOL simulation is performed to investigate the effects of varying electrodes’ geometrical dimensions on the 

SPE sensor’s performance using an AC/DC 3D simulation module. Another investigation is done on the SPE sensor’s 

electrochemical behavior 1D Electrochemical simulation module.  

 

3.1.1 Current Density Simulation using AC/DC 3D module 

Fig. 5 shows the current density measurement point at the edge of WE and CE, which is represented with a red line 

between points a and b. According to the simulation results presented in Fig. 6 (a), the smallest gap of 0.7 mm between 

the two electrodes enhanced the current density due to the interference of the electric field of the asymmetrical design, 

while the largest gap of 1.3 mm contributed to the lowest value of current density. Additionally, as shown in Fig. 6 (b), 

the current density of the SPE sensor is decreases when the size of the WE radius is increased, starting from 0.9 mm to 

2.0 mm. It is because increasing the electrode’s area (particularly WE radius) will significantly reduce the current value 

over a specific area. However, altering the width of the CE from 0.7 mm to 1.3 mm does not affect the magnitude of 

current density, implying that the CE width does not affect the performance of the SPE sensor. As demonstrated in Fig. 

7, regardless of the width of CE, the current density remains constant. Because the space between the extended legs of 

the constructed SPE sensor was set at 1 mm, the width of 1 mm was chosen as the best dimension. In summary, SPE 

sensors with a smaller WE radius and smaller electrodes gap will produce higher current density, which indicates better 

sensors’ performance. 

 

 
Fig. 5 - A red line between a and b indicates the location of the measured current density 
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   (a)       (b) 

Fig. 6 – (a) Current density at various WE radius (Gap 0.7 mm, Width 1.0 mm); (b) current density at 

various electrodes gap (WE radius 0.9 mm, Width 1.0 mm)  

 

 
 

Fig. 7 - Current density at various CE widths (Gap 0.7 mm, WE radius 0.9 mm) 

 

 

3.1.2 Electrochemical Process using 1D Electrochemical Module 

In this work, WE of 0.9 mm radius was simulated for the electrochemical process as it has been chosen as the optimal 

dimension in prior simulation works. The CV of the SPE sensor is shown in Fig. 8 at different scan rates ranging from 

0.001 V/s to 0.5 V/s. The variation of peak currents versus potential scan rates was examined using these CVs. From the 

simulation results, it is shown that the anodic and cathodic peaks are increasing with increasing scan rates, as seen in Fig. 

8(a). The redox peak current density varied with the square root of the scan rate, is shown in Fig. 8(b). It is observed that 

the plots of redox peak current density are linearly dependent on the square root of scan rate (𝑣1/2) at all scan rates with 

high correlation coefficients (R²) of 0.9995 and 0.9996. The fact that the correlation coefficient is high (R²≈ 1) and 

linearly dependent on 𝑣1/2 in this simulation indicates that the redox process is diffusion-controlled. According to the 

theory, the variation of current peaks is linear with the scan rate, 𝑣 in the case of adsorbed molecules. As a result, in the 

case of molecules in solution, the current peaks vary linearly with the square root of the scan rate, 𝑣1/2 [8], [27].  
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(a)       (b) 

Fig. 8 – (a) The current density magnitude of gap: 0.5 mm; (b) the current density magnitude of radius 

WE: 0.9 mm  

 

3.2 Experimental measurements 

CV measurements on the prepared samples are performed in 0.01 M PBS solution using Autolab potentiostat. The 

measurement results on different electrodes gap, WE radius as well as CE width are reported in this section. The CV 

measurements are also performed for different materials (carbon and silver) of CE tracking lines. Further measurement 

is done for nicotine detection applications to observe the sensing capability of the fabricated SPE sensors. 

 

3.2.1 The Effects of Electrodes Gap on Cyclic Voltammetry 

Fig. 9 shows the CV of 0.01 M PBS for various gap sizes at three different values of 0.7, 1.0, and 1.3 mm. The anodic 

and cathodic peaks in Fig. 9 (a) become higher as the gap between the WE and CE gets smaller. The difference between 

the large current (oxidation current) and the small current (reduction current) when implementing an SPE sensor with a 

0.7 mm gap spacing is 5.142 µA; at 1 mm gap, the difference is 4.162 µA; and at 1.3 mm gap, the difference is 3.981 

µA. To obtain the values of current density, the peak currents are divided by the geometric area of the WE (Radius of 

WE: 2 mm, Area of WE: 12.57 mm²). The relationship between current density and electrode gap is plotted in Fig. 9(b). 

It shows that when the electrodes gap decreases, the current density increases. It is because the intensity of an electric 

field is proportional to the separation distance between two charged plates, which in this study is the gap between the 

WE and CE [15]. This observation agrees with our findings in COMSOL simulation. 

 

   
   (a)       (b) 

Fig. 9 – (a) Cyclic voltammetry at various electrodes gaps electrode gaps; (b) anodic and cathodic peak current 

at various electrodes gaps 

 

3.2.2 The Effects of Working Electrode’s Radius on Cyclic Voltammetry 

It was observed that the size of the WE also affects the current after scanning with CV. The peak current increases 

as the WE radius increases in size, as shown in Fig. 10 (a). It is because as the area of the WE increase, higher amounts 

of salt ions from the PBS solution are polymerized on the surface, leading to higher amounts of salt being integrated. As 

the quantity of hybridization events is related to the electroreduction current generated during the detection phase, it was 
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determined that the current could be adjusted by controlling the amount of salt ion integration at the WE [15]. The 

relationship between current density and WE radius is shown in Fig. 10 (b). Since the current density increases as the 

radius decreases, the SPE sensor will be more sensitive when the size of WE are smaller. The difference between the 

maximum and minimum currents is tabulated in Table 3. These findings are also in good agreement with the results 

obtained from the COMSOL simulation. 

 

   
(a)       (b) 

Fig. 10 – (a) Cyclic voltammetry at various WE radius; (b) anodic and cathodic peak currents at various WE 

radius 

 

Table 3 - Peak difference between the maximum and minimum currents with the corresponding radius 

 

 

 

 

 

 

 

3.2.3 The Effects of Counter Electrode’s Width on Cyclic Voltammetry 

It is worth noting from the simulation results of current density at various CE widths conducted in Section 3.1, no 

change in current density was observed at various CE widths. However, in the CV measurement, as the width of the CE 

changes, the voltammogram in Fig. 11 indicates different peak oxidation and reduction currents. The peak currents 

increase in response to the increased width of the CE, as shown in Fig. 11 (a). When testing an SPE sensor with a 0.7 

mm counter width, the difference of anodic and cathodic currents is 4.162 µA; for width 1 mm, the difference is 7.051 

µA; and for width 1.3 mm, the difference is 16.425 µA. Its indicates that a higher current is observed at higher CE width. 

This also means that in the electrochemical reaction, the CE has completed the circuit by collecting the electroreduction 

current generated at the WE, resulting in a constant voltage at the WE relative to the RE [15]. The relationship between 

current density and CE width is depicted in Fig. 11 (b). The plotted result shows that as the width of the CE is increased, 

the current density increases, meaning that the SPE sensor has more sensitivity. The difference in the value of current 

density in both simulation and measurement is likely due to the different properties of the material used in COMSOL’s 

library and material used during the fabrication process done at Jabil Circuit Sdn. Bhd. 

  

Radius of WE 

(mm) 

Area of WE 

(mm²) 
Peak Difference 

(µA) 

0.9 2.54 0.277 

1.1 3.80 0.334 

1.4 6.16 0.469 

1.7 9.08 0.661 

2.0 12.57 0.862 
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(a)       (b) 

Fig. 11 - (a) Cyclic voltammetry at various CE width; (b) anodic and cathodic peak current at various CE width 

 

3.2.4 The Effects of Silver Vs Carbon Tracking Lines on Cyclic Voltammetry 

To investigate the effects of using different materials on the CE tracking line, the three-electrode SPE sensors are 

fabricated with both carbon and silver tracking lines as shown in Fig. 12 (a). Fig. 12 (b) shows the corresponding CV for 

both CE tracking lines at various WE radius. In general, it can be observed that the peak of currents (at various WE 

radius) of the carbon tracking line have relatively larger values than the peak of currents of the silver tracking line (at 

various WE radius). It could be due to the properties of carbon materials, which are stable and provide great 

electrochemical performance with high preservability when the CV is applied. It can be concluded that the carbon CE 

tracking line offers higher sensitivity of SPE sensors than the silver CE tracking line. 

 

     

(a)       (b) 

Fig. 12 – (a) SPE sensor with carbon tracking line and silver tracking line; (b) CV of carbon and silver 

tracking line 

 

3.3 Cyclic Voltammetry of Nicotine Detection on SPE sensors 

The electrochemical behavior of nicotine oxidation on the SPE was investigated using CV measurement. Fig. 13 

shows the respective voltammograms of the fabricated SPE sensors in the absence and presence of nicotine in PBS. 

During the anodic scan, nicotine undergoes oxidation at the surface of the SPE starting at a potential of 0.3 V and 

exhibiting a high oxidation peak current at 0.8 V compared to the blank PBS when no nicotine was added. During 

the cathodic scan, no voltammetric response in correspondence to the nicotine reduction was found when the voltage was 

reversed at -0.2 V. As a result, it can be concluded that nicotine oxidation at the SPE is irreversible, as revealed by 

previously published results [10], [25]. It can also be summarized that nicotine detection can be performed using the 

fabricated SPE sensors which proves its sensing capabilities. 
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Fig. 13 - Cyclic voltammograms of the fabricated SPE in the absence and presence of 1 M nicotine in 0.1 M PBS 

at a scan rate of 0.1 V/s 

 

4. Conclusions 

The screen-printing technology offers a variety of options to fabricate the three-electrode SPE sensors. Variations in 

design parameters such as gap separation between electrodes, radius of WE, and width of CE are simple to implement. 

The three-electrode SPE sensor system was successfully designed, simulated, and fabricated, in this study. Later, the final 

evaluation by COMSOL simulation, capacitance measurement, and electrochemical measurement with cyclic 

voltammetry analysis was conducted. 

During simulation, it was discovered that varying the gap between electrodes as well as the radius of the WE 

influence the current density value. The maximum peak current density of 0.04 A/mm2 was achieved by combining the 

smallest electrodes gap of 0.7 mm with the smallest WE radius of 0.9 mm. It also shows that varying the width of the CE 

does not affect the SPE sensor's performance, since the value of current density remains unchanged regardless of the 

counter width.  

For electrochemical sensing, the optimal radius of WE was 0.9 mm, and the optimal gap was found to be 0.7 mm 

since it produced the highest current density of 0.3 μA/mm2 to enhance electro-migration of ions at the three-electrode 

SPE sensor interfaces. Besides, for the width of the CE, the electrochemical sensing shows that the largest counter width 

of 1.3 mm has the highest current density value. The width of 1 mm was chosen as the ideal and acceptable dimension to 

standardize the width with the extended electrodes. It is sufficient to complete the circuit because the primary function 

of the CE is to maintain the potential of the WE at a constant potential relative to the RE. 

In conclusion, by optimizing the electrodes’ geometrical dimensions, the performance of the three-electrode SPE 

sensor based on electrochemical detection can be improved. This method of improving the performance of SPE sensors 

has the advantages of being simple, less expensive, and requiring low sample amounts. The CV measurements results of 

nicotine detection have proven the fabricated SPE sensing capabilities. The actual benefit of optimized geometrical 

parameters of a three-electrode SPE sensor to achieve optimum performance is its lower cost as compared to other 

electrode modifications such as changing the electrode material and performing some pre-treatment on the SPE sensor, 

which requires additional chemicals and equipment. However, by combining these optimal SPE geometrical dimensions 

with additional electrodes modification processes such as using active materials and electrode pre-treatment on the SPE 

surface, the sensor’s performance can be improved.   
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