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Abstract

This study focuses on piezoelectric quartz crystal microbalances (QCMs), widely used
in space and military instrumentation, as fundamental components in highly sensitive
mass detection devices. In this research, a proper setup was developed to investigate the
relationship between clamping preload and crystal resonance, with particular attention to
the effects of concentrated loads. The latter ones, not properly addressed in the literature,
come from the need to safely clamp QCMs in critical environments, like those experienced
during the launch of rockets or payloads. Thus, the study investigates the behaviour of
piezoelectric quartz crystals (AT-cut, 10 MHz) with gold electrodes, using a QCMs’ three-
pinned mounting system. Measurements showed that the effect of the preload on the
frequency variation resulted in a repeatable increase in the crystals’ resonance, increasing
the loading, up to three ppm more than the unloaded quartz crystal oscillating frequency.

Keywords: QCM; mechanical preload; concentrated loads; mounting system; frequency stability

1. Introduction

Quartz oscillators are fundamental components in many different military and space
applications due to their high precision and reliability; for instance, they are mainly inte-
grated into mission payloads that require highly accurate timing, such as in communication
and navigation systems, ultra-precise clocks [1,2], and to develop mass sensors as Quartz
Crystal Microbalances (QCMs), are often utilized as thickness-shear mode resonators
combined to thermogravimetric analyses [3-6].

QCMs are typically used in space/aerospace applications, such as in satellites to
monitor the deposition of dust, material outgassing, and degradation of spacecraft materials
or in the field of earth observation to monitor pollutants in the atmosphere [7-10]. QCMs
have proven essential in space missions by providing real-time measurements of the mass
of contaminants, ensuring that sensitive equipment such as optical lenses, sensors, and
solar panels remain unaffected by space debris and contamination [11-21].

The working principle of QCM instruments is based on the piezoelectric properties of
quartz; when an oscillating electric field is applied to a quartz disk by integrated electrodes, it
deforms, creating mechanical oscillations as thickness-shear modes, for AT-cut quartz [22-24].
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Piezoelectric crystals in microbalances allow the measurement of the mass of the
materials deposited on electrodes by computing the variation in the crystal’s resonant
frequency using the Sauerbrey equation (Equation (1)) as a transduction model [25]:

2fo”

A+/Gpc

In the Sauerbrey equation, Afm represents the change in resonant frequency measured

Afm = —Am )

after the mass deposition, Am denotes the deposited mass, f( is the fundamental frequency
of the quartz crystal disk, and A, G and pc correspond to the active area, the shear modulus,
and the density of the quartz, respectively.

The stability of the oscillating frequency is mandatory for instrument performance in
many high-precision applications, such as biosensing and soft-matter research, food and
quality assurance, gas sensing, and space contaminants monitoring. Several factors can
influence frequency stability, including temperature, humidity, pressure, acceleration and
vibration, magnetic field, electric field, external distributed load, and radiation [8,26-31].

In the context of space applications, where environmental conditions can sharply
change, understanding the factors that contribute to frequency instability is essential;
for instance, temperature effects can alter the physical properties and the piezoelectric
behaviour of the quartz crystal, which in turn affects the frequency response [32-35].
The latter is generally accommodated by proper instrument calibration, measuring the
frequency variation within the temperature range of interest.

Moreover, payload instruments on space missions must operate reliably across wide
temperature ranges, resulting in varying thermoelastic stress conditions [36-39]. In the
specific case of microbalances, thermal variations can alter the mechanical preload on the
crystals due to different thermal expansions of the mounting system materials, since they
can operate at environmentally cryogenic temperatures as well as in higher temperature
conditions, i.e., up to 60 °C [40-42]. It is therefore essential to study how these temperature
variations affect device performance, whether they induce frequency shifts that could affect
the signal, and to quantify these effects.

Despite increasing usage of QCMs in space applications, the effect of concentrated
loads on quartz crystals has not been addressed yet in the literature; concentrated loads
are mandatory to hold the QCMs in critical environments, like the ones related to space
applications, due to high vibration levels and/or large temperature variations [43—45].

Furthermore, the mechanical preload applied by the oscillator mounting system,
particularly when the quartz oscillating area is close to the holder, can introduce localised
stress on the crystal. This stress may lead to fluctuations in the oscillator frequency, a
phenomenon acknowledged in the literature but rarely characterised experimentally, with
most studies focusing primarily on radial force applications [46—49]. Moreover, for the
biosensing application of QCMs, the observed influence of mechanical loading on frequency
response suggests that similar effects could occur in sensitive measurements, potentially
mimicking or obscuring subtle interfacial phenomena. These insights can inform calibration
protocols and sensor mounting strategies aimed at minimising mechanical artefacts, thereby
improving measurement fidelity in various QCM-D applications [50,51].

Thus, the research experimentally evaluates the effect of concentrated loads on the
oscillating frequency of QCMs to quantify the measurement error in such conditions.

The latter information is relevant to assessing the uncertainty budget contribution
in QCM measurements. Section 2 describes the measurement methodology, focusing on
the developed measurement setup, and Section 3 summarises the experimental results.
Section 4 discusses the main findings of the research, and Section 5 concludes the paper.
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2. Materials and Methods

The study focuses on the mounting system of a QCM already studied for being a
spacecraft payload [12], where the quartz crystal is underpinned in three contact points
spaced 120° apart.

The QCM under investigation is a 10 MHz AT-cut quartz crystal disk equipped with
two circular gold electrodes, one on the top and one on the bottom surface, providing
the necessary input to induce thickness-shear mode vibrations. The main geometrical
dimensions of the crystal are reported in Table 1, such as the diameter and the thickness of
the quartz disc and the diameter of the two electrodes.

Table 1. Geometric dimensions.

Parameter Value
Electrodes diameter 6.0 = 0.2 mm
Quartz disc diameter 13.95 £ 0.001 mm
Thickness of the disc 0.167 + 0.001 mm
Preloading element stiffness 7.9 £ 1.3 N/mm
Clamping preload 17N

A preliminary experimental characterisation of the stiffness of the flexure holding
structure at room temperature was performed. Ten trials were conducted on different
samples, each involving a series of ten controlled displacement inputs (with 0.01 mm steps
provided by a micrometric screw). During each trial, the resulting force was measured
using a load cell. For each test, a linear regression was performed as illustrated in Figure 1,
the linear relationship between the applied displacement (x-axis) and the measured force
(y-axis) was confirmed along with all the tests performed.
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Figure 1. Experimental characterisation of the preloading element stiffness, Trial #10.

The measured mechanical stiffnesses are summarised in Table 2, reported as the mean
value along with the associated measurement uncertainty. The experimental results are in good
agreement with the numerical predictions by FEM analyses [14], with a maximum deviation of
less than 9.2%, which is considered acceptable within the mechanical geometrical tolerances.
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Table 2. Summary of the experimental characterisation of the preloading element mechanical stiffness.

Trial Number Value [N/mm] R2

#1 9.37 0.994

#2 8.78 0.997

#3 6.77 0.983

#4 6.34 0.977

#5 6.64 0.970

#6 7.76 0.992

#7 7.51 0.994

#8 7.45 0.999

#9 8.16 0.997

#10 10.60 0.999
Average value 7.9 -
Measurement uncertainty 1.3 -
Theoretical value 7.26 -

A scheme of the testing setup is shown in Figure 2, and Figure 3 highlights the view
of the supporting structure and assembled crystal under testing [52] beside the additional
elements of the developed setup.

LLLL
Micrometric
Screw
l Applied Force
Contact
Points Load cell
Elita Top Holder
Keial
Quartz Crystal

é é Bottom Holder é

Figure 2. Scheme of the testing setup with details of the mechanical holding and preloading system,
load cell and micrometric screw.

Impedance
Analyser

Quartz

. Micrometric
Crystal

Screw

Holder

NS
Figure 3. (Left) view of the tested item with the mechanical supporting structure and the contact
points; (right) view of the testing setup with the main elements for the preload effect measurement.

The force is transmitted through a micrometric screw (Mitutoyo 150-190 model) to
the load cell (Honeywell FS Series Force Sensor PK 88870, Honeywell, Charlotte, NC, USA,
with 15 N full scale), which is directly connected on an aluminium plate, distributing
the force uniformly on the QCM top holder. The latter element transmits the force to the
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quartz crystal through compliant elements whose stiffness evaluation (K,y;;) is given in
Tables 1 and 2.

The overall force is distributed on three points of the quartz crystal, which is kept
below by a holder with similar geometry and compliant elements (i.e., the bottom holder).
The setup comprises three mechanical guides that ensure the perpendicular application of
the load controlled by the micrometric screw, preventing the crystal from slipping.

The crystal is connected to an electronic oscillator circuit used to sustain the oscil-
lation and obtain the QCM output signal, i.e., a TTL signal having a frequency equal to
the fundamental crystal resonating frequency. This configuration reproduces the typical
measurement system of a conventional microbalance QCM [53-57].

The measurement chain is schematized in Figure 4 through a block scheme; an HP
Agilent Keysight E3647A (Agilent, Santa Clara, CA, USA) power supply provided the
necessary current and voltage to the oscillator circuit. An HBM Scout 55 amplifier was
connected to the force transducer and enabled the reading of the output voltage signal of
the load cell. A National Instruments (National Instruments, Austin, TX, USA) acquisition
board (NI 9234 4 Al, +5V, 24-bit, 51.2 kS/s/ch Simultaneous, AC/DC Coupling, IEPE AC
Coupling) was used to collect measured force, which was then processed on a PC.

Input F Outputs

!

NI Measured F
Scout 55 PR
Load Cell —— Amplifier || Acquisition
P board
Oscillator Keysight
Measured
mounting Oscillation 53220A f
system assembly circuit frequency °
counter

Power
supply

Figure 4. Scheme of the measurement chain.

Furthermore, a Keysight 53220a (Keysight, Santa Rosa, CA, USA) universal frequency
counter was added to the setup to measure the oscillator frequency signal, with a sampling
rate of 1 Hz. The selected rate was sufficient for analysing static conditions, such as
frequency shifts caused by the application of static and concentrated loads.

Moreover, a Keysight E4990A Impedance Analyzer was used to measure the quartz
crystal admittance, both in unloaded and preloaded conditions, for comparison and verifi-
cation of the test results from the frequency counter [58-60].

2.1. Load Cell Calibration

The force transducer was verified using static procedures by applying controlled
loads (dead masses from 50 g to 500 g) to cover a force range of about 5 N. The load
calibration was deemed necessary to evaluate the accuracy of the sensor in the reduced
measurement force range. The calibration procedure was based on three loading and
unloading cycles. The Scout 55 was configured with the following parameters: the load cell
was operated in a full bridge configuration with an excitation voltage of 1.0 V. The input
range was set to 1000 mV /V, and a digital low-pass filter with a cutoff frequency of 4 Hz
was applied to reduce signal noise. Amplifier calibration was performed automatically,
resulting in a nominal output range of 10 V and a corresponding calibration factor of
54.177 V/V. Measured data were analysed using linear regression. Results for each cycle,
and considerations of the overall data, are summarised in Table 3.
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Table 3. Load cell calibration result.

Test Number Sensitivity (V/IN)  Uncertainty (V/N) R?
1 0.2521 2.8 x 1073 0.9992
2 0.2470 44 x 1073 0.9980
3 0.2556 23 x 1073 0.9995
all dataset 0.2516 1.8 x 1073 0.9987

The sensitivity was found to have a small relative uncertainty, limited to a worst case
of 1.8% of the measured value. The transducer’s linearity was confirmed as well, as the
linear regression provided a minimum R? value of 0.9980.

Considering the entire dataset, the best performance is achieved when the measured
sensitivity was found to be (0.2516 &+ 0.0018) V/N. Moreover, the analysis of the repeated
calibration demonstrated a generally good repeatability of the sensor, with a standard
deviation of the measured sensitivity set to 1.7% of the average value. The obtained result
demonstrated the usability of the sensor to accurately measure the force during testing.

2.2. Testing Procedure and Data Analyses

The testing procedure consisted of performing controlled loading and unloading
cycles on the QCM support and acquiring the frequency by using the frequency counter.
Two quartz crystals (hereafter named “Crystal A” and “Crystal B”) were tested in ambient
pressure conditions and at a constant temperature (25 £ 1 °C).

However, it should be noted that the effect of the temperature fluctuation in the room
is negligible in terms of frequency stability for the used AT-cut crystal. Each crystal was
loaded and unloaded via the micrometric screw in steps of 0.4 N & 0.1 N, performing five
cycles in total. The test was named from 1A to 5A, and from 1B to 5B, for crystal A and
crystal B, respectively. The last two test cycles on crystal A (i.e., the numbers 4A and 5A)
were performed after a complete unloading step and switching off the instrumentation; the
crystal was not dismounted, and tests were performed after a few days, aiming to evaluate
measurement repeatability at different times.

It must be noticed that tests 4B and 5B were executed after having dismounted and
remounted the crystal on the system. This adjustment aimed to evaluate the reproducibility
of the frequency response across different mounting conditions and investigate the potential
impact of repositioning on the measured resonant frequency shifts. The sampling frequency
for the force was set to 1 Hz, as it was for the frequency counter. No filtering was applied
during data processing, and for all the tested conditions, 15 data points were used to
calculate the mean and standard deviation of the frequency and force values.

Then, the relative frequency variation Af /fy, defined as the normalised difference
between the measured frequency in different loading conditions and the nominal oscillating
frequency f (set to 10 MHz) was evaluated:

Af _f—fo )

fo  fo

Eventually, the correlation between the computed Af/fy values was assessed through

linear regression analysis.

3. Experimental Activity

An example of the signals acquired over time is shown in Figure 5, which illustrates
the signals acquired by the load cell and the frequency counter during a loading cycle.
Figures 6 and 7 highlight the frequency trend versus the measured applied force for the
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acquired datasets of crystal A and B, whereas Table 4 summarises the measured frequency

variations and the force statistics for the tested items.
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Figure 5. Example of acquired signals during a loading cycle.
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Figure 6. Measured frequency vs. force, data set for crystal A.
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Table 4. Measured frequency vs. applied force, crystal A and B.
Nominal Worst Case
Test Values 1 2 3 4 5 6 7 Uncertainty (10%)

1A Force [N] 0.76 1.08 1.57 1.93 2.40 2.72 3.20 0.27%
Frequency [MHz] 9.970581 9.970585 9.970587 9.970593 9.970598 9.970601 9.970605 0.0000010%

oA Force [N] 1.01 1.48 2.04 2.79 3.32 n.a. n.a. 0.31%
Frequency [MHz] 9.970578 9.970588 9.970594 9.970603 9.970607 n.a. n.a. 0.0000012%

3A Force [N] 1.20 1.60 1.94 248 291 3.31 n.a. 0.25%
Frequency [MHz] 9.970582 9.970590 9.970596 9.970601 9.970606 9.970609 n.a. 0.0000010%

4A Force [N] 0.95 1.42 1.83 217 2.57 3.05 n.a. 0.30%
Frequency [MHz] 9.970578 9.970583 9.970593 9.970596 9.970600 9.970607 n.a. 0.0000013%

5A Force [N] 1.15 1.57 2.05 2.45 2.76 3.39 n.a. 2.40%
Frequency [MHz] 9.970589 9.970593 9.970597 9.970605 9.970611 9.970618 n.a. 0.0000017%

1B Force [N] 2.50 3.10 3.53 3.90 4.37 4.72 n.a. 0.24%
Frequency [MHz] 9.970456 9.970461 9.970474 9.970480 9.970484 9.970487 n.a. 0.0000004%

2B Force [N] 2.76 3.14 3.58 3.84 4.38 4.64 n.a. 0.26%
Frequency [MHz] 9.970460 9.970463 9.970471 9.970480 9.970482 9.970486 n.a. 0.0000018%

3B Force [N] 271 3.13 3.58 3.92 4.35 4.68 n.a. 0.30%
Frequency [MHz] 9.970461 9.970463 9.970475 9.970480 9.970482 9.970487 n.a. 0.0000033%

4B Force [N] 243 2.82 3.24 3.62 391 4.41 n.a. 0.28%
Frequency [MHZz] 9.970489 9.970498 9.970501 9.970504 9.970510 9.970516 n.a. 0.0000023%

5B Force [N] 2.79 3.23 3.90 417 4.68 n.a. n.a. 1.12%
Frequency [MHz] 9.970500 9.970504 9.970510 9.970512 9.970516 n.a. n.a. 0.000015%

Figure 8 shows the admittance modulus and phase measured for crystal A, considering

test 1A, in two different preload conditions, and Figure 9 provides a detailed view of the

admittance spectrum where the maximum is measured.
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Figure 8. Modulus and phase diagrams of the crystal’s admittance, measured in low (blue colour)

and high (orange colour) preload conditions.
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Figure 9. Detailed view of the modulus and phase diagrams of the crystal’s admittance, measured in
low (blue colour) and high (orange colour) preload conditions.

4. Discussion

As a general result, increasing the preload provided a repeatable and reproducible
increase in the crystal’s resonant frequency. This is highlighted by the collected dataset
summarised in Table 4 and shown in Figures 6 and 7. Moreover, as illustrated in the
graphs, data clustering occurred due to variations in the initial conditions of each test,
which depend on the specific crystal being tested (A or B) and its positioning on the
mounting system.

Analysing the dataset for crystal A, a good linear correlation of the Af /fy with the
preload was observed, as summarised in Table 5; the first three tests, i.e., from 1A to 3A,
highlighted an average slope of 1.2420 1076 N—1, with a low relative standard deviation,
set to 1% of the average value. Evaluating the repeatability of the measurement results, con-
sidering the entire dataset for crystal A, an increase in the measurement uncertainty of the
relative frequency variation was observed, i.e., up to about 5.7% of the average value. The
measured slope of the Af /f versus the applied force resulted in (1.296 + 0.075) 1076 N1,

Table 5. Linear regression of the dataset for crystal A.

Test Slope [10-6¢ N-1] R?

1A 1.2330 0.9740

2A 1.2451 0.9804

3A 1.2480 0.9688

4A 1.3960 0.9844

5A 1.3563 0.9818
Mean value 1.296 -
lo 0.075 -
1o (%) 5.7% -

Analysing dataset B, worse linearity and repeatability were found. This is demon-
strated either by computed R? or statistics, as shown in Table 6. Considering short-
term repeatability, i.e., the tests from 1B to 3B, the measured slope of the Af/fy was
(1.48 +0.12) 107 N1, therefore providing a relative uncertainty of about 7.9% of the aver-
age value. Moreover, assessing the reproducibility of the testing procedure, i.e., considering
the tests 4B and 5B after the dismounting and remounting of crystal B, an offset of the initial
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frequency was measured (about 30 Hz) and an additional increase in the measurement
uncertainty was obtained. Despite the dismounting of crystal B, the trend of the dataset
retains consistency, confirming a direct effect between the concentrated applied load on the
quartz crystal and its frequency shift.

Table 6. Linear regression of the dataset for crystal B.

Test Slope [10-6 N-1] R?

1B 1.5920 0.9585

2B 1.5022 0.9245

3B 1.3586 0.9500

4B 1.2523 0.9719

5B 1.4613 0.9489
Mean value 1.43 -
lo 0.13 -
10 (%) 9.2 -

Indeed, considering the overall measured data for crystal B, the obtained slope of the
Af /fq versus the applied force was (1.43 £ 0.13) 1070 N1,

Comparing the results from the two datasets, it can be noticed that the measured
slopes of Af/fy are compatible, but in general with a difference of around 10% on the
average values. The discrepancy can be attributed to defects in the quartz crystalline
structure, while manufacturing tolerances and electrode deposition technology primarily
account for the differences in the nominal resonance frequencies of the two crystals. These
results confirm that, despite uncertainties related to the crystal structure and/or the fabri-
cation process, the observed frequency shift consistently appears across all tested samples.
In the future, microstructural analyses could be performed to investigate the measured
discrepancy better.

The measured slope difference stresses the need to singularly evaluate the highlighted
instrumental effect for each crystal, to enhance the accuracy of measurements with QCMs.
Indeed, the increase in frequency occurred in all the tests performed, in the same order
of magnitude, i.e., about 33 Hz at the highest loading condition. This variation can be
relevant in the case of very high-precision applications, being about 30 times the typical
frequency resolution of such devices. Considering general space applications, a typical
operative condition which can cause the appearance of the highlighted instrumental effect
is when the instrument is exposed to severe temperature ranges, for instance, down to
cryogenic temperatures, commonly achieved on instruments and payloads facing cold
scenarios without any active thermal control. In that condition (e.g., at —150 °C), the
mounting system characterised in this work would cause a force variation of only about
0.5 N, therefore, well limiting the consequences of the measured instrumental effect. This
is possible due to a proper design trade-off between axial rigidity, necessary to guarantee
the mechanical robustness needed in the launch vibration environment, and the thermal
compliance to cope with the temperature variation. However, different and stiffer designs
might lead to higher preload force variation, even for lower temperature ranges. This
confirms the relevance of the obtained results, stressing the need to account for and assess
the measured instrumental effect starting from the preliminary design phases.

Moreover, a comparison with the applicable literature [49], where pin loads are applied
in-plane to an AT-cut square quartz crystal of about 3.8 MHz, showed a general agreement
with the obtained results, therefore supporting the robustness of the obtained findings.

Eventually, as previously mentioned, the admittance of the crystals was measured as
well. As can be seen in Figure 8, the shape of the crystal admittance does not change signifi-
cantly under different loading conditions. Indeed, the major effect observed is a rightward
shift of the admittance maximum at the highest load, indicating an increase in the crystal’s
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resonance, in agreement with the data obtained from the frequency counter. However, the
obtained results, focusing on the admittance modulus change, open the possibility to study
how the spectral changes under preload, caused by the studied instrumental effect, could
affect the measurements in other applications, like in QCM-D analyses of viscoelastic films,
where the electrical impedance is generally monitored in tandem with the frequency.

5. Conclusions

The characterisation of the instrumental effect caused by concentrated loads from the
clamping systems of crystal resonators was assessed in this study. A setup was designed
to evaluate frequency shifts caused by a controlled, measured, concentrated load on the
crystal, applied to AT-cut, 10 MHz quartz crystals with gold electrodes, and mounted in a
three-point clamping system.

The study showed that the three-point clamping system, mandatory to hold the
crystals in critical environments like the one experienced in space-related applications,
causes an increase in the main resonance of about three ppm at the maximum applied loads
(about 5 N with AT-cut 10 MHz crystal). Despite the measured effect not being critical
for many applications, it can be relevant in the case of high-precision applications, as the
measured maximum variation is about one order of magnitude of the usual frequency
resolution of such devices.

Indeed, future activities will evaluate the investigated phenomenon, testing a larger
number of samples to confirm the obtained results. Moreover, characterisation in low-
pressure conditions will foster the development of quartz crystals and improved mechanical
holding systems for high-precision space applications.
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