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Graphical abstract Abstract

0.5 AC supply Quartz orystal QCM (Quartz Crystal Microbalance) is a widely used biosensor in multiple
1 industries and fields including medical, food safety and environmental health.
However, its advances are predominantly focused on utilizing single channel
on a QCM substrate. This limits the active area on QCM limited to the single
channel and wastes the potfential of the surface area of the substrate. The
data received from a single channel QCM also lacks certainty where there is
no other sensor that can verify or do cross-checking on its data real-time. The
existing quartz thickness of 168um does produce a high resonance frequency,
however the QCM device is prone to break because of ifs extremely thin
substrate, making it hard to handle. The aim of this study is to investigate,
design and simulate the most significant parameters that contribute to the
performance of multichannel QCM devices. The study examines the suitable
quartz thickness and electrode sensor radius for single channel QCM, then
proceeds to vary the c2c distance for multichannel QCM design. The study
found that 1.5 mm is the optimal radius of electrode sensor for quartz thickness
of 168 um single channel QCM with a resonance frequency of 6.17 MHz. 4 mm
is the opfimal c2c distance for 2-channel, 3-channel and 4-channel QCM.
Future improvements on the mullichannel QCM device should include
infroducing a sensing layer to detect certain compounds and using multiple
channels on a single substrate to detect multiple compounds simultaneously.
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Abstrak

QCM merupakan biosensor yang digunakan secara meluas dalam pelbagai
bidang dan industri seperti perubatan, keselamatan makanan dan kesihatan
alam sekitar. Walau bagaimanapun, kemajuannya lebih terhad kepada
penggunaan satu saluran sensor pada substrat QCM. Ini mengehadkan luas
permukaan kawasan aktif pada QCM hanya pada saluran sensor tunggal
dan membazirkan potensi yang wujud pada lebihan kawasan permukaan
substrat. Bacaan yang diterima daripada satu saluran sensor QCM juga
kurang kredibiliti di mana tiada sensor lain yang boleh mengesahkan atau
melakukan pemeriksaan silang pada bacaan pada masa  serentak.
Ketebalan kuarza yang sedia ada pada 168 pm memang menghasilkan
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frekuensi resonans yang tinggi, namun QCM terlalu rapuh kerana substratnya
sangat nipis, menyebabkan ia sukar untuk ditangani. Tujuan kajian ini adalah
untuk menyiasat, merancang dan mensimulasikan ukuran-ukuran penting
yang menyumbang kepada prestasi QCM dengan beberapa saluran sensor.
Penyelidikan ini mengkaiji ketebalan kuarza yang sesuai dan panjang jejari
sensor elektrod untuk satu saluran ssensor QCM, kemudian kajian diteruskan
dengan mengubah jarak c2c untuk reka benfuk QCM dengan beberapa
saluran sensor. Kajian ini mendapati bahawa 1.5 mm adalah panjang jejari
optimum sensor elekirod unfuk ketebalan kuarza 168 pm QCM dengan satu
saluran dengan frekuensi resonansi 6.17 MHz. 4 mm ialah jarak c2c yang
optimal untuk 2 saluran, 3 saluran dan 4 saluran sensor QCM.
Penambahbaikan yang boleh dilakukan pada peranti QCM dengan
beberapa saluran sensor adalah dengan menggunakan lapisan pengesan
unfuk mengenal pasti sebatian terfenfu dan menggunakan beberapa
saluran pada substrat yang sama unfuk mengesan beberapa sebatian

berbeza pada masa yang sama.

Kata kunci:

Multichannel Quartz  Crystal Microbalance, Resonance

Frequency, Interference Frequency, c2c distance and COMSOL Multiphysics
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1.0 INTRODUCTION

Biosensors can be used for various applications, such as
detecting diseases in blood samples, monitoring water
supply contaminants, and identifying foodborne
pathogens like Salmonella [1], [2]. One of the most
popular biosensor is Quartz Crystal Microbalance
(QCM) that runs on the principle of acoustic waves and
piezoelectricity [3][4]. QCM devices are broadly used
for their high sensitivity, rapid response time and ability
to provide real-time monitoring. Unfortunately, current
research and fabrication efforts are predominantly
focused on single-channel QCM. It does not fully utilize
the available surface area of the QCM because the
active sensing area becomes limited on the single
channel’s surface. Moreover, a single channel QCM s
exposed to verification issues since readings from a
single channel lacks reliability to confirm the accuracy
of the data particularly in complex sensing
environments.

Having a single channel on a QCM sensor limits the
accuracy of the readings, making the data less reliable
compared to setups with mulfiple channels [5], [6].
Besides, it restricts the ability to detect multiple chemical
compounds on a single substrate, resulting in inefficient
use of the available surface area and reduced overall
efficiency. Therefore, the multichannel design in QCM
provides great potential in maximizing the utilization of
surface areaq, verifying data and enabling simultaneous
sensing of mulfiple compounds that add versatility and
broadens the application scope of QCM devices.

However, research on multichannel QCM sensors
remains limited, particularly in finite element analysis
(FEA). While FEA of single-channel QCM sensors has
been extensively studied, focusing on resonance
frequency shifts, sensitivity, and mechanical behavior
under various conditions [7], [8], the understanding of
multichannel QCM behavior through finite element

modeling is still underdeveloped. This gap hinders
advancements in  optimizing multichannel sensor
designs. In this project, optimal design parameters will
be investigated and simulated using COMSOL
Multiphysics software, making this research a valuable
contribution fo the field of acoustic sensors and MEMS
device design.

1.1 Acoustic Wave and Piezoelectricity

Piezoelectricity is the ability of certain materials fo
convert mechanical energy into electrical energy and
vice versa [7]. When an electric potential is applied to a
piezoelectric device, it generates kinetic energy as it
vibrates at a consistent speed. This kinetic energy is then
converted into electrical energy at the device's
resonance frequency. Biosensor utilises two distinct
types of piezoelectric sensors: the quartz crystal
microbalance (QCM) and the surface acoustic wave
(SAW) device. The QCM generates an acoustic wave
that propagates within the volume of the sensor,
whereas the SAW device generates a surface wave
that propagates along the surface of the sensor.

Applying a voltage to the electrode will result in the
conversion of the electrical signal into mechanical
vibration in the form of an acoustic wave through the
piezoelectric effect. The resonant frequency, fr, is the
precise frequency at which an acoustic wave oscillates
at a higher amplitude. The size of the piezoelectric
material will affect the resonant frequency fr. Equation
(1) determines the relationship between velocity (v) and
the dimension in thickness (d) of the piezoelectric
material.

fr=1 ()
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1.2 Sensitivity of QCM

The primary significance of mass sensitivity in a QCM is its
role in detecting and quantifying specific compounds
within the surrounding environment. Huang et al. [8]
and Pan et al. [?] infroduce several factors affecting the
mass sensifivity of a QCM including shape, diameter,
thickness and material of the electrode as well as the
operating frequency of the quartz crystal.

The fundamental principle underlying the operation
of QCM is described by the Sauerbrey equation. The
QCM surface's mass-frequency relationship is described.
The equation is as stated in Equation (2):

am= b af= —Congraf (2)

.rllﬂ:,_ﬂ:,lll z

where Am is the change in mass, f_0 is the fundamental
frequency of QCM, A is the effective area of QCM, p_q
is the density of the quartz crystal and u_qg is the shear
modulus of the quartz crystal, Af is the frequency shift
while C_QCM is the mass sensitivity constant.

1.3 Interference Frequency

Previous studies have identified many methods to
minimize the occurrence of frequency interference on
a multichannel QCM. Shen et al. [10] asserts that the
acoustic coupling between adjacent QCMs must be
sufficiently minimal to ensure that the performance of
each individual sensor is not influenced by the others.
Two viable approaches involve enhancing the disparity
in resonance frequency between the electroded and
unelectroded segments of the plate, as well as
modifying the respective dimensions of the electrodes.
For MQCM with identical electrode size, higher
interference effects are seen, necessitating a larger
separation to mitigate frequency interference [11]. The
disparity between the two resonant frequencies
diminishes fast as the separation increases. When the
distance between the two objects is sufficiently long,
the two frequencies at which resonance occurs
become very similar and approach the resonance
frequency, @0, of a single QCM with the same size of
electrodes.

2.0 METHODOLOGY
2.1 Design Concept
2.1.1 Substrate Material

The substrate material used to design a QCM s
typically Quartz (SiO2), relevant to its name Quartz
Crystal  Microbalance. Quartz is used for its
piezoelectricity  characteristics which  fransforms
mechanical energy from vibrations info electrical
energy that produces frequency. An AT-cut quariz
crystal typically used in a QCM has an acoustic wave
of approximately 3340 ms' [12].

2.1.2 Interdigital Transducer (IDT) Material

IDT material influences the mass sensitivity of the QCM.
To enhance the functionality of QCM, gold is chosen
as the IDT material for the electrode sensors as it has
been proven that gold has 1.1 times higher mass
sensitivity than silver [13].

2.1.3 Thickness of the QCM

The primary emphasis in establishing the parameters of
the QCM should be on its sensitivity [14]. In order to
increase sensitivity, it is necessary for the quartz to be
as thin as possible. Since 168 um is the lowest quartz
thickness found from previous studies, the design
parameter for the simulation of this project is to be
simulated at a thickness of 268 um, 368 um, 468 pum,
568 pm, 668 um and 768 pm to find the highest
resonance frequency that is most compatible with
other parameters.

2.14 Diameter of the QCM

Previous works show that the biggest diameter of QCM
that has been studied is 14mm, thus it is selected in
order to accommodate several electrode sensors on a
single substrate, as the project seeks to replicate
multichannel QCM [15]. The study aims to assess the
boundaries of achieving the nearest proximity to the
resonance frequency by placing several electrode
sensors on a single substrate of quartz crystal.

2.1.5 Thickness of the Electrode Sensor

The electrode sensor thickness influences the QCM's
mass sensitivity and Q-factor [16]. A greater mass
sensitivity  value and Q-factor value are more
favorable, and it has been proven that the electrode
sensor with a higher thickness value will provide both
higher mass sensitivity and Q-factor [17], [18]. The
thickness of the electrode sensor is chosen as 2000 A or
200 nm since it is the highest thickness value of the
electrode sensor that has been reviewed.

2.1.6 Radius of the Electrode Sensor

The device's sensitivity is also dependent upon the
electrode sensor’s diameter. The mass sensitfivity of the
QCM is affected by the Gaussian distribution. This
means that the mass sensitivity increases as the
measurement comes closer to the center of the
electrode which concludes that the radius must be
small in order to obtain higher sensitivity. Previous
studies have identified a 2 mm radius as the most
optimal [19]. In this project, we will simulate various
radii, including 0.5 mm, 1.0 mm, 1.5 mm, 2.0 mm, and
2.5 mm, to identify which radius produces the highest
mass sensitivity.
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2.1.7 Number of Channels

The objective of this project is to simulate a
multichannel QCM device. The simulation will involve
2, 3 and 4 channels, each featuring various center-to
center distances. The goal is to determine which
pairing of number of channels and distance that can
reach a resonance frequency, while minimizing any
frequency interference.

2.1.8 Proposed Structure

Table 1 displays the summary of specifications and
suggested design to be simulated in the project.

Table 1 Design parameter of multichannel QCM device

Description Expression
Substrate material Quartz
Acoustic wave velocity 3340 ms-1

268 um, 368 um,
468 um, 568 um,
668 um, 768 pm

14 mm

Gold (Au) [20]

Substrate thickness

Substrate diameter
Electrode sensor material

2.2 COMSOL Multiphysics

The behavior of a multichannel QCM sensor was
simulated using finite element simulation. The objective
of the simulation is fo investigate the optimum
dimension of electrode with respect to number of
channels of the design by measuring natural
frequency and ftotal displacement. The device
parameter of the design is shown in Table 1. 3D
diagram of QCM sensor is shown in Figure 1. An AC
signal of 0.5V was applied on the top working
electrode, and the other electrode was grounded. For
meshing, the domain can be divided into triangular or
quadrilateral subdivisions. A free friangular node has
been used in this design to creafte an uniform friangular

mesh in 2D domain. The element size is set to normal.
Then, the simulation is run using COMSOL Multiphysics to
determine the resonance frequency, outfput voltage
and output power. The resonance frequency theory
can be calculated using Equation (1).

0.5 AC supply Quartz crystal

Frequency N\
response

-k

—Au electrode

Figure 1 3D diagram of quartz crystal microbalance sensor

3.0 RESULTS AND DISCUSSION

The initial experiment was done by comparing the
thickness of the quartz from the simulation that
generated the best peak value on the graph plotted
on COMSOL Multiphysics software. Subsequently, the
electrode sensor radius most appropriate for the final
chosen thickness of the quartz was determined by the
maximum total displacement recorded during the
simulation.

After choosing the best quartz thickness and the
radius of the electrode sensor, the simulation is
completed by the addition of the numbers of
channels as well as varying centre to centre (c2c)
distance in order to find out which combination will
yield the least interference frequency while at the
same fime obtaining resonance frequency close to
the resonance frequency obtained in the process of
choosing the best value of quartz thickness.

268um

X 10'11 T T T T T T | T T T
€= Resonance Frequency: 6.15MHz
12 | | Total displacement: 123E-12m | —— HO0=268 um, Point=12 | 7
1k e N | 368um HO=368 um, Point=12 |
: €— Resonance Frequency: 4.50MHz — 1 e
10k Resonance Frequen-c:y. 2.50MHz | Total displacement: 105E-12m HO=468 um, Point=12 | |
Total displacement: 79,4E712m. J . 4 HO=568 um, Point=12
T or } —— HO0=668 um, Point=12 ||
- 8 = int= -
o prewm HO=768 um, Point=12
E 7+ 44— Resonance Frequency: 3.55MHz | | -
] | | Total displacement: 73E-12m |
g sl I \ ’ il
g |
] 5 | il
2 568um ‘
g s Resonance Frequency: 2.95MHz ‘ -
[ Total displacement: 19.7E-12m | 768um
3k | ' [T | Resonance Frequency: 6.60MHz -
“ l | Total displacement. 10.5E-12m |
2+ i ’ .,‘ T l ) |
| | W
1t A L J Wy !
A gL I 4 o Y '\/ (LW . /
ok B VMARARAMAROUAN ADLQE= bl el ooc i, 0O NN e et el st N
I I I I L 1 1 1 I I I
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 x10’
freq (Hz)

Figure 2 Graph plotted for varying quartz thickness simulation by COMSOL Multiphysics software
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3.1 Optimal Thickness of Quartz Based on Resonance
Frequency

The experiment was started by simulating thickness of
quartz starting from 268 um, 368 pm, 468 um, 568 um,
668 pm up to 768 um. Quartz thickness that can
produce the highest peak in resonance frequency in
the graph is fit to be chosen as the optimal quartz
thickness for QCM. Based on the simulation results in
Figure 2, 268 pm produces the highest resonance
frequency, thus making 6.15 MHz as the benchmark
for resonance frequency for the upcoming
experiments. Though 768 pm recorded higher
resonance frequency of 6.60 MHz, the peak
produced was significantly smaller compared to the
rest of the quartz thickness as displayed in Figure 2,
thus it can be disregarded.

3.2 Optimal Electrode Sensor Radius Based on
Displacement Amplitude

By using 268 um as the quartz thickness in addition to
the previously set parameters, the simulation was
continued by varying the radius of a single electrode
sensor. The measurement of radius starts from 0.5 mm
to 2.5 mm with an increment of 0.5 mm for each
design.

Figure 3 shows the graph plotted by COMSOL
Multiphysics software on the simulated design where
the highest displacement amplitude was produced by
1.5 mm radius of electrode sensor. Based on the
simulation, the smaller the radius of electrode sensor,
the higher the resonance frequency untfil it arrived at a
cutoff frequency. The sensitivity of electrode sensors
decreased once it reached the cutoff frequency.

><10'“ = T T T T . T T T T T
15| 1.5mm /T —— R0O=0.5 mm, Point=12 | -
Resonance Frequency: 6.17MHz - .
141 Total displacement: 157E-12m ] RO=1 mm, Point=12 B
13+ = ‘ —— R0=1.5 mm, Point=12 | 4
12| e ‘I‘l RO=2 mm, Point=12 |+
E 11 Resonance Frequency: 6.16MHz ‘ | —— R0=2.5 mm, Point=12 |
i 10 Total displacement: 152E-12m | | ‘ 1.0mm | 4
S €—— Resonance Frequency: 6.19MHz
E 9 | Total displacement: 96.3E-12m =
5 8 l ' ]
a A <4
o Resonance Frequency: 6.14MHz |
e 6 Total displacement: 125E-12m | | | .
Il
§ st ]
'_
4+ -
5L 5
0.5mm
2} \ A « Resonance Frequency: 6.21MHz 7
1 \ | Total displacement: 19E-12m \ . _
ol i NN WA TR A i |
I I I I I I 1 1 I I
5 5.2 5.4 5.6 5.8 6.2 6.4 6.6 6.8 x10°

freq (Hz)

Figure 3 Graph plotfted for varying radius of electrode sensor simulation by COMSOL Mulfiphysics software

The total displacement amplitude increases from 0.5
mm up to 1.5 mm and then the displacement
decreases as the radius increases until 2.5 mm. This
suggested that there is an opfimal ratio between the
quartz thickness and electrode sensor radius. The 268
pum thickness of quartz is compatible up to 1.5 mm only.

DISPLACEMENT AMPLITUDE USING MULTIPLE RADIUS VARIATION
OF ELECTRODE SENSOR

1.80E-10
1.60E-10 0 1.52E-10
1.40E-10
1.20E-10
1.00E-10
8.00E-11

6.00E-11

TOTAL DISPLACEMENT (M)

4.00E-11
2.00E-11 -

0.00E+00
0 0.5 1 1.5 2 2.5
RADIUS OF ELECTRODE SENSOR (MM)

Figure 4 Comparison of displacement amplitude for
variation of electrode sensor radius from 0.5 mm to 2.5 mm

When compared between 0.5 mm, 1.0 mm and 1.5
mm of electrode sensor radius, it is found that 1.5 mm
displayed the highest total displacement which
suggested that 1.5 mm electrode sensor radius
produces the most sensitive QCM for 268 um quartz
thickness. 6.17 MHz resonance frequency was noted
as the benchmark for the next designs.

3.3 Interference in Multichannel QCM

The QCM device were then designed using 2, 3 and
4 electrode sensors which indicates the 2, 3 and 4
channels of QCM. The aim in this experiment was to
identify the optimal c2c distance for each number of
channels by identifying the c2c distance that
produces the least interference in frequency across
all channels.

Graph plotted by the COMSOL Multiphysics
software to illustrate the result produced line graphs
of contrasting peak heights where some peak height
might be evidently smaller than others. The distinct
peak heights happens because the particular
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electrode sensor becomes unstable since the
electrode sensors were in close proximity to each
other, and any electrode sensor may undergo this
effect. This condition resulted in frequency
intferference in the elecfrode sensors’ resonance
frequency peak. The value of resonance frequency
remains at around 6.17 MHz even though the peak
was considerably smaller.

3.3.1 2-channel QCM

Using 268 um quartz thickness and 1.5 mm electrode
sensor radius, a 2-channel QCM was designed
starting from 3 mm c2c distance where one point on
the edge of each electrode sensors touched each
other up until the maximum distance 10 mm where
the electrode sensors were almost at the edges of
the quartz.

High interference frequency was recognized
where in Figure 5 for instance, at 9 mm c2c distance,
a remarkable peak was less visible and a lot of noise
were present instead around the peak. Table 2
concludes the findings of the simulations and Figure 6
displays the pattern and interference frequency
between both electrode sensors.

Electrode sensor 1
Resonance Frequency: 6.17MHz
Total displacement: 1.79E-10m

Electrode sensor 2
1 Resonance Frequency: 6.33MHz
" Total displacement: 2.49E-11m

54 58 sa . 62 [T [T 61 10

Total displacement (m)
G

Figure 5 Simulation outcome for 2-channel QCM with 9mm
c2c distance

Table 2 Resonance frequency for both channels of
electrode sensor in 2-channel QCM design

. Sensor 1 Sensor 2
c2c distance
(mm) Resonance Resonance
Frequency (MHz) Frequency (MHz)
3 6.16 6.20
4 6.17 6.18
5 6.17 6.18
6 6.17 6.18
7 6.17 6.18
8 6.17 6.33
9 6.17 6.33
10 6.17 6.17

2 Channel

633 633
- -

Frequency (MHz)
¥

618 618 618

™ -
617 817 617 617 617

o 2 a 3 & 10 12

c2c Distance (mm)

Figure 6 Summary of variations of simulated c2c distance for
2-channel QCMs

Simulations of 2-channel QCM at 3 mm, 8 mm, 9
mm were meaningless since they either produce high
interference frequency and one of the electrode
sensors’ resonance frequencies deviated too far as
can be seen in Table 2. As for 10 mm c2c distance,
resonance frequency took place at the same time.
All four designs were not to be considered as the
optimal c2c distance for 2-channel QCM.

Design of 2-channel QCM with 4 mm c2c
distance exhibited the best simulation results with
resonance frequency close to the benchmark of 6.17
MHz as in Table 2 with a remarkable peak with
minimal interference frequency as in Figure 7 as
compared fo the remaining three designs with c2c
distance of 5 mm, 6 mm and 7 mm.

13 Electrodesensor 1
13 Resonance Frequency: 6.17MHz
Total displacement: 1.44E-10m

L e je—_| Etectrodesensor2

a : Resonance Frequency: 6.18MHz
Total displacement: 9.83E-11m

Total displacement (m)

s 52 sa 56 58 62 64 66 68

5
freq (Hz)

Figure 7 Simulation outcome for 2-channel QCM with 4mm
c2c distance
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3.3.2 3-channel QCM

Another channel was added on the quartz surface of
the QCM design to facilitate 3-channel QCM design
simulation. The design started from the closest c2c
distance of 3mm, up to the maximum 8 mm of which
the surface of the QCM can accommodate with an
increment of 1Tmm for every succeeding design.

Figure 8 illustrated high frequency interference
occurred in 3mm c2c distance for 3-channel QCM. A
series of noise was present close to the highest peak
which suggested that this design is not suitable to be
considered as the optimal design. The same
circumstances can be associated to 6mm, 7mm and
8mm designs. Table 3 concludes the findings of the
simulations and Figure 9 displays the pattern and
interference frequency between both electrode
Sensors.

Res! 6.16MHr

Tetal displacement: 1.26E-10m

[ Eteotrode sensara
Resonance Frequency: 6 17HHz
Total displacement: 4, 568-11m

Resonance Frequeney: 6.18MHz

) y:
Il Totaldisplagement: 4.78E-11m.

Total displacement (m)

Figure 8 Simulation outcome for 3-channel QCM with 3mm
c2c distance

Table 3 Resonance frequency for all channels of electrode
sensor in 3-channel QCM design simulations

Sensor 1 Sensor 2 Sensor 3
c2c
. Resonance Resonance Resonance
distance

(mm) Frequency Frequency Frequency
(MHz) (MHz) (MHz)

3 6.18 6.16 6.17

4 6.18 6.18 6.17

5 6.18 6.17 6.18

6 6.23 6.17 6.23

7 6.24 6.17 6.24

8 6.26 6.17 6.26

Results from simulation of émm, 7mm and 8mm
c2c distance for 3 channel QCMs in Table 3
suggested that these designs can be discarded since
resonance frequency of two of the electrode sensors
diverged from the resonance frequency 6.17 MHz
that had been set as the point of reference.
According to summary in Figure 9, QCM design with 4
mm and 5 mm c2c distance displayed satisfactory
result where both can be considered for the optimal
c2c distance for 3-channel QCM since both
produces resonance frequency close to the point of
reference frequency of 6.17 MHz and generated a
plotted graph with less noise and interference
frequency.

3 CHANNEL

. . a

Z)

FREQUENCY (MH

C2C DISTANCE (MM)

Figure 9 Summary of variations of simulated c2c distance for
3-channel QCMs

4 mm c2c distance was concluded as the optimal
design for 3-channel QCM because all three
electrode sensors exhibited higher peaks in Figure 10
which suggested the total displacement is higher,
hence it meant that these electrode sensors had
higher sensitivity as compared to 5 mm c2c¢ distance
where in Figure 11, two of the electrode sensors
showed smaller peak value for the total
displacement.

Electrode sensor 1
1 Resonance Frequency:6.17MHz
Total displacement: 1.22E-10m

Electrode sensor2 ‘ Electrode sensor 1
Resonance Frequency: 6.18MHz _T_ Resananca Frequency: 6.18MHz

Total displacement: 7.75E-11m Total displacement: 7.67E-11m

Total displacement (m)

— RO=1.5 mm, Point=42 ||

freq (Hz)

Figure 10 Simulation outcome for 3-channel QCM with 4 mm
c2c distance

10
1 Electrode sensor 2 /
1 Resonance Frequency: 6.17MHz
» Total displacement: 1.87E-10m

Electrode sensor 1 Electrode sensor3
Resonance Frequency: 6.18MHz [+ | Resonance Frequency: 6.18MHz

Total displacement: 3.35E-11m fl Total displacement: 3.35E-11m

Total displacement (m)
& :
\ (P

T
P R N T S w__uﬁ‘ W *‘,/i\‘_/\_v___,u_ AL oA o

s 52 54 58 58 ] 62 [ [ o8
froq (Ha)

Figure 11 Simulation outcome for 3-channel QCM with 5 mm
c2c distance

=10
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3.3.3 4-channel QCM Table 4 summarizes the simulation results, and Figure

15 shows the pattern and interference frequency

The 4-channel QCM designs were simulated with between both electrode sensors.

electrode distances ranging from a minimum of 3
mm (center-to-center) to a maximum of 7 mm, which
was the farthest the electrode sensors could be
positioned apart before losing contact with the

Table 4 Resonance frequency for all channels of electrode
sensor in 4-channel QCM design simulations

quartz surface. The 4-channel QCM designs with
electrode distances of 3 mm, 6 mm, and 7 mm (c2c), Sensor 1 Sensor 2 Sensor 3 Sensor 4

as shown in Figures 12, 13, and 14, respectively, were distgrznge Resonance Resonance Resonance Resonance
simulated to achieve resonance frequencies near (mm) Frequency Frequency Frequency Frequency
the benchmark of 6.17 MHz. However, all three (MHz) (MHz) (MHz) (MHz)
configurations exhibited significant noise in their
frequency response graphs, rendering them 3 6.18 6.18 6.16 6.16
unsuitable for practical use. All three designs clearly ‘5‘ 2'12 2-}2 2'}? 2-};
demonstrated why they are unsuitable for a 4- ’ ) ’ :
channel QCM configuration 6 6.23 6.18 617 6.18
: 7 6.19 6.18 6.18 6.18
”“7:17 Ef:;rncafc:e;:;incy:e.wmﬁz —
Total displacement: 1.16E-10m
o e 4 CHANNEL
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Figure 12 Simulation outcome for 4-channel QCM with 3 mm
c2c distance
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Figure 13 Simulation outcome for 4-channel QCM with 6 mm
c2c distance
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Figure 14 Simulation outcome for 4-channel QCM with 7 mm
c2c distance

2 3 4 3 6 7

C2C DISTANCE (MM)

Figure 15 Summary of variations of simulated c2c distance
for 3-channel QCMs

As shown in Figure 14, the QCM design with a 6
mm centfer-to-center electrode distance can be
dismissed, as one of the electrode sensors
experienced high-frequency interference, producing
a resonance frequency of 6.23 MHz. To compare the
QCM designs with 4 mm and 5 mm c2c electrode
distances, both exhibiting resonance frequencies
near the reference value of 6.17 MHz with minimal
interference, the peak height was considered as an
additional criterion. Three electrode sensors in Figure
16 produced distinctively smaller peaks than the
other electrode sensor in 5 mm c2c distance for 4-
channel QCM design while electrode sensors in
Figure 17 produced smaller difference in peak
heights for 4 mm c2c distance. Therefore, 4 mm c2c
distance was selected as the best design for 4-
channel QCM. Table 5 presents a comparative
summary of previous studies related to QCM-based
sensor systems and highlights the key differences and
research gaps addressed in the current study.
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Figure 17 Simulation outcome for 4-channel QCM with 4 mm
c2c distance

Table 5 Comparison of previous works to the current research study

Author Year Title

Findings

Aliza Aini et al. [21] 2019

Investigation on the mass sensitivity  Finite element analysis for single

of quartz crystal microbalance gas channel QCM sensor only.

sensor

simulation

finite element

Amer et al. [22] 2019 Multichannel QCM-Based System  Multichannel system for continuous,
for Continuous Monitoring of online monitoring of bacterial biofilm
Bacterial Biofilm Growth formation. However, only single
design is used throughout the
experiment.
Bourennane ef al. [23] 2023 Accurate  Multi-Channel QCM  Real-time frequency mea-
Sensor Measurement Enabled by surement system for high-precision,
FPGA-Based Embedded System multi-channel quartz crystal
Using GPS microbalance (QCM) sensors using a
field programmable gate array
(FPGA).
Yoshiminen et al. [24] 2023 Pocketable Biosensor Based on IC card-sized quartz-crystal
Quartz-Crystal Microbalance and microbalance (QCM) device for
Its Application to DNA Detection label-free DNA detection.
Anwar et al. 2025 This study Finite element analysis for

mulfichannel QCM sensor

This study represents a pioneering effort in the
finite element analysis (FEA) of multichannel quartz
crystal microbalance (QCM) sensors. While previous
research, such as Aliza Aini et al.'s 2019 work, focused
on single-channel QCM sensors using FEA. This study
extends the methodology to  multichannel
configurations. Although multichannel QCM systems
have been designed and tfested, none have
employed a similar FEA approach to analyze their

performance. This novel application of FEA fo
multichannel QCM sensors addresses  the
complexities of inter-channel interactions and
resonance behaviors, thereby contributing
significantly to the advancement of sensor design
and optimization.
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4.0 CONCLUSION

This study designed, simulated, and optimized a
multichannel quartz crystal microbalance (QCM) to
enhance the efficiency and fully realize the potential
of single-channel QCM systems. The optimal quartz
thickness within the range of 268 um to 768 um is 268
um, yielding a resonance frequency of 6.15 MHz. The
electrode sensor radius that has the highest mass
sensitivity for 268 um quartz thickness is 1.5 mm which
produces a resonance frequency of 6.17 MHz. The
opfimal c2c distance that produces higher
resonance frequency with minimal frequency
interference is 4 mm for all 2-channel, 3-channel and
4-channel QCM. Single channel QCM was improved
to a multichannel QCM to facilitate sensing multiple
compounds simultaneously. This study successfully
identifies the optimal design for multichannel QCM
systems. Future improvement should be done to
apply multichannel QCM in sensing multiple products
simultaneously in a real-life application.
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