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Abstract— Screen printing is a known method to produce
disposable and low-cost sensors. Depending on the application
such as food analysis, environmental health monitoring,
disease detection and toxin detection, screen-printed
electrodes can be fabricated in a variety of sizes and shapes.
Modification of the electrode’s material and geometrical
dimension may be done to produce effective screen-printed
three-electrodes system. Thus, the effects of varying the
working electrode (WE) area in radius of 0.9 mm to 2 mm,
gap spacing between electrodes ranging from 0.5 mm to 1.6
mm, and the width of the counter electrode in range of 0.7 to
1.3 mm on sensor’s performance was investigated in this study
through COMSOL simulation. It was found that the
modification of the working electrode radius and the gap
between the electrodes has the most significant effect on
sensor’s performance, while modifying the width of the
counter electrode (CE) shows no significant effect. Sensors
with 0.9 mm radius or 2.54 mm?> WE area and 0.5 mm gap
spacing has shown the optimum performance with 0.026 A/m?
current density which is contributed by 0.044 pF capacitance
value. As a conclusion, regardless of the width of counter
electrodes, a smaller gap between electrodes and a smaller
working area would lead to optimal performance of a screen-
printed three-electrode sensor system.

Keywords— sensor, screen printing, performance, screen-
printed electrode, geometry

I. INTRODUCTION

Sensors with high sensitivity, selectivity, and efficiency
are becoming increasingly popular in recent years.
Recently, it is found that many applications in diverse
industries such as environmental, drug and healthcare, food
and beverages, pharmaceutical or clinical laboratories, and
agricultural ~ used  screen-printed  sensors  with
electrochemical systems as main basis or as a whole part
[1], [2]. For example, the nicotine sensor created by
researchers in [3] is a screen-printed sensor based on
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electrochemical detection that has been used to quantify
nicotine levels in sweats of heavy and light cigarette
smokers.

Current  electrochemical  detectors such  as
electrophoresis-mass  spectrometry  (CE-MS), high
performance-liquid chromatography (HP-LC) and gas
capillary chromatography-mass spectrometry (GC-MS),
requires a bulk, high-cost instruments and a complex
sample pre-treatment as well [4]-[6]. Screen printed
electrodes (SPE) using screen-printing technology, which
is based on an electrochemical detection method has
emerged as a potential alternative to the complicated
chromatography technology because it offers a simpler
operation, short analysis time and low-cost approach. Apart
from lower costs and bulk manufacturing, the main
advantage of this printed electrode sensors is its
miniaturized size, which allows the volume of sample
required for testing is reduced to as little as a few
microliters. This important feature allows the monitoring
instrument to be connected to portable instrumentation
while reducing its overall size. [2], [7]. However, before it
can be used as an effective electrochemical biosensor,
standard SPEs must be developed, thus, the optimal
configuration of the SPE sensor in terms of sensor structure
and geometrical dimensions must be analysed to increase
the sensitivity and performance of these electrochemical-
based sensors [8]. Moreover, there is still a lack of
discussion about sensor parameter optimization and how it
affects electrode electrochemical efficiency[1].

The aim of this research is to develop the best SPE
sensor configuration to obtain the optimum performance.
The key parameter of the targeted device is sensitivity in
terms of high current density and capacitance. This research



is significant because it explains how and why different
geometrical designs of electrodes behave differently in a
SPE system, thus paving the way forward for future
biosensor development. The device configuration has been
designed, and the sensor's performance has been
demonstrated using COMSOL software.

II. DESIGN AND THEORY

The electrochemical SPE sensor in this work consist of
three-electrode system which are working electrode (WE),
counter electrode (CE) and reference electrode (RE).
Standard SPE is briefly made up of a substrate in which the
three electrodes are printed on top of it using the screen-
printing technique. The WE serves as the primary electrode
to perform the electrochemical reactions, while both RE and
CE are used to complete the electronic circuit [7].

In this simulation work, the materials chosen for WE and
CE is carbon and silver for the RE. Carbon has good
flexibility and excellent electrochemical properties while
silver is used because it is stable, easy to handle and cheap
[9]. Thus, three electrochemistry electrode systems have
been completed as depicted in Fig. 1. For specific
electrochemical reaction, targeted agent will be
immobilised on the working electrode. If the process of
immobilization is successful, the attachment of physical
nano-molecular on the surface of the carbon electrode will
change the impedance and diffusion current [1]. However,
this work will focus on simulation of geometrical designs of
SPE for optimum performance in terms of current density
and capacitance, without considering the electrochemistry
part of it.
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Fig. 1: Screen nrinted electrode structure
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The purpose of the simulations described in this paper is
to find the optimal gap size, radius of the WE and width of
CE to improve the SPE's efficiency based on the equation

(D 11,

e A
d=== (1)

where d is gap between the WE and CE, A is area of
working electrode, C is total capacitance and ¢ is
permittivity of free space. According to the equation, the
capacitance is inversely proportional to the gap spacing
between the parallel WE and CE. As a result, reducing the
distance between these two electrodes could result in higher
capacitance.

In addition to the COMSOL’s simulation, the theory of
Butler-Volmer equation (2) can be studied to investigate the
relationship between current density and total capacitance
over the electrode surface area. According to this theory, the
capacitance is proportional to the current density, which
means that as capacitance increases, the current density and
sensitivity increase. Furthermore, since the active geometric
area is inversely proportional to current density, reducing

the size of geometric area of WE will also increase the
current density and the sensor sensitivity [1].
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i, = current density, A/m?
Ageo = area of electrode active geometry, m?
Isensor = total sensing current, A
Ctotal = CPE = total capacitance, F
= electrode potential, V
Vapphed applied potential, V
Eeq = equilibrium potential, V
T = absolute temperature, K
n = number of electrons involved in reaction
F = Faraday constant = 96485 C mol~?!
R = universal gas constant = 8.3145 J/mol.K
o = symmetry factor

III. SIMULATION

In most of product development, it is necessary to solve
several variations of a model to find its optimal properties.
Instead of manually changing these property values and re-
solving them each time, the parametric sweep features in
COMSOL allows changing the parameter values through a
specified range. Using a finite element method with
COMSOL Multiphysics software, the effects of gap size,
the radius of WE and the width of CE were simulated and
analyzed. To compare the sensor performance in terms of
current density and total capacitance, the gaps between
electrodes, radius of WE and the width of CE were varied.
Higher current density and total capacitance mean higher
magnitude response, so the best combination of electrodes
gap, radius of WE and width of CE can be identified. These
higher magnitude responses are significant in
electrochemical biosensors because they will induce high
electro-migration of ions mobility, resulting in higher
sensitivity of the sensor [1].

To begin, an electrical AC/DC 3D module was chosen
as the simulation model for this analysis. Since it was ideal
to measure the current density in conducting devices under
conditions where inductive effects are negligible, the
physics being used is electric current (ec). Only two
electrodes, WE and CE, were used to obtain the ideal gap
and radius of WE as shown in Fig. 2. RE is not considered
because RE is only used to complete the circuit and
maintain the constant potential produced by CE and WE
[2]. Example of some SPE’s with different WE areas is
shown in Fig. 3. Table 1 represents the other parameters
used in COMSOL simulation.
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Fig. 2 : Set up of boundary condition for WE and CE using
AC/DC module
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Fig. 3: Designs of SPCE with different radius of WE

A global parameter of the gap size was set to 0.5 mm to
avoid interfering with the measurements of the other
electrodes during gap size adjustment. Then, the parametric
sweep range is set from 0.5 mm to 1.6 mm. Apart from the
gap dimensions, the same analyses also are performed with
defined parameter radius of WE ranging from 0.9 mm to 2
mm and width of CE between 0.7 mm to 1.3 mm. The CE
and WE are given a ground potential and terminal voltage
of 1.275 V, and the conducting medium was water. The
applied voltage of 1.275 V was chosen to match with the
voltage given to the measurements in future works later.
The other parameter such as electrical conductivity and
relative permittivity is needed for COMSOL to compute the
current density. For mesh setting, the sequence type
selected is physics-controlled mesh which is simple,
unstructured tetrahedral mesh and the element size chosen
is extremely fine to give more accurate results for this
simulation. The meshing sequence;size, and free
tetrahedral node are auto set by COMSOL, and the non-
uniform mesh is automatically produced and customized
for the model's physics settings as illustrated in Fig. 4.

Table 1: Parameters used in COMSOL simulation.

Parameter COMSOL SIMULATION

Definition Value Unit
rad_we Radius of Working Electrode 0'912121 4 mm
gap Gap Spacing Between WE and CE 0'? (3)? é.O mm
width_ce Width of Counter Electrode 071013 mm

V1 Voltage Applied 1.275 \Y%
cond_water Electrical Conductivity of Water 5.5¢e7° S/m

perm_water Relative Permittivity of Water 80 1
cond_carbon Electrical Conductivity of Carbon 3e® S/m

perm_carbon Relative Permittivity of Carbon 12 1

Fig. 4: CE and WE after mesh process
IV. RESULTS AND DISCUSSION
A. Current Density

The magnitude of current density at the edge of WE and
CE was represented by the red line (a, b) in Fig. 5. With
defined gaps ranging from 0.5 mm to 1.6 mm, and radius
of WE range from 0.9 mm to 2 mm the analyses were
completed.

Fig. 5: The red line (a,b) indicates the electrodes gap
where a is the edge of CE and b is the edge of WE

According to the simulation results in Fig. 6a, the
smallest gap of 0.5 mm resulting in the highest current
density due to the interference electric field of
asymmetrical design while the largest gap, 2 mm resulting
the lowest current density. Additionally, reducing the scale
of the WE geometric area would increase the current
density as shown in Fig. 6b. However, it was found that the
changes of width of CE did not really affect the magnitude
of current density as shown in Fig. 7, implying that the
sensitivity of sensor is unaffected by the width of CE. The
main explanation for this is that the main purpose of CE is
only to keep the WE at a constant potential relative to the
RE, and thus it has no control on the sensor’s efficiency.

In general, when the gap spacing between the electrodes
and the radius of the WE were modified, the current density
changed. As shown in Fig. 6a and 6b, the smallest gap and
radius of WE resulted in the highest current density,
therefore a gap of 0.5 mm and a radius of 0.9 mm were
chosen as the most optimum parameters for producing
efficient SPE sensors for electrochemical-based sensors.
This simulation of current density agrees with the Butler-
Volmer theory described in (2) in Section II. Considering
the current density is inversely proportional to active
working area (Ageo), thus minimizing the working
electrode surface area would result in increased current
density.

Fig. 6: The current density magnitude of gap: 0.5 mm (left) and the
current density magnitude of radius WE: 0.9 mm (right)

Fig. 7: The current density magnitude with varying width of CE
B. Electric Field Magnitude

The electric field generated by the electrodes is depicted
in Fig. 8. It can be seen in the contour graph, regardless the
gap between the electrodes, the electric field generated was
strong near the WE and gradually decrease towards the
edge of CE. In Fig. 9, it is shown that the electric field is
greater when the gap spacing between the electrodes is



smaller. Besides, as the immobilized agent will adhere to
the carbon surface of the WE, a higher magnitude of
electric field concentrated on the electrode could achieve
better sensitivity than a scattered electric field.

Comnter
Flectrode

Working
Fléetrode

Fig. 8: Electric field distribution on the electrodes surface for
0.7mm gap spacing (left) and 1.3mm gap spacing (right)
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Fig. 9: Electric field magnitude for different gap between WE and CE
C. Capacitance Value

The experimental results can be predicted by the
COMSOL's simulation, which showed that a smaller gap
between the two electrodes would result in higher
capacitance and lower impedance value. Smaller spacing,
on the other hand, makes the electrodes more sensitive to
the activities or any chemical reactions as shown in Fig. 10a
and Fig. 10b. As a result, the findings show that the
expected outcome from the theoretical analysis on the
electrodes gap in equation (1) and the simulation results are
in agreement with each other. Both the simulation and
theoretical analysis show the same trend, in which
capacitance is increasing with smaller gap. In addition,
according to equation (2), capacitance (C) is inversely
proportional to the gap spacing (d) between the working
electrode and the counter electrode, implying that reducing
the gap between these two electrodes will increase
capacitance and enhance current density in SPE sensors.

o045 | Capacitance
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Fig. 10 : Simulation of capacitance for gap of 0.5 mm to 1.6 mm and
radius WE of 0.9mm to 2mm (left) and theoretical calculation of
capacitance based on Butler-Volmer equation for same the dimension
(right)

V. CONCLUSION

The optimal parameters of electrochemical-based SPE
which are widely used for various applications has been
successfully simulated by COMSOL Multiphysics
software. These evaluations of the effect of geometrical
design of SPEs in terms of gap spacing between electrodes,
the effect of radius of WE and the effect of width of CE to
the performance of the SPE had been discussed and

compared with the theoretical analysis. During the
simulation, it was observed that modifying the gap between
electrodes and the radius of the WE influence the current
density value. The maximum peak current density of 0.026
A/m? was obtained by combining the smallest electrode gap
of 0.5 mm with the smallest WE radius of 0.9 mm, both of
which are contributed by a capacitance value of 0.044 pF;
these two smallest values is chosen as the optimal
parameters of the SPE. The simulations also demonstrate
that changing the width of the CE has no influence on the
performance of the SPE sensor thus, produce constant
value of current density regardless of the width. Future
work with these simulations will be focused on fabrication
of the sensor and simulation of cyclic voltammetry (CV) to
study the electrochemical mechanisms of the electrode
using the optimal measurements discuss in this work.
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