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Abstract: We present a numerical investigation of an acoustic sensor based on a cylindrical resonator
to monitor the acoustic properties of liquids flowing in a tube. The sensor design consists of a hollow
cylindrical washer surrounding the tube, which carries the liquid, and which can be filled during
the sensing process. Due to the impedance mismatch between the liquid and the solid washer, we
demonstrate the presence of high-quality factor resonances associated with the acoustic properties
of the liquid (such as velocity, density, or viscosity) appearing as sharp spectral features in the
transmission and detection measurements. An appropriate choice of geometrical parameters allows
either to obtain two distinct resonances associated with the liquid and the surrounding washer or to
overlap the narrow resonance of the liquid with the broad resonance of the washer and achieve a
Fano-type resonance from their interaction. The sensitivity of the resonances to the acoustic properties
of the liquid are investigated as a function of the geometrical parameters. We show that for highly
viscous fluids, the vanishing of very narrow peaks can be avoided by increasing the thickness of
the washer and, therefore, decreasing the quality factors. The calculations are performed in the
framework of a finite element method. Our design provides a promising platform for sensing several
acoustic characteristics of liquids flowing in tubes.

Keywords: acoustic sensor; resonance; simulation; quality factor; Fano resonance

1. Introduction

A mechanical resonator can be considered as a spring-mass system whose resonance
frequencies depend on its effective mass and stiffness coefficient [1–3]. The relationship
between the resonance frequency and the effective mass of the mechanical resonator has
been the focus of various works devoted to mass sensing applications, which considered
such a mechanical resonator as a mass balance [4–6]. Indeed, when the analyte (mass) is
adsorbed at the surface of the mechanical resonator, the resonance frequency is shifted. In
other words, measurement of the added mass is obtained from the shift of the resonance
frequency of the mechanical resonator. The need for the detection of small mass changes
has led to the miniaturization of mechanical resonators [7], and the application of both
micro-electromechanical systems (MEMS) and nano-electromechanical systems (NEMS)
technologies in this field has allowed the realization of miniaturized mechanical sensors
able to detect small masses with high accuracy, including the detection of single nanoparti-
cles, biological cells [1,5], and single viruses [8]. Many researchers have highlighted this
concept using a variety of micro- and nanostructures, such as a quartz crystal microbalance
(QCM) [9–12], nanotube resonator [13], micro-disk resonator [14], and cantilevers [15].

But beyond mass determination, the characterization of the liquid properties is of interest
in various fields such as the automotive, petroleum, food, medical, and pharmaceutical
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industries. In that context, the concept of a mechanical resonator sensor has been extended
to monitor physical parameters, such as density and the viscosity, by using a variety of
structures such as a tuning fork [16], a microplate [17], and cantilevers [18–20]. When a device
is immersed in a liquid, the resonance peak is usually affected by broadening and frequency
shift. Both the quality factor and the sensitivity of the sensor are thus key parameters for the
accurate measurement of the viscosity and density of a liquid. Indeed, the sensitivity defines
the ability of the device to bend or vibrate and the Q-factor represents the ratio of losses over
the stored energy [3,19,21]. However, in contrast to the mass sensing applications mentioned
above, such resonators immersed in a liquid see their performances drastically altered. In
order to reduce the effect of viscosity and improve sensing efficiency, vibrational modes can be
properly chosen, allowing the achievement of high Q-factor devices [17,22,23]. Cantilever-type
mechanical resonators, fundamental in-plane vibration modes, length extensional modes,
and roof-tile-shaped vibration modes have been proposed to improve the quality factor as
compared to devices based on out-of-plane vibration modes [24–26].

In addition to the standard concept of a mechanical resonator sensor, other approaches
have been proposed for sensing, including a surface acoustic waves (SAW) sensor [27,28],
a Lamb wave resonator [29], and phononic crystals [30,31]. Thanks to their outstanding
properties in the manipulation of acoustic/elastic waves, it has been demonstrated both
theoretically and experimentally that phononic crystals can be exploited as a new platform
for sensing liquid properties in small cavities [32]. A phononic crystal is obtained either
by the periodic structuration of a material or by considering the periodic alternation of at
least two materials. The ability of the phononic crystals to be used as sensors derives from
the occurrence of one or several band gaps in their transmission curves, i.e., the frequency
regions where no elastic wave can propagate. The sensing feature can be carried out through
the insertion of a cavity inside the phononic crystal in such a way that the cavity resonance
modes fall inside the band gap of the perfect structure. The inserted cavity thus acts as a
measurement chamber of the analyte. A small change in the acoustic properties of the analyte
leads to a frequency shift of the cavity modes, which allows for the estimation of the acoustic
properties responsible for this shift. The analyte can be either used as a component of the
perfect phononic crystal [33–35] or introduced as a defect inside the phononic crystal [36–38].
The sensing of the acoustic properties of a liquid can also be achieved by exploiting the
so-called extraordinary acoustic transmission mechanism through a perfect two-dimensional
phononic crystal plate [39]. The realization of both phononic and photonic properties in a
same device, known as a phoxonic crystal, has also been demonstrated to simultaneously
detect the optical and acoustic properties of liquids [31,40,41].

In most cases, liquids are transported by tubular structures such as pipes, tubes,
or capillaries, and the design of liquid sensors with tubular shape presents advantages
with respect to the above-mentioned phononic crystals-based sensors. As they can be
easily integrated as a part of the piping system, they provide the possibility for the in-line
monitoring of liquids [42]. Tubular phononic crystals (TPCs) were firstly introduced in
2015 [43], changing the phononic crystal geometry from 2D planar or 3D Cartesian to 3D
cylindrical, with both translational and rotational symmetries. Recently, we presented a
numerical analysis of a TPC consisting of a periodic arrangement of cylindrical washers
regularly arranged on a hollow tube filled with a liquid to be monitored. We have shown
that the introduction of a Fabry–Perot cavity in the middle of the TPC gives rise to peaks
(inside the band gap) and dips (outside the band gap) in the transmission curves. The
choice of a polymer as the pipe material allows for a similar or even higher sensitivity to
density variations than to sound velocity. We also revealed the dramatic effect of the liquid
shear viscosity and solid damping on the performance of the TPC sensor [44]. In order to
reduce the shear viscosity effects, N. Mukhin et al. [45] proposed a combination of a 1D and
2D phononic crystals approach for the excitation, detection, and confinement of a radial
mode where both the excitation and the detection of the cavity mode are performed inside
the cavity.
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In this paper, we present an acoustic sensor for liquids based on the excitation and
detection of the resonance modes of a hollow cylindrical washer grafted in the middle of a
hollow tube (Figure 1). The hollow parts of both the washer and the tube are filled with
the liquid to be monitored. The solid material is chosen to be stainless steel in order to
avoid dissipation losses in the solid parts and also to achieve a high impedance mismatch
between the solid and the liquid parts of the washer. From the transmission curves analysis,
we identify the washer modes which can be exploited for sensing the acoustic properties of
the liquid. Such a structure has the advantage of dealing with the accurate eigenmodes of
the washer, as well as to limit the effect of the viscosity as compared to other more complex
phononic crystal structures. By changing either the mass density or the sound velocity, we
determine the sensitivity of the washer modes to each property of the liquid. Then, as an
illustration, the sensing performance of the proposed acoustic liquid sensor is tested to
detect the concentration of sucrose concentration in an aqueous sugar solution.
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Figure 1. 2D cross-section view of the acoustic liquid sensor composed of a hollow cylindrical washer
surrounding a hollow tube. The green and grey parts, respectively, represent the liquid and solid materials.

2. Materials and Methods

Figure 1 shows a schematic view of the sensor. It consists of a hollow cylindrical
washer surrounding a hollow tube. Both the washer and the tube are filled with the liquid
to be monitored. The solid parts are made of stainless steel with a Young’s modulus E of
200 GPa, a Poisson’s ratio υ of 0.3, and a mass density ρ of 7850 kg/m3. The geometric
parameters of the structure are given by the outer R = 0.5 mm and inner r = 0.2 mm
radii of the tube and the width w = 2 mm and height h = 0.6 mm of the washer. The
thickness hL of the solid wall of the washer is 0.15 mm and the total length L of the tube is
12 mm. In the Supplementary Material, we use a scaling factor by assuming geometrical
parameters 10 times larger than those used here, thus dividing the working frequencies
by 10. In the following, we shall focus only on the axysymmetric modes which can be
less affected by the viscous effect. We apply a constant force to the inlet solid section
of the tube, where the direction of the applied force is parallel to the tube’s axis. The
transmission curve of the propagating elastic waves is obtained from the evaluation of the
displacement field at the outlet solid section of the tube and normalized with respect to that
of the tube without the washer. PML (perfectly matched layer) conditions are applied at
both ends of the tube to avoid possible reflections of the propagating elastic waves. All the
simulations in this work are performed by using the COMSOL Multiphysics® 5.5 software
(Stockholm, Sweden) and are based on the finite element method (FEM). The elastic waves
in the solid part of the system and the acoustic waves in the liquid filling the washer are
simulated by using the solid mechanics module and the thermoviscous acoustic module of
COMSOL Multiphysics, respectively. Therefore, the viscous losses in the liquid are taken into
consideration. Concerning the liquid filling the very long tube with a constant diameter, we
use the Narrow Region Acoustics (NRA) domain feature, which is available in the pressure
acoustic interface of COMSOL Multiphysics. Indeed, the NRA allows us to resolve the viscous
losses of the liquid without requiring a very high number of mesh elements. To solve the
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associated equations, a triangular mesh is applied to the structure, except in the PML regions,
which are meshed using mapped mesh. To correcly use the thermoviscous module and
take into acount the viscous effect within the so-called viscous boundary layer, an additional
boundary layer mesh is applied to the interface liquid/solid. The details of the governing
equations are reported in Section S1 of the Supplementary Material.

3. Result and Discussions

Figure 2a displays the transmission curve using an axisymmetric model of the sensor
where the red and black curves correspond to the structure with an empty washer and
to the washer filled with water (with a longitudinal velocity of cl = 1490 m/s and a mass
density of ρ = 1000 kg/m3), respectively. From the comparison of these two curves, one
can observe that the first broad dip A (fA = 183 kHz) is present in both cases, whereas
the second narrow dip B (fB = 425 kHz) appears only when the washer is filled with the
liquid. Figure 2b displays the displacement field maps of the two dips (A and B). The
displacement field associated with the first dip A is localized in both the solid and the
liquid parts of the washer, with a maximum in the solid part, while the displacement field
at dip B shows a high confinement in the liquid inside the washer, with a negligible motion
inside the backbone tube. To give further support to this finding, we present an analysis
of the eigenmodes of the system in Section S2 of the Supplementary Materials, and we
find the same axisymmetric modes as above. In Figure 2, dips A and B are two distinct
features that appear independently of each other. Below, we shall show that a tuning of
the geometrical parameters allows us to shift and overlap both resonances and achieve a
Fano-type resonance resulting from their interaction.
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Figure 2. (a) Transmission curves of the acoustic liquid sensor when the washer is filled with water
(black curve) and when it is empty (red curve). (b) Maps of the displacement fields of dips A and B.

We also show in Section S3 of the Supplementary Materials (Figure S2) that exactly the
same features are present whether the central tube is solid or hollow, and in the latter case,
whether it is empty or filled with water. This demonstrates that the sensing capabilities of
the design remain valid in all three cases.

Therefore, probing the evolution of the narrow dip frequency by changing the filling
fluid will provide us with information about the acoustic properties of the liquids, i.e.,
the velocity cl, the mass density ρ, and, possibly, the viscosity µ. The performance of
the proposed liquid sensor compared to other sensor concepts [46–49] can be evaluated
through parameters like the quality factor Q, the sensitivity S, and the figure of merit FoM.
The quality factor Q corresponds to the ratio of the resonance frequency fr to the full width
frequency at half-maximum ∆f 1,2 of the resonance peak:

Q =
fr

∆ f1,2
(1)
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The sensitivity defines the ability of the resonance frequency to change in response to
sound velocity cl or mass density ρ variations:

Scl =
∆ fr

∆cl

(
Hz

m·s−1

)
Sρ =

∆ fr

∆ρ

(
Hz

kg·m−3

)
(2)

The figure of merit (FoM) measures the resolution associated with the resonance
frequency fr of the sensor:

FoMcl =
Q × Scl

fr
(m/s)−1FoMρ =

Q × Sρ

fr

(
kg·m−3

)−1
(3)

Altogether, these three quantities quantify the capability of the sensor to detect small
variations in the acoustic properties of the considered liquid. As we demonstrated in our
previous work [44,50], the quality factor can be dramatically reduced by the losses due
to the mechanical damping in the solid, the viscosity in the liquid, and, in particular, the
shear viscosity inside the viscous boundary layer at the solid–liquid interface. In this work,
we assume that the solid material is stainless steel, with a low dissipation. Thus, only the
losses due to the viscosity of the liquid will be considered in the simulation.

Our calculations are performed for water, with the viscosity parameters
µB = 2.4 × 10−3 Pa·s and µ = 8.9 × 10−4 Pa·s [51]. We found that only dip B is sensi-
tive to the viscosity, as shown in Figure 3. One can remark that there is a slight shift in
frequency and a clear decrease in its amplitude. Both changes are mainly associated with
the dynamic viscosity [44,50], whereas the effect of bulk viscosity remains very weak.
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Figure 3. Transmission curves calculated in the vicinity of dip B. The black and red curves correspond
to the transmission curves without and with the water viscosity, respectively.

In order to evaluate the sensitivity of the washer modes to the variation of the acoustic
properties of the liquid, we separately varied the mass density ρ and sound velocity cl
of the water by 1%, keeping the viscosity coefficients constant. Figure 4a presents the
calculated transmission curves of dip B, where the black curve corresponds to pure water,
and the red and green curves are obtained with a decrease of 1% in the sound velocity and
mass density, respectively. We obtained a redshift and blueshift of 3.6 kHz and 0.1 kHz,
respectively. Moreover, we studied this shift for a variation in the sound velocity or mass
density of up to 10% and found a linear trend (Figure S3, Section S4 of the Supplementary
Materials). This sensor can be efficient at detecting the variation in acoustic velocity while
being almost unsensitive to the mass density. This behavior may result from the high
contrast in density between the solid (steel) and the liquid. Indeed, conversely, we found a
high sensitivity to the mass density of the liquid in a previous work dealing with a tubular
phononic sensor [44] made of a polymer with a density and impedance comparable to
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that of a liquid. However, the drawback was the high damping in the polymer, which
could become even more detrimental than the viscosity of the liquid. From these results,
we summarize in Table 1 the characteristics (Q, S, and FoM) of the sensor, including (or
excluding) the liquid viscosity. One can see that the viscosity reduces the performance of
the sensor by decreasing the quality factor, and thus the FoM, while the sensitivity remains
almost independent of the viscosity.
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Figure 4. Transmission curves of the acoustic liquid sensor evaluated on (a) the transmission region
and (b) the washer. The black curve corresponds to water, while the red and the green curves
correspond to a change of 1% in the sound velocity cl and the mass density ρ of the water, respectively.

Table 1. Quality factor, sensitivity, and figure of merit of the sensor, including or excluding the viscosity.

Washer Mode B Quality Factor Sensitivity FoM (m/s)−1

B
(η and ηβ) 193 241 Hz/(m/s) 0.11

(η = 0 and ηβ = 0) 328 230 Hz/(m/s) 0.18

In addition to the transmission spectrum, we also investigated the detection of the
resonance B when the measurement of the vibration is taken at the surface of the washer,
for instance, by a transducer or a laser vibrometry technique. The results are shown in
Figure 4b, where the resonance in the liquid appears as a peak rather than a dip. The colors
in the figure have the same meanings as those in Figure 4a.

One can note that when considering a structure with geometrical parameters 10 times
larger, both the resonance frequency and the sensitivity are divided by 10, whereas the
effects of the viscosity on the resonant peak and dip are reduced due to the frequency
dependence of the viscosity (see Figure S4, Section S5 of the Supplementary Materials).

In Figure 5, we present another illustration of the performance of the proposed sensor,
focusing on the detection of the sucrose concentration in an aqueous sugar solution. The
parameters are given in Table 2 [52] as functions of the concentration, while the viscosity
is kept constant and equal to its value in the water. The detected amplitudes at the exit
(transmission) or at the surface of the washer are presented in Figure 5a,b, respectively,
showing the possibility of probing the resonant feature at each concentration. Of course,
in such a practical application where one of the parameters is the liquid concentration,
both the acoustic velocity and mass density are subject to variations and contribute to the
shift of the dip frequency. Their relative contributions can be evaluated based on the linear
trends shown in Figure S3 of the Supplementary Materials. In Figure 5c, we present the
frequencies of the dips as functions of the associated concentrations, and the obtained curve
shows an almost-linear relation of the transmission dip (or peak) to the concentration.



Crystals 2022, 12, 1398 7 of 12

Crystals 2022, 12, x FOR PEER REVIEW 8 of 13 
 

 

 

Figure 5. (a) Transmission curves calculated for a set of sucrose concentrations in an aqueous sugar 

solution, with (b) the same as (a) for a measurement on the surface of the washer. (c) Dip frequencies 

as functions of the associated sugar concentration. 

To further evaluate the effects of the viscosity, either from the  zero of transmission 

or from the resonant peak recorded on the surface of the washer, we present the calculated 

amplitudes for a set of values of the dynamic viscosity in Figure 6. In addition, this repre-

sentation allows us to estimate the viscosity of the probed liquid from the measurement 

of the amplitude. 

(a) (b) 

(c) 
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Table 2. Mass density and sound velocity of the different concentrations of the sucrose aqueous
sugar solution [52].

Concentration
(g Sucrose/100 g Solution) Mass Density (kg/m3) Sound Velocity (m/s)

0 995 1509

0.87 999 1512

3.95 1011 1520

7.88 1026 1531

11.91 1043 1543

20.13 1078 1572

30.42 1125 1615

To further evaluate the effects of the viscosity, either from the zero of transmission or
from the resonant peak recorded on the surface of the washer, we present the calculated
amplitudes for a set of values of the dynamic viscosity in Figure 6. In addition, this repre-
sentation allows us to estimate the viscosity of the probed liquid from the measurement of
the amplitude.
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Figure 6. Amplitude of mode B of the washer as a function of the dynamic viscosity of the liquid,
evaluated from (a) the transmission and (b) the surface of the washer. The dotted line indicates the
value of the dynamic viscosity of the water (µ = 8.9 × 10−4 Pa·s). The curves are normalized to their
values at the water’s viscosity.

As reported previously (Figure 1), the transmission curve of the proposed design leads
to two distinct dips, labelled A and B, corresponding to the solid part of the washer and to
the liquid filling the washer, respectively. We demonstrate that with a suitable tuning of the
geometric parameters, it becomes possible to move the narrow dip B in the frequency range
of the broad dip A. Consequently, the interference between the two discrete states (the
narrow dip B and the broad dip A) and the continuum associated with the tube gives rise to
a Fano-type resonance, B’ (or B”), as illustrated in Figure 7, with the geometric parameters
of the washer being w = 3.4 mm and h = 0.8 mm. Figure 7 represents the transmission and
the resonant curve (recorded on the washer surface) for two thicknesses of the solid steel
wall of the washer, i.e., hL = 0.25 mm (Figure 7a,b) and 0.35 mm (Figure 7c,d). The black
curves correspond to the case where the washer is filled with water, while to the empty
case is reported in red. In both cases, the resonance induced by the liquid cavity falls in
the frequency range of the broad dip associated with the washer. Indeed, by changing the
thickness of the washer, it becomes possible to shift the dip B and slightly widen and shift
the dip A so that they overlap. One can then observe either a very high quality asymmetric
Fano shape resonance B’ on the side of the broad dip or a symmetric resonance B” at
the center of the dip, which is the analogue of an acoustic-induced transparency. This
phenomenon of a strong coupling between a broad and a narrow resonance (also called
bright and dark modes) to achieve a sharp Fano resonance has also been reported in other
contexts (see, for example, [53]).

In addition to dips A and B, one can also see the occurrence of a second resonance, C,
at approximately 500 kHz, which is highly confined in the liquid and, therefore, useful for
sensing the acoustic properties of the liquid. Table 3 summarizes the sensing characteristics of
the washer modes B, B’, B”, C’, and C”, similar to what was presented in Table 1. The FoM
considers the dual performance of the sensor in relation to the quality factor and the sensitivity.
Considering that criteria, the mode B’ receives the higher score, primarily based on the large
Q-factor of this resonance, whereas the resonances C’ and C” exhibit higher sensitivities.
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Table 3. Quantitative characteristics of the acoustic liquid sensor.

Washer Mode Quality Factor Sensitivity (Hz/(m/s)) FoM

B (from Table 1) 193 241 0.11

B’ 316 145 0.18

C’ 50 221 0.023

B” 45 173 0.029

C” 34 284 0.019

Nevertheless, if the viscosity of the liquid is increased, a high Q-factor can be a
handicap in an experimental demonstration (e.g., in the case of a low signal-to-noise ratio)
and a compromise may be necessary, considering the lower quality factor with a high
sensitivity (see C’, for example). As a consequence, in the case of highly viscous fluids, the
vanishing of very narrow peaks can be avoided by increasing the thickness of the washer
and, therefore, decreasing the Q-factor. Another way is to increase the inner diameter of
the main hollow tube, thus increasing the interaction between the liquids contained in the
washer and those in the hollow tube (see Figure S5, supplementary information).

4. Conclusions

We have studied an acoustic liquid sensor made of a hollow cylindrical washer grafted
in the middle of a hollow tube, where both the washer and the tube are filled with the
liquid to be monitored. Such a device is appropriate in many circumstances where liquids
need to be transported in tubular pipes and by canalization. From the transmission curves
and displacement field maps analysis, we have determined the nature of the different
features present in the transmission spectrum. The latter displays dips associated with the
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liquid inside the washer, which are highly sensitive to the sound velocity, and thus make
the proposed structure relevant for an acoustic liquid sensor. The sensor has been tested
successfully on a range of sucrose concentrations in aqueous sugar solutions. We have
shown that the dynamic viscosity of a liquid can also be estimated from the amplitude
of the dip associated with the liquid. We have also demonstrated that, by adapting the
geometric parameters of the washer, it is possible to change the shape of the washer modes
in the transmission curves and achieve a Fano-type resonance by superposing the narrow
dip associated with the liquid with the broad dip resulting from the solid washer. Finally,
the relevant dips can appear as peaks when the associated displacement field is evaluated
from the washer surface.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cryst12101398/s1, The SI contains six sections, organized as follows:
Section S1 presents the COMSOL Multiphysics modules used in the simulation. Section S2 displays
the eigenmodes analysis of the proposed structure. In Section S3, we explain that the origin of the
dips derives from the excitation of the eigenmodes of the washer, and they are independent of the
shape of the main tube. Section S4 shows that both the sound velocity and the mass density are linear
to the frequency dip B. Section S5 shows that increasing the structure to a larger scale decreases both
the operating frequency range and the viscosity effect. In Section S6, we show that a variation in the
Q-factor can be obtained by a variation in the inner radius of the main tube. Figure S1: Eigenmodes
of (a) Solid empty washer, (b) Liquid part of the washer, (c) Full system where the total length of
the tube is 4 mm. Figure S2: Transmission curve of the acoustic liquid sensor when the tube is
(a) solid, (b) hollow and (c) filled with liquid. Figure S3: Frequency of the dip B as a function of (a) the
sound velocity (b) the mass density variation. Figure S4: (a) Transmission curve of the acoustic liquid
sensor with (red solid line) and without (black solid line) viscosity. (b) Transmission curves around
dip B obtained from (b) the transmission, and (b) the recording at the washer surface. Figure S5:
(a) Transmission curves of the acoustic liquid sensor, (b) relative amplitude of the displacement field
evaluated at the washer surface. The blue, black and red curves correspond respectively to the values
of the inner radius of the hollow tube r = 0.1 mm, 0.2 mm and 0.35 mm; Table S1: Sensor quantitative
parameters of the acoustic liquid sensor calculated with and without liquid viscosity.
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