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Abstract

We observed vibrational eigenmodes for a variety of millimeter-scale objects, including
glass and sapphire lenses, by placing them on a piezoelectric ‘shaker’ driven by a broadband
noise or frequency sweep signal, and using an optomechanical microphone to pick up
their vibrational signatures emitted into the surrounding air. High-quality vibrational
modes were detected over the ~0–8 MHz range for a typical object–microphone spacing
of 1–10 mm. The observed eigenfrequencies are shown to be in excellent agreement with
numerical predictions. Non-contact detection of resonant vibrational eigenmodes in the
MHz ultrasound range could find application in the quality control of numerous industrial
parts, such as ball bearings and lenses.

Keywords: resonant ultrasound spectroscopy; optomechanical sensors; non-destructive
testing; air-coupled ultrasound; ultrasonic inspection; ultrasound microphone

1. Introduction
In resonant ultrasound spectroscopy (RUS) [1–5], the vibrational modes of a small,

solid object are measured in order to ascertain the elastic constants of a material or for
assessing the quality (i.e., size, shape, and presence of defects) in manufactured parts [6].
RUS is typically applied to objects with dimensions in the mm to cm range, yielding low-
order vibrational resonances in the kHz to MHz range. The most common RUS setup
employs a pair of contact-mode piezoelectric transducers (i.e., one for excitation and one
for detection) with the object of interest held ‘lightly’ [1,3] in-between and treated as having
approximately free boundary conditions.

These conventional setups are complex and present challenges with respect to repeata-
bility. For example, very small contact forces are needed in order to minimally perturb the
‘free’ boundary conditions of the sample and to avoid damaging delicate samples. This
leads to relatively weak transduction of the acoustic signals and thus a need for sophis-
ticated electronics and signal processing techniques. A typical system uses a frequency
sweep (step) [3] excitation combined with synchronous (i.e., lock-in) detection, and a broad-
band scan can take up to several minutes to complete [4,7]. Moreover, in order to capture
all of the vibrational modes in a frequency range of interest, contact-mode setups often
require multiple measurement runs, with the object mounted in a different orientation
for each measurement [3,4]. While not a major deterrent for studies of elastic constants,
these features are not ideally suited to the rapid inspection and quality control (QC) of
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manufactured objects. Non-contacting approaches, particularly if sensitive enough to
enable rapid data collection, might expand the application space for RUS techniques.

The earliest demonstration of RUS [8] employed a single shear piezo to both excite
and detect torsional modes of a sphere, which was simply rested atop the transducer. Non-
contact detection methods for ‘resting’ spheres were subsequently reported, for example
using electromagnetic–acoustic transduction (EMAT) with metallic spheres [9] or laser
interferometric readout of ceramic balls [10]. As an extension of the latter work, Yamanaka
et al. [11] floated steel balls on pressurized air columns and performed RUS measurements
by using a combination of pulsed laser excitation and laser interferometric detection.
Electrical microphones or air-coupled piezoelectric transducers have occasionally been
used for non-contact detection in RUS setups [12], but are typically limited to frequencies
below ~100 kHz. Here, we show that an ultra-sensitive optomechanical microphone [13–15]
can enable non-contact and rapid sensing of mechanical resonances excited by a low-
voltage, broadband noise source in the ~0–8 MHz range. High SNR datasets, revealing
the main vibrational modes of various objects, were obtained on sub-second time-scales,
and compare favorably to data collected using a slower approach combining frequency
sweep and synchronous detection. The described system might find applications for in-line,
non-destructive testing (NDT) and quality control (QC) of small industrial parts such as
lenses, bearings [6], or additively manufactured objects [16].

2. Materials and Methods
The experimental setup is shown in Figure 1. Objects of interest were placed on a

conventional (i.e., contact-mode) piezoelectric transducer driven by a low-cost function
generator. The transducer excites vibrational modes of the object, which in turn radiates
acoustic waves into the surrounding air, and these waves are detected using an optome-
chanical microphone. The microphone is similar to those described elsewhere [13–15]
and is essentially a fiber-coupled Fabry–Perot cavity with a flexible upper mirror act-
ing as a mechanical oscillator. The cavity itself has nearly perfect cylindrical symmetry
and thus negligible polarization dependence, and the entire setup employs standard (i.e.,
non-polarization-maintaining) fibers and components. The sensors operate in a thermo-
mechanical-noise-limited regime [17] and can thus enable broadband detection of acoustic
signals extending from the low kHz range up to the high MHz range. In fact, for operation
in air, it is the rapid scaling of ultrasound attenuation with frequency [18] that imposes the
practical upper limit on the bandwidth. The microphone used here has its first fundamental
resonance at ~3.9 MHz and a noise-equivalent-pressure (NEP) on the order of 50 µPa
Hz−1/2 [13]. Since the main goal of the present manuscript is to describe a non-contact
RUS technique, a detailed description of the microphone and its calibration is left for the
Supplementary Materials Document.

The microphone readout employs a laser, tuned to the side of a fundamental opti-
cal resonance of the cavity (i.e., the ‘tuned to slope’ technique), and the motions of the
flexible cavity mirror (i.e., due to both intrinsic thermal vibrations and external acoustic
pressure waves) are imprinted on the reflected laser light. The reflected light is delivered
to a high-speed photodetector (DPD80, Resolved Instruments Inc., Edmonton, Canada)
with a bandwidth of 40 MHz, and the acoustic response is extracted from the time-varying
received optical power. Data collection employed Resolved Instruments software (Ptero-
DAQtyl 1.1.0), and the data was subsequently processed using MATLAB to produce the
frequency-domain plots shown below. Additional details on the detector settings and
subsequent signal processing are described in the Supplementary Materials Document.

Detection of the vibrational modes for an object of interest was accomplished by
resting the object on a ‘source’ piezoelectric transducer. To enhance acoustic coupling to
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the object, a small water droplet was first placed on the transducer surface using a pin or a
sharp pair of tweezers, and the object was then rested on top of the droplet. Excess water
was found to dampen the vibrational modes of the object and produce unwanted spectral
content associated with the vibrational modes of the droplet itself [19], so that it was often
necessary to let most of the water evaporate (tens of seconds typically) before high-quality
data could be collected. Development of a more repeatable and reliable technique for
object-to-transducer coupling would be necessary in an industrial setting. For example,
soft gel pads are often employed in dry-coupled ultrasound tank level sensors, and it might
be possible to adapt such an approach to our RUS setup. Exploration of these details is left
for future work.

Figure 1. Overall schematic of the experimental setup, with an inset photograph of the experimental
RUS assembly featuring the optomechanical ultrasound microphone, an object of interest (2 mm
N-BK7 ball lens shown in callout), and the piezoelectric transducer used to excite vibrational modes
in the object.

For most of the results below, the transducer was driven by a waveform generator
(DG1022Z, Rigol Technologies Inc., Portland, OR, USA) producing a broadband (0–25 MHz),
20 VP-P noise signal. The broadband noise signal has a larger bandwidth than the ‘source’
transducers used. For example, we mainly employed a non-resonant transducer with peak
response at ~4 MHz, and non-negligible response over a bandwidth of approximately
0–8 MHz (see the Supplementary Materials File for additional details). The transducer
bandwidth and the air attenuation were thus the main factors limiting the range over
which the eigen-frequencies of an object could be observed. An object excited by the
broadband noise signal vibrates preferentially at its mechanical eigen-frequencies, emitting
ultrasonic waves into its surrounding environment to be detected by the optomechanical
ultrasound microphone. Due to the aforementioned extreme attenuation of ultrasound
signals in air at MHz-range frequencies, it was necessary to limit the separation between the
object and the optomechanical microphone to less than ~10 mm. To maximize the SNR of
high-frequency modes, most of the results below were obtained with an object–microphone
spacing on the order of 1–3 mm. By driving the transducer with a noise source, a full
spectrum of vibrational modes could be extracted in less than 1 s. Furthermore, in most
cases the SNR was sufficient to reveal nearly all of the predicted vibrational resonances,
as evidenced by the results below. Nevertheless, significantly higher SNR measurements
could be made using the same setup but driving the transducer in a frequency sweep (i.e.,
stepping the frequency of a sinusoidal drive) mode combined with synchronous detection
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using a software-based lock-in technique [11]. The higher SNR comes at the cost of greatly
increased measurement time (typically several minutes).

3. Results
Using the setup described above, we studied a variety of glass, quartz, sapphire, and

steel objects. Experimental spectra were compared to theoretical results obtained using both
a numerical solver (COMSOL) and using an on-line analytical solver [20]. For simplicity,
objects were assumed to have ‘free’ boundary conditions, which neglects the (typically
small) impact of the piezoelectric transducer on which they are rested [21]. Nevertheless,
very good agreement between the observed and predicted resonant vibrational modes
was found in all cases. Representative results follow; additional experimental data and a
more complete description of the theoretical techniques and results can be found in the
Supplementary Materials File.

3.1. Spherical Ball Lenses

We begin with results for commercially available, 2 mm-diameter ball lenses, one
composed of N-BK7 glass (#32-744, Edmund Optics Inc., Barrington, IL, USA) and a second
composed of sapphire crystal (Edmund Optics #43-642, Edmund Optics Inc., Barrington,
IL, USA). RUS of spherical objects, which are uniquely amenable to analytical solution of
their vibrational eigen-modes, is sometimes called the ‘resonant sphere technique’ (RST) [1].
An elastic sphere hosts both purely torsional and so-called ‘spheroidal’ vibrational modes,
the latter comprising both torsional and radial displacements of the sphere [22,23]. We
used conventional piezoelectric transducers with predominately out-of-plane displace-
ment, which are not expected to efficiently couple the torsional modes of a resting sphere.
Moreover, since torsional modes do not involve displacement of the sphere surface, they do
not directly excite acoustic waves in the surrounding air. Consistent with these facts, our
experiments revealed only the spheroidal modes. These modes are often labeled as Smn,
where m indicates the order of a spherical Bessel function (associated with orbital angular
momentum), and n indicates the number of nodes in the radial direction [22]. For example,
the S0n modes are purely radial breathing modes of the sphere. The frequency ordering of
the modes depends on Poisson’s ratio, but the lowest frequency spheroidal mode is always
the S21 eigen-mode [7,22]. We labeled the calculated eigen-frequencies according to this
convention; additional details including simulated mode-field patterns are provided in the
Supplementary Materials File.

Typical plots of the acoustic power spectral density received by the optomechanical
microphone are shown in Figure 2. This data was collected by placing either the N-BK7
or sapphire ball lens on the transducer and positioning the microphone within ~2 mm of
the lens. The low-amplitude ripple in these datasets is due to acoustic energy coupled
directly into the air by the piezoelectric transducer, as verified by collecting spectra with
no object in place (see the Supplementary Materials File). Of greater interest here is the
collection of high-Q peaks, which we attribute to the resonant vibrational eigen-modes of
the spherical lens. This is supported by the excellent alignment between these peaks and the
theoretically predicted (spheroidal) eigen-frequencies calculated using an online analytical
solver [20] and overlaid as gray dotted lines in these plots. These eigen-mode predictions
were also confirmed using COMSOL. For the models, we used elastic constants reported in
the literature and summarized in the Supplementary Materials File. For nominally isotropic
N-BK7 glass, scalar values for elastic modulus, density, and Poisson’s coefficient were
used and taken from the built-in COMSOL library [24], while for anisotropic sapphire, the
elastic constants are described in terms of a 6 × 6 tensor [25]. Good agreement between
the experimental and predicted eigen-frequencies was achieved over the entire ~0–6 MHz
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range. While a few vibrational modes were typically detected above 6 MHz, they are
only a subset of the predicted spheroidal modes in this high-frequency range. This can be
attributed to the low response of the excitation transducer at these frequencies, combined
with rapidly scaling attenuation of acoustic signals in air. As shown below, it was possible to
reveal additional modes by driving the transducer with a sinusoidal input and employing
phase-sensitive detection, but at the expense of increased measurement times.

Figure 2. Acoustic power spectral density (PSD) for the 2 mm N-BK7 ball lens (a) and 2mm sapphire
ball lens (b). The vertical dashed lines indicate the theoretically predicted eigen-frequencies for the
spheroidal modes, calculated using an analytical solver. For the sapphire lens, anisotropy has been
included in the model (see Supplementary Materials File).

For both lenses, the predicted spheroidal eigen-frequencies are globally well aligned
with the sharp peaks in the experimental spectrum. The manufacturer states a tolerance of
~0.1% on the ball lens diameters, and we have verified that dimensional uncertainty is not
the main contributor to the residual discrepancies between theory and experiment (i.e., the
slightly mis-aligned resonance frequencies, which are visible for some of the higher-order
modes). A more likely reason is that the elastic constants assumed in the models are
only approximately correct for these lenses. In any case, since our main goal here is to
demonstrate and validate the non-contact RUS detection technique, and not to conduct a
detailed study of elastic material properties, we have not attempted to place error bars on
these plots. The lower amplitude of some of the experimental peaks can be attributed to
lower excitation by the transducer, or to lower coupling of some vibrational modes into
acoustic waves captured by the microphone. In fact, we typically found that the relative
amplitude of the modes was dependent on the particular position of the microphone with
respect to the object. As per the discussion above, purely torsional modes of the spheres
were not experimentally observed.

It is worth emphasizing that the experiment captured all of the predicted spheroidal
modes below ~6 MHz, even for the highly anisotropic sapphire ball. For sapphire,
anisotropy results in ‘splitting’ of nominally degenerate modes (i.e., modes sharing the
same mode indices m and n), with the modal eigen-frequency greatly dependent on the
mode-field pattern relative to the crystallographic axes. For example, the three lowest-order
modes observed in Figure 2b at ~2.4, 2.8, and 3 MHz are all S21 modes, each oriented along
its own orthogonal direction in three-dimensional space. Signatures of each were captured
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in a single measurement, with the microphone position fixed and the transducer driven by
wideband noise, as detailed above. More information regarding the numerically predicted
modes and their mode-field images is available in the Supplementary Materials Document.

3.2. Splitting of Nominally Degenerate Modes Attributable to Residual Anisotropy of 1 mm
N-BK7 Lens

As discussed above, RUS can be used for the QC of small manufactured parts. For
example, our RUS setup was able to discern signatures of residual anisotropy and/or
asphericity for the commercial N-BK7 lenses studied. A representative result is shown in
Figure 3 for a 1 mm N-BK7 ball lens (Edmund Optics #43-708), which exhibited ‘splitting’
of its fundamental mode, predicted near ~3.1 MHz, into two adjacent lines separated by
~350 kHz.

Figure 3. Plots showing the mode splitting of the fundamental eigen-frequency of a 1 mm N-BK7 ball
lens. (a) Zoom-in of the fundamental mode of the 1mm ball lens; the light gray line represents the
numerically predicted eigen-frequency of the perfectly isotropic ball lens, whereas the black dotted
lines represent the numerically predicted eigen-frequencies with slight anisotropy introduced into
the COMSOL model. (b) Expanded spectrum shown over the 0–8 MHz range. The box indicates the
region plotted in part (a). (c) COMSOL-predicted mode-field images for a slightly anisotropic ball
and associated with the eigen-frequencies, indicated by the black dotted lines in part (a).

Note that the fundamental S21 mode of the perfectly symmetric, isotropic sphere is
actually 5-fold degenerate [26]. Slight eccentricity or anisotropy can lift this degeneracy. The
manufacturer’s specified asphericity for this lens (<0.625 µm [27]) is not sufficiently large to
produce the magnitude of the splitting observed. We therefore speculate that the splitting
is mainly due to a residual anisotropy of the glass, which would split the S21 mode into two
‘branches’ [28], consistent with the experimental data. In fact, it is known that the stresses
introduced during glass formation or subsequent steps can induce slight anisotropy of a
nominally amorphous glass [29]. To assess this possibility, we used COMSOL to simulate
the eigen-modes in the presence of slight anisotropy, employing a simple ‘cubic’ anisotropy
model (i.e., three independent values in the elasticity tensor) for the N-BK7 glass. To fit the
predictions of the anisotropic model to the experimental data, the elasticity tensor of N-BK7
glass was freely and slightly adjusted around the starting values for the perfectly isotropic
material, and within a range consistent with reported anisotropies for manufactured glass
objects [29]. In Figure 3a, the numerically predicted ‘split’ eigen-frequencies for a spherical
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but slightly anisotropic lens are indicated by the black dotted lines, while the light gray
line represents the degenerate eigen-frequency for a perfectly isotropic and spherical lens.
The predicted mode-field patterns for the two branches of split eigen-modes are shown in
Figure 3c. More information on the COMSOL simulation and the precise values used for
the elasticity tensor are provided in the Supplementary Materials Document.

The anisotropy-induced-splitting explanation is admittedly speculative, since we were
not able to verify the glass anisotropy by other means. In any case, the experimental
results further demonstrate the potential of our technique for the QC of lenses and other
manufactured objects. In particular, the noise-based RUS technique enables a spectrum
to be captured in a few hundred milliseconds, suggesting possibilities for rapid, in-line
inspection of parts.

3.3. Fused Silica Half-Ball Lens—Comparison of Noise Source and Frequency Sweep Techniques

As a final example, this section shows representative results for a non-spherical object
and furthermore compares results obtained using the noise-excitation method to those
obtained using a slower, sinusoidal-sweep and synchronous detection method. The non-
spherical object considered is a 1.5 mm diameter fused silica half-ball lens, which was placed
with its flat side facing upwards to minimize its contact with the piezoelectric transducer.
The vibrational eigen-modes were recorded using the rapid, noise-based RUS methodology
described above (see Figure 4a) and also using a slower technique, which combined
a frequency sweep (peak-to-peak amplitude of 3 V) with a software-based lock-in detection
method [11] (see Figure 4b). In each of these plots, the predicted eigen-frequencies obtained
using COMSOL are indicated by the vertical dashed lines. We used a simple isotropic
model for the fused silica (from the built-in COMSOL library [24]), which produced good
agreement between experiment and theory over at least the ~0–5 MHz range.

Figure 4. (a) Received acoustic PSD for the 1.5 mm fused silica half-ball lens, obtained using the
noise-excitation-based RUS technique. (b) The acoustic PSD for the same object, but recorded using
a frequency sweep excitation and synchronous detection technique. The boxes indicate the regions
plotted in parts (c) and (d), respectively. The Fano-resonance mode at ~3.87 MHz, and several others
at higher frequency, were only revealed using the frequency sweep technique.

For comparison purposes, both datasets were plotted over a six orders of magnitude
range on the vertical axis. However, note the sinusoidal excitation results in the received
acoustic PSD lying ~5 orders of magnitude higher than for the noise-based excitation. In
spite of this, the SNR (~10–1000) of the main vibrational features of the object is quite
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similar in the two cases. This is because the noise floor in the sinusoidal excitation case is
dominated by the background acoustic energy emitted into the air by the transducer, and
this noise floor increases in proportion to the increased energy of the object’s vibrational
modes. This also reveals features of the transducer below ~1 MHz, which are of low
acoustic intensity (below ~105 a.u.) and which we attribute to the non-flat response of the
transducer in this range. For the noise-based excitation, the acoustic radiation from the
transducer is only weakly evident (see also Figures 1 and 2), and the noise floor is mainly set
by thermo-mechanical and shot noise sources inherent to the optomechanical microphone.

Nevertheless, the higher signal level for the frequency sweep method does enable
additional features in the acoustic spectra to be revealed. For example, Figure 4c,d show
that the sweep method revealed a theoretically predicted resonant mode near ~ 3.87 MHz,
which was ‘missed’ by the noise-excitation scan. From inspection of Figure 4a,b, it is
clear that the frequency sweep technique revealed several additional modes, especially
in the frequency range above ~5 MHz, where the transducer response is weak. Another
interesting property of the sweep-based measurement is that many of the observed resonant
lines have an obvious ‘Fano-resonance’ [30] characteristic. We believe this arises from the
coupling between the low-Q vibrational modes of the source transducer and the higher-Q
modes of the object of interest. It might be interesting to explore ways to suppress the
background acoustic energy radiated by the piezo transducer, in order to better isolate the
vibrational modes of the object of interest. Possibilities include reducing the area of the
transducer so that it is mostly covered by the object, or using some means to selectively
attenuate the path between the transducer surface and the microphone. Exploration of
these ideas is left for future work.

4. Discussion and Conclusions
In summary, we have demonstrated air-coupled detection of the vibrational eigen-

modes for various millimeter-scale objects rested on a piezoelectric transducer, using an
optomechanical microphone. Nearly complete sets of (radiating) vibrational eigen-modes,
spanning several MHz in bandwidth, could be extracted in sub-second measurement
times by driving the exciting transducer with a low-voltage noise signal from a function
generator. This unique RUS approach is largely enabled by the sensitive, broadband,
and omnidirectional response of the optomechanical microphone employed [13–15]. It
has advantages over conventional RUS setups, which are subject to repeatability issues
(related to variability in contact forces and dependence on object mounting and orientation)
and which typically require a slower measurement scheme combining frequency-sweep
excitation with synchronous detection. It could also augment or complement systems
designed for non-contact RUS characterization of plates [31]. Air attenuation sets the
practical upper limit on the bandwidth of our technique, and thus also sets a lower limit on
the smallest objects that could be inspected. For example, the 1 mm diameter lens studied
has its lowest resonance near ~3 MHz, and since we can detect features up to ~8 MHz,
objects on the order of hundreds of microns are likely representative of the minimum object
size that could be studied in practice.

Our RUS technique could be well suited to the assembly-line QC of manufactured
parts. Beyond the simple ball and half-ball lenses used to demonstrate the technique here,
there is potential to apply the technique to more complex objects such as nuts, screws, etc.
by using numerical approaches to predict their vibrational eigen-frequencies. A set of eigen-
frequencies can be used to assess the size and shape of a manufactured object, given a set of
assumed elastic material properties. On the other hand, material properties can be assessed
by assuming the size and shape. As an example, we showed that residual anisotropy in
N-BK7 glass could be extracted from close analysis of the RUS results for a spherical ball
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lens. Additional examples of measurements on small steel objects (bearing balls and dowel
pins) are provided in the Supplementary Materials. Generally speaking, it is possible to
extract details encompassing size, shape, and elastic material constants from a single RUS
dataset but using a sufficiently sophisticated inversion and fitting procedure [4,5]. Rapid
extraction of a vibrational spectrum as described here, combined with machine learning
and AI algorithms, might allow the geometry and material properties of an object to be
determined on sub-second timescales. These are interesting avenues for further exploration,
but are left for future work.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/s25196154/s1: Figure S1: Schematic of the experimental setup from
the main manuscript. Figure S2: Acoustic spectrum of the piezoelectric transducer without an
object lying atop it, also displaying normalization methods. Table S1: Table displaying the material
properties and simulation method used for each of the objects. Figure S3: Mode-field images for the
spheroidal modes of a 2 mm N-BK7 and 2 mm sapphire ball lens. Figure S4: Experimental acoustic
spectra of a small ball bearing and small steel dowel pin. References [13,14,20,24,25,32] are cited in
the Supplementary Materials.

Author Contributions: Conceptualization, R.G.D.; methodology, R.G.D. and J.P.; software, N.S. and
J.P.; validation, J.P. and R.G.D., formal analysis, R.G.D. and J.P.; investigation, J.P., R.G.D., K.G.S., N.S.,
and A.C.; resources, R.G.D.; data curation, J.P.; writing—original draft preparation, J.P. and R.G.D.;
writing—review and editing, N.S., A.C., and K.G.S.; supervision, R.G.D.; project administration,
R.G.D.; funding acquisition, R.G.D. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by Natural Sciences and Engineering Research Council (NSERC)
of Canada (Discovery Grants Program).

Data Availability Statement: The data that support the findings of this study are available from the
authors upon reasonable request.

Conflicts of Interest: Ayden Chen is employed by and a shareholder of Ultracoustics Technologies
Ltd. Kyle G. Scheuer is employed by and a shareholder of Ultracoustics Technologies Ltd. Ray G.
DeCorby is a shareholder of Ultracoustics Technologies Ltd.

Abbreviations
The following abbreviations are used in this manuscript:

RUS Resonant Ultrasound Spectroscopy
NEP Noise equivalent pressure
PSD Power spectral density
DSP Digital signal processing

References
1. Maynard, J. Resonant ultrasound spectroscopy. Phys. Today 1996, 49, 26–31. [CrossRef]
2. Leisure, R.G.; Willis, F.A. Resonant ultrasound spectroscopy. J. Phys. Condens. Matter 1997, 9, 6001–6029. [CrossRef]
3. Migliori, A.; Maynard, J.D. Implementation of a modern resonant ultrasound spectroscopy system for the measurement of the

elastic moduli of small solid specimens. Rev. Sci. Instrum. 2005, 76, 121301. [CrossRef]
4. Balakirev, F.F.; Ennaceur, S.M.; Migliori, R.J.; Maiorov, B.; Migliori, A. Resonant ultrasound spectroscopy: The essential toolbox.

Rev. Sci. Instrum. 2019, 90, 121401. [CrossRef]
5. Torres, J.; Flores-Belancourt, A.; Hermann, R.P. RUScal: Software for the analysis of resonant ultrasound spectroscopy measure-

ments. J. Acoust. Soc. Am. 2022, 151, 3547–3563. [CrossRef]
6. Petit, S.; Duquennoy, M.; Ouaftouh, M.; Deneuville, F.; Ourak, M.; Desvaux, S. Non-destructive testing of ceramic balls using high

frequency ultrasonic resonance spectroscopy. Ultrasonics 2005, 43, 802–810. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/s25196154/s1
https://www.mdpi.com/article/10.3390/s25196154/s1
https://doi.org/10.1063/1.881483
https://doi.org/10.1088/0953-8984/9/28/002
https://doi.org/10.1063/1.2140494
https://doi.org/10.1063/1.5123165
https://doi.org/10.1121/10.0011397
https://doi.org/10.1016/j.ultras.2005.06.003
https://www.ncbi.nlm.nih.gov/pubmed/16083931


Sensors 2025, 25, 6154 10 of 10

7. Bessas, D.; Bruck, E. A versatile lock-in digital amplifier (LIdA): The case of mechanical resonances. Eur. J. Phys. 2017, 38, 035502.
[CrossRef]

8. Fraser, D.B.; LeCraw, R.C. Novel method of measuring elastic and anelastic properties of solids. Rev. Sci. Instrum. 1964, 35,
1113–1115. [CrossRef]

9. Johnson, W.L.; Norton, S.J.; Bendec, F.; Pless, R. Ultrasonic spectroscopy of metallic spheres using electromagnetic-acoustic
transduction. J. Acoust. Soc. Am. 1992, 91, 2637–2642. [CrossRef]

10. Hsieh, C.P.; Khuri-Yakub, B.T. One-point contact measurement of spherical resonances. Appl. Phys. Lett. 1993, 61, 3091–3093.
[CrossRef]

11. Yamanaka, K.; Saito, A.; Ishikawa, S.; Cho, H. Floating resonance method for precise evaluation of bearing balls. Jpn. J. Appl. Phys.
2002, 41, 3498–3500. [CrossRef]

12. Solodov, I.; Dillenz, A.; Kreutzbruck, M. A new mode of acoustic NDT via resonant air-coupled emission. J. Appl. Phys. 2017,
121, 245101. [CrossRef]

13. Hornig, G.J.; Scheuer, K.G.; Dew, E.B.; Zemp, R.; DeCorby, R.G. Ultrasound sensing at thermomechanical limits with optomechan-
ical buckled-dome microcavities. Opt. Express 2022, 30, 33083–33096. [CrossRef] [PubMed]

14. Scheuer, K.G.; DeCorby, R.G. Air-coupled ultrasound using broadband shock waves from piezoelectric spark igniters. Appl. Phys.
Lett. 2024, 125, 082202. [CrossRef]

15. Scheuer, K.G.; DeCorby, R.G. All-optical, air-coupled ultrasonic detection of low-pressure gas leaks and observation of jet tones in
the MHz range. Sensors 2023, 23, 5665. [CrossRef]

16. McGuigan, S.; Arguelles, A.P.; Obaton, A.-F.; Donmez, A.N.; Riviere, J.; Shokouhi, P. Resonant ultrasound spectroscopy for quality
control of geometrically complex additively manufactured components. Addit. Manuf. 2021, 39, 101808. [CrossRef]

17. Li, B.-B.; Ou, L.; Lei, Y.; Liu, Y.-C. Cavity optomechanical sensing. Nanophotonics 2021, 10, 2799–2832. [CrossRef]
18. Takahashi, S. Properties and characteristics of P(VDF/TrFE) transducers manufactured by a solution casting method for use in

the MHz-range ultrasound in air. Ultrasonics 2012, 52, 422–426. [CrossRef]
19. Scheuer, K.G.; Romero, F.B.; Hornig, G.J.; DeCorby, R.G. Ultrasonic spectroscopy of sessile droplets coupled to optomechanical

sensors. Lab Chip 2023, 23, 5131. [CrossRef]
20. Available online: https://saviot.cnrs.fr/index.en.html (accessed on 27 June 2025).
21. Tian, J. Vibration analysis of an isotropic elastic sphere contacting a semi-infinite cubic solid. IEEE Trans. Ultrason. Ferroelectr. Freq.

Control 2010, 57, 942–950. [CrossRef]
22. Yaoita, A.; Adachi, T.; Yamaji, A. Determination of elastic moduli for a spherical specimen by resonant ultrasound spectroscopy.

NDTE Int. 2005, 38, 554–560. [CrossRef]
23. Hsieh, C.P.; Khuri-Yakub, B.T. Surface defect inspection of spherical objects by the resonant sphere technique. Appl. Phys. Lett.

1992, 60, 1815–1817. [CrossRef]
24. Available online: https://www.comsol.com (accessed on 6 July 2025).
25. Wachtman, J.B., Jr.; Tefft, W.E.; Lam, D.G.; Stinchfield, R.P. Elastic constants of synthetic single crystal corundum at room

temperature. J. Res. Natl. Inst. Stand. USA 1960, 64, 213–229. [CrossRef]
26. Ma, R.; Schliesser, A.; Del’Haye, P.; Dabirian, A.; Anetsberger, G.; Kippenberg, T.J. Radiation-pressure-driven vibrational modes

in ultrahigh-Q silica microspheres. Opt. Lett. 2007, 32, 2200–2202. [CrossRef]
27. Available online: https://www.edmundoptics.com/p/20mm-diameter-sapphire-ball-lens/5174/ (accessed on 2 July 2025).
28. Portales, H.; Goubet, N.; Saviot, L.; Adichtchev, S.; Murray, D.B.; Mermet, A.; Duval, E.; Pileni, M.-P. Probing atomic ordering and

multiple twinning in metal nanocrystals through their vibrations. Proc. Natl. Acad. Sci. USA 2008, 105, 14784–14789. [CrossRef]
[PubMed]

29. Ganisetti, S.; Atila, A.; Guénolé, J.; Prakash, A.; Horbach, J.; Wondraczek, L.; Bitzek, E. The origin of deformation induced
topological anisotropy in silica glass. Acta Mater. 2023, 257, 119108. [CrossRef]

30. Hornig, G.J.; Scheuer, K.G.; DeCorby, R.G. Observation of thermal acoustic modes of a droplet coupled to an optomechanical
sensor. Appl. Phys. Lett. 2023, 123, 042202. [CrossRef]

31. Tayyib, M.; Svilainis, L. SNR equalization in non-contact resonant ultrasound spectroscopy measurements. NDTE Int. 2025,
154, 103386. [CrossRef]

32. Scheuer, K.G.; Chen, A.; Teves, G.; DeCorby, R.G. Characterization of micro-scale gas leaks using an optomechanical ultrasound
sensor. J. Acoust. Soc. Am. 2025, 158, 329–335. [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/10.1088/1361-6404/aa6606
https://doi.org/10.1063/1.1718976
https://doi.org/10.1121/1.402971
https://doi.org/10.1063/1.109145
https://doi.org/10.1143/JJAP.41.3498
https://doi.org/10.1063/1.4985286
https://doi.org/10.1364/OE.463588
https://www.ncbi.nlm.nih.gov/pubmed/36242356
https://doi.org/10.1063/5.0207969
https://doi.org/10.3390/s23125665
https://doi.org/10.1016/j.addma.2020.101808
https://doi.org/10.1515/nanoph-2021-0256
https://doi.org/10.1016/j.ultras.2011.10.002
https://doi.org/10.1039/D3LC00609C
https://saviot.cnrs.fr/index.en.html
https://doi.org/10.1109/TUFFC.2010.1498
https://doi.org/10.1016/j.ndteint.2005.01.010
https://doi.org/10.1063/1.107173
https://www.comsol.com
https://doi.org/10.6028/jres.064A.022
https://doi.org/10.1364/OL.32.002200
https://www.edmundoptics.com/p/20mm-diameter-sapphire-ball-lens/5174/
https://doi.org/10.1073/pnas.0803748105
https://www.ncbi.nlm.nih.gov/pubmed/18818308
https://doi.org/10.1016/j.actamat.2023.119108
https://doi.org/10.1063/5.0157924
https://doi.org/10.1016/j.ndteint.2025.103386
https://doi.org/10.1121/10.0037183

	Introduction 
	Materials and Methods 
	Results 
	Spherical Ball Lenses 
	Splitting of Nominally Degenerate Modes Attributable to Residual Anisotropy of 1 mm N-BK7 Lens 
	Fused Silica Half-Ball Lens—Comparison of Noise Source and Frequency Sweep Techniques 

	Discussion and Conclusions 
	References

