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Abstract: Suspended particulate matter (PMx) is one of the most important environmental pollutants.
Miniaturized sensors capable of measuring and analyzing PMx are crucial in environmental research
fields. The quartz crystal microbalance (QCM) is one of the most well-known sensors that could
be used to monitor PMx. In general, in environmental pollution science, PMx is divided into two
main categories correlated to particle diameter (e.g., PM < 2.5 µm and PM < 10 µm). QCM-based
systems are capable of measuring this range of particles, but there is an important issue that limits
the application. In fact, if particles with different diameters are collected on QCM electrodes, the
response will be a result of the total mass of particles; there are no simple methods to discriminate
the mass of the two categories without the use of a filter or manipulation during sampling. The
QCM response depends on particle dimensions, fundamental resonant frequency, the amplitude
of oscillation, and system dissipation properties. In this paper, we study the effects of oscillation
amplitude variations and fundamental frequency (10, 5, and 2.5 MHz) values on the response, when
particle matter with different sizes (2 µm and 10 µm) is deposited on the electrodes. The results
showed that the 10 MHz QCM was not capable of detecting the 10 µm particles, and its response was
not influenced by oscillation amplitude. On the other hand, the 2.5 MHz QCM detected the diameters
of both particles, but only if a low amplitude value was used.

Keywords: QCM; sensors; particulate matter; microspheres; microparticles size discrimination

1. Introduction

Air pollution is an increasingly important problem that affects human life, impacting
health, sociocultural, and economic aspects [1,2]. There are many sources of pollution, and
they are distributed in different ways on our planet. However, air pollutants emitted in one
country can be transported into the atmosphere, affecting air quality elsewhere. Suspended
particulate matter (PMx), nitrogen dioxide, and tropospheric ozone are considered the
three pollutants that most significantly affect human health [3]. For these reasons, PMx
measurement is very important, and can be performed using various direct analytical
instruments, such as impact samplers and analytical balances [4]. In recent years, systems
and sensors for the analysis (or counting) of microparticles or microspheres have been the
focus of numerous studies. For the assay, coated microspheres provide a measuring tool
in biology and drug research [5]. In buoyancy, hollow microspheres (made of glass and
polymer) are used to decrease material density in plastics. For ceramic filter manufacturing,
microspheres of polyethylene are used to obtain controlled porosity [6]. In particular, in
the field of research for developing PM monitoring devices, monodisperse microspheres
are used to calibrate particle sieves, optical particle counters (OPCs), and other kinds of
sensors [7]. Generally, OPC performances are comparable when they are used to count
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particles. On the other hand, the algorithms used to convert the counting into a mass
concentration differ from manufacturer to manufacturer. In fact, parameters such as
refractive index and particle shape influence their mass estimation. Therefore, the optical
measurement has an intrinsic discrepancy when compared to the more accurate direct
gravimetric methods [8]. For these reasons, we focused our attention on quartz crystal
microbalances (QCMs), which are one of the most commonly used mass sensors for the
development of sensory systems designed to measure gases, molecules, particles, and
contaminants in a wide range of applications, such as environmental monitoring [9],
medical assays, and space applications [10–13]. QCMs are piezoelectric oscillating-based
sensors capable of converting changes in thickness/mass of the deposited material on
their electrodes into a frequency shift. QCMs are still being studied as one of the most
reliable methods of measurement and analysis for particulate matter in general [14–16].
In fact, in PM monitoring, a QCM can measure the mass of the particles collected on its
electrodes by providing, for example, the total of PM or fractions such as PM2.5 or PM10 in
cascade-type impact meters [17]. Separation or filtering systems [18] and one or more QCM
are therefore used to obtain information on the different dimensions of the particulate.
Currently, this type of system can be miniaturized, but it poses extreme difficulties given the
current state of microfluidics, mechanical, or 3D machining processes [19]. In recent years,
QCMs have been at the center of numerous research studies applied to the measurement
of the dimensions of microspheres in various fields of application; in fact, many works
use them not only as mass sensors, but also as actual transducers for complex analyses of
tribology [20,21]. Some scientific works use concepts of energy dissipation of the vibration
generated on the surface of the QCM to analyze the type of bond the particle forms with
the electrode surface, often functionalized [22]. Other research groups modify the surface
of the QCM by building mechanical structures, such as micropillars, that act as mechanical
resonators and, when coupled with particles of the correct size, produce changes in the
frequency of the QCM distinguishable from the simple signal of an increase in mass or
thickness [23]. However, it would be very interesting to be able to use QCMs to measure,
at the same time, the mass of particles collected on the surface and perform dimensional
analysis. This would prevent PM monitoring systems, based on mass sensors, from always
having to use complex or cumbersome dimensional separation systems. In 1971, a study
by Olin and Sem [24] was useful in understanding how to write a relationship between
the response of a QCM, the resonance frequency, and the amplitude of the vibration when
microparticles are deposited on its surface. In this paper, we present an experiment aimed at
studying the possible effects that occur on the response of a QCM to different measurements
of microspheres when the amplitude of the vibration varies. To simplify the tests, we used
borosilicate microspheres, which are usually used in aerosol generators, for atmospheric
PM simulation. In detail, we conducted tests on various QCMs, which had three distinct
fundamental resonant frequencies (10, 5, 2.5 MHz), measuring the response obtained for
two samples of microspheres, 2 and 10 µm in diameter, and varying the amplitude of the
vibration.

We have obtained encouraging results by developing a circuit capable of controlling
the amplitude of the oscillation, acting on the QCM driving current. In particular, with a
QCM of 2.5 MHz, we can detect only the mass of the 2 µm microspheres, even when 10 µm
microspheres are present. This result confirms Olin and Sem’s study, and could allow the
development of a QCM-based system for continuous mass and size analysis of collected
particulate matter.
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2. Methods and Materials
2.1. Frequency and Driving Force Effects

According to Sauerbrey’s experimental assumption, the resonant frequency decreases
linearly with the addition of foreign mass on the crystal surface:

∆ f = − 2 f o2

A√vqρq
∆m = −

C f

A
∆m (1)

In this equation (Equation (1)), ∆f refers to the frequency shift due to the changing
mass ∆m. Cf represents a constant, where f 0 is the fundamental resonating frequency, vq is
the velocity of propagation of transverse wave in the plane of the quartz, ρq is the density
of the quartz, and A is the effective area of the electrode [25].

Although the Sauerbrey assumption is applicable for particles and thin films, some
differences in the QCM response were observed due to particles that may have relatively
more movement between adjacent particulate layers, causing more energy dissipation [26].
Generally, a particle on a QCM must adhere to the vibrating surface with enough force to
counteract the inertia forces to be detected [24,27–29].

The inertia force FI acting on a spherical particle of diameter Dp and density ρp is
defined as:

FI = ρP

(π

6

)
βI(2π f0)

2Dp
3 (2)

where βI is the crystal vibration amplitude for a fixed driving current I, and f 0 is the
crystal fundamental resonating frequency (β is a constant for a given crystal). The particle
adhesion force (FA) on the surface can be written as:

FA = µλDp (3)

where µ is the friction coefficient and λ is a constant depending on the interaction forces
between the surface and the particle. When the forces are balanced (FA = FI), combining
Equations (2) and (3), we obtain a critical diameter Dcrit (for a fixed frequency and a set
driving current I):

Dcrit =

√
3µλ

2π3ρPβ

(
1

I1/2 f0

)
(4)

Equation (4) shows that when FI ≤ FA, a particle adheres to the QCM surface, resulting
in Dp ≤ Dcrit, and it can be detected. On the other hand, it cannot be detected when FI >
FA because a particle tends to dislodge from the surface (Dp > Dcrit). For these reasons,
varying the current and frequency makes it possible to change the QCM response to a
fixed particle diameter. In order to detect bigger particles, the product I·f 0 should be
minimized. However, there are physical limits for the driving current and resonating
frequency. In particular, the current cannot be less than ILimit (the value required to sustain
a stable oscillation), and at the same time, a decreasing resonant frequency produces a
QCM response (or sensitivity) reduction.

2.2. Reagents and Methods

The chemicals used to prepare the samples, which included three dispersions and one
solution, were polyvinylpyrrolidone (MW 1300 kDa, CAS number: 9000-39-8), absolute
ethanol (CAS number: 64-17-5) purchased from Merck (Darmstadt, Germany), and borosili-
cate glass microspheres with mean diameters of 2 µm and 10 µm (traceable to the National
Institute of Standards and Technology) purchased from Thermo Scientific (Waltham, MA,
USA) (Cat.no:9002, Cat.no:9010).

Three different dispersions were prepared using absolute ethanol (EtOH) as liquid
phase [30]. MS10 contained 8.5 mg of 10 µm microspheres (d = 2.55 g/cm3) in 10 mL
of EtOH (0.89 µg/µL), MS2 contained 3 mg of 2 µm (d = 2.50 g/cm3) microspheres in
10 mL of EtOH (0.30 µg/µL), and MSMIX contained 2.1 mg of 10 µm microspheres and
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1.4 mg of 2 µm microspheres in 10 mL of EtOH, resulting in concentrations of 0.42 µg/µL
and 0.28 µg/µL, respectively. These dispersions were used to test the response of QCMs
using a drop-casting technique, depositing a volume of 1 µL on their surface. Before
each deposition, the dispersions were sonicated in an ultrasound bath for 3 min to avoid
precipitation. In addition, to compare the influence of oscillation amplitude on the QCM
response in the presence of a polymeric homogenous film versus microsphere dispersions,
a PVP solution (PVPsol) was prepared using EtOH as solvent (0.18 µg/µL).

Using an optical microscope (Leica DM2700 M) with an objective of 100×/0.85 mag-
nification and a field of view of 22 mm, it was possible to observe three depositions of
borosilicate microspheres in the different dispersions (MS10, MS2, MSMIX) on a quartz
crystal slice, as shown in Figure 1.
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Figure 1. Microscope images of borosilicate glass microspheres in MS2 (A), MS10 (B), and MSMIX (C)
dispersions deposited over a quartz crystal slice.

Three types of QCMs (10 MHz, 5 MHz, and 2.5 MHz of resonance frequency) were
used, each with a different gold-coated electrode size (d = 5.9 mm, d = 6.3 mm, d = 5.0 mm,
respectively), to evaluate the changes in responses due to variations in the fundamental
frequency (as shown in Equation (4)). Moreover, we used a specific QCM (with a fixed
fundamental frequency) to measure the response of each sample (MS10, MS2, MSMIX,
PVPsol), using three levels of driving current, ILOW, IMED, and IH (to change the oscillation
amplitude).

2.3. Measurement Setup

A block diagram of the measurement setup used during all of the experiments is
represented in Figure 2A. A micropipette (PIPETMAN P2, variable volume 0.2–2.0 µL,
Serial N. KB29151) was used to deposit the sample of microsphere dispersion onto the
QCM electrode by drop-casting. To simplify and reduce some errors, due to mechanical
aspects, the micropipette was mechanically fixed on a robust stand during all depositions.

As previously described, we used three different QCMs to carry out all of the presented
tests. To operate, a QCM needs to be connected to an oscillator circuit that sustains the
oscillation conditions [31].

In Figure 2B, we have a photograph of the measurement setup where the highlighted
QCM sensor (in particular, a 10 MHz crystal is in the photo) is connected to an oscillator
circuit and to the main electronic unit, both enclosed in a single box (red one). A developed
software controlled the measurement acquisitions and set all experimental parameters.
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measurement setup used during the experiments (B).

In this work, we used a suitable QCM oscillator circuit capable of sustaining the
oscillation, and to set the crystal current (oscillator with amplitude control circuit, AC-OSC).
Although in this paper we will not go into detail on how it works from an electronics
point of view (as the circuit is under patent), the AC-OSC consists of two main parts,
each working separately to sustain the oscillation (part a) and to control the amplitude
of vibration by changing the oscillation current (part b). As already mentioned above,
there is a lower limit current (ILimit) required for a stable oscillation, which depends on
different QCM parameters (e.g., drive power level limit). In all of the experiments, we
used three different setpoints of current for each QCM: low amplitude (Low), medium
amplitude (Med), and high amplitude (High) correlated to the crystal current. In particular,
about 0.9 mA, 1.8 mA, and 3.5 mA were used for the low, medium, and high amplitude,
respectively (the crystal current is expressed by its root mean square value—RMS).

The main electronic unit (MEU) consisted of a microcontroller that managed all of
the measurement phases, setting the driving current, acquiring the signal (fout) with a
LOD of ±3 Hz, and sending the measurement data to the PC unit for plotting and storage.
Environmental information, such as temperature and relative humidity, were measured by
a DHT22 sensor connected to µC serial bus.

3. Results and Discussions

In the beginning, different depositions of the same volumes of PVPsol and MS10 on
QCMs were performed to confirm the linear behavior of the Sauerbrey equation (Equation
(1)). Examples of the obtained results, in the case of the 2.5 MHz crystal, are shown in
Figures 3 and 4. To simplify the arrangement of the plot in all chronograms shown in this
paper, we have not reported the dynamic behavior of the response |∆f | during the drop-
casting deposition. In fact, at the beginning of the deposition (t0), the response fluctuated
between 1 and 2 kHz, and returned stable (t1) after tens of seconds. These phenomena
could have been produced by the injection pressure and liquid phase of the samples. To
highlight this time interval, we have introduced two oblique lines “//” in the plot, and
only in the first have we indicated both t0 and t1 instants for each deposition.
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Essentially, no appreciable discrepancies were observed in the frequency response
|∆f | between consecutive depositions. The QCMs exhibited linear and repeatable re-
sponses for each deposition. To highlight the results, only a single deposition example will
be shown for each value of the set oscillation amplitude (Low, Med, High) in all of the
following chronograms.

3.1. Homogeneous Film of PVP Deposition

Ten tests of a single deposition of PVPsol (1 µL) were performed to investigate the
effects of amplitude variations on the response of the QCMs. The results of all tests are
summarized in the histograms in Figure 5. The same test procedure was executed for all
three dispersions (MS2, MS10, and MSMIX).
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Figure 5. Histograms of PVPsol with different amplitude levels (Low, Medium, High) on 10 MHz (A),
5 MHz (B), and 2.5 MHz (C) QCMs.

In Figure S1 of the Supplementary Materials, we report an example of the results
obtained after PVPsol deposition on 10 MHz, 5 MHz, and 2.5 MHz crystals, carried out at
low, medium, and high amplitude values. When the driving force varies (due to changes
in amplitude), frequency shifts are significantly similar for each QCM. No differences in
calculated mass (Equation (1)) were observed, despite varying resonance frequency and
amplitude levels. The theoretical mass value (180 ng) is very close to the experimental
masses obtained, according to PVPsol concentration. The results are summarized in Table
S1 of the Supplementary Materials. These data are in agreement with the thin film behavior
reported in the literature [32–35]. Thin films are deposited as homogeneous layers onto the
QCM electrode, and the frequency changes are related to an increase in mass, as predicted
by the Sauerbrey equation (Equation (1)). In this experiment, the deposition on the electrode
of the same volume of PVP leads to the formation of a homogeneous layer. The response
does not vary appreciably by changing the f 0 and the amplitude. Table 1 shows the average
values of frequency calculated from all of the tests performed.

Table 1. The table presents average values of frequency after ten tests for PVPsol on different QCMs
(10, 5, 2.5 MHz) and amplitudes (high, medium, low).

QCM (MHz) Amplitude ∆f (Hz) ∆fe (Hz)

High 149.0 ± 9.3
10 Medium 135.7 ± 7.6

Low 151.2 ± 4.8

High 31.7 ± 4.2
5 Medium 31.7 ± 7.6

Low 31.7 ± 4.8

High 7.2 ± 0.8
2.5 Medium 8.5 ± 0.6

Low 10.5 ± 0.6
∆fe is the standard deviation of the arithmetic mean of frequency.

3.2. MS2 (Microspheres of 2 µm) and MS10 (Microspheres of 10 µm)

Examples of chronograms for MS2 dispersions are shown in Figure S2 in the Sup-
plementary Materials for QCMs operating at 10 MHz (A), 5 MHz (B), and 2.5 MHz (C)
frequencies, with low, medium, and high amplitudes. Even in this case, a behavior similar
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to PVPsol can be observed at the amplitude variation. Frequency changes are related to very
similar experimental masses when different QCMs are used, according to MS2 concentra-
tion. These results are reported in Table S2. No notable changes in the frequency variation
were observed by modulating the amplitude for each sensor. According to Equation (4),
the particle diameter could be below the critical dimension for these three different levels
(Dp = 2 µm < Dcrit). We have evaluated the deposited mass for each QCM by Equation (1),
taking into account the fundamental resonating frequency (10 MHz, 5 MHz, 2.5 MHz) [36]
and the frequency shifts (|∆f |) reported in Table S2. The calculated mass values were in
the range of 256.6 ng to 329.5 ng, with tens of nanograms of deviation from a theoretical
mass of 300 ng. Examples of chronograms for MS10 dispersions are shown in Figure S3 in
the Supplementary Materials for QCMs operating at 10 MHz (A), 5 MHz (B), and 2.5 MHz
(C) frequencies with low, medium, and high amplitudes. The frequency shifts (|∆f|) are
reported in Table S3.

Ten tests were performed both for MS2 and MS10, aiming to compare the results
summarized in Figure 6. The histograms were constructed by considering the comparison
between the depositions of MS2 and MS10 on each microbalance, achieved by modifying
the amplitude.
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In Figure 6A, the statistical dispersion of MS2 (blue) confirms that the average fre-
quency variations are related to the concentration of the dispersion where Dp = 2 µm < Dcrit,
as expected. No response to any amplitudes is observed on the 10 MHz QCM (purple). As
explained in Section 2.1, and as known from the literature [37–39], for lower coupling and
larger dimensions, the particles are not able to follow the movement with the vibrations of
the QCM. On the contrary, for strong coupling and smaller mass, the particles move with
the vibrational surface of the QCM. Since the gold surface of the QCM and the borosili-
cate microspheres do not establish chemical bonds on the contact surface, the adhesion
force depends mostly on the particle diameter and friction coefficient (Equation (2)). Ex-
periments for this resonance frequency and the three modulated amplitude oscillations
show a particular condition where particle diameter is larger than the critical dimension
(Dp = 10 µm > Dcrit).

In Figure 6B, the average frequency variations (∆ f ) are plotted as a function of the
amplitudes on the 5 MHz QCM for ten tests carried out. Blue histograms represent the
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data found on MS2 tests, where these average frequencies are once again in agreement with
the concentration of the dispersion. There is a possibility that this resonance frequency is
critical for MS10, where a strong dependence on the levels of amplitude has been observed
(Dp ~ 10 µm). In the same way, the purple histograms show a decrease in average frequency
variations (∆ f = 16 Hz) when the high level is used (fewer and smaller particles are
detected), while the histograms show an increase (∆ f = 53 Hz) when a lower level of
amplitude is applied (more and bigger particles are measured), according to Equation (4).

Figure 6C shows the results of ∆ f obtained at different levels of oscillation amplitude
on the 2.5 MHz QCM. Blue histograms (MS2) show no significant differences in the response
when modulating the amplitude. All of the tests with MS10 showed that the response
depends on the amplitude value. In fact, for high and medium levels, no response was
observed because Dp > Dcrit, while for low levels Dp < Dcrit, a response was obtained.
The average frequency variation obtained (65 Hz) was identifiable to the deposited mass
(calculated mass was 908.7 ± 74.6 ng). The average frequency variations obtained from the
histograms are summarized in Table 2.

Table 2. The table presents average values of frequency after ten tests for MS10 and MS2 on different
QCMs (10, 5, 2.5 MHz) and oscillation amplitudes (high, medium, low).

QCM (MHz) Driving Force ∆f (Hz) ∆fe (Hz)

2 µm

High 245.0 ±12.5
10 Medium 259.2 ±13.8

Low 238.7 ±12.4
High 52.7 ±1.1

5 Medium 62.2 ±2.3
Low 52.7 ±1.1
High 21.0 ±2.3

2.5 Medium 24.0 ±1.2
Low 27.7 ±1.1

10 µm

High - -
10 Medium - -

Low - -
High 16.0 ±1.5

5 Medium 23.2 ±2.4
Low 53.2 ±1.4
High - -

2.5 Medium - -
Low 65.0 ±4.1

3.3. MSMIX (Microsphere Mix)

Examples of chronograms for MSMIX dispersions are shown in Figure S4 in the Sup-
plementary Materials for QCMs operating at 10 MHz (A), 5 MHz (B), and 2.5 MHz (C)
frequencies, with low, medium, and high amplitudes. The measured frequency shifts
are reported in Table S4. In order to compare the results obtained for MS10 and MS2, ten
tests were performed for MSMIX. In Figure 7, we report the histograms of results on each
microbalance, achieved by modifying the amplitude.
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Figure 7. Histograms for MSMIX (2 and 10 µm) in EtOH on 10 MHz (A), 5 MHz (B), and 2.5 MHz (C)
QCMs with different oscillation amplitudes.

Figure 7A shows statistical data of tests on a 10 MHz QCM. Considering the responses
previously obtained for MS2 and MS10 dispersions, frequency variations should be assigned
to the 2 µm microspheres because no response was observed for MS10 (Dp = 10 µm > Dcrit).
This outcome is consistent with the previous discussion (Section 3.2); the average frequency
variations (Table 3) are related to the concentration of these particles in MSMIX. In the same
way, Figure 7B reports the results of MSMIX on a 5 MHz QCM, where a critical dimensional
condition for MS10 is observed (Dcrit around 10 µm), and a strong dependence on the level
of oscillation amplitude is shown. For this reason, when high and medium levels are
used, the value of Dcrit decreases, and the average frequency variations are related to 2 µm
microspheres and smaller particles in the dimensional distribution of 10 µm in MSMIX.
For low levels, the value of Dcrit increases, and 2 µm microspheres with larger particles of
10 µm in MSMIX are detected.

Finally, Figure 7C shows histograms of the tests performed on the 2.5 MHz QCM. The
average frequency variation observed should be attributed to the 2 µm microspheres in
MSMIX, because no response was observed for 10 µm particles (Dp = 10 µm > Dcrit) at high
and medium levels. However, for low amplitude, the condition where Dp = 10 µm < Dcrit
was observed, and 2 µm and 10 µm microspheres in MSMIX were detected together. The
average frequency variations obtained from the histograms are summarized in Table 3.

Table 3. The table presents average values of frequency after ten tests for MSMIX on different QCMs
(10, 5, 2.5 MHz) and oscillation amplitudes (high, medium, low).

QCM (MHz) Driving Force ∆f (Hz) ∆fe (Hz)

High 230.0 ±6.0
10 Medium 233.0 ±3.9

Low 229.2 ±8.5
High 51.5 ±3.2

5 Medium 46.7 ±7.8
Low 73.5 ±5.7
High 17.0 ±1.9

2.5 Medium 15.5 ±1.0
Low 31.0 ±1.2
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4. Conclusions

In this paper, we study the effects of oscillation amplitude variations and fundamental
frequency value on the QCM response, when particle matter of different sizes is deposited
on the electrodes. Four different samples were prepared (PVPsol, MS2, MS10, and MSMIX).
From the literature, it is known that the detection of microspheres is influenced by resonant
frequency (f 0) and crystal vibration amplitude (βI). When Dp < Dcrit, a particle adheres to
the QCM surface and can be detected. On the contrary, when Dp > Dcrit, a particle tends
to slip from the surface. For the solution of PVP, no appreciable changes in responses
with varying QCMs and amplitude levels were observed, according to homogenous film
behavior. Similar performances to PVPsol were observed for MS2 dispersion because the
particle diameter is reasonably under the critical dimension (Dp = 2 µm < Dcrit). For MS10,
no response to any oscillation amplitude level was observed on the 10 MHz QCM. When the
particle diameter overcomes the critical diameter (Dp = 10 µm > Dcrit), the oscillation returns
to the fundamental frequency after tens of seconds. A critical resonance frequency was
assumed for the 5 MHz QCM, where Dcrit was around 10 µm. The response was worsened
when a high level of amplitude was applied, and improved when a low level was used.
The response of the 2.5 MHz QCM to MS10 depended strongly on the applied amplitude
levels: high and medium intensities showed Dp > Dcrit, while for the low level Dp < Dcrit,
and 10 µm microspheres were detected. In the case of MSMIX, the responses on the 10 MHz
QCM should be assigned to the 2 µm microspheres (Dp = 10 µm > Dcrit). More elaborate
is the case on the 5 MHz QCM, where Dcrit was around 10 µm and strong frequency
variations were observed when different oscillation amplitude levels were applied. On
the 2.5 MHz QCM for high and medium levels, the responses should be assigned to
the 2 µm microspheres because no response was observed for 10 µm particles. For low
levels, 2 µm and 10 µm microspheres were measured together due to the condition where
Dp = 10 µm < Dcrit was observed. To validate the study carried out in this paper, it would be
suitable to study intermediate conditions, considering resonance frequencies from 5 MHz
to 2.5 MHz, where microspheres have a dimension between 2 µm and 10 µm for better
estimation of the critical diameter value.

This experiment’s results have shown that by changing the oscillation amplitude
and fundamental resonant frequency, it is possible to use a single QCM (e.g., 10 MHz) to
measure only 2 µm particles when both 2 and 10 µm are collected on the QCM electrode.
On the other hand, with a 2.5 MHz QCM, it is possible to measure both particles or only
2 µm, if the amplitude oscillation is changed. These results could be used to develop a
QCM array-based monitoring system to carry out particle dimensional analysis, using
amplitude modulation.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/s23125682/s1, Figure S1: Chronograms for PVP solution on
10 MHz (A), 5 MHz (B), and 2.5 MHz (C) QCMs using different amplitude (low, medium, and high).
Figure S2: (MS2) 2 µm microsphere dispersion chronograms on 10 MHz (A), 5 MHz (B), and 2.5 MHz
(C) QCMs with different oscillation amplitudes. Figure S3: (MS10) 10 µm microsphere dispersion
chronograms on 10 MHz (A), 5 MHz (B), and 2.5 MHz (C) QCMs with different oscillation amplitudes.
Figure S4: Chronograms of MSMIX (2 and 10 µm) in EtOH on 10 MHz (A), 5 MHz (B), and 2.5 MHz
(C) QCMs with different oscillation amplitudes. Table S1: The table presents the results obtained
for PVPsol changing amplitude (high, medium, low) on different QCMs (10, 5, 2.5 MHz). Table S2:
Results obtained for MS2 modulating driving force (high, medium, low) on different QCMs (10, 5,
2.5 MHz). Table S3: Results obtained for MS10 modulating driving force (high, medium, low) on
different QCMs (10, 5, 2.5 MHz). Table S4: The table presents frequency variations for MSMIX on
different QCMs (10, 5, 2.5 MHz) and oscillation amplitudes (high, medium, low).

Author Contributions: Conceptualization, E.Z. and M.A.M.; investigation, E.Z., M.A.M., A.B., P.P.,
F.D. and A.C.; resources, E.Z., A.M. and D.S.; supervision, E.Z. and E.P. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

https://www.mdpi.com/article/10.3390/s23125682/s1
https://www.mdpi.com/article/10.3390/s23125682/s1


Sensors 2023, 23, 5682 12 of 13

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Sierra-Vargas, M.P.; Teran, L.M. Air pollution: Impact and prevention. Respirology 2012, 17, 1031–1038. [CrossRef]
2. Fenger, J. Air pollution in the last 50 years–From local to global. Atmos. Environ. 2009, 43, 13–22. [CrossRef]
3. Ebi, K.L.; Mcgregor, G. Climate change, tropospheric ozone and particulate matter, and health impacts. Environ. Health Perspect.

2008, 116, 1449–1455. [CrossRef]
4. Dirri, F.; Palomba, E.; Longobardo, A.; Zampetti, E. Piezoelectric crystal microbalance measurements of enthalpy of sublimation

of C2–C9 dicarboxylic acids. Atmos. Meas. Tech. 2016, 9, 655–668. [CrossRef]
5. Wilson, W.E.; Chow, J.C.; Claiborn, C.; Fusheng, W.; Engelbrecht, J.; Watson, J.G. Monitoring of particulate matter outdoors.

Chemosphere 2002, 49, 1009–1043. [CrossRef]
6. Perfetto, S.P.; Hogarth, P.J.; Monard, S.; Fontes, B.; Reifel, K.M.; Swan, B.K.; Baijer, J.; Jellison, E.R.; Lyon, G.; Lovelace, P. Novel

Impactor and Microsphere-Based Assay Used to Measure Containment of Aerosols Generated in a Flow Cytometer Cell Sorter.
Cytom. Part A 2019, 95, 173–182. [CrossRef]

7. Korolev, E.V.; Inozemtcev, A.S. Preparation and Research of the High-Strength Lightweight Concrete Based on Hollow Micro-
spheres. Adv. Mat. Res. 2013, 746, 285–288. [CrossRef]

8. Sramek, J.; Sperka, J.; Jankovych, R. The Measurement System for the Calibration of Particle Counters. In Proceedings of 2016
17th International Conference on Mechatronics—Mechatronika (ME), Prague, Czech Republic, 7–9 December 2016; pp. 1–5.

9. Solomon, P.A.; Sioutas, C. Continuous and Semicontinuous Monitoring Techniques for Particulate Matter Mass and Chemical
Components: A Synthesis of Findings from EPA’s Particulate Matter Supersites Program and Related Studies. J. Air. Waste Manag.
Assoc. 2008, 58, 164–195. [CrossRef]

10. Scaccabarozzi, D.; Saggin, B.; Tarabini, M.; Palomba, E.; Longobardo, A.; Zampetti, E. Thermo-mechanical design and testing of a
microbalance for space applications. Adv. Space Res. 2014, 54, 2386–2397. [CrossRef]

11. Sabri, Y.M.; Kandjani, A.E.; Ippolito, S.J.; Bhargava, S.K. Nanosphere Monolayer on a Transducer for Enhanced Detection of
Gaseous Heavy Metal. ACS Appl. Mater. Interfaces 2015, 7, 1491–1499. [CrossRef] [PubMed]

12. Si, P.; Mortensen, J.; Komolov, A.; Denborg, J.; Møller, P.J. Polymer coated quartz crystal microbalance sensors for detection of
volatile organic compounds in gas mixtures. Anal. Chim. Acta 2007, 597, 223–230. [CrossRef]

13. Pascal-Delannoy, F.; Sorli, B.; Boyer, A. Quartz Crystal Microbalance (QCM) used as humidity sensor. Sens. Actuators A Phys.
2000, 84, 285–291. [CrossRef]

14. Zampetti, E.; Macagnano, A.; Papa, P.; Bearzotti, A.; Petracchini, F.; Paciucci, L.; Pirrone, N. Exploitation of an integrated
microheater on QCM sensor in particulate matter measurements. Sens. Actuators A Phys. 2017, 264, 205–211. [CrossRef]

15. Vashist, S.K.; Vashist, P. Recent advances in quartz crystal microbalance-based sensors. J. Sens. 2011, 2011, 13. [CrossRef]
16. Bighnaraj, S.; Shankar, G.A.; Deepak, S.; Prabhat, K.G. Aerosol effective density measurement using scanning mobility particle

sizer and quartz crystal microbalance with the estimation of involved uncertainty. Atmos. Meas. Tech. 2016, 9, 859–875.
17. Chen, M.; Romay, F.J.; Li, L.; Naqwi, A.; Marple, V.A. A novel quartz crystal cascade impactor for real-time aerosol mass

distribution measurement. Aerosol Sci. Technol. 2016, 50, 971–983. [CrossRef]
18. Dao, L.; Wen-Pin, S.; Chuin-Shan, C.; Chi-An, D. A miniature system for separating aerosol particles and measuring mass

concentrations. Sensors 2010, 10, 3641–3654.
19. Zhao, J.; Liu, M.; Liang, L.; Wang, W.; Xie, J. Airborne particulate matter classification and con-centration detection based on 3D

printed virtual impactor and quartz crystal microbalance sensor. Sens. Actuators A 2016, 238, 379–388. [CrossRef]
20. Seed, C.M.; Acharya, B.; Krim, J. QCM Study of Tribotronic Control in Ionic Liquids and Nanoparticle Suspensions. Tribol. Lett.

2021, 69, 83. [CrossRef]
21. Miller, B.; Krim, J. Quartz Crystal Microbalance (QCM) Applications to Tribology. In Encyclopedia of Tribology; Wang, Q.J., Chung,

Y.W., Eds.; Springer: Boston, MA, USA, 2013; pp. 2727–2733.
22. Tarnapolsky, A.; Freger, V. Modeling QCM-D Response to Deposition and Attachment of Micro-particles and Living Cells. Anal.

Chem. 2018, 90, 13960–13968. [CrossRef]
23. Wang, P.; Su, J.; Su, C.F.; Dai, W.; Cernigliaro, G.; Sun, H. An ultrasensitive quartz crystal microbalance micropillars based sensor

for humidity detection. J. Appl. Phys. 2014, 115, 224501. [CrossRef]
24. Olin, J.G.; Sem, G.J. Atmospheric Environment; Pergamon Press: Oxford, UK, 1971; Volume 5.
25. Sauerbrey, G. Verwendung von Schwingquarzen Zur Wigung Diinner Schichten Und Zur Mikrowigung. Z. Fiir Phys. 1959, 55,

206–222. [CrossRef]
26. Pulker, H.K.; Schädler, W. Factors Influencing the Accuracy of a Quartz-Crystal Oscillator as a Thickness Monitor for Thin-Film

Deposition. Nuovo Cim. B Ser. 1968, 57, 19–24. [CrossRef]
27. Mullins, M.E.; Michaels, L.P.; Menon, V.; Locke, B.; Ranade, M.B. Effect of Geometry on Particle Adhesion. Aerosol Sci. Technol.

1992, 17, 105–118. [CrossRef]
28. Cooper, K.; Gupta, A.; Beaudoin, S. Simulation of the Adhesion of Particles to Surfaces. J. Colloid Interface Sci. 2001, 234, 284–292.

[CrossRef]
29. Götzinger, M.; Peukert, W. Particle Adhesion Force Distributions on Rough Surfaces. Langmuir 2004, 20, 5298–5303. [CrossRef]

[PubMed]

https://doi.org/10.1111/j.1440-1843.2012.02213.x
https://doi.org/10.1016/j.atmosenv.2008.09.061
https://doi.org/10.1289/ehp.11463
https://doi.org/10.5194/amt-9-655-2016
https://doi.org/10.1016/S0045-6535(02)00270-9
https://doi.org/10.1002/cyto.a.23680
https://doi.org/10.4028/www.scientific.net/AMR.746.285
https://doi.org/10.3155/1047-3289.58.2.164
https://doi.org/10.1016/j.asr.2014.08.030
https://doi.org/10.1021/am507069z
https://www.ncbi.nlm.nih.gov/pubmed/25562372
https://doi.org/10.1016/j.aca.2007.06.050
https://doi.org/10.1016/S0924-4247(00)00391-5
https://doi.org/10.1016/j.sna.2017.08.004
https://doi.org/10.1155/2011/571405
https://doi.org/10.1080/02786826.2016.1213790
https://doi.org/10.1016/j.sna.2015.12.029
https://doi.org/10.1007/s11249-021-01461-7
https://doi.org/10.1021/acs.analchem.8b03411
https://doi.org/10.1063/1.4880316
https://doi.org/10.1007/BF01337937
https://doi.org/10.1007/BF02710309
https://doi.org/10.1080/02786829208959564
https://doi.org/10.1006/jcis.2000.7276
https://doi.org/10.1021/la049914f
https://www.ncbi.nlm.nih.gov/pubmed/15986666


Sensors 2023, 23, 5682 13 of 13

30. Palomba, E.; Colangeli, L.; Palumbo, P.; Rotundi, A.; Perrin, J.M.; Bussoletti, E. Performance of micro-balance for dust flux
measurements. AJ Space Rex. 2002, 29, 1155–l158. [CrossRef]

31. Eichelbaum, F.; Borngräber, R.; Schröder, J.; Lucklum, R.; Hauptmann, P. Interface circuits for quartz-crystal-microbalance sensors.
Rev. Sci. Instrum. 2002, 70, 2537. [CrossRef]

32. Wajid, A. On the Accuracy of the Quartz-Crystal Microbalance (QCM) in Thin-Film Depositions. Sens. Actuators A Phys. 1997, 63,
41–46. [CrossRef]

33. Deki, S.; Aoi, Y.; Asaoka, Y.; Kajinami, A.; Mizuhata, M. Monitoring the Growth of Titanium Oxide Thin Films by the Liquid-Phase
Deposition Method with a Quartz Crystal Microbalance. J. Mater. Chem. 1997, 7, 733–736. [CrossRef]

34. Huang, X.; Chen, Q.; Pan, W.; Hu, J. The Effect of Electrode Thickness on Mass Sensitivity of QCM Cannot Be Ignored. IEEE Trans.
Ultrason. Ferroelectr. Freq. Control. 2021, 68, 1458–1461. [CrossRef] [PubMed]

35. Rodahl, M.; Kasemo, B. On the Measurement of Thin Liquid Overlayers with the Quartz-Crystal Microbalance. In Proceedings
of the International Solid-State Sensors and Actuators Conference—TRANSDUCERS’95, Stockholm, Sweden, 25–29 June 1995;
Volume 54.

36. Huang, X.; Chen, Q.; Pan, W.; Yao, Y. Advances in the Mass Sensitivity Distribution of Quartz Crystal Microbalances: A Review.
Sensors 2022, 22, 5112. [CrossRef]

37. Whitby, K.T.; Clark, W.E. Electric Aerosol Particle Counting and Size Distribution Measuring System for the 0.015 to 1 µ Size
Range. Tellus 1966, 18, 573–586.

38. Vittorias, E.; Kappl, M.; Butt, H.J.; Johannsmann, D. Studying Mechanical Microcontacts of Fine Particles with the Quartz Crystal
Microbalance. Powder Technol. 2010, 203, 489–502. [CrossRef]

39. Heim, L.-O.; Blum, J.; Preuss, M.; Butt, H.-J. Adhesion and Friction Forces between Spherical Micrometer-Sized Particles. Phys.
Rev. Lett. 1999, 83, 3328–3331. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/S0273-1177(02)00131-X
https://doi.org/10.1063/1.1149788
https://doi.org/10.1016/S0924-4247(97)80427-X
https://doi.org/10.1039/a607466i
https://doi.org/10.1109/TUFFC.2020.3030636
https://www.ncbi.nlm.nih.gov/pubmed/33064645
https://doi.org/10.3390/s22145112
https://doi.org/10.1016/j.powtec.2010.06.011
https://doi.org/10.1103/PhysRevLett.83.3328

	Introduction 
	Methods and Materials 
	Frequency and Driving Force Effects 
	Reagents and Methods 
	Measurement Setup 

	Results and Discussions 
	Homogeneous Film of PVP Deposition 
	MS2 (Microspheres of 2 m) and MS10 (Microspheres of 10 m) 
	MSMIX (Microsphere Mix) 

	Conclusions 
	References

