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Abstract

The properties of a mechanical resonator provide a valuable ability to measure liquid density and viscosity.
The viscosity of liquids is of interest to researchers in both industry and medicine. In this paper, a viscosity
sensor for liquids is proposed, which is designed based on an electromechanical resonator. In the proposed
sensor, a capacitor is used as an electrostatic actuator. The capacitor is also used to monitor the frequency
changes of the proposed resonator. The range of displacement of the resonator and capacitor in response
to different fluids under test varies according to their viscosity. The design of the proposed sensor and its
electrostatic and mechanical simulations are reported in this paper. Also, the effect of viscosity of several
different liquids on its performance has been analyzed and presented experimentally using a prototype.

Keywords: Viscosity sensor, electromechanical resonator, electrostatic simulation, mechanical simulation,
sensor fabrication.
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1. Introduction

The viscosity of a liquid is important in determining its nature in various industries such as
food processing [1]. In medicine, changes in blood viscosity are also symptoms of high blood
pressure and heart diseases [2—4]. It has been reported in many works that a liquid has a strong
damping effect on the resonator sensor [5-9]. In other words, different damping coefficients of
fluids affect mechanical displacement of the resonators.

Many designs have already been introduced as viscosity sensors, indicating high importance of
viscosity measurement [ 10-33]. In previous designs, various methods have been used to measure
viscosity, which can be referred to as electrostatic [13], electromagnetic [14], acoustic [15] and
thermal [16]. The proposed structures are mainly based on cantilever resonators [17, 18]. In
previous works, the use of electrostatic measurement method has been introduced as a cheap
method [19]. For example, a suitable method has been proposed by measuring the time of the
pull-in effect in the electrostatic capacitor for different liquids [20]. Among the different methods,
the cheaper method with more accuracy is more desirable.
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Many miniaturized viscosity and density resonator sensors suffer from the influence of mount-
ing structures and are fragile or highly temperature dependent [21, 24, 25]. Another disadvan-
tage of shear resonance viscosity sensors is the low penetration depth of the generated shear
wave [24,26-28].

The mode of vibration determines the suitability of the resonator for an application. The
magnitude of the resonance of the thickness shear mode (TSM) quartz crystals depends on the
product of the density and viscosity of the liquid [29]. There are some effects that allow separation
in principle but with low accuracy [30]. This problem is inherent in any vibration mode where
the dominant fluid loading is described by Stokes’ second law [31], e.g., in-plane bending [32] or
longitudinal extensional modes [33] of thin beams. The main out-of-plane mode of a cantilever
is widely used to circumvent this limitation, as it provides independent responses to density and
viscosity. However, viscous losses for out-plane modes may be greater than in-plane modes. It is
well established that higher order out-of-plane modes provide better quality factors at intermediate
frequencies [34-36].

In this work, a resonator plate in contact with a liquid sample is proposed, and the mechanical
displacement amplitude of the plate is different for each sample due to different damping effect
of the liquids. This resonator is vibrated using an electrostatic actuator (capacitor) at the desired
resonance frequency, and the mechanical displacement of the sensor is measured using the same
capacitor.

The proposed sensor design is presented in Sections 2 and 3, the results of its electrostatic
and mechanical analyzes based on finite element simulations and experimental results and mea-
surement principle are presented. Sections 4 and 5 present the fabrication process and summarize
the contents of this article, respectively.

2. Design of the Proposed Sensor

The proposed sensor is first designed with COMSOL Multiphysics and then evaluated by
simulations to optimize it. The proposed viscosity sensor is based on an electromechanical
resonator as shown in Fig. 1. This is a simple mechanical resonator that has a suspended plate
with 4 folded beam springs.
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Fig. 1. Design of the proposed sensor. a) Cross view of the sensor with the plastic container and the fluid under test.
b) Three-dimensional view of the resonator plate and the springs. ¢) Cross view of the springs.
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The other side of the springs is connected to a large fixed plate and this fixed plate is held by
4 long anchors. There is also a simple capacitive electrostatic actuator, and the suspended plate is
the moving electrode of this capacitor. The other fixed electrode of the capacitor is located below
the suspended plate and at a distance from it. When the moving plate resonates, its distance from
the fixed electrode changes, and the value of the capacitance in this designed capacitor changes
according to (1). If this capacitor is excited by a sinusoidal voltage with constant amplitude, the
displacement amplitude of the vibrating plate will be constant and the amplitude of the capacitive
changes will be constant. In (1), C is the capacitance, A is the contact area, d is the gap between
the capacitor electrodes, £ and €, are the permittivity of free space and relative permittivity of

the dielectric material, respectively.
go0&rA
C= T (1)

To test the liquid sample by this sensor, a thin plastic container is required to place the liquid
sample inside as shown in Fig. 1. Therefore, between the two electrodes, the capacitor is filled
with a thin layer of plastic and the test liquid. Therefore, to test each liquid, the value of the
dielectric coefficient of the capacitor will be different. If the material between the two electrodes
changes, the dielectric of the capacitor changes and so does the average value of the capacitor.
Changes in the viscosity of the liquid cause the moving electrode to face a different restraining
force in its path of movement, and this causes the displacement range of the electrode to have
a different value due to the change in viscosity. For similar materials or solutions with different
percentages under test, the voltage and measurement range must be calibrated at first.

The process of measuring the viscosity of this proposed sensor starts by placing any liquid
sample in a container between the two electrodes. Then, the vibration amplitude of the resonator
plate is monitored, which depends on the viscosity of the sample as well as its mass. In (2),
the viscosity relation of a material in contact with the resonator in the out-of-plane vibration
mode (squeeze film mode) is expressed. Therefore, changes in the vibration amplitude of the
plate will cause changes in the amplitude of the capacitance changes. Therefore, the amplitude of
vibrations of the suspended plate can be calculated and then the viscosity of the tested liquid can
be determined by measuring the amplitude of capacitive changes. L., and H are the length and
width of the electrode plates, respectively. Also, bis the damping coefficient of the squeeze film
and gy is the capacitor gap [37].
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Each mechanical resonator has several different vibration modes and for the proposed res-
onator in this sensor, the desired vibration mode is shown in Fig. 2. In this case, all the components
of the sensor are selected from polysilicon material and its dimensions are 5 micrometers for W
and 200 micrometers for L, respectively, according to Fig. 1. With this specification, the desired
vibration mode of the structure emerges at a frequency of 3.28 kHz.

n (@)

Iigher movement

Fig. 2. Desired resonance mode. Resonator plate (moving electrode) vibrates up and down.
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According to (3), the coefficient of springs decreases while their length increases or the
number of turns increases or their thickness decreases [38]. In this equation, k is the spring
coefficient and E, ¢, w and [ are Young’s modulus, thickness, width and length of the beam,
respectively. Also, according to (4), by reducing the spring coefficient (k) of the resonator or
increasing its mass (M), its vibration frequency (f) decreases [39].
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The fabricated prototype of the proposed viscosity sensor is illustrated in Fig. 3. Due to the
small size of this sensor, it is difficult to take a picture of it. Figure 3 was prepared with the
help of slight changes in the emitting light on its different surfaces and by processing its image.
Therefore, this image has a suitable contrast for viewing different surfaces of the structure.
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Fig. 3. Prototype of the proposed sensor. (a) Processed image of the prototype resonator using a high resolution camera
and image processing methods by MATLAB. (b) Simple image of the resonator to show its scale (Shadows cause it to
appear a little bigger than its real size).

It should be noted that in this work, the tested materials are poured into a glass container and
a thin and large plate is placed under that container as a fixed electrode. Then the main part of
the sensor and the resonator part and the movable electrode are placed inside the container and
inside the liquid. Of course, its location in the container is always fixed. In other words, unlike
the original design, the sensor is placed inside the sample container in the actual test.

It should also be noted that the anchors of the resonating part have the fixed size. Therefore,
the initial distance between the two electrodes is always constant, which is 100 micrometers in
the experiments of this work. For accuracy in these tests, the liquid inside the container is filled
to a height of 100 micrometers. Also, the glass layer prevents the conduction of liquid between
the electrodes.

3. Results

Table 1 lists several different liquids with their relative permittivity and their viscosity cal-
culated using the proposed sensor. It should be noted that for a voltage applied with a constant
amplitude to this capacitor, in the vicinity of different materials, a different force will be produced.
The amount of the force produced by the capacitor for several different materials at the test site of
this sensor according to the results of electrostatic simulations for a voltage of 20 volts is reported
in Table 2.

226



www.czasopisma.pan.pl P N www.journals.pan.pl

=

Metrol. Meas. Syst.,Vol. 30 (2023), No. 2, pp. 223-234

DOI: 10.24425/mms.2023.144868

Table 1. List of some materials with their relative permittivity at about 0°C.

Material

Air

Water Acetic Acid

Acetylene

Aniline

Olive oil

Relative Permittivity

1

88 4.1

1.02

7.8

3

Table 2. Force generated by the electrostatic actuator in the presence of different dielectric materials after applying 20 V

on electrodes of the capacitor.

Material

Air

Water Acetic Acid

Acetylene

Aniline

Olive oil

Generated Force (x107% N)

0.41

33.43 1.82

0.46

3.36

1.27

The results in Table 2 show that there is no linear relationship between viscosity and the ca-
pacitance range. Therefore, the relevant relationships must be accurately equated in the processor
to determine the viscosity of the liquid under test in the sensor. This stage of work in the field
of data processing was very time consuming. By changing the accuracy of the calculations, the
uncertainty estimates in Figure 4 with black dashed lines have been calculated for the results in
two limits above and below the average value. In the smaller ranges and by moving away from
the central frequency, the number of changes is very small compared to the average value, and
the graph related to the estimation of uncertainty is placed on the graph of the average value.
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Fig. 4. Frequency response of capacitive changes for different materials.
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The relationship between viscosity and resonator vibration amplitude or other parameters is
actually not linear. Therefore, below are given explanations on how to determine the viscosity
value using the processor’s memory.

The output of this sensor can be analyzed with the method based on the resonator quality
factor whose formula is written in (5). Q is the resonator quality factor, f; is the central frequency
and A f is the bandwidth [40,41]. The frequency response of capacitance changes for fluids in this
work is shown in Fig. 4. The amplitude of the frequency responses is increased by an amplifier
because in these diagrams the amount of the central frequency and their frequency amplitude are
needed to calculate the quality factor of the resonator.

_ o
Af°
The quality factor of the sensor is explained in (6), where m, f and b are the mass of the
liquid droplet, the central resonance frequency of the resonator and the damping coefficient,
respectively [37]. It should be noted that before measuring the viscosity of a specific liquid, its

density and mass can be easily calculated and its value can be replaced in (6). This equation is
yields the average displacement of the moving electrode.

Q ®)

2nf -m
quueeze_ﬁlm = fT . (6)

In Fig. 4, it is clear that the bandwidth of the frequency responses is different for each material,
although their central frequencies are very close to each other. It should be noted that these results
are obtained for the 100-micrometer gap between the electrodes for the prototype sensor.

In the experimental device, the capacitive sensor amplitude changes in response to different
viscosities. Due to the equations above, the viscosity of the tested material can be determined
after a certain amount of processing. The output of the viscosity sensor is calculated using the
connected processor. With the information obtained from air and water tests with this sensor and
knowing their viscosity values, the codes of the AVR processor (ATmega32) are set. Actually,
the sensor output shown on the display for water and air is calibrated by the processor codes.

To measure the viscosity of the liquid substance with the help of the proposed sensor, the
frequency response of the capacitance changes in the proposed resonator is considered. Assuming
that the central frequency of the designed resonator is already known, the capacitive sensor is
designed in the same range when recording the output signal. Also, with the help of an intermediate
analog filter, high and low frequency noises in the output of the designed capacitor are removed
and the filtered signal is transmitted to the processor.

Then, the amplitude and the frequency response of the sensor are calculated with the calibrated
codes of the processor for each tested material. According to the numbers obtained for the
bandwidth and amplitude of capacitance changes by the processor, with the help of the information
table in the processor’s memory and according to the coded relationships, the viscosity value for
a material is determined. According to these details, the data is loaded on the processor after
precise calibration.

After that, tests were performed for acetic acid, acetylene, aniline and olive oil. The output
of the sensor presented in Table 3. By comparing the values obtained in these tests with the
proposed sensor, it can be seen that they are close to real viscosity of these materials. Viscosity
of the referenced materials in Table 3 is reported in previous works. Viscosity of olive oil [42],
aniline [43], acetylene [44] and acetic acid [45] is reported using other methods in Table 3 and
compared with the proposed sensor results.
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Viscosity, which changes the scope of resonator damping effect, also changes the amount
of central resonance frequency. Therefore, in these tests for each material, the frequency of the
voltage source is manually changed to such an extent so that the capacitance changes shown on
the oscilloscope appear with a larger amplitude. In this work, the central resonance frequency of
the resonator was also recorded in each test for each material and reported in Table 3.

Table 3. List of some materials with their viscosity. The air and water viscosity used to calibrate the proposed sensor
according to results of previous works. The viscosity of other materials is determined using the prototype sensor of this

work.
Material Air | Water | Acetic Acid | Acetylene | Aniline | Olive oil
Central Resonance Frequency (kHz) 33.63 | 33.64 33.64 33.63 33.65 33.85
Viscosity (uPa-s) — from the proposed sensor | 18.1 890 1120 9.40 2908 34000
Test Temperature (°C) 25 25 25 25 22 40
Viscosity (uPa-s) — from previous works 18.1 890 1130 9.43 2912 34400

Now, after studying the relationships and the overall performance of the proposed sensor,
it is necessary to pay attention to how to calculate the viscosity of the liquid sample once
again according to the previous equations. By obtaining the frequency response characteristics of
capacitive changes, the quality factor of the proposed resonator is calculated according to (5). By
putting this value of the quality factor in (6), the value of the damping factor for the corresponding
test is calculated. Then, by putting the value of the damping coefficient in (2), the viscosity value
for the tested liquid is determined. These calculations were performed using a microprocessor in
the experiments and the results are reported according to Table 3.

When the purpose is to determine the viscosity of similar materials, the appropriate voltage
for the actuator (capacitor) must be selected. The voltage value should not be so high that the
resonator plate is connected to the bottom of the container and should not be so low that the
amplitude of displacements cannot be measured.

4. Fabricating Process

To fabricate the resonator, which is the main part of the proposed sensor, the polysilicon
and photoresist are deposited several times in a specific order according to the design. Figure 5
illustrates the iterative process that provides the fabrication of the resonator. The first layer is
polysilicon and the following steps are repeated in the Fig. 5 stage. The number of steps below is
written on the stages of the figure which are used at each stage.

1. Deposition and patterning of the photoresist.
2. Deposition of polysilicon.
3. Removing the photoresist with acid.

From 5(a) to 5(u) the steps above are repeated 7 times. If the Fig. 5(u) is rotated 180 degrees,
the shape of the proposed sensor in the Fig. 3 can be seen easily. In Fig. 5(d), 5() and 5(p),
deposition and patterning of the photoresist were performed twice to form the photoresist on two
levels.
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Fig. 5. Fabrication process of the resonator of the proposed sensor. Numbers (1), (2) and (3) in front of each part of the
figure indicate the operation of the fabrication process. Number (1) means depositing and patterning of the photoresist,
Number (2) indicates depositing of polysilicon, and number (3) refers to removing of the photoresist.

5. Conclusions

In this paper, a viscosity sensor based on an electromechanical resonator is proposed that
shows significant changes in the displacement amplitude of the resonator plate in response to
the viscosity of different materials. This sensor can be made in different dimensions and with
different materials according to the specific purpose, and its operating frequency can be adjusted
by changing the mass values and resonating springs to a certain degree to determine the viscosity
of other material in different ranges. This sensor can to be used in the food industry to evaluate
the viscosity of liquids such as milk. Also, it can be used to calculate blood viscosity in medical
diagnostic tools. According to the results of Table 3 and comparing the viscosity of materials
which are measured using the proposed sensor with the values which are reported in previous
works, the error is lower than 0.015%, i.e., it is negligible.

In the proposed sensor, the changes in the vibration amplitude of the resonator plate are
converted into capacitance changes and the sensor output is recorded with a low-cost method. An
automatic voltage source can be added to complement this sensor as a commercial sensor. Within
a given range, its frequency can be automatically controlled by a processor to provide a suitable
frequency for the voltage proportional to the amount of damping effect for each liquid under test.
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