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Preface

With the rapid development of technology, acoustic technology, as an ancient and 
dynamic discipline, is constantly demonstrating its unique charm and enormous 
application potential in various fields. At present, acoustic technology is changing our 
way of life and work at an unprecedented speed. The book Acoustical Engineering – 
The Intricate World of Sound Technology aims to comprehensively introduce the latest 
research progress of acoustic technology in various fields, providing readers with 
a window to gain a deeper understanding of the cutting-edge dynamics of acoustic 
technology.

This book includes the observable response of microcantilever beams to dynamic 
acoustic forces under single frequency excitation, acoustic monitoring of coal and 
rock mass states in water impact stress-strain zones, development of a low altitude 
outdoor moving target recognition system based on acoustic features, noise reduction 
performance of microporous plates, and application of surface acoustic wave yarn 
tension sensors.

Below is a specific introduction to the content of this book.

1. A Numerical Analysis of Single-Frequency Responses of the Resonant Micro-
Cantilever to Dynamic Acoustic Forces Based on the Forced Van der Pol-Rayleigh-
Mathieu Oscillator

In this work, a nonlinear dynamic model based on the forced Van der Pol Rayleigh-
Mathieu is used to acquire the observable responses of the micro-cantilever to 
dynamic acoustic forces in the single-frequency excitations. Behaviors of the resonant 
micro-cantilever under external forces are strongly dependent on the simulation 
parameters. The start time, the time interval, and the initial boundary condi-
tions considerably affect the flexural deflections on the particular time domains. 
Additionally, amplitude and phase shift can be simply extracted from the oscillatory 
motions to explore the micro-cantilever sensitivity to acoustic forces for different 
start times and time intervals. Furthermore, dynamic responses, including displace-
ments and velocities, are demonstrated for the first two flexural eigenmodes consid-
ering different initial displacements. Therefore, the single-frequency responses of the 
resonant micro-cantilever can be investigated to quantify the sensitivity to periodic 
acoustic forces considering the effects of numerical simulation parameters.

This study involves microelectromechanical systems’ micro cantilever beam struc-
ture, which generates dynamic response under specific frequency acoustic excitation. 
Quantitative observation and analysis of sound force can be achieved by accurately 
measuring this response. This is significant for fields such as acoustic sensors and 
sound signal processing.



2. Acoustic Monitoring of the Coal-Rock Massif State in Stress-Strain Zones during 
Hydroimpulsive Impact: Application Experience

The chapter presents the results of acoustic monitoring studies on the state of coal-
rock massif during the hydro-impulsive loosening of outburst-hazardous coal seams 
in the working faces of development workings. The main methodological regulations 
for using acoustic monitoring systems in the mines of Ukraine and the parameters 
for evaluating the effectiveness of control methods on the stress-strain state of the 
outburst-hazardous massif are presented. The results of using acoustic systems in the 
study of the coal-rock massif state and the criteria substantiation for controlling and 
evaluating the effectiveness of hydro-loosening of outburst-hazardous coal seams 
are considered. A comparison of the results of theoretical, laboratory, and mining-
experimental studies under the conditions of the mines of “Krasnodonvuhillia” was 
performed.

3. Development of an Advanced System for Identifying Low-Altitude Outdoor Mobile 
Objects Based on Acoustic Signatures

This chapter introduces an acoustic-based detection system for low-altitude mov-
ing objects, including unmanned aerial vehicles, helicopters, and ground vehicles. 
Key challenges addressed include target differentiation, bearing estimation accu-
racy, environmental noise impact, and the need for meteorological adjustments. 
Experimental results show that high-pass filters with a 500–700 Hz rejection band 
improve target detection contrast and reduce noise interference. 

This study aims to use acoustic features to identify outdoor moving targets flying at 
low altitudes. By extracting and analyzing the acoustic signal features generated by 
the target, automatic recognition and tracking of the target can be achieved. This is 
significant for fields such as air traffic management and safety monitoring.

4. On the Use of Micro-Perforated Panels for Sound Absorption

This study deals with the sound absorption of micro-perforated panels (MPP) as an 
effective solution for sound reduction. Single and multiple MPPs backed by an air 
cavity are presented and analyzed, and both their behavior and response are modeled 
and measured. It is shown that sound absorption in the low-frequency ranges can 
be enhanced by using the combined effects of multiple MPPs and their vibrational 
effects. Relatively good agreement is also observed between the prediction and the 
measurement. The study suggests the present technique as a relatively easy and cheap 
technique for enhancing systems’ sound absorption, including MPPs backed by air 
cavities.

5. The Application of Surface Acoustic Wave Yarn Tension Sensor

Surface acoustic wave sensor is a sensor based on the principle of sound wave propa-
gation on solid surfaces. In yarn tension monitoring, surface acoustic wave sensors 
can monitor the tension changes of yarn in real time and indirectly measure the ten-
sion of yarn by analyzing the changes in acoustic signals. This is of great significance 
for quality control in industries such as textiles, printing, and dyeing.

IV

In this chapter, a new type of surface acoustic wave yarn tension sensor is designed. 
The test parameters are improved, including the design and simulations of the SAW 
sensor, the solution to the second-order effect problem of the SAW yarn tension sen-
sor, the design and application of the dual differential channel oscillator on the SAW 
yarn tension sensor, the temperature compensation of SAW yarn tension sensor based 
on PSO-LSSVM algorithm, which enhances the sensor’s performance.

In summary, the research content covered by the book  Acoustical Engineering – The 
Intricate World of Sound Technology involves cutting-edge explorations of acoustic 
theory and practical applications of acoustic technology in multiple fields. These 
research results not only promote the development of the field of acoustics but also 
provide strong support for the technological progress of related industries.

Jiangyi Zhang
Harbin Engineering University,

Harbin, China
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Chapter 1

A Numerical Analysis of
Single-Frequency Responses of the
Resonant Micro-Cantilever to
Dynamic Acoustic Forces Based on
the Forced Van der
Pol-Rayleigh-Mathieu Oscillator
Cagri Yilmaz

Abstract

In the present work, a nonlinear dynamic model based on the forced Van der Pol-
Rayleigh-Mathieu is used to acquire the observable responses of the micro-cantilever
to dynamic acoustic forces in the single-frequency excitations. Behaviors of the reso-
nant micro-cantilever under external forces are strongly dependent on the simulation
parameters. The start time, the time interval, and the initial boundary conditions
considerably affect the flexural deflections on the particular time domains. Addition-
ally, amplitude and phase shift can be simply extracted from the oscillatory motions to
explore the micro-cantilever sensitivity to acoustic forces for different start times and
time intervals. For instance, the amplitude at the second eigenmode fluctuates in the
0–500 pm region on the start time domain of 0–20 ms for the time interval range of
0.0001–0.1 ms. It is remarkably vital to observe the changes in the observables in
response to different values of numerical simulation parameters for better sensitivity
analysis. Furthermore, dynamic responses including displacements and velocities are
demonstrated for the first two flexural eigenmodes considering different initial dis-
placements. Therefore, the single-frequency responses of the resonant micro-cantile-
ver can be investigated to quantify the sensitivity to periodic acoustic forces
considering the effects of numerical simulation parameters.

Keywords: acoustic force sensitivity, micro-cantilever, single-frequency excitation,
numerical simulation parameters, amplitude, phase shift

1. Introduction

Sensitivities of micro-structures such as micro-cantilevers to external forces are
explored using experimental and theoretical techniques for a variety of purposes in
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engineering applications. In Atomic Force Microscopy (AFM) operations [1, 2],
tip-sample interaction force is considered as an external force, which determines the
vibration characteristics of the micro-cantilever. Amplitude, frequency, and phase
shift responses are used to extract the surface topography and the material
properties of the samples in AFM. Effective acoustic forces that can be modeled as
static [3] and dynamic forces [4] also change the oscillatory behaviors of resonantly
driven micro-cantilevers at different eigenmode frequencies. The interactions of can-
tilevers with Acoustic Emissions (AEs) are widely studied for different technical
applications. For instance, when the frequency of the surface acoustic wave exceeds
the eigenmode frequency of the micro-cantilever, the deflections can be much larger
than the amplitude of the surface modulation. In Ref. [5], a method based on an
experimental force-curve is developed to calibrate the actual amplitude of the
surface acoustic wave. Acoustic emission tests are also conducted to measure the crack
probability for the semiconductors. Oxide cracks on the chip surface generate acoustic
emissions during contact with the indenter tip [6]. Performing electrical tests, strain
gauges for force measurements and a piezoelectric sensor can be integrated into a
cantilever with an indenter. Moreover, a capacitive Micro-Electro-Mechanical
System (MEMS) resonator is developed in Ref. [7] to sense acoustic emissions for
cantilever-enhanced photoacoustic spectroscopy. A sensitivity of 3749 mV Pa�1 at the
resonant frequency 1870 Hz is achieved for the bias voltage of 15 V. In addition to
that, a method is proposed to excite the micro-cantilever using localized acoustic
forces in fluidic AFM operations [8]. Additionally, the AFM micro-cantilevers can
be characterized utilizing the developed method in a viscous environment. For
instance, acoustic radiation force can be used to measure the spring constant of
the micro-cantilever. The guidewire can also be utilized when a catheter is
introduced to the capillary blood vessel with the diameter of less than 2 mm. For
this issue, the direct catheter manipulation method, in which the acoustic
radiation force is used, is developed in the study [9]. This technique allows the
catheter with a diameter of less than 0.5 mm to reach the target area. Studying
micro-cantilever dynamics in SubSurface-AFM, a numerical simulation is conducted
in Ref. [10] to determine responses of a cantilever which oscillates at an ultrasonic
frequency. At the same time, the sample is also excited at slightly different ultrasonic
frequencies to calculate the amplitude and phase of the difference frequency. Oscilla-
tion observables can be robustly used to image the nanoparticles below the sample
surface.

Based on numerical calculations performed in Ref. [4], it is mentioned that
numerical simulation parameters such as start time of the simulation, time
interval, and the initial boundary conditions significantly affect the micro-cantilever
responses to acoustic forces. The effects of simulation parameters such as boundary
conditions and time intervals on the responses of mechanical systems are
investigated for different engineering purposes. Dynamic performances of the struc-
tures strongly depend on the boundary conditions and time intervals utilized in
numerical calculations. The influence of varied boundary conditions on the dynamic
behaviors of the functionally graded nanotubes is explored in the study [11]. The
numerical results indicate that the boundary conditions remarkably affect the natural
frequencies of the nanotubes. In another work [12], numerical calculations are
conducted to investigate the influence of surface roughness on cantilever displace-
ments considering variable boundary conditions. Periodic boundary conditions that
are perpendicular to the micro-cantilever length are utilized for this case. In Ref. [13],
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the influence of boundary conditions on oscillations of a long inflatable tube is studied
with the consideration of the elastic modulus and air-added mass. It is demonstrated
that the natural frequencies of the cantilever tubes are notably affected by the bound-
ary conditions. An exact approach is also introduced in Ref. [14] to explore the
dynamic responses of the cracked beams with diverse boundary conditions. The
lowest two circular natural frequencies are determined for pinned-pinned
boundary conditions. In the work in Ref. [15], a pseudo-dynamic analysis method is
applied to examine the structural performance of the cantilever column system by
performing experimental and analytical studies. It is mentioned that the value of
the selected time interval is to be too small for ensuring stability in the numerical
computations.

In the present work, a Van der Pol-Rayleigh-Mathieu oscillator is used to
investigate the influences of numerical simulation parameters on the dynamic
responses of the micro-cantilever. Different nonlinear oscillators, such as Van der
Pol, Rayleigh, Mathieu, and Duffing oscillators [16], are used to examine viscoelastic
and structural damping on vibrations of the structures. A damping Helmholtz-
Rayleigh-Duffing oscillator solved using the nonperturbative method is introduced in
Ref. [17]. The frequency formula is modified to provide contributions of the damping
and quadratic nonlinear forces in the proposed approach. New approximations and
exact solutions to the damped Duffing-Mathieu oscillator are acquired to explore
nonlinear oscillations [18]. Analytical results obtained using the extended
Krylov-Bogoliubov-Mitropolskii method are compared with the numerical ones cal-
culated using the Runge-Kutta method. In addition to that, a Lienard equation
including a generalized Van der Pol-Helmholtz equation is introduced in the
study [19]. The first integral method is utilized to demonstrate the exact and explicit
solutions.

This work introduces a novel conceptual model to examine the effects of the start
time, time interval, and initial boundary conditions on the behaviors of the resonant
micro-cantilever under dynamic acoustic forces. The micro-cantilever is driven using
a monomodal excitation scheme to enhance its sensitivity. Flexural displacements at
the first two eigenmodes are obtained in the presence of acoustic forces which are at
resonance frequencies of the micro-cantilever. Time-domain displacements and
observable responses are demonstrated for different start times and time intervals.
Amplitude and phase shift at the first two eigenmodes are exhibited to track the
changes in observable responses to varied time intervals on the domain of the start
time of the numerical simulation. Additionally, dynamic responses that include flex-
ural displacements and velocities are revealed for different initial displacements at the
first two vibrational modes. Therefore, observing changes in micro-cantilever
responses to varied simulation parameters enables to improve the quantification of
sensitivity to dynamic acoustic forces.

2. Conceptual model

The present work introduces a mathematical framework based on a Van der Pol-
Rayleigh-Mathieu oscillator to explore the effects of simulation parameters on
responses under excitation and acoustic forces. The micro-cantilever is driven
externally at the first or second eigenmode frequency in monomodal operations.
In AFM operations, sensitivity to external forces can be enhanced by driving the
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micro-cantilever at a higher mode. The second-order nonlinear differential equation
based on the Van der Pol-Rayleigh-Mathieu oscillator is formulated as below:

€zi tð Þ þ ki
me

zi tð Þ þ h _zi, zið Þ þ g zið Þ ¼ 1
me

FExc þ FAcousticð Þ (1)

where zi, _zi, and €zi are the time-varying deflection, velocity, and the acceleration of
the micro-cantilever, respectively. ki and me are the spring constant and the effective
mass of the micro-cantilever respectively. In the present work, the properties of the
micro-cantilever for the first (i = 1) and second (i = 2) eigenmode are given in Table 1
(Figure 1).

The micro-cantilever has a length (L) of 225 μm, a width (w) of 40 μm, a thickness
(t) of 1.8 μm, and an effective mass of 1.53 � 10�11 kg. The Van der Pol-Rayleigh
function is introduced by:

h _zi, zið Þ ¼ ωei

Qi
_zi tð Þ þ 1

me
η1zi

2 tð Þ _zi tð Þ þ η2 _zi
3 tð Þ� �

(2)

where ωei and Qi are the angular resonance frequency and the quality factor at the
eigenmode i, respectively. fei is the resonance frequency at the eigenmode i. η1 and η2
are the nonlinearity coefficients of the Van der Pol-Rayleigh functions.

The equation of angular resonance frequency at the eigenmode is introduced as
follows:

ωei ¼
ffiffiffiffiffiffi
ki
me

s
¼ 2πf ei: (3)

Eigenmode—i Frequency—fei (kHz) Stiffness—ki N
m

� �
Quality factor—Qi

1 48.9 0.9 255

2 306.7 35.4 1598.9

Table 1.
Micro-cantilever properties for the first two eigenmodes.

Figure 1.
A schematic representation for single-frequency flexural deflections of the resonant micro-cantilever under dynamic
acoustic forces for the first two eigenmodes under monomodal operations.
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The characteristic equation of the rectangular micro-cantilever is given below [20]:

1þ cos κið Þ cosh κið Þ ¼ 0: (4)

Based on the real root κi of the characteristic equation, the angular resonance
frequency is determined utilizing the following equation as follows:

ωei ¼ κi Lð Þ2
ffiffiffiffiffiffiffi
Elz
ρA

s
(5)

where E, lz, ρ, and A are the Young’s modulus, the area moment of inertia, the mass
density, and the cross-sectional area of the micro-cantilever, respectively.

The Mathieu function is formulated as follows:

g zið Þ ¼ δωei
2 cos ωpt

� �
zi (6)

where δ and ωp are the excitation amplitude and frequency, respectively.
In numerical computations, the Van der Pol-Rayleigh coefficients η1 and η2

are set to 10�9 and the Mathieu coefficients δ and ωp are taken as 1 and 30,
respectively.

The micro-cantilever which is driven externally is also subject to the dynamic
acoustic forces. The equation of excitation force Fexc for the eigenmode i is given as
follows:

FExc ¼ Fi cos ωeitð Þ (7)

where Fi is the driving force strength for the vibration mode i. In AFM
operations, the driving force strengths are determined using the free
amplitudes at the eigenmodes. The equation of the driving force strength is
given as follows [21]:

Fi ¼ kiA0i

Qi
(8)

where A0i is the free amplitude for the eigenmode i. In the present work, A01 is
taken as 8 nm and A02

A01
is set to 0.1 for the numerical computations.

Note that the micro-cantilever is driven at resonance frequency to increase its
sensitivity to acoustic forces. The dynamic acoustic force FAcoustic is also formulated as
given below [4]:

FAcoustic ¼ FAc cos ωActð Þ (9)

where FAc and ωAc are the acoustic force strength and frequency, respectively.
Static acoustic force (FAcoustic ¼ Fs) also induces variations in observable responses of
the resonant micro-cantilever in single- and bimodal-frequency excitations [3].

Note that the maximum amplitude sensitivity to acoustic force is observed when
the acoustic-force frequency is equal to the resonance frequency of the micro-
cantilever. In the present work, the strength of acoustic force is taken as 100 pN (AE
amplitude around 54.9 dB), and the acoustic force frequencies are set to the
307.25 kHz (ωe1) and 1927.1 kHz (ωe2) while computing the forced deflections at the
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first and second flexural modes, respectively. Amplitude and phase shift can be simply
obtained from the deflection at the eigenmode i:

zi tð Þ ¼ Ai cos ωei �∅ið Þ þ O εð Þ (10)

where Ai and ∅i are the amplitude and phase shift for the eigenmode i. O εð Þ
represents the influence of displacements at higher harmonics. Obtaining
deflections, the second-order nonlinear differential equation is solved using the
Adams-Bashforth-Moulton method. The numerical computations are performed in a
MATLAB environment.

3. Results and discussions

In this section, firstly, time-domain behaviors of the resonant micro-cantilever at
the flexural eigenmodes are demonstrated for different start times and time intervals.
Observables of vibration oscillations exhibit different responses for different values of
numerical simulation parameters. Correspondingly, amplitude and phase shifts in the
domain of start time are revealed and evaluated considering the effects of the time
interval on the quantification of micro-cantilever sensitivity to acoustic forces. Lastly,
dynamic responses of the micro-cantilever at the first two flexural modes are assessed
for diverse initial displacements.

3.1 Time-domain flexural displacements

The start time of the numerical simulation considerably determines the free and
forced behaviors of the micro-cantilever (Figure 2). For the time range between 27.20
and 27.25 ms, the amplitude of vibration at the first flexural mode does not remark-
ably change as the start time varies. On the other hand, the phase shift notably
changes with increasing start time. Phase shift is utilized to extract the material
properties and to explore the gradient of tip-sample interaction forces, especially at
higher modes in multi-frequency AFM operations [22]. Based on the results depicted
in Figure 2, the largest phase shift of 180 degrees at the fundamental mode is achieved
at the start time of 12 ms (Figure 2(c)). Besides, the sensitivity of external forces such
as acoustic forces are studied using phase shift responses at the fundamental and
higher modes [3]. Thus, the influence of start time is to be considered while obtaining
the simulation results.

The second mode also demonstrates similar observable responses to the first mode.
Phase shift sensitivity is prevalent for the second mode and changes in amplitude
responses to acoustic forces are also notable for diverse start times (Figure 3). Note
that the phase shift can be calculated by considering the peak points of free vibrations
(only driving forces) and forced vibrations (under driving and acoustic forces) in the
particular time period. As expected, the vibration frequencies do not change as the
start time varies for both modes. External forces acting on the cantilever-tip, such as
hydrodynamic, Casimir, or Van der Waals forces, induce variations in frequency
responses, which can be used to quantify micro-cantilever sensitivity. Since the
micro-cantilever has maximum amplitude sensitivity to dynamic acoustic forces at the
resonance frequencies, the acoustic forces at 307.25 and 1927.1 kHz are considered to
interact with the resonantly excited micro-cantilever. Since the sensitivity quantifica-
tion to external signals is performed based on the selected time period, the start time
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Figure 2.
Flexural displacements of the resonant micro-cantilever at the first eigenmode under acoustic force strength of
100 pN at the angular frequency of 307.25 kHz for the time interval of 0.001 ms, the initial displacement of 0 nm,
and different start times of numerical simulations.

Figure 3.
Flexural displacements of the resonant micro-cantilever at the second eigenmode under acoustic force strength of
100 pN at the angular frequency of 1927.1 kHz for the time interval of 0.001 ms, the initial displacement of 0 nm,
and different start times of numerical simulations.
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considerably influences the oscillation observables. While constructing a dynamic
model for the resonant micro-cantilever under external forces, the value of the start
time is to be varied based on the comparison of measurements and numerical results.

The time interval characterizes the oscillatory responses of the micro-cantilever
obtained using numerical simulation. Observables can be simply obtained from the
periodic displacements of the micro-cantilever. Herein, for the first eigenmode, the
oscillation amplitude and phase shift are extracted from the responses obtained in
numerical simulations performed using the time interval of 0.001 and 0.0001 ms
(Figure 4(c) and (d)). This result suggests that sensitivity analysis based on vibration
observables is reliable provided that a relatively smaller time interval is adjusted for
numerical computations. Similar to the start time effect, the phase shift is strongly
dependent on the time interval as expected. It is also worth mentioning that vibration
amplitude changes as the time interval increases. Variations in amplitude with respect
to the time interval are much larger than the ones which vary with the start time.

More significantly, changes in observable responses with respect to the time inter-
val at the higher eigenmode also differ from ones for the fundamental eigenmode. For
this case, the second eigenmode requires a much smaller value of the time interval
while obtaining oscillatory motions of the micro-cantilever (Figure 5(d)).

Note that the time interval also does not affect the frequency sensitivity to
dynamic acoustic force as expected. Since quantification of sensitivity is based on the
variations in oscillation observables, acquiring oscillatory motion is quite critical in
numerical simulations. The numerical results obtained using the nonlinear dynamic
model in the current work are consistent with the ones obtained using the single
degree of freedom lumped parameter model in Ref. [4]. For this case, the time interval

Figure 4.
Flexural displacement of the resonant micro-cantilever at the first eigenmode under acoustic force strength of
100 pN at the angular frequency of 307.25 kHz for the start time of 5 ms, the initial displacement of 0 nm, and
different time intervals of numerical simulations.
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of 0.0001 ms is used to acquire single-frequency responses in bimodal-frequency
excitations. Thus, the time interval is to be set to the critical value so that
oscillatory motions are obtained for all vibrational modes in diverse single-frequency
excitations.

3.2 Amplitude and phase shift responses

Influence of numerical simulation parameters on vibration observables is studied
for enhanced analysis of sensitivity quantification. Demonstrating variations in
observables with respect to the start time for different time intervals enables to
optimize the numerical simulation. As mentioned before, obtaining periodic responses
is quite crucial to quantify the micro-cantilever sensitivity to dynamic acoustic forces.
As depicted in Figure 6(a), amplitude response for the time interval of 0.0001 ms at
the fundamental eigenmode exhibits fluctuating behaviors. Other amplitude
responses have also similar trends in the amplitude range between around 500 and
1200 nm. In addition, the phase shift significantly responds to varying start times
(Figure 6(b)). For varied time intervals, remarkable changes in phase shift responses
are also prevalent for the first eigenmode. The phase shift responses fluctuate within
the range between 0 and 180 degrees. This finding points out the importance of the
selection of the proper time interval values for different start times in the
investigation of acoustic force sensitivity. Proper time intervals can be simply deter-
mined by considering observable responses extracted from steady oscillatory motions
(Figure 4(c) and (d)).

Figure 5.
Flexural deflections of the resonant micro-cantilever at the second eigenmode under acoustic force strength of
100 pN at the angular frequency of 1927.1 kHz for the start time of 5 ms, the initial displacement of 0 nm, and
different time intervals of numerical simulations.
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The second eigenmode demonstrates different observable sensitivities in the
domain of start time for varied time intervals (Figure 7). The amplitude response
varies within the range of roughly 0–500 nm and the phase shift fluctuates in the
range of approximately 0–180 degrees. It is obvious that the responses at the second
eigenmode exhibit similar variations with respect to the start time and the time
interval as for the first eigenmode. The higher eigenmode demonstrates different
oscillatory motions using same values of the numerical simulation parameters. Corre-
spondingly, the higher eigenmode might require different values of time intervals to
reach the periodic motions. Thus, the numerical results obtained for different higher

Figure 6.
Observable responses at the first eigenmode to acoustic force strength of 100 pN at the angular frequency of
307.25 kHz on the domain of start time of numerical simulation for the initial displacement of 0 nm and for
varied time intervals. (a) Amplitude. (b) Phase shift.

Figure 7.
Observable responses at the second eigenmode to acoustic force strength of 100 pN at the angular frequency of
1927.1 kHz on the domain of start time of numerical simulation for the initial displacement of 0 nm and for
varied time intervals. (a) Amplitude. (b) Phase shift.
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eigenmodes can be performed utilizing different time intervals so that the theoretical
results can be matched with the experimental measurements or the results of different
simulation software tools.

3.3 Effects of initial displacements

Initial boundary conditions such as initial displacement and velocity are to be
selected properly to quantify the micro-cantilever sensitivity to acoustic forces effec-
tively via numerical simulation. Mechanical systems might have different working
conditions, which determine the initial boundary conditions. The forced Van der Pol-
Rayleigh-Mathieu oscillator based second-order differential equation is solved con-
sidering these conditions illustrated in Figures 8 and 9. Initial displacements demon-
strate a significant role in the determination of kinematic behaviors of the micro-
cantilever under external forces on the particular time domain. Initial displacements
affect the restoring energy acting on the effective mass, thereby determining the
oscillation observables such as amplitude and phase shift. For a damped harmonic
oscillator, analytical calculations of amplitude and phase shift are simply performed
utilizing the initial amplitudes [23]. As expected, the vibration frequency of the
micro-cantilever remains constant irrespective of how far the effective mass is placed
from its equilibrium point. Essentially, the vibration frequency strongly depends on
the elastic stiffness and effective mass of the micro-cantilever. For the present study,
initial displacements significantly affect the displacements and velocities of the micro-
cantilever under driving and acoustic forces on the particular time domains.

From the initial displacement of 5–20 nm for the first eigenmode, the deflection
amplitudes continuously decrease to the smaller values at the picometer scale
(Figure 8(b–d)). A similar trend is also observed for the second eigenmode

Figure 8.
Dynamic responses of the resonantly driven micro-cantilever at the first eigenmode to the acoustic force strength of
100 pN at the angular frequency of 307.25 kHz for the start time of 0 ms, the time interval of 0.001 ms, and
diverse initial displacements.
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considering the initial displacement between 0.5 and 2 nm (Figure 9(b–d)). In addi-
tion, the second eigenmode exhibits different response patterns from the first eigen-
mode for relatively larger displacements and velocities. Thus, dynamic acoustic force
sensitivity is to be examined considering the accurate initial boundary conditions that
are based on operating conditions of the micro-cantilever under external forces.

4. Conclusions

In the numerical simulations, the responsiveness of the micro-cantilever is signif-
icantly dependent on the numerical simulation parameters, such as the start time, the
time interval, and the initial displacements. The oscillation observables such as ampli-
tude and phase shift can be extracted from the steady oscillations and the variations in
the observables can utilized to quantify the micro-cantilever sensitivity to acoustic
forces. The remarkable variations in amplitude responses are noted for different start
times and time intervals. In addition to that, the phase shift exhibits quite notable
responsiveness to varied start times and time intervals and correspondingly, the
periodic responses can be acquired by adjusting those parameters in numerical com-
putations. More significantly, the fundamental and higher eigenmodes might require
different values of time intervals while obtaining single-frequency displacements.
Thus, numerical simulation parameters are to be optimized for matching the numer-
ical results with the experimental measurements or the analytical results obtained
using different theoretical methods. Selecting time intervals is much more crucial
while obtaining periodic responses to acoustic forces. The time interval is to be set to a
much smaller value at the expense of longer computation time so that much more
accurate periodic responses to acoustic forces can be obtained for the particular time

Figure 9.
Dynamic responses of the resonantly driven micro-cantilever at the second eigenmode to the acoustic force strength
of 100 pN at the angular frequency of 1927.1 kHz for the start time of 0 ms, the time interval of 0.001 ms, and
diverse initial displacements.
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domains. More significantly, the quantification of sensitivity to external forces
strongly depends on the selected time period since oscillation observables consider-
ably change with varying time periods. It is also worth mentioning that the frequency
responses do not change in the time domain as the numerical simulation parameters
vary as expected. This result suggests that the varied values of numerical simulation
parameters should be considered while conducting sensitivity analysis on external
force sensitivity based on the amplitude and phase shift responses, rather than fre-
quency shifts. Moreover, while obtaining the flexural displacements at different
eigenmodes, the initial displacements are to be set considering the operating condi-
tions of the micro-cantilever under external forces. The micro-cantilever approaches
from the initial displacement within the range of 0–20 nm to the values at the
picometer scale for the first eigenmode. For relatively larger displacements and
velocities, the second eigenmode demonstrates different response patterns compared
with the first eigenmode. Determining proper initial conditions is quite crucial for
enhanced analysis of micro-cantilever sensitivity to acoustic forces. Thus, the effects
of the numerical simulation parameters are to be considered while quantifying the
sensitivity of the resonantly driven micro-cantilever to dynamic acoustic forces.
Establishing more accurate dynamic models is vital for matching measurements of
acoustic forces with different patterns in various operating environments. Mechanical
characteristics of the microstructures and properties of the operating media can be
obtained theoretically and experimentally by utilizing the highly sensitive responses
of the microstructures under acoustic forces. Correspondingly, the resonance behav-
iors of the micro-cantilevers with different designs are considered to enhance their
interactions with the acoustic forces for technological applications in biophysics,
nanotechnology, and acoustic engineering fields.
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Chapter 2

Acoustic Monitoring of the
Coal-Rock Massif State in
Stress-Strain Zones during
Hydroimpulsive Impact:
Application Experience
Vasyl Zberovskyi, Ruslan Ahaiev, Vasyl Vlasenko and
Maryna Kyrychenko

Abstract

The paper presents the results of acoustic monitoring studies on the state of coal-
rock massif during the hydroimpulsive loosening of outburst-hazardous coal seams in
the working faces of development workings. The parameters of the cavitation device
and the regularities in the development of periodically discontinuous fluid flow,
which manifests on the coal surface as high-frequency hydroimpulsive vibration and
generates secondary vibrations in the coal-rock massif, are considered. The main
methodological regulations for the use of acoustic monitoring systems in the mines of
Ukraine and the parameters for evaluating the effectiveness of control methods on the
stress–strain state of the outburst-hazardous massif are presented. The results of using
acoustic systems in the study of the coal-rock massif state and the criteria substantia-
tion for controlling and evaluating the effectiveness of hydroloosening of outburst-
hazardous coal seams are considered. A comparison of the results of theoretical,
laboratory, and mining-experimental studies under the conditions of the mines of
“Krasnodonvuhillia” was performed.

Keywords: acoustic monitoring, stress-strain state, development workings, cavitation
device, hydroloosening

1. Introduction

Solving the problem of safe operations in seams prone to gas-dynamic phenomena
(GDP) and controlling the stress–strain state (SSS) of the coal-rock massif is one of
the most challenging issues in the coal industry of all coal deposits worldwide, includ-
ing Ukraine.

The most difficult conditions for stopping outburst-hazardous coal seams are cre-
ated in abutment pressure zones and when conducting development workings in
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unprotected areas. The use of additional measures to prevent sudden outbursts of coal
and gas does not always ensure the safety of mining. That is why cases of GDP with
catastrophic consequences still occur. Ukrainian mines in hazardous areas use con-
cussion blasting, which leads to a reduction in the number of coal mining shifts, a
decrease in the development of workings from 6 to 2 meters per day, and an increase
in product costs.

For many decades, the Institute of Geotechnical Mechanics of the National
Academy of Sciences of Ukraine (IGTM NASU) has been conducting research on
the stress–strain state of coal-rock massif in various scientific and technical areas.
One of these areas is the development and implementation of methods to prevent
GDP, including sudden outbursts of coal and gas. In accordance with the Safety
Rules of Ukraine, the development of new methods and their implementation
takes place only with the permission of the Central Commission for
Ventilation, Degassing, and Control of Gas Dynamic Phenomena in Mines of the Coal
Industry of Ukraine (hereinafter “Central Commission…”) [1]. Among the developed
methods, special attention is paid to the control of the stress–strain state of the coal-
rock massif by using hydrodynamic impact modes based on the effect of cavitation
fluid flow.

The analysis of experimental studies of cavitation pulse generators of liquid pres-
sure developed on the basis of a Venturi tube [2–8] allowed us to substantiate and
develop a device for hydroimpulsive impact [9]. Laboratory and mining-experimental
studies have shown high reliability and efficiency in its performance. However, dur-
ing the study of the device in the working faces of the development workings, several
scientific and technical issues arose that were solved experimentally. Therefore, the
properties of outburst-hazardous coal, the amplitude–frequency characteristics (AFC)
of the Venturi tube, and the design parameters of the device were studied simulta-
neously. This made it possible to develop a new method of hydroimpulsive loosening
of outburst-hazardous coal seams [10].

Difficulties arising from the implementation of the device due to the fact that:

• to date, the impact of anthropogenic factors on the stress–strain state of a
outburst-hazardous coal seam in a great depth conditions has not been
sufficiently studied;

• the mechanism of the hydroloosening process impact on the state, structure, and
design of outburst-hazardous coal, which has a globular structure and is
considered as a coal-gas system, is poorly understood;

• the process of changing the stress–strain state, design and structure of outburst-
hazardous coal under its hydroimpulsive loading is unexplored;

• there is no methodology for calculating the parameters and methods of
controlling hydroimpulsive impact, studying the shear deformations of the coal-
rock massif and its response to hydroimpulsive impact.

The directions for solving these issues and the research results were considered and
agreed upon by the Decisions of the “Central Commission…”.

At Ukrainian mines, acoustic monitoring methods are used to control the stress–
strain state of the coal-rock massif and to predict the GDP (sudden outburst of coal
and gas). At the same time, there is no acoustic control of the methods parameters of
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preventing the GDP during preventive measures and evaluation of their effectiveness.
This area, despite the technological necessity, is poorly studied.

Therefore, the experience of using acoustic monitoring of the state of outburst-
hazardous coal seams to control the parameters of the hydroimpulsive loosening
method and establish a safe coal recovery zone is relevant.

The purpose of the paper is to analyze the results of acoustic monitoring of
the state of outburst-hazardous coal seams in the stress–strain state of the
massif during the implementation of measures to prevent the sudden
outburst coal and gas by hydroimpulsive impact in the mines of the Donetsk basin
of Ukraine.

2. General information about the method of hydroimpulsive loosening of
outburst-hazardous coal seams

In papers [2–6], some problems of developing the design of pressure pulse gener-
ator (PPG) for injecting fluid under high pressure into coal seams were solved. The
use of these devices for coal humidification confirmed the high efficiency of the
hydroimpulsive impact. The analysis of the results of these studies showed that the
use of PPG allows creating cracks in the coal seam that form around the borehole in
different directions. In other words, signs of hydroloosening process are formed in the
massif. These circumstances made it possible to consider the conditions for using the
method to prevent sudden outburst of coal and gas. For this purpose, after studying
the parameters, amplitude–frequency characteristics (AFC) and operating ranges of
all PPG modifications, its design was modernized. The schematic diagram of the new
design of the generator of liquid pressure cavitation self-oscillations, hereinafter
referred to as the cavitation generator (CG) or generator, is shown in Figure 1, and its
main parameters are shown in Table 1.

The generator consists of: a Venturi tube (1) with a critical cross-section dcr (2) and
a cavitation chamber diffuser (3) with a diffuser opening angle β; an inlet flow
channel with a diameter of D1 (4); a diffuser channel with a diameter of D (5). The
generator is installed in the tip of the sealer (6). Р0 is a liquid pressure at the inlet of
the generator, MPa; G is a liquid flow rate, l/min.

Figure 1.
Schematic diagram of the generator of liquid pressure cavitation self-oscillations (CG).
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The set of theoretical, laboratory, and bench tests of CG-2.5 allowed us to establish
the following:

• the dynamic parameters of the CG-2.5 generator correspond to the hydraulic
parameters of pumping units used for hydroloosening of coal seams at depths of
more than 600 meters;

• the established regularities of development of the generator’s amplitude–
frequency characteristic as a function of the cavitation parameter allow us to
study the discrete pulse flow of fluid in the borehole simulator;

• based on the results of mining-experimental studies of CG-2.5, the criterion for
controlling the AFC of generator by the fluid boost pressure in the borehole was
established;

• based on the results obtained, the regularities of the AFC generator development
as a function of the fluid boost pressure in the borehole were established;

• during acoustic monitoring of the stress–strain state of the coal-rock massif, the
following were identified: the influence zone of hydroimpulsive impact, the zone
of massif unloading ahead of the working face of the development workings, and
the safe coal recovery zone;

• based on the research results, a method of hydroimpulsive loosening of outburst-
hazardous coal seams was developed.

According to the mining and geological conditions of Krasnodonvuhillia mines, the
depth of development of outburst-hazardous coal seams ranges from 600 m to
1300 m. According to [1], the maximum value of pressure pulses should not exceed
0.75γН. The lower limit should meet the criterion of hydroloosening efficiency that is a
decrease in discharge pressure by at least 30%. Therefore, the range of calculated
values of the discharge pressure will be 0.52γН ≤ Рd ≤ 0.75γН or, according to the
calculations, 8 ≤ Рd ≤ 28 MPa. Therefore, in theoretical and laboratory studies, the
change in the amplitude of self-oscillations and their frequency was studied at an
discharge pressure Рd (generator inlet pressure Р0) from 5.0 MPa to 30.0 MPa and a
fluid boost pressure in the borehole Рb from 0.0 to 14.0 MPa.

According to the results of bench tests, it was found that fluid discharge modes up
to 15 MPa correspond to the conditions of coal seams at depths of up to 700 meters.
The operating range of the generator is 0.1 ≤ Рb ≤ 12.0 MPa. Depths from 700 to
1300 meters correspond to discharge modes from 15.0 MPa to 25.0 MPa. In this case,
the upper limit of the operating range is Рb ≤ 0.82 Рd. The operating range of the
generator is determined by the frequency of fluid pressure pulses within the values of

Type of
generator

Hydraulic
parameters

dcr,
mm

lcr, mm D1,
mm

D,
mm

lin,
mm

lout
mm

β,
deg

CG-2.5 Р0 = 170
G = 0.86

2.5 by calculation 10 4dcr 10D1 100dcr 20

Table 1.
Geometric parameters of the CG-2.5 generator.
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the self-oscillation range at which, according to the value of the elastic modulus of
coal, its destruction is ensured.

Taking into account the results of mining-experimental studies of acoustic moni-
toring of the process of hydroimpulsive impact, which will be given below as an
example, we will consider the change in the dynamic parameters of CG-2.5 at the
discharge mode Рd = 10 MPa (Figure 2).

The fluid pressure self-oscillations range is defined asΔP = рmax-рmin, where рmax is the
maximum pressure value in the pulse; рmin is the minimum pressure value in the pulse.

According to the results of the research, it was found that at a discharge pressure of
Рd (Р0) = 10 MPa, a stable cavitation flow of fluid in the hydraulic system is observed
in the range of boost pressure from Рb = 0.1 MPa to Рb = 8.0 MPa, the maximum self-
oscillations range ΔРmax is achieved at Рb ≈ 1.7 MPa, and the process is completed at
Рb ≈ 9.0 MPa. The established regularities of the self-oscillations range on the boost
pressure at Рd = 10 MPa are described with sufficient accuracy by fourth-order poly-
nomial equations:

Р ¼ �0:07Р4
b þ 1:49Р3

b � 10:63Р2
b þ 25:79Рb þ 4:88,R2 ¼ 0:76; (1)

In accordance with the established regularities of the development of the fre-
quency of self-oscillations f on the boost pressure Рb at Рd = 5;10;15 MPa (Figure 3),
their growth occurs with an increase in the discharge pressure and the boost pressure
of the fluid in the borehole.

The established regularities are described by linear equations with high levels of
determination factor. At the mode under consideration, Рd = 10 MPa, the equation has
the form

f ¼ 0:71Рb þ 0:95,R2 ¼ 0:95 (2)

Сomparing the results of studies of the regularities of the self-oscillation range
development (Figure 2) and the frequency of their passage (Figure 3), we determine
the operating range of CG-2.5. At a discharge pressure of Рd (Р0) = 10 MPa, a stable
mode of cavitation fluid flow in the hydraulic system is observed at values of the fluid
pressure self-oscillation range of 1.0 ≤ Рb ≤ 8.0 MPa. At which the maximum value of
the pulse passage is observed at Рb = 8.0 MPa, and the minimum at Рb = 1.0 MPa.

It is known that sudden outburst or bounce in the interval of deformation devel-
opment at a rate of 1–10 s�1 causes a sharp drop in coal strength. At a strain rate of

Figure 2.
Regularities of development of the fluid pressure self-oscillations range ΔР in a borehole simulator at Рd = 5, 10, 15MPa.
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more than έ = 10 s�1, shear deformations are initiated. The destruction of coal under
pressure depends on its elastic modulus (Young’s modulus E). Under hydroimpulsive
impact, coal destruction beyond the limit value of the strain development rate will
occur under impulse loading Eq. (3) [11–13].

έ ¼ dε
dt

¼ ΔP∙f
E

, ¼ ΔP ¼ 10E
f

,MPa, (3)

It is known that the elastic modulus of coal behind the layering is in the range of
3∙102 ≤ Е ≤ 5∙102 MPa, and perpendicular to the layering is up to Е = 2∙103 MPa.
According to the established regularity (3), at the minimum values of the oscillation
range and frequency, the AFC of the generator was calculated (Figure 4). According
to the calculations, the minimum required values of pressure pulses, at the maximum
values of Е = 2�103 MPa, are from 3.0 MPa to 20.0 MPa at a pulse passage rate of
7.0 kHz to 1.0 kHz, respectively.

Taking into account the results of studies [14, 15], according to which it was found
that the destruction of outburst-hazardous coal does not depend on the direction of its

Figure 3.
Regularities of development of the self-oscillations frequency f as a function of boost pressure Рb in the operating
range at Рd = 5;10;15 MPa.

Figure 4.
Theoretical regularities of the minimum values of pressure pulses ΔP on the frequency of their passage f for the
values of the elastic modulus of coal Е = 3 � 102 MPa; 5� 102 MPa; 2� 103 MPa at the rate of deformation
development έ ≥ 10 s�1.
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loading, the experimental values of the AFC of the CG-2.5 generator are compared
with the conditions of coal destruction at a strain rate of έ = 10 s�1 and Е ≥ 3∙102 MPa
(experimental measurement points in the borehole simulator at a distance from the
generator) (Figure 5).

According to the obtained results, all the established values of the AFC of genera-
tor are located above the strain rate curve with έ = 10 s�1 at Е = 3∙102 MPa. Therefore,
when hydroimpulsive impact on outburst-hazardous coal seams, the range of operat-
ing modes of CG-2.5 consists of values of pressure pulses ΔP from 3.0 MPa to
30.0 MPa at a frequency of their passage from 0.8 kHz to 8.0 kHz.

3. Methodological bases of acoustic monitoring of hydroimpulsive impact

The analysis of the results of studies of changes in the parameters of the stress–
strain state of coal seams ahead of working faces using acoustic monitoring of
hydroimpulsive impact allowed us to obtain the following. Firstly, the methods of
acoustic monitoring were established. This made it possible to study the parameters of
acoustic monitoring in the complex of mining equipment used in Ukrainian mines and
to establish rational technological solutions to assess the effectiveness of the developed
method. Second, to study the parameters of changes in the stress–strain state of the
coal-rock massif and to determine the response of the massif to its dynamic loading.

The use of seismic and acoustic signal transmission equipment (SASTE) and sound
pickup equipment (SPE) was carried out by the decision of the “Central Commis-
sion… “ in accordance with the developed “Annex to the Design Technological Doc-
umentation…” [1]. According to the results of the research, the following was
established.

1.When assessing the change in the stress–strain state of a coal-rock massif, it is
rational to use the SASTE-1 system.

2.In the working faces of the development workings, both the SASTE-1 and the
SPE-98 systems are efficiently used when they are driven by a shearer.

3.The SPE-98 system should be used to control the process of coal mining intensity.

Figure 5.
Comparison of the experimental values of the AFC of generator and rate of strain development έ at elastic modulus
Е = 3∙102 MPa.
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In these studies, it is important to know about the features of acoustic monitoring
systems that determine the parameters of changes in the stress–strain state of the coal-
rock massif or the parameters of controlling the dynamic load of outburst-hazardous
coal.

The essence of forecasting and controlling the outburst hazard of massif according
to the parameters of the acoustic signal (AS) by the SASTE-1 system is the registra-
tion, processing, and analysis of the signal spectrum excited in the coal-rock massif
during the technological process. A seismic receiver installed in the roof of the seam
picks up signals from each rock layer. For example, if there are three layers in the
seam roof, then three acoustic responses to excitation with different spectral compo-
sitions will be registered at the measurement point (Figure 6).

The elastic vibrations occurring in the massif, reflected from the boundaries of
rock layers, spread along the surfaces of the formation with a certain velocity and
frequency. The recorded information is processed on a personal computer using the
“Zond” program.

If there are weakened contacts in the massif, then natural (resonant) oscillations
occur in the rock layer, the frequency of which is inversely proportional to the layer
thickness, and the amplitude depends on the contact weakening. By means of a fast
Fourier transform, the spectrum of the acoustic signal is calculated, and the resonant
frequencies (fr, Hz) are distinguished, which are related to the distance to the weak-
ened contacts (h, m) by the ratio

f r ¼
c
h
,Hz (4)

where с is the phase velocity of cross waves, which for most roof sedimentary
rocks is 2500 m/s.

The ratio of the high-frequency component of the spectrum fu to the low-
frequency component fl determines the outburst hazard factor Кo = fu/fl. It reflects the
stressed state of the massif at the observation point in real time.

Thus, by its essence, parameters, and established features, the SASTE system
corresponds to the direction of studying changes in the state of the coal-rock massif
during the technological process.

The SPE-98 equipment is used to predict the outburst hazard based on the acoustic
emission (AE) of a rock massif. To assess the state of the massif, the observation time
interval is set, the number of AE pulses, their critical value, and AE activity are
determined. The presence of a continuous AE or a series of AE pulses is assumed to be

Figure 6.
Scheme for determining weakened contacts in roof rocks (a) and the corresponding acoustic signal spectra (b).
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equivalent to the critical AE value. The forecast “dangerous” is issued by the operator
of the forecast service in accordance with the methodology of using SPE-98.

For example, a borehole is drilled at meter intervals. At each interval of borehole
drilling, a profile of the activity of the recorded AE signals is built in the form of the
specific number of AE pulses per meter of the borehole (Figure 7).

The oscillogram and signal spectrum are determined and displayed on the system
operator’s monitor by means of automatic registration of AE pulses against the back-
ground of acoustic process accompaniment (Figure 8).

Using the drilling schedule and established acoustic emission activity profiles,
stress changes along the length of the borehole are estimated. This allows for opera-
tional control of the coal recovery rate in the working faces of the development
workings and stope.

The essence of the process control using the SPE-98 system is to control and assess
the massif state based on the results of registering the AE arising during the techno-
logical process, its temporary suspension, and resumption upon notification of the
mine forecasting service operator. In other words, the parameters of loading of the
outburst-hazardous coal, which influence the change in its state, are used to control
the parameters of the technological process by means of acoustic monitoring.

Figure 7.
Example of the AE activity profile along the length of the borehole.

Figure 8.
Interface of the “spectral processing” program.
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The parameters of acoustic monitoring and the study of the state of a stress–strain
outburst-hazardous coal-rock massif were substantiated during the hydroimpulsive
loosening in the working faces of the development workings. The analysis of scientific
developments showed that there are no similar studies to solve the problem of sudden
coal and gas outburst in the development workings [16–18].

4. Results of acoustic monitoring of the coal-rock massif state in stress–
strain zones under hydroimpulsive impact

The study of the acoustic monitoring parameters of hydroloosening process in
outburst-hazardous coal seams was performed in the mines of Public Joint Stock
Company (PJSC) “Krasnodonvuhillia”. The total volume of research amounted to
65 cycles, of which pulse discharge was 30 cycles. During this time, more than 1.2 km
of development workings were driven.

The obtained results were considered at the meeting of the Bureau of the “Central
Commission…”, approved and accepted for industrial implementation. During the
research, a database of experimental data on the parameters of control and evaluation
of the effectiveness of hydroimpulsive loosening of outburst-hazardous coal seams
was formulated, and parameters for control and evaluation of the method efficiency
were developed [19, 20].

The use of acoustic monitoring of hydroloosening parameters in outburst-
hazardous coal seams using the SASTE-1 and SPE-98 systems allowed solving a com-
plex scientific and technical problem: to consider and evaluate the change in the
stress–strain state of the coal-rock massif as a complex dynamic system consisting of a
hydraulic component and a porous coal-rock medium, to consider the process
“hydrodynamic load–rock massif–rock response”.

The SASTE-1 system was used to study the static and pulsed discharge modes,
determine the advantages of hydroimpulsive impact and changes in the stress–strain
state of the roof rocks, which affect the coal seam unloading zone ahead of the face.

The SPE-98 system was used as an additional control method to study the state of
the coal seam and the parameters of the new design of the cavitation device. The
following provisions were taken into account when adapting the acoustic parameters
to the process of hydroimpulsive loosening [21]:

• continuous AE occurs in conditions where localized stresses in the massif exceed
the strength of the coal;

• AE is a response to a disturbance in the equilibrium of the stresses existing in the
massif, i.e., to the mechanism of technological impact;

• monitoring of the acoustic signal and process parameters takes place remotely
without disturbing the experimental conditions;

• in the system “hydrodynamic load–massif–massif response”, the parameters of
load and massif response are considered simultaneously.

Let us consider the results of the analysis, scientific and technical conclusions
established during the acoustic monitoring of the coal-rock massif state in stress–strain
zones under hydroimpulsive impact and make a comprehensive assessment of them.
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4.1 Results of monitoring and evaluation of the effectiveness of hydroimpulsive
impact by the SASTE-1 system

The study of the parameters of hydroimpulsive impact on the outburst-
hazardous coal seams based on the results of control by the SASTE-1 system was
performed in the conditions of the “Duvanna” mine and the “Sukhodilske-Skhidne”-
Mine Administration”. The effectiveness of the hydroimpulsive impact was
evaluated by comparing the results of the new method with the parameters of
the standard method (hydroloosening in the static mode of fluid discharge) [1].
The results of these studies are presented in scientific reports of the Institute of
Geotechnical Mechanics of the National Academy of Sciences of Ukraine, and some
in [22, 23].

Let us consider the sequence and general results of these studies. The procedure for
conducting mining-experimental operations was carried out in accordance with the
developed methodological and technical documentation. Initially, the working face of
development working was driven according to the standard method of
hydroloosening. The fluid discharge was stopped at the command of the SASTE-1
system operator “active process completed”. If the discharge pressure dropped by at
least 30% of the maximum set pressure, the process was considered effective. The
parameters and results of fluid discharge were recorded in the hydroloosening log and
stored in the computer database of the SASTE-1 operator, which formed the experi-
mental database.

The research results were processed using the “Forecast 4.0” software package.
This made it possible to record the time of fluid discharge, maximum and final
discharge pressure, the period of active hydroloosening, calculate the outburst hazard
factor, and control the unloading zone during borehole drilling. Real-time monitoring
results are displayed on the operator’s computer monitor (Figure 9). Examples and
analysis of these studies are discussed in [22, 23]. We note that the software package
“PROGNOZ 4.0” (FORECAST 4.0) performs spectral analysis and calculation of low-
frequency and high-frequency components, which determine the outburst hazard
factor Кo = fu/fl, the safe depth of coal recovery, and evaluate the effectiveness of
hydroloosening.

The control of hydroimpulsive impact parameters was performed in a similar
sequence. However, the software package “PROGNOZ 4.0” (“Forecast 4.0”) was
designed to control the static pressure of the liquid. It did not take into account the
peculiarities of hydroimpulsive impact. Therefore, directly in the course of the oper-
ation, it was improved and adapted to a constant pressure at the inlet of the cavitation
device and separate control of the fluid boost pressure in the borehole. It was assumed
that the maximum and final pressures correspond to the inlet pressure of the

Figure 9.
Screenshot from the monitor of the SASTE-1 system operator when monitoring the process of hydroloosening.
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cavitation device, and the fluid boost pressure in the borehole is taken into account
separately by the operator. All other parameters were calculated and displayed on the
monitor (Figure 10).

Based on the results of comparing the control of static and pulsed discharge modes,
it was found that under hydroimpulsive impact, the duration of the hydroloosening
process and its active part are reduced by more than two times, and the fluid con-
sumption is at least 50%.

By studying the change in the spectrum of the acoustic signal of the stress–strain
state of the rock thickness in the seams roof at each cycle of fluid discharge, the
resonant frequencies and the distance to the weakened contacts between the rock
layers were determined (see Figure 6). Comparison of the average statistical data of
these parameters showed that during pulse discharge, rocks at a distance of up to
22.5 m are involved in the deformation process (Figure 11) [22, 23].

According to the results of studies of the low-frequency and high-frequency com-
ponents of the acoustic signal spectrum, it was found that during the hydroimpulsive
loosening of outburst-hazardous seams, the low-frequency component increases up to
74%, and the stress of the massif (Кo) decreases by at least 25% (Figure 12). This
ensures a uniform (without delays) development of deformations in the coal seam
roof at a distance of more than 10 m and an increase in the safe coal recovery zone to
the depth of the borehole drilling.

According to the results of the research, it was found that acoustic monitoring by
the SASTE-1 system using the adjusted software package “PROGNOZ 4.0” (“Forecast
4.0”) allows controlling the parameters of the hydroimpulsive impact process and
evaluating the effectiveness of hydroloosening by changing the stress–strain state of
the coal-rock massif. And vice versa, based on the results of changes in the parameters
of the massif state, to control the process of hydroloosening.

Figure 10.
Screenshot from the monitor of the SASTE-1 system operator while monitoring the process of hydroimpulsive
impact.

Figure 11.
Distribution of weakened contacts between rock layers in the reservoir roof after hydroimpulsive impact.
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4.2 Results of control and evaluation of the effectiveness of hydroimpulsive
impact by the SPE-98 equipment

Based on the results of the hydroimpulsive impact monitoring process by the
SASTE-1 system, the decision of the “Central Commission…” allowed to extend the
study of the method parameters using the SPE-98 system. Due to the fact that the
“Molodohvardiiske” Mine Administration had the necessary equipment for opera-
tional control of the intensity of technological processes by the SPE-98 system, these
operations were performed in the conditions of the k2

l and i3
1 seams.

It should be noted that the study of the hydroloosening process of outburst-
hazardous coal seams with the SPE-98 equipment was carried out for the first time in
the practice. Some results of solving certain tasks were published in [22, 24–26], but a
comprehensive assessment of acoustic monitoring of the coal-rock massif state in
stress–strain zones under hydroimpulsive impact was not made.

Based on the results of the parameters analysis of methods for monitoring
the outburst hazard of a coal massif, it was found that the spectra of the AE and
continuous AE recordings are the most informative. At the same time, it is
known that:

• in static fluid discharge modes, uncontrolled processes of hydraulic fracturing or
hydraulic squeezing of the seam margin occur;

• The process of fluid discharge into coal is accompanied by the development of AE
and continuous AE, but this phenomenon has not been studied;

• in the absence of a potentially dangerous condition of the massif, fluid discharge
will be unnecessary, even if it is effective;

• the use of AE as a means of probing the massif during exploration borehole
drilling allows monitoring the condition of the formation during the drilling of
test and production boreholes during hydroloosening.

Figure 12.
Example of the results of determining the unloading zone in static and pulse modes of fluid discharge.
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Therefore, the following provisions were taken into account when monitoring the
stress–strain state of the massif under hydroimpulsive impact:

• during drilling, the initial zone of influence of the borehole is created around the
drill bit. This allows the AE created around the drill bit to study the stress massif
along the drilled borehole;

• installation of transmitters of SPE-98 equipment for monitoring AE signals
arising in the area of the working drill bit should ensure a dynamic range of useful
signals of at least 70 dB and high quality of all information coming from the
working face. Therefore, it should be installed at a distance of one to two meters
from the face line;

• the activity profile of AE signals recorded as the specific number of AE pulses is
built at meter intervals. The service of seismic and acoustic forecasting at mines
has a package of application programs for acoustic signal processing.

Thus, based on the results of registering the AE that occurs when drilling explora-
tion, production and control boreholes under hydroimpulsive impact, it is possible to
monitor and assess the state of the massif before, during and after the technological
process.

As an example, consider the results of research obtained during mining-
experimental operation in the conditions of the seam k2

l 617 m horizon at
“Molodohvardiiske” Mine Administration.

Based on the AE activity profile and the drilling length of production boreholes
(Figure 13), it was found that under these conditions the maximum stresses in the
massif are concentrated at a distance of 4.0 m ahead of the working face. Therefore,
when using 6.0-meter deep production boreholes with a sealing depth of 4.0 m, its
filtration part will be outside the zone of maximum stresses. Such parameters increase
the reliability of sealing and reduce the probability of fluid breakthrough into the
produced space. At the same time, the probability of hydraulic squeezing remains.

According to the calculations, it was found that under these conditions, the value
of the hydraulic fracturing pressure is Ph.р. = 12.2 MPa, and the pressure of
hydroimpulsive impact is Рd = 10.3 MPa. Based on this, the range of fluid pressure at
the generator inlet was set at 10.0 ≤ Рd ≤ 12.0 MPa. Therefore, the liquid was
discharged at a pressure of ≈11.0 MPa.

According to the calculations, it was found that under these conditions, the value
of the hydraulic fracturing pressure is Ph.р. = 12.2 MPa, and the pressure of

Figure 13.
Profile of AE activity along the drilling length of production borehole in the the seam k2

н 617 m horizon at
“Molodohvardiiske” Mine Administration.
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hydroimpulsive impact is Рd = 10.3 MPa. Based on this, the range of fluid pressure at
the generator inlet was set at 10.0 ≤ Рd ≤ 12.0 MPa. Therefore, the liquid was
discharged at a pressure of ≈11.0 MPa.

According to [1], hydroloosening of an outburst-hazardous coal seam in the work-
ing face of a development workings should be carried out through two boreholes
located in the corners of the workings. In this case, the distance between the borehole
faces is from 4.0 m to 6.0 m. During the sound accompaniment of the process of
hydroimpulsive impact and comparison of amplitude–frequency spectra, it was found
that high-frequency spectra were recorded in borehole No. 1 (in the order of devel-
opment). Based on the results of their processing, it was found that they relate to high-
frequency oscillations of the CG-2.5 generator. The energy of these oscillations is
spread in the fluid that fills the filtration space of the borehole. Stress transformation
occurs in the massif, which generates ultrasonic vibrations in the liquid. These
changes are recorded by SPE in the form of secondary vibrations of the coal massif in a
wide frequency range. Some of them, low-frequency vibrations (LF), are associated
with electrical interference (100–150 Hz) and the stressed state of the massif (200–
800 Hz). The high-frequency (HF) component of the spectrum is associated with the
pulses generated by CG-2.5 and contains peaks up to 3000 Hz. In borehole No. 2, the
fluid discharge process is not accompanied by intense AE pulses, and the spectrum
does not contain a high-frequency component with a high energy level. In addition,
the frequency spectrum does not include the range of generator operation up to
3000 Hz. Based on the analysis of the results obtained, it was concluded that the use of
the second borehole does not make sense.

The obtained results of acoustic monitoring made it possible to consider the feed-
back of the massif response to the hydroimpulsive impact and to assess the nature of
changes in the generator operating modes when the fluid boost pressure in the bore-
hole changes (Figure 14).

Due to the nature of the AE development and its spectral processing, it became
possible for the first time to study the development of the process of cavitation fluid
flow around the borehole directly in the coal massif. According to the results of the
studies carried out on the borehole simulator (Figures 2–4), the pulse tracing record-
ing is divided into components corresponding to different processes: 1—operation of
the pumping unit; 2—operating (cavitation) modes; 3—the generator’s non-operating
range (no hydroimpulsive loosening process); and 4—development of cracks in the
massif.

The availability of crack formation recordings and the established ranges of the
generator operation allowed us to study the development of the dynamic characteris-
tics of CG-2.5. The discharge process, namely the video recording of the fluid pressure
change in the borehole, which was recorded by the manometer, was divided into
components in time of 0.25 s. Based on the data obtained on the change in the fluid
boost pressure in the borehole, the scope ΔP and the frequency f of the CG-2.5
oscillations were calculated. This made it possible to obtain a nomogram of the process
development for the first time in the practice of research on hydroloosening of coal
seams (Figure 15). An analysis of the development of cavitation fluid flow in the
borehole and the hydroloosening process is given in [24].

According to the established hydrodynamic parameters registered by the SPE-98
system, the AFC of the generator was determined. This made it possible to compare
the results of theoretical (see Figure 4) and mining-experimental studies (Figure 16),
as well as to evaluate the process of hydroimpulsive loosening of the outburst-
hazardous coal in relation to the values of its elastic modulus.
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According to the results of studies of the hydroimpulsive loosening process of the
coal seam in the working faces of development workings, it was found that the
development of cracks in the massif (destruction of outburst-hazardous coal) begins

Figure 14.
Development of AE in the coal massif during its hydroimpulsive loosening.

Figure 15.
Nomogram of the process of hydroimpulsive loosening of an outburst-hazardous coal seam.
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simultaneously with the development of cavitation fluid flow in the borehole at a fluid
boost pressure of≈0.2MPa. The active stage of the process occurs at 3.0≤ Рb≤ 7.0MPa
and ends at Рb ≈ 1.0 MPa. In the theoretically established operating zones of the
generator, such as zone “A” and zone “B”, which correspond to the conditions of coal
fracture at the elastic modulus Е = 3 � 102 MPa; 5� 102 MPa; E = 2� 103 MPa, the
development of cracks in the massif occurs without any changes in the parameters of
the generator operating range.

Thus, regardless of the value of the elastic modulus of coal under the considered
conditions, the mode of hydroimpulsive impact Рd ≈ 11 MPa in a time of 8–11 minutes
ensures the loosening of the outburst-hazardous coal seam.

The final stage of the research is to analyze the results of controlling the
unloading zone and assessing the efficiency of the method by AE parameters. After
the completion of the hydroimpulsive loosening operations, the analysis of the regis-
tered AE recordings obtained during the drilling of an exploration borehole was
carried out. It was found that at a distance of up to 6.0 m from the mine face, the
AE pulses are practically absent, which indicates the presence of an unloaded zone
of the massif at least at the depth of the borehole. At a distance from 6.0 m to 17.0 m,
a zone of change in the stress–strain state of the massif, which arose after the
hydroimpulsive impact, is observed. In this zone, the state of coal outburst hazard
is controlled by drilling control holes during the production. In practice, it has
been established that it is safe to conduct the workings at a distance of up to
10.0 meters.

5. Conclusions

Acoustic monitoring of the coal-rock massif state in stress–strain zones using the
SASTE-1 and SPE-98 systems made it possible to study the process of hydroimpulsive
loosening of outburst-hazardous coal seams and establish new criteria for evaluating
the efficiency of the method. The following conclusions were made based on the
research results.

1.For the first time in the practice of hydroloosening of outburst-hazardous coal
seams, the parameters of acoustic monitoring of the state of an outburst-hazardous

Figure 16.
Comparison of the AFC of the CG-2.5 generator during hydroimpulsive loosening of an outburst-hazardous coal
seam with the dependences of strain development έ ≥10 s�1 at Е = 3 � 102 MPa; 5� 102 MPa; 2� 103 MPa.
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coal massif were used to control the parameters of cavitation fluid flow in the
fractured-porous coal environment around the borehole.

2.The use of the SASTE-1 and SPE-98 systems made it possible to develop new
criteria for assessing the effectiveness of the method of hydroimpulsive
loosening of outburst-hazardous coal seams in the working faces of development
workings and confirmed the development of the amplitude-frequency
characteristics of CG-2.5 in the borehole. The established regularities of the AFC
development as a function of the cavitation parameter or the fluid boost pressure
in the borehole allow studying the mode parameters of the cavitation discrete-
pulse fluid flow.

3.It has been established that the parameters of the developed generator CG-2.5
correspond to the parameters of mining equipment used for hydroloosening of
outburst-hazardous coal seams.

4.Comparison of the average statistical data of the parameters of static and pulse
modes of fluid discharge, established by acoustic monitoring, confirmed the
increase in the efficiency of hydroloosening using the CG-2.5 generator, namely
due to:

• reduction of the massif stress by at least 25% (Ко) and uniform (without
delays) development of deformations in the coal seam roof at a distance of
more than 10 meters from the working face of the mine;

• the presence of recordings accompanying cavitation fluid pressure
oscillations in the borehole with high-frequency components of the spectra
up to 3000 Hz, which correspond to the generator operating modes, and
their absence when the boost pressure of the fluid in the borehole drops, the
presence of AE spectra corresponding to the development of cracks in the
massif;

• conformity of the AFC of generator to the values of the impulse load of
outburst-hazardous coal, which do not depend on the direction of loading
and the elastic modulus of coal;

• the presence of a zone of change in the stress–strain state of the massif ahead
of the working face from 6.0 m to 17.0 m, which is created under the
influence of hydroimpulsive impact and controlled by changes in AE when
drilling control holes in the working face.

• increase the safe coal recovery zone from the sealing depth to the borehole
drilling depth;

• the established unloading zone, which is formed ahead of the working face
of the workings when it is carried out after hydroimpulsive loosening, at a
distance of up to 10.0 meters.
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Chapter 3

Development of an Advanced
System for Identifying
Low-Altitude Outdoor Mobile
Objects Based on Acoustic
Signatures
Yiyang Luo, Oleksandr Soboliak, Vladyslav Lutsenko,
Irina Lutsenko, Vadym Yehorov, Serhii Yehorov and
Trifanov Vitalii

Abstract

This chapter introduces an acoustic-based detection system for low-altitude mov-
ing objects, including unmanned aerial vehicles, helicopters, and ground vehicles. The
system analyzes acoustic spectra, revealing discrete harmonics from engine rotations
and a continuous spectrum from engine operations, with energy primarily below
2 kHz. Harmonic spacing helps estimate rotor speeds for helicopters, while high
engine revolutions per minute enhance the continuous spectrum component. Key
challenges addressed include target differentiation, bearing estimation accuracy,
environmental noise impact, and the need for meteorological adjustments. Experi-
mental results show that high-pass filters with a 500–700 Hz rejection band improve
target detection contrast and reduce noise interference. Future work will focus on
advanced noise suppression, meteorological data integration, and multisensor fusion
to enhance system performance and scalability.

Keywords: acoustic noise, microphone array, autocorrelation function, drones,
helicopters, identification systems, low-altitude outdoor aerial objects, moving target
selection filter, sensor integration, signal processing

1. Introduction

The detection and identification of low-altitude aerial objects, including unmanned
aerial vehicles (UAVs), helicopters, and VTOL flying cars, are vital for ensuring safety
and supporting the expanding low-altitude economy. Traditional detection methods,
including optical detection, acoustic detection, radio frequency (RF)-based methods,
and radar systems, have proven effective in various applications, but each encounters
specific limitations under certain conditions.
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Radar systems are renowned for their capability in long-range detection,
coordinate determination, and trajectory tracking through radar signal characteristics
[1–3]. They are highly effective for detecting and tracking objects at considerable
distances. Nevertheless, radar systems face challenges in detecting small UAVs due to
their low radar cross-section (RCS) and advanced stealth technologies. The presence
of electromagnetic pollution from active radar systems also prompts the use of exter-
nal electromagnetic sources to enhance radar performance while minimizing environ-
mental impact.

Optical detection methods, including telescopes, optical sights, and rangefinders,
are known for their high precision in measuring angular coordinates and
identifying objects under favorable conditions [4–6]. These systems excel in clear
visibility, offering detailed images and accurate object identification. However,
their performance significantly deteriorates under adverse weather conditions
such as fog, rain, and snow, as well as during nighttime. The limited field of view
and lower precision in distance measurement further constrain the effectiveness of
cameras.

RF-based detection methods offer several advantages, including cost-effectiveness
due to the use of common frequencies like 2.4 and 5.8 GHz ISM bands, all-weather
operation capabilities, real-time monitoring, and nonintrusiveness, making them
suitable for extensive surveillance. However, they face challenges such as susceptibil-
ity to interference and signal attenuation, limited range for detecting distant or
stealthy UAVs, complexity in signal analysis requiring advanced algorithms, potential
privacy concerns due to pervasive monitoring, and dependence on specific frequency
bands that can affect system effectiveness [7–9].

Acoustic detection methods leverage the sound emitted by objects to determine their
spatial coordinates. These methods are particularly effective for low-altitude and low-
speed UAVs and helicopters. Acoustic systems operate in a passive mode, relying on
the inherent noise of the objects to improve stealth and survival capabilities. Com-
pared to radar, acoustic methods benefit from simpler signal processing due to the
lower frequency of sound waves, which also reduces system costs. However, these
systems are limited by their shorter detection range and sensitivity to environmental
noise and interference [10–15].

Each method’s effectiveness varies depending on environmental conditions,
target characteristics, and operational requirements. This paper explores the
potential of acoustic spectral analysis as a complementary approach to enhance
detection capabilities, particularly in adverse weather conditions where
optical methods are limited and for noncooperative low-altitude aerial objects,
such as small UAVs and helicopters, which challenge radar systems and RF-based
methods.

This whole paper is structured into six sections, including Introduction,
Theoretical Basis, Equipment Setting, Experimental Study of Spectra and
Correlation Functions of Acoustic Signals from UAVs and Helicopters, Critical
Discussion, Future Work and Conclusion. We specifically examine the acoustic
characteristics of UAVs, including the “Shahed-136” [16], as well as helicopters
such as the KA-52 [17], Mi-28 [18], and Mi-8 [19], which are frequently
encountered in Ukrainian territory. The noise generated by these UAVs and helicop-
ters is detectable by acoustic systems. This chapter also discusses the acoustic
characteristics of ground vehicles and wind gusts, which are common and potential
environmental factors affecting systems’ detection capability for low-latitude outdoor
aerial objects.
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2. Theoretical basis

This section offers a detailed overview of the principles of acoustic detection
systems. It begins with an explanation of acoustic radiation, detailing the generation
of sound waves and their propagation, which is influenced by distance and atmo-
spheric conditions. Next, it covers acoustic signal delay and bearing estimation,
emphasizing methods to determine the direction of sound sources and manage asso-
ciated measurement errors. The impact of variations in sound speed and sensor base-
line on bearing accuracy is discussed, alongside the effect of sound source bandwidth
on precision. The section concludes with methods for estimating bearings from mul-
tiple targets by analyzing time delays, providing a comprehensive framework for
understanding and improving acoustic detection systems.

2.1 Acoustic radiation

Acoustic radiation refers to the emission of sound waves generated by mechanical
systems, such as UAVs and helicopters. This radiation arises from various sources,
including mechanical vibrations, engine noise, and aerodynamic turbulence during oper-
ation. Although such acoustic emissions are often considered unwanted and disruptive,
they also provide distinctive signatures that are essential for the identification and classi-
fication of aerial objects. For instance, the noise produced by propellers and rotor blades is
directly related to their rotational speeds, while engine noise is a result of combustion
processes and mechanical vibrations. The unique modulation frequencies associated with
these components serve as critical identifiers for different types of aerial vehicles.

The acoustic power radiated by these systems can be approximated as:

Pacoustic ¼ ρ0cA
2S2, (1)

where ρ0 is the air density, c is the speed of sound, A is the surface area of vibrating
components, and S is the velocity of the surface vibrations.

However, in practical acoustic wave propagation, several factors contribute to the
diminishing intensity of sound waves as they travel through the atmosphere:

1.Distance attenuation: following the inverse-square law, sound intensity decreases
proportionally to the square of the distance from the source. This can be
expressed as:

Pacoustic rð Þ ¼ Psource

4πr2
, (2)

where Pacoustic(r) is the acoustic power at a distance r, and Psource is the initial
acoustic power.

1.Atmospheric absorption: higher frequencies are more susceptible to absorption by
the air, leading to greater attenuation. The attenuation is described by:

SPL ¼ SPL0 � α fð Þ � r, (3)

where SPL0 is the initial sound pressure level, α(f) is the frequency-dependent
attenuation coefficient, and r is the distance. It should be noted that the quantities in
Eq. (3) are expressed in decibels, while those in Eq. (2) are given in absolute terms:
pressure in pascals and pressure density in Pa/m2 as a function of r.
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1.Environmental interference: external noise sources, such as gusty winds and rainfall,
can interfere with the detection of acoustic signatures. High-pass filters can mitigate
low-frequency interference from these sources, enhancing detection clarity.

2.Other meteorological factors: additional weather-related elements, such as
temperature gradients, humidity, and wind direction, can further influence sound
wave propagation and detection accuracy. Temperature gradients and humidity
affect the speed and absorption of sound, while wind direction can cause refraction
of sound waves, altering their trajectory and making detection more challenging.

From Eq. (2), it is evident that sound wave attenuation in the atmosphere is
frequency-dependent. However, the frequencies associated with aerial objects generally
exhibit a stable structural pattern. These frequencies, which correlate with operational
speed and the number of blades or rotors, can be detected in both acoustic and radar
signals, facilitating a dual-modal identification approach. Previous research [21, 22] has
shown that the modulation frequencies of rotating components, such as propellers and
engines, are crucial for identifying aerial objects. For example, helicopter rotor blades
produce harmonics at multiples of their rotational frequency, serving as distinctive iden-
tifiers despite attenuation. Similarly, aircraft with turbofan engines exhibit modulations
related to the rotation of shafts and turbines, further defining their acoustic profiles.

Furthermore, to improve detection accuracy, further integration of advanced sig-
nal processing methods such as high-pass filtering and spectrum analysis, alongside
the use of microphone arrays, can enhance the reliable identification and tracking of
aerial objects under difficult conditions.

2.2 Acoustic signal delay and bearing estimation

Acoustic detection systems utilizing multiple sensors, such as microphone arrays,
enhance the determination of the direction of incoming wave fronts, allowing for the
identification and localization of aerial objects based on their emitted sounds. Figure 1
illustrates a schematic diagram of such a system, featuring two microphones,M0 andM1,
positioned at an angle relative to the x-axis, with sound waves propagating along the
y-axis. The time delay τ between signals received by the two microphones is used to
estimate the azimuth α of the sound source O relative to the baseline between the sensors.
This method is extensively employed in sonar, radar, and wireless communications [1–3].

Figure 1.
Schematic diagram of the direction-finding (bearing) system. Schematic diagram of an acoustic direction-finding
system consisting of two microphones, M0 and M1.

42

Acoustical Engineering – The Intricate World of Sound Technology



The time delay τ of an acoustic signal at microphone M1 relative to the signal
received at microphone M0 can be mathematically expressed as:

τ ¼ OM1

c
¼ d � sinα

c
, (4)

where d denotes the baseline distance between the microphones, c represents the
speed of sound, and α is the bearing angle between the normal to the microphone
array’s baseline and the direction of the incoming acoustic wave [4].

The relationship between the bearing angle and the time delay can be derived as:

sinα ¼ c � τ
d

: (5)

Using this, the bearing angle α is determined by:

α ¼ arcsin
c � τ
d

� �
: (6)

The bearing error Δα, resulting from an error in the time delay measurement Δτ, is
a critical factor in direction-finding accuracy and can be estimated using:

Δα � cos α ¼ Δτ � c
d
, (7)

or, more explicitly:

Δα ¼ Δτ � 1
tmax

� 1
cos α

¼ 1
F0 � tmax

� 1
cos α

, (8)

where tmax = d/c is the maximum signal delay for the baseline d, and F0 = 1/Δτ is
the sampling frequency of the received signal [5].

As shown in Eq. (8), the bearing error depends on the sampling frequency F0 and
the bearing angle α. The minimum bearing error Δαmin occurs when the target is
aligned with the normal to the baseline (α = 0), where cos α = 1, leading to:

Δα ¼ Δαmin � 1
cos α

, (9)

where Δαmin ¼ 1
F0�tmax

.
Previous research [6, 7, 21, 22] has shown that the minimum achievable bearing

error increases significantly with the angle from the baseline normal. Specifically, the
bearing error grows proportionally to 1/cosα as the angle α deviates from the baseline
normal. For instance, a 60° deviation doubles the error. Consequently, sectors within
�60° of the baseline normal (a total angular range of 120°) are generally considered to
have acceptable bearing accuracy for direction-finding systems [6, 7]. This under-
scores the importance of careful system design to ensure accuracy across various
operational scenarios, which will be discussed further below.

2.3 Key factors influencing bearing accuracy in acoustic detection systems

Accurate azimuth estimation is crucial in fields such as navigation, communica-
tion, and surveillance. The time delay measurement Δτ, which is crucial for
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determining the azimuth accuracy of an acoustic detection system, is influenced by
several factors. Variations in the speed of sound caused by atmospheric conditions—
such as temperature, pressure, and humidity—affect measurement precision. The
baseline distance between microphones is also crucial; any inaccuracies here directly
impact the azimuth estimate. Additionally, the accuracy of time delay measurement
(related to the sampling frequency E0), signal processing techniques (including filter-
ing and spectral analysis), and the bandwidth of the sound source play significant
roles. Environmental interference, such as wind and background noise, can further
reduce accuracy. The configuration of the microphone array also affects the system’s
ability to determine the direction of incoming sound waves effectively. This subsec-
tion focuses on the effects of variations in sound speed, errors in baseline distance
measurement, and the bandwidth of the sound source, providing a detailed analysis of
the dependence of bearing error on the bandwidth of the sound source.

1.The influence of sound speed variations and baseline. Based on Eq. (7), the influence
of sound speed variations, caused by meteorological conditions (temperature,
pressure, and humidity), and baseline inaccuracies on the bearing estimation
error can be assessed using the following relation:

δ Δαminð Þ
Δαmin

¼ δC
C

þ δd
d
, (10)

where:

•
δ Δαminð Þ
Δαmin

is the relative error in bearing determination, and

• δC
C and δd

d are the relative errors in the determination of sound speed and the
baseline distance, respectively.

If the total bearing determination error must not exceed �0.5%, then as indicated
by Eq. (10), the errors in sound speed and baseline distance determination should
each be within �0.25%. Since sound speed is significantly affected by temperature
changes, achieving the required bearing accuracy necessitates incorporating a weather
station in the direction-finding system. This weather station should measure environ-
mental parameters such as temperature (with an error margin up to 1°C), humidity
(�10%), and pressure (�20 Pa).

The minimal achievable bearing measurement errors for various baseline distances
(0.5, 0.75, and 1 m) under standard propagation conditions (temperature of 15°C,
pressure of 1013 hPa, and sound speed approximately 341 m/s) are illustrated in
Figure 2. To maintain a specified bearing measurement error of 1.5° within a 120°
sector, a sampling frequency (F0) of approximately 28 kHz is required for a baseline
of 0.5 m, 18 kHz for a baseline of 0.75 m, and 14 kHz for a baseline of 1 m. Conse-
quently, for baseline distances greater than 0.75 m, selecting an F0 of 20 kHz ensures
the desired hardware accuracy in bearing measurement.

1.The influence of the sound source bandwidth. Bearing estimation for a broadband
acoustic signal source can be performed by calculating the maximum of the
cross-correlation function of the signals received by microphones spaced apart
by a baseline. The time delay, which determines the bearing, can be derived from
this cross-correlation maximum. The signals received by the microphones can be
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denoted as S(t) and S(t � τ), where τ is the time delay between signals. This time
delay can be determined by finding the maximum of the cross-correlation
function R(τ):

Rmax τð Þ ¼ max
τ ∈ 0, τmaxð Þ

ðt

t�T

S tð ÞS t� τð Þdt: (11)

The discrete version of Eq. (11) is given by:

Rmax jð Þ ¼ max
j∈ 0, jmaxð Þ

Xi
i�i0

S ið ÞS i� jð Þ, (12)

where j = τ�F0.
Thus, to estimate the time delay of the signals received by a pair of microphones

spaced by a baseline distance, the cross-correlation function of the received signals
must be calculated for all possible delays, from the minimum to the maximum.

The error in time delay estimation will depend on the required signal-to-noise ratio
(SNR) μ0 for achieving the desired probabilities of correct detection and false alarm,
as well as the noise variance σN

2 during measurements:

Rmax τð Þ � Rmax τ þ Δτð Þ≥ μσ2N : (13)

Considering that:

R τð Þ ¼ σ2Sρ τð Þ, (14)

where ρ(τ) is the normalized cross-correlation function and σS
2 is the variance of

the received acoustic signal.
From Eqs. (13) and (14), we obtain:

ρmax τð Þ � ρmax τ þ Δτð Þ≥ μ0
μ
: (15)

Figure 2.
Dependence of minimum bearing measurement error on baseline and sampling frequency under normal
propagation conditions.
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Assuming the normalized correlation function can be approximated by an expo-
nential function:

ρ τð Þ≈ exp � τ=τ0j jð Þ: (16)

which corresponds to the spectrum S(ω) described by the Lorentzian line:

S ωð Þ≈ 1

1þ ωτ0ð Þ2 : (17)

It is evident that the bandwidth at half-power Δω is:

Δω ¼ 1
τ0

: (18)

Using the asymptotic representation of the correlation function near its maximum:

ρ τ≈0þ Δτð Þ≈1� Δτ
τ0

: (19)

Eq. (15) can be rewritten as:

Δτ
τ0

≥
μ0
μ
: (20)

If the excess SNR during measurements relative to the required SNR for detection
with specified quality is denoted as Δμ = μ/μ0, then the error in time delay determi-
nation is given by:

Δτ ≥
τ0
Δμ

: (21)

This implies that the error is directly proportional to the correlation interval τ0 of
the received acoustic signal and inversely proportional to the signal bandwidth 1/Δω,
and inversely proportional to the SNR Δμ above the required level for achieving the
desired detection characteristics.

As indicated by Eq. (21), when the SNR is below the required detection level
(Δμ = 0 dB), the error in estimating the arrival time of acoustic signals at spatially
separated elements will be equivalent to their correlation interval. Conversely, when
the SNR exceeds the required level by Δμ = 10 dB, the error decreases by a factor of
10. These relationships can be applied to estimate the upper bounds of errors for
various acoustic signal spectra. Combining Eq. (21) with Eq. (8) enables the estima-
tion of bearing error based on the broadband characteristics of the signal and the
measured SNR. Assuming that the errors—both instrumental and those related to the
broadband nature of the acoustic signal—are independent, the resulting bearing esti-
mation error should remain within the specified limits.

2.4 Bearing estimation using time delays from multiple acoustic sources

Let us consider a scenario where the microphones receive signals from two distinct
sources, each with different bearings and therefore different time delays. The signals
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from the first source are denoted as S1(t) and S1(t � τ1), where τ1 represents the time
delay between the signals received by the first and second microphones, determined
by the bearing of the first target. Similarly, the signals from the second source are
denoted as S2(t) and S2(t� τ2), where τ2 is the time delay corresponding to the bearing
of the second target. The time delay is measured relative to the first microphone. The
received signals at the microphone inputs can be expressed as:

S1Σ tð Þ ¼ S1 tð Þ þ S2 tð Þ
S2Σ tð Þ ¼ S1 t� τ1ð Þ þ S2 t� τ2ð Þ

�
: (22)

The cross-correlation function of these signals, assuming the signals from the two
sources are statistically independent, is given by:

RΣ τð Þ ¼ σ2ΣSρΣ τð Þ ¼ σ21Sρ1 τ � τ1ð Þ þ σ22Sρ2 τ � τ2ð Þ, (23)

where σiS and ρi(τ � τi) represent the variance and normalized cross-correlation
function of the i-th acoustic signal source and its time delay, respectively. The terms
σΣS and ρΣ(τ) denote the variance and normalized cross-correlation function of the
resultant signal.

The resultant cross-correlation function is a weighted average of the cross-
correlation functions of the individual signals, with weights determined by their
variances. For simplicity, let us assume that time delays are estimated by locating the
maxima of the resultant cross-correlation function, as outlined in Eq. (23). This
procedure mirrors that used for a single source, as previously described in Eqs. (11)
and (12). Consequently, the cross-correlation function for the superposition of signals
from two sources will be a weighted average of their individual cross-correlation
functions, with weights based on their variances.

To detect the second local maximum corresponding to the second source, its
level must exceed the cross-correlation function value of the first source,
considering the necessary SNR ratio μ0 for detection. Therefore, we can express this
requirement as:

σ22S ≥ μ0σ
2
1Sρ1 τ2 � τ1ð Þ: (24)

From Eq. (24), it follows that as the time separation between received signals
decreases, the required signal level for accurate bearing estimation increases. When
estimating bearings for complex targets with multiple sources, the process involves
computing the cross-correlation function of signals received by a pair of spatially
separated microphones. The global maximum of this function indicates the time delay
(bearing) of the most intense source. Following this, the second local maximum,
corresponding to the second radiation source, can be identified.

3. Equipment setting

When air and ground objects move, their propulsion systems generate noise with
distinct characteristics that can be used for type identification. To identify the type of
aerial target, we utilize characteristic modulation frequencies caused by the move-
ment of helicopter main rotors and tail rotors, or by the propellers of UAVs. The
identification process involves analyzing useful signals and their spectral profiles. The
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characteristic modulation frequencies of the emitted acoustic signals can be used to
determine the type of aircraft.

To detect acoustic signatures of UAVs, helicopters, ground targets, and environ-
mental noise, a four-channel measurement system was developed, as shown in
Figure 3. This system, featuring high precision, uses MEMS microphones for detailed
acoustic signal capture. It is integrated with an ESP-32 microcontroller (240 MHz
dual-core) and supports Wi-Fi and Bluetooth, with data stored on a 32 GB micro-SD
card. The microphone array consists of four omnidirectional INMP441 digital MEMS
microphones arranged in a three-sided equilateral pyramid with a 1.4-meter base and
0.8-meter edges. The system’s specifications are detailed in Table 1.

Although the microphone array was successfully constructed as shown in
Figure 3a, field testing for UAV trajectory tracking was hindered by the ongoing war.
Consequently, the analysis and findings presented in this study are based on previ-
ously recorded data from a single microphone, focusing on the spectral characteristics
of acoustic signals from each target.

It is important to note that accurate matching of signals received by each channel
to their respective sound sources is essential, as it directly influences the precision of
subsequent bearing estimations. The sources and cumulative effects of bearing errors
were discussed in the previous chapter. To enhance detection accuracy, high-pass
filtering was employed to eliminate low-frequency noise, such as wind interference.
Advanced signal processing techniques, including spectrum analysis and correlation,
were utilized to effectively extract modulated signals. By integrating these methods,
the detection system improves reliability in identifying and tracking aerial objects
under challenging conditions. Detailed results will be presented in the next chapter.

4. Experimental study of spectra and correlation functions of acoustic
signals from UAVs and helicopters

A sampling frequency of 24 kHz and a 24-bit resolution allow for an estimation of
azimuth errors within �1.5° and elevation errors within �30° [22]. In this study, we
analyze four scenarios with a focus on noncooperative helicopters and UAVs that pose
potential threats in urban safety environments. These scenarios highlight the practical

Figure 3.
Photograph (a) and design structure schema (b) of the direction-finding system experimental setting.
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experimental challenges associated with detecting and identifying low-altitude targets
in urban settings. Accurate and timely identification of potential threats in such
environments is crucial.

Case 1: Shahed-136. The Shahed-136, an Iranian suicide drone introduced in 2020
[20], is often compared to the Russian Geran-2. This glide bomb has a range of up to
1000 km, with a claimed maximum range of 2000 km. It measures 3.5 meters in
length, has a wingspan of 2.5 meters, and weighs 200 kg. Operating at altitudes
between 60 and 4000 meters, it maintains a cruising speed of 150 to 170 km/h (40 to
50 m/s). It is powered by a 50 hp. (37 kW) MADO MD 550 engine, a clone of the
German Limbach L550E. Its distinct engine noise allows detection from several kilo-
meters away.

Case 2: Ka-52 “Alligator.” The Ka-52, a Russian multirole helicopter [17], is an
evolved version of the Ka-50 “Black Shark.” It measures 16.0 meters in length, with a
fuselage length of 14.2 meters, a rotor diameter of 14.5 meters, and a wingspan of 7.3
meters. It is powered by twin TV7-117 V engines, producing 2400 hp. at takeoff,
2700 hp. in emergency mode, and 1750 hp. during cruising. Its maximum speed is
310 km/h, cruising speed is 260 km/h, with a practical range of 460 km, a static ceiling
of 4000 meters, and a dynamic ceiling of 5500 meters.

Case 3: Mi-24. The Mi-24, also known as the “Crocodile” [18], is a multirole
helicopter developed by the Mil Moscow Helicopter Plant. It has a length of 21.35
meters, a height of 4.73 meters, and a rotor diameter of 17.3 meters. The Mi-24 can
achieve speeds of up to 315 km/h at low altitude with a weight exceeding 11,200 kg, or
335 km/h with a weight below 11,200 kg. Its practical range is 450 km, and it has a
static ceiling of 1750 meters.

Case 4: Mi-8. The Mi-8, a Soviet multirole helicopter from the early 1960s [19],
measures 25.244 meters in length and 4.73 meters in height and has a rotor diameter of
21.288 meters. It can reach speeds of 250 km/h at ground level with a takeoff weight of

Component Details

Microphones INMP441 Digital MEMS

Type Omnidirectional, bottom port

Interface Digital I2S, 24-bit data

SNR 61 dBA

Equivalent Input Noise 33 dBA SPL

Sensitivity �26 dBFS

Frequency Response 60 Hz to 15 kHz

Maximum Acoustic Input Peak 120 dB SPL

Noise Floor �87 dBFS

Data Digitization 24-bit, 24 kHz sampling frequency

Microcontroller ESP-32, Dual-core, 240 MHz

Communication Modules WiFi and Bluetooth

Data Storage 32 GB micro-SD card

Table 1.
Technical specifications of the measuring system.
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11 tons and a cruising speed of 225 km/h at an altitude of 500 meters. Its maximum
operational altitude is 4500 meters. At 500 meters altitude, with a normal fuel load of
1450 kg, its range is 365 km, and with a maximum fuel load of 3445 kg, it extends to
1305 km. The main rotor has five blades with a diameter of 21.288 meters, and the tail
rotor has three blades with a diameter of 3.908 meters.

By analyzing the fundamental spectral characteristics of the aforementioned four
types of low-altitude aerial moving objects, and utilizing advanced signal processing
techniques such as autocorrelation functions of acoustic signals, cepstrum analysis,
and selective filtering for moving targets, we effectively suppressed and separated
background noise.

4.1 Analysis of spectral characteristics

The spectral characteristics of UAVs and helicopters are analyzed in this subsec-
tion. Figure 4 presents the spectra from three passes of the Shahed-136 (Geran-2)
UAV. The analysis reveals that the maximum spectral density is concentrated in the
frequency range up to approximately 1300 Hz, with several prominent harmonics.
Beyond 4 kHz, the spectral density diminishes by more than 30 dB. Notably, all three
instances display similar spectral patterns, characterized by a continuous component,
which can be approximated by:

SI Fð Þ ¼ S01= 1þ F � FD

ΔFn

� �n� �
, (25)

and a discrete component SD(F), representing harmonics associated with the
UAV’s engine frequencies:

SD Fð Þ ¼
Xnmax

i�1

aiδ F � FD þ iΔFnð Þ: (26)

Figure 4.
Spectra of three passes of the Shahed-136 UAV. (Note: The data were sampled at a frequency of 44.1 kHz, with a
frequency resolution of 10.767 Hz. The segment length N was 4096 samples, resulting in a duration of
�1.5 seconds. Linear averaging was used, with smoothing applied via a Hanning window. Segment overlap during
spectral calculations was 99%).
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These components are associated with various mechanisms, including noise-
induced aerodynamic and structural processes [23], which are primarily driven by
noise generated during the active gas exchange in the engine and cooling systems, as
well as vibrations from the engine suspension and its outer surfaces. Studies of the
Shahed-136 UAV’s acoustic noise reveal that the spectral energy is concentrated
within the 200–2000 Hz range. The spectrum comprises both continuous and discrete
components, represented by a set of Delta triangular functions. The frequency varia-
tion (ΔFn) is linked to engine revolutions per minute (RPM), while the specific value
of Doppler frequency shift (FD) is influenced by the UAV’s flight direction. To esti-
mate the average modulation frequency associated with the UAV’s engine operation,
the frequency of the maximum spectral value and its corresponding harmonics must
be evaluated. For the Shahed-136 UAV, the spectral peak occurs at approximately
1070 Hz, indicating that harmonics related to the modulation frequency are spaced
around 107 Hz.

Figure 5 presents the acoustic signal spectra of the Ka-52 and Mi-24 helicopters,
respectively, using different frequency resolution elements and time-averaging inter-
vals, displayed on different scales. The spectra for the Ka-52 in Figure 5(a) are
presented on a logarithmic scale for both frequency (x-axis) and amplitude (y-axis),
while for the Mi-24 in Figure 5(b), the frequency is represented on a linear scale and
the amplitude on a logarithmic scale. The spectra of the helicopters exhibit a similar
pattern to that of UAVs, with differences in the spacing of spectral lines, which are
determined by the rotational frequencies of the main and tail rotors. These spectral
characteristics can be used to identify the helicopter type. The primary energy is
concentrated in the frequency band up to approximately 2000 Hz. Wind noise,
concentrated at lower frequencies, can be suppressed using high-frequency (HF)
filters to enhance detection against natural background noise.

Furthermore, in contrast to the Shahed-136 UAV and Ka-52 helicopter, whose
spectra can be effectively approximated using a linear approximation on a double
logarithmic scale for both frequency and amplitude, the Mi-24 helicopter spectrum
behaves differently. When represented on a linear frequency scale and a logarithmic
amplitude scale, the Mi-24’s spectrum can be approximated by a linear function across
a wide dynamic range of 40 to 50 dB (Figure 5b). This suggests that the HF spectral
density for helicopters can be modeled using an exponential function:

Figure 5.
Spectra of acoustic signals from helicopters Ka-52 (a) and Mi-24 (b).
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S Fð Þ≈S0 exp � F
ΔF

� �
: (27)

4.2 Autocorrelation functions of acoustic signals

The autocorrelation function (ACF) of acoustic signals plays a crucial role in
analyzing the periodic characteristics of emitted sound waves from aerial vehicles.
Unlike amplitude, which can be affected by environmental noise and other external
factors, the ACF provides a more stable measure of a signal’s inherent periodic fea-
tures. For an acoustic signal s(t), the ACF R(τ) is defined as:

R τð Þ ¼
ð∞

�∞

s tð Þs tþ τð Þdt: (28)

where τ represents the time lag. The ACF quantifies the similarity between the signal
and a time-shifted version of itself, capturing the periodic components of the signal.

Figure 6 displays the ACF of the Shahed-136 UAV’s acoustic signals across differ-
ent time windows. A one-unit shift represents an approximate time offset of 22.7 μs.
For larger time windows, as shown in Figure 6(a) and (b), the envelope correlation
interval is about 13.6 ms, measured at a value of 0.37 from the peak, corresponding to
�600 units. This interval indicates the effective bandwidth of the acoustic signal,
estimated to be between 70 and 80 Hz. For intermediate and smaller time windows,
depicted in Figure 6(c) and (d), the central frequency shift, inferred from the ACF

Figure 6.
Autocorrelation function of the acoustic signal of the Shahed-136 UAV.
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period, is around 630 to 670 Hz, corresponding to about 65 to 70 units. The ACF of the
main lobe can be approximated by an aperiodic function:

R τð Þ≈ exp � τ
Δτ

���
���

� �
: (29)

where Δτ represents the correlation interval for the Shahed-136 UAV. The width of
the main lobe of the ACF is �10 units, corresponding to 227 μs.

The periodic nature of the ACF offers a stable indication of modulation frequencies
and rotor blade rotations. Unlike amplitude, which fluctuates due to environmental
noise, the ACF consistently reveals these periodic features, enhancing accuracy and
reliability in vehicle recognition and classification. Thus, focusing on ACF periodicity
improves differentiation between various helicopters and UAVs, refining acoustic
signal analysis and detection. For instance, the ACF of the Shahed-136 UAV’s acoustic
signals indicates that modulation frequencies are more informative than the intensity
of scattered signals for identifying aerial vehicles.

Previous studies [21–23] demonstrate that helicopter rotor frequencies are dis-
tinctly identifiable through the periodic components in the ACF, which are less
apparent from amplitude measurements. The modulation frequency (fm) of the emit-
ted acoustic signal, associated with blade rotation, can be estimated using the method
outlined in Refs. [9, 15]:

f m ¼ 3
4π

� c
D
� N � Pð Þ ¼ 1

τm
, (30)

where c, D, N, and P present the speed of sound, the diameter of the rotor blade,
the number of blades, and the number of rotors, respectively. And τm is the period of
the modulation observed in the autocorrelation function. For the Shahed-136 UAV,
with an envelope correlation interval of �13.6 ms, fm is estimated to be �73.5 Hz.

Unlike the Shahed-136 UAV, which operates at higher frequencies, the main rotor
frequencies of helicopters like the Ka-52 are in the tens of Hz range, with tail rotor
frequencies approximately 5 to 6 times higher. The Ka-52’s dual main rotors have
slightly higher frequencies compared to single-rotor helicopters such as the Mi-8 and
Mi-24. Table 2 presents detailed rotor characteristics and estimated modulation

Characteristic Ka-52 Mi-24 Mi-8

Main Rotor Diameter (D, m) 14.5 17.3 21.288

Number of Blades (N) 3 5 5

Number of Rotors (P) 2 1 1

Frequency (fm,,Hz) 33.7 23.54 19.1

Period (τm, ms) 26.97 42.48 52.36

Tail Rotor Diameter (D, m) — 3.91 3.908

Number of Blades (N) — 3 3

Number of Rotors (P) — 1 1

Frequency (fm,,Hz) — 62.41/196.33 62.44/196.23

Period (τm, ms) — 16.023/5.094 16.015/5.096

Table 2.
Acoustic signal modulation frequencies and rotor characteristics of helicopters.
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frequencies of the emitted acoustic signals, calculated using Eq. (30). Figure 7 illus-
trates the low-frequency components of the acoustic spectra from these helicopters.
These results are consistent with each other and align with those in Refs. [21–24],
indicating that these frequencies are effective for aircraft type identification. How-
ever, the estimates in Table 2 are preliminary and require further refinement.

It is important to note that environmental factors, such as wind gusts, can signif-
icantly impact these measurements. Previous studies [23] compared the spectra of
wind gusts with those of fixed-wing UAVs and multirotor UAVs. Wind gusts are
characterized by energy concentrated at much lower frequencies, and their
nonstationary nature can substantially reduce the detection range of objects based on
acoustic noise. The following subsection will present measures to mitigate the impact
of quasiperiodic natural interference on acoustic system detection.

4.3 Strategies for mitigating environmental noise and enhancing system’s
detection accuracy

For small aerodynamic objects, such as UAVs, spectral features related to engine
speed are prominent. The acoustic noise spectra of four different aerial targets (Shahed-
136 UAV, Mi-8, Mi-24, and Ka-52) are illustrated in Figures 5–8. UAVs typically exhibit
higher rotational frequencies, ranging from 7000 to 11,000 RPM. Previous work [23]
has detailed the acoustic characteristics of fixed-wing UAVs, propeller-driven UAVs,
and gust noise. The spectrum of fixed-wing UAVs shows a periodicity of about 116 Hz,
corresponding to an engine speed of approximately 7000 RPM. Notably, increasing
engine speed from idle to maximum results in an 11 to 18 dB rise in noise level, with the
frequency of the spectral peak increasing proportionally to the engine RPM, while the
overall shape of the emission spectrum remains relatively unchanged [23].

4.3.1 Ground vehicle noise

Noncooperative UAVs often fly over busy highways or rivers to conceal their pres-
ence and pose a threat to urban safety. Therefore, it is crucial to consider the differences
between the acoustic noise of ground vehicles and UAVs. Figure 9 depicts the acoustic

Figure 7.
Low-frequency components of helicopter acoustic spectra: 1 – Mi-8; 2 – Mi-24; 3 – Ka - 52.
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noise spectra of a ground vehicle equipped with a 3TD diesel engine at various engine
speeds (ranging from 600 to 2400 RPM). The spectral behavior of ground vehicles is
similar to that of aerial objects, featuring both a continuous spectrum and discrete
harmonics related to engine rotation. While the harmonics vary with engine speed, the
overall spectral shape remains relatively consistent. This indicates that, despite being
part of the environmental interference, ground vehicle noise can still be identified and
distinguished from UAV noise based on its unique acoustic characteristics.

4.3.2 Gust wind noise

Gust wind noise presents significant challenges for UAV detection due to its
spectral energy being concentrated at much lower frequencies compared to UAV
noise. This discrepancy complicates the performance of acoustic detection systems.
Additionally, the nonstationary nature of gusts further impedes UAV detection using
acoustic signals. To mitigate the challenges posed by natural disturbances such as
wind, a modified Fourier transform can be employed to analyze the dynamics of
quasiperiodic sequences [23]. Furthermore, broadband interference caused by wind
requires specialized noise suppression techniques. For instance, Figure 8 shows the

Figure 8.
Time-domain signal (a) and spectra (b) of a quadcopter during a wind gust (1) and in its absence (2).

Figure 9.
Acoustic noise spectra of a 3TD diesel engine at various RPMs: 1 – 600, 2 – 1800, and 3 – 2400 RPM.
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recorded noise of a quadcopter at an altitude of approximately 10 meters and its
corresponding spectrum. During the experiment, wind speeds ranged from 7 to 8 m/s.
Under gusty conditions (moment 1 in Figure 8(a)), the noise intensity increased by
about 10 dB, and the spectrum broadened at lower frequencies (curve 1 in Figure 8
(b)) compared to calmer periods (moment 2 in Figure 10a, with the spectrum shown
as curve 2 in Figure 8(b)). The quadcopter’s noise exhibits stationary characteristics,
with a spectral periodicity determined by the rotor rotation frequency, approximately
110 Hz, corresponding to �7000 RPM.

4.3.3 Moving target selection (MTS) filter

Furthermore, considering noise from wind, rain, and engine, self-noise can
complicate the detection of other technical objects (targets of reconnaissance), the
distribution of noise source power by frequency and the attenuation coefficient α of
noise sources when rejecting their low-frequency components were studied:

α fð Þ dB½ � ¼ 10 � log 10
Pin

Pout fð Þ
� �

, (31)

where Pin ¼ Ð fmax
0 S ωð Þdωand Pout fð Þ ¼ Ð fmax

f S ωð Þdω are the power level
of the input signal (before filtering) and the output signal (after filtering),
respectively.

Figure 11(a) shows the transmission coefficients T(f) [dB] = �α(f) [dB] of the
Shahed-136 UAV signal through the MTS filter as a function of the lower cutoff
frequency (f). The samples 1, 2, and 3 correspond to those presented in Figure 4. With
f = 500 Hz, the attenuation of the useful signal remains minimal (<3 dB) while wind
noise is significantly suppressed by the MTS filter. This demonstrates that applying a
HF MTS filter effectively enhances system’s target detection ability by reducing pas-
sive interference, such as wind, as illustrated in Figure 11(b).

The effectiveness of noise suppression becomes more pronounced at frequencies
above 200 Hz. At a rejection frequency of approximately 500 Hz, the signal-to-noise

Figure 10.
Dependence of transfer coefficients on cutoff frequency for various objects under wind noise conditions.
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ratio improvement at the MTS filter output for UAVs like the Shahed-136, as well as
helicopters such as the Ka-52 and Mi-24, is around 10 dB, as shown in Figure 11(b).
Expanding the rejection band to 700 Hz further boosts this improvement to 13–14 dB,
suggesting that the detection range of these targets amid natural interference can be
increased by approximately 2 to 4 times.

The effectiveness of noise suppression becomes more pronounced at cutoff fre-
quencies above 200 Hz. At a rejection frequency of approximately 500 Hz, the signal-
to-noise ratio improvement at the MTS filter output for UAVs like the Shahed-136,
as well as helicopters such as the Ka-52 and Mi-24, is around 10 dB, as shown in
Figure 11(b). Expanding the rejection band to 700 Hz further boosts this improve-
ment to 13–14 dB, suggesting that the detection range of these targets amid natural
interference can be increased by approximately 2 to 4 times.

Similarly, MTS filters can be used to improve observation in the presence of wind
noise not only for airborne vehicles but also for ground objects, as illustrated in
Figure 10. In most observed objects, both aerial and terrestrial, HF components are
present that can be used for detection and localization. Using data on the attenuation
coefficients αi of noise by a high-pass filter for the i-th observation object, the contrast
between objects A and B can be estimated as:

Δα fð Þ dB½ � ¼ αA fð Þ dB½ � � αB fð Þ dB½ �: (32)

The resulting contrasts under wind noise conditions are illustrated in Figure 10.
The analysis reveals that the wind noise spectrum predominantly lies within lower
frequency ranges, compared to the noise produced by technical objects. Consequently,
by suppressing the low-frequency components, an additional contrast improvement of
approximately 10–15 dB can be achieved. This filtering process enhances observability
by selectively attenuating low-frequency noise, thereby improving target detection.

4.4 Consideration of meteorological adjustments

Meteorological factors, including temperature, humidity, and variations in wind
speed and direction, significantly influence sound propagation and bearing accuracy,

Figure 11.
Dependence of transfer coefficients on cutoff frequency: (a) for acoustic signals from Shahed-136 UAV using MTS filter
(1–3 realizations), (b) comparison of contrast enhancement for Ka-52, Mi-24, and Shahed-136 using MTS filter.

57

Development of an Advanced System for Identifying Low-Altitude Outdoor Mobile Objects…
DOI: http://dx.doi.org/10.5772/intechopen.1007598



indicating that real-time weather data could enhance system adaptability [1, 11–
15, 21–24]. Our recent study [25] investigated the role of these factors in the detection
and localization of small, low-speed aerial objects. Quantitative analyses showed that
humidity has a minimal effect on sound speed, with variations of less than 0.01%
across a relative humidity range of 0–100%. In contrast, sound speed varies by
approximately 12% between �30°C and +40°C. Wind speed and direction signifi-
cantly impact sound speed, with maximum changes occurring when the wind direc-
tion aligns with the “source-observer” line, leading to bearing errors when
perpendicular. Accurate estimation of wind speed at the object’s height should utilize
models that account for underlying surface types, as high-rise building models exhibit
substantial wind speed variations with height. Therefore, effective acoustic localiza-
tion must consider these meteorological factors to ensure precise sound radiation and
accurate azimuth measurements.

5. Critical discussion

Recent studies have demonstrated that acoustic signatures can effectively identify
various types of low-altitude outdoor moving objects [1, 10–16, 21–26]. The developed
acoustic detection system shows significant potential for monitoring the trajectories of
these aerial objects. However, several critical limitations must be addressed to
enhance operational performance.

5.1 Target differentiation

The system accurately identifies UAVs, helicopters, and ground vehicles based on
their spectral signatures. However, it encounters difficulties in environments with
overlapping noise sources, complicating target differentiation in complex settings.

5.2 Bearing estimation accuracy

Microphone arrays enhance bearing estimation but are less effective in low SNR
conditions and with closely spaced targets [13, 14]. Refinements to advanced
processing techniques are necessary, while increasing the array base size adds com-
plexity and cost.

5.3 Environmental noise impact

Wind and other nonstationary noises reduce detection performance, particularly
at low frequencies. High-pass filters mitigate some effects but may attenuate critical
signals. Better noise rejection methods are needed to maintain reliability in varied
conditions.

5.4 Meteorological adjustments

Integration with meteorological data is lacking. Temperature, humidity, and wind
variations impact sound propagation and bearing accuracy. Incorporating real-time
weather data could improve system adaptability.
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5.5 Instrumental and measurement errors

Measurement inaccuracies, particularly in angle determination and azimuthal bases,
adversely affect bearing precision [13]. Although increasing base size and sampling fre-
quency can mitigate errors, such enhancements complicate the system and elevate costs.

5.6 Passive detection limitations

While passive detection provides stealth, signal attenuation over long distances or
in complex terrains remains a challenge. Combining with radar or optical systems may
enhance detection capabilities.

5.7 The system’s scalability

The system’s scalability is limited by its ability to distinguish multiple acoustic
sources from noise sources. As noise increases, target differentiation decreases. Fur-
ther research into adaptive filtering and enhanced algorithms is essential for effective
large-scale deployment.

6. Future work

Future efforts will focus on enhancing noise suppression, integrating meteorolog-
ical data, and applying convolutional neural networks for multi-source wave matching
and filtering. Additionally, multisensor fusion will be implemented to improve system
robustness and scalability across urban and remote environments.

7. Conclusion

Our study demonstrates the effectiveness and feasibility of using acoustic noise to
monitor and identify aerial and ground objects. The acoustic spectra of these targets
consist of two primary components: discrete harmonics associated with engine rota-
tion and a continuous component from engine operation and vibration, with substan-
tial energy concentrated below 2 kHz. For helicopters, the spacing of harmonics is
critical for estimating rotor speed and type, while increased engine speed enhances the
continuous spectrum, facilitating the identification of operating modes. Accurate
bearing estimates depend on correlation spacing and SNR, with higher sampling
frequencies improving accuracy. Environmental noise, particularly from gusts, can
reduce range and introduce errors, complicating detection. Our experiments indicate
that a high-pass filter with a rejection band of 500–700 Hz can mitigate some of these
effects. Future work should incorporate meteorological data (e.g., temperature, pres-
sure, and humidity) to account for variations in sound propagation and improve error
correction. Furthermore, advanced correlation techniques and high SNR are essential
for effective detection and tracking of multiple sources.
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Chapter 4

On the Use of Micro-Perforated
Panels for Sound Absorption
Rostand B. Tayong

Abstract

This study deals with the sound absorption for micro-perforated panels (MPP) as
an effective solution for sound reduction. Single and multiple MPPs backed by an air
cavity are presented, analyzed, and both their behavior and response are modeled and
measured. The experimental setup relies on the use of an impedance tube. Three MPP
samples were fabricated for this study: two MPP samples are made of Aluminum and
one sample is polymer-made to analyze the contribution of the panel vibration to the
overall sound absorption. To support the analysis, two models are presented: a model
based on the acoustic propagation in short and narrow tubes and a model based on the
equivalent fluid. Both models are compared to the experimental data and discussed.
The theory considers no interactions between the holes. It is particularly showed that
the sound absorption in the low-frequency ranges can be enhanced by using the
combined effects of multiple MPPs and their vibrational effects. Relatively good
agreement is also observed between the prediction and the measurement. The study
suggests the present technique as a relatively easy and cheap technique for enhancing
the sound absorption of systems including MPPs backed by air cavity.

Keywords:micro-perforated panel, absorption coefficient, acoustic, sound reduction,
sound testing

1. Introduction

Due to the development of economic activities, noise pollution has increased to
such an extent that it is now one of the leading causes of individual complaints in
many countries around world. The transport industries already use lots of conven-
tional porous absorbent materials for medium and high frequencies; low frequencies
remain difficult to address because they require the use of large material thicknesses
that are often incompatible with industrial constraints. The current trend is therefore
to use thin and light structures. For the past decades, micro-perforated panels (MPPs)
has been considered as an emerging and effective method to absorb sound. They stand
as a clean and interesting alternative to traditional porous materials as described by
Cobo and Simon [1]. MPPs consist of sub-millimetric holes in a panel, acting as the
Helmholtz resonator principle [2]. Major advantages that MPPs offer is that their
sound absorption performance can be optimized by adjusting parameters such as the
panel thickness, the holes diameter (or perforation size) and the open area ratio (also
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known as the porosity) [3]. These sound absorption systems offer practical benefits
such as minimal space requirements and cost-effectiveness [4]. In addition, multiple
layers of MPPs arrangement can significantly broaden their absorption frequency
range [1]. All these potentials of MPPs suggest that they can be versatile and interest-
ing sound absorbers in various applications, particularly in building and transport
domains. Other non-negligible reasons for their preference are that they offer inter-
esting advantages such as wind proofing, waterproofing or flameproofing compared
to the traditional porous materials such as glass wool [5]. They are therefore suggested
as an alternative sound solution to the traditional materials mostly in extreme or harsh
environments that require high temperature or high velocity gas circulation.

The acoustic response of MPP is influenced by various factors such as the sound
pressure level, the vibrational behavior of the panel, the distribution of the holes
across the panel surface and the geometrical characteristics of the MPP. To predict the
acoustic response of MPPs when subjected to an acoustic excitation, models need to
take into consideration these factors. The principle of using MPPs as sound absorption
solutions is simple but their modeling remains incomplete. Their principle is as
followed: when the incident acoustic wave encounters the MPP, it propagates through
the perforations. If the dimensions of the perforations are of the order of magnitude of
the thermal and viscous boundary layers, part of the acoustic energy is dissipated by
friction and heat exchange, or by vortex detachment in the case of high sound pres-
sure levels. There are various approaches to modeling MPP at low sound pressure
levels. These approaches include the theoretical and empirical approaches to acoustic
orifices developed by Bolt et al. [6], the Helmholtz resonator approach [7], the acous-
tic propagation in short and narrow tubes approach expanded by Maa [8], the equiv-
alent fluid approach developed by Atalla and Sgard [9] and various numerical
approaches, including the semi-analytical methods [10]. Recently, many research
works have explored various aspects of MPP performance. The work by Yang et al.
[11] developed a theoretical model for oblique sound incidence on finite MPP
absorbers, demonstrating that absorption coefficients depend on incident angle, fre-
quency, and cavity modes. There is also an empirical optimized model using the
response surface methodology developed by Esraa et al. [12]. This model predicts the
sound absorption coefficients of MPP in a convenient approach for practitioners.
Tayong et al. [13] investigated MPP behavior at high sound excitation levels,
presenting a model based on Forchheimer’s flow regime and conducting experiments
using an impedance tube with a pressure driver. They particularly observed that
maximum absorption can be a positive or negative function of perforation flow
velocity, suggesting the existence of an optimal flow velocity for maximum absorp-
tion. To model MPPs in complex environments, a patch transfer function approach
has been proposed, allowing for the assembly of different vibro-acoustic subsystems
and facilitating physical interpretation [14]. By using a Bayesian design approach,
Xiang et al. [15] studied the possibility of optimizing the performance of multilayered
MPP absorbers for a broad range of frequencies. Their work research suggests this
approach as effective for designing absorbers that can effectively attenuate sound
across various frequencies. The work by Li et al. [16] attempted to provide a compre-
hensive understanding of how flexible perforated panel absorbers function in absorb-
ing sound waves. Through numerical simulations, they elucidated the specific
processes involved in sound absorption by such panels. Their results can potentially
inform the design, enhancement and optimization of sound absorption systems that
include MPPs when applied to various environments. While the work by Chen et al.
[17] focuses on the benefits of metasurfaces in different applications, they specifically
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address absorptive metasurface inaccuracies made of micropore and microslit panels
in multiple structures. They clearly showed the importance of understanding and
mitigating inaccuracies in the metasurface designs to optimize their performance.
MPPs were also studied under controlled active conditions. The work by Ma et al. [18]
for example used a point force controlled thin plate to depict an error sensing strategy
low-frequency sound absorption of MPPs. Relatively good results were obtained for
their model and experimental data built around a piezoelectric patch attached to the
absorber. Multi-section perforation sizes were investigated to evaluate their contribu-
tion to the sound absorption of MPPs [19]. This study revealed that varying perfora-
tion sizes can influence their sound absorption capabilities. They showed that the
relationship between the air cavity depth and the sound absorption needed better
understanding. The effect of inhomogeneous MPPs with multiple cavities, known as
multi-chamber MPPs, was studied by Deepak et al. [20]. By testing micro-helix
metamaterial structures fabricated through 3D printing, they revealed some potentials
for enhancing their sound absorption performance. Furthermore, the sustainability
aspect of the MPP was used in the study by Beheshti et al. [21] by testing MPP based
on sugarcane fibers and bagasse. They demonstrated a 76% achievement for the peak
of sound absorption coefficient for double-leaf MPPs. The use of sugarcane fiber
composite in the air gap was showed to cause a shift of the sound absorption peak to
frequencies below 100 Hz. MPP sandwich structure based on selective laser melting
was studied by Li et al. [22] as an alternative technique to increase the sound absorp-
tion coefficient. These structures resonate when excited by sound waves. Still in an
attempt to enhance the sound absorption coefficient of MPPs backed by a porous
material composite, SheikhMozafari et al. [23] developed a numerical study using
Finite Element Methods (FEM). It is particularly shown that halving the porous layer’s
thickness and replacing the half by an air layer and single MPP is an effective method
to enhance the sound absorption rather than using thick porous materials. Optimiza-
tion of MPPs is also depicted in the work by Hashemi et al. [24] to generate wider
absorption bandwidths than non-optimized MPPs. Their work showed relatively good
agreement between FEM and Equivalent Circuit Model (ECM) results predictions.

To enhance the sound absorption of an MPP, one common and relatively cheap
technique consists of using multiple MPPs separated by air cavity or porous materials.
While single-leaf MPP absorbers are effective in controlling absorption coefficients,
they are limited in their sound absorption bandwidth, usually only exhibiting one
narrow resonance absorption peak. To address this limitation, double-leaf and multi-
leaf MPP absorbers have been proposed to broaden the absorption frequency range. In
a study by Xiaoling et al. [25], the sound absorption properties of MPP with
partitioned cavities were investigated using impedance tube experiments [25]. The
results showed that double-leaf MPP with partitioned cavities exhibited two main
sound absorption peaks at different frequencies, leading to a broader sound absorp-
tion bandwidth compared to single-leaf MPP absorbers [25]. The maximum sound
absorption peak of MPP with partitioned cavities was also greater than that of single-
leaf MPP absorbers [25]. These findings suggest that the use of partitioned cavities in
MPP absorbers can improve their sound absorption performance [25]. Tayong et al.
[26] proposed a technique to reduce ambiguity in the inversion of microperforated
panels’ parameters by linking the hole diameter to the open area ratio [26]. This
technique could potentially enhance the design and optimization of MPP absorbers
with partitioned cavities to further improve their sound absorption properties [26].
Overall, the simultaneous inversion of microperforated panels’ parameters, particu-
larly in the context of single and double air-cavity backed systems, presents a
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promising avenue for enhancing the sound absorption performance of MPP absorbers,
especially when incorporating partitioned cavities [25, 26]. Further research in this
area could lead to the development of more effective sound absorbers for reducing
noise levels in various applications. Carbajo et al. [27] conducted a study on perforated
panel absorbers with micro-perforated partitions. In their study, they found that
multi-size perforated panel absorbers with micro-perforated partitions showed a
wider sound absorption effective bandwidth compared to those using rigid partitions
[27]. Min and Cong [28] compared the acoustic absorption performance of MPPs
using the Transfer matrix method and Equivalent electric circuit approach (EECA),
introducing the effectiveness of both techniques. The study of sound absorption
performance of layered micro-perforated and poro-elastic materials has been a topic
of interest in recent years. Kim and Mendoza [29] conducted a study using a micro-
perforated panel and a porous layer to investigate and optimize the acoustic perfor-
mance of such layered systems. The study formulated the micro-perforated panel with
the porous layer based on Biot theory to understand the effect of porous materials in a
multi-layer system. In the study by Gao and Hou [30], an experimental investigation
of sound absorption in a composite absorber was also conducted, further contributing
to the understanding of the sound absorption behavior in composite materials sys-
tems. Their research builds upon previous studies on sound absorption, such as the
work by Yang et al. [31] on subwavelength total acoustic absorption with degenerate
resonators, which demonstrated near-perfect absorption with airborne wavelengths
larger than traditional composite absorbers. The combination of a sonic black hole
with multi-layer MPPs has been proposed as a structure to achieve low-frequency and
broadband sound absorption simultaneously [32] which is shown to remain a chal-
lenge. The work by Zou et al. [33] focused on analyzing the differences between the
use of impedance transfer and equivalent circuit methods for estimating the sound
absorption of double layer micro-perforated membranes backed by air cavities and a
rigid wall. Their work particularly provided a note on the prediction method of the
reverberation absorption coefficient of double layer micro-perforated membrane.
They demonstrated that in certain circumstances both methods can have significant
differences. Their experiment showed better result agreement with the impedance
transfer method than with the equivalent circuit. However, they concluded that the
distance between the two MPPs plays an important role for accurate calculations using
the equivalent circuit method.

Despite the extensive works already done on multiple layers of absorbers including
MPPs, there still exists some knowledge gaps between the suitable approach to predict
their behavior and the consideration of other effects that could contribute to enhance
their performance. The present chapter attempts to fill some of these gaps by studying
the case of up to three MPPs layers backed by an air cavity and accounting for the
vibrational effect of the MPPs. The aim is to show how this combination of effects can
be predicted but also can contribute to enhance the sound absorption coefficient. It is
particularly showed that the sound absorption in the low-frequency ranges can be
enhanced by using the combined effects of multiple MPPs and their vibrational
effects. In addition, the models presented are easy to implement to predict the acous-
tic response of these systems. The present chapter is organized as followed: After
presenting the geometrical parameters of MPPs and their acoustics characteristics, the
next section will deal with the sound absorption calculation for single and multiple
MPPs backed by an air cavity and a rigid wall. This section will be followed by the
experimental setup, presenting the MPP samples tested for the present work and the
equipment used to measure the sound absorption coefficient. Results obtained are
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analyzed and discussed in the next section. The important findings for this study are
summarized in the conclusion.

1.1 Geometrical parameters of an MPP

An MPP is a panel consisting of a distribution of through-thickness perforations
(holes) that have sub-millimeter perforations. Figure 1a shows MPP important
parameters where d represents the hole diameter, b is the center-to-center hole dis-
tance, ϕ is the open area ratio also known as the porosity and h is the panel thickness.
The open area ratio ϕ is defined as the ratio of the total volume of the perforations and
the total volume of the panel and generally calculated as

ϕ ¼ nVp

VT
, (1)

where Vp is the volume of a perforation and VT is the total volume of the panel.
There are two common lattice arrangements of perforations over the surface of the
panel: The square lattice arrangement [34] for which

ϕ ¼ 0:785
d
b

� �2

(2)

and the triangular lattice arrangement [35] which equation is

ϕ ¼ 0:906
d
b

� �2

: (3)

1.2 Acoustic characteristics of an MPP

MPPs are normally designed to produce sufficient acoustic resistance and low
acoustic mass (reactance) [5]. By principle, their acoustic impedance is complex

Figure 1.
Description of the MPP. (a) Important geometrical parameters with the open area ratio, d is the diameter, b is the
center-to-center hole distance and h is the panel thickness; (b) acoustic impedances describing the acoustic response
of an MPP with Zint accounting for the visco-thermal dissipation inside the perforation, Zext accounts for the
external effect related to the distortion of flow at the inlet (also the outlet) of the perforation, Zvib accounts for the
vibrational (or structural) effect of the panel and Zhie accounts for the holes interaction effect at the inlet (also the
outlet) caused by adjacent perforations.
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(having a real part known as resistance and an imaginary part named as reactance)
and must match the surrounding medium (generally air) impedance. Now, because
the impedance or the surrounding medium is real (no imaginary part), the reactance
of the MPP acoustic impedance must be compensated by another component’s reac-
tance such as air cavity or porous material. This explains why MPP must be backed by
an air cavity or a porous material to be effective in terms of sound absorption.
Figure 1b presents the different acoustic impedances that characterize the acoustic
response of an MPP. These impedances are listed as followed:

• Zint accounts for the visco-thermal dissipation inside the perforation.

• Zext accounts for the external effect related to the distortion of flow at the inlet
(also the outlet) of the perforation.

• Zvib accounts for the vibrational (or structural) effect of the panel.

• Zhie accounts for the holes’ interaction effect at the inlet (also the outlet) caused
by adjacent perforations.

The present study aims at presenting the effectiveness of using Multiple layers of
MPPs to enhance their sound absorption frequency range. Both models and measured
are compared and analyzed in different configurations. This work assumes no holes
interaction effect for the MPP studied. This chapter is structured as followed: the next
section presents two common models used to predict the sound absorption of systems
incorporating MPPs. Next the experimental setup is described followed by the results
and discussion section. The important findings for this work are summarized in the
conclusion.

2. The sound absorption calculation

For an MPP system backed by an air cavity and a rigid wall, calculation of the
sound absorption coefficient depends on surface impedance given by

Zs ¼ ZMPP þ Zcav, (4)

where the impedance of the air cavity is given by

Zcav ¼ �jZ0 cot k0Dcavð Þ, (5)

with Dcav the depth of the air cavity and k0 the wave number. Assuming a plane
wave propagation at normal incidence to the MPP, the reflection coefficient of the
system is calculated by

R ¼ Zs � Z0

Zs þ Z0
, (6)

from which the absorption coefficient is deducted and calculated as

α ¼ 1� Rj j2: (7)
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The characteristic impedance of the air cavity backed MPP can be calculated from
any of the following described models.

2.1 Acoustic propagation in short and narrow tubes model

This approach, developed by Maa [8], is based on the work by Rayleigh [36] on the
wave propagation in a cylindrical tube which was solved for short tubes by Crandall
[37]. For this approach, the radial velocity of the wave inside the tube is assumed
negligible compared to the axial velocity and the tube thickness is smaller than the
wavelength. So, the differential equation for the axial velocity is given by

jωρ0u� η

r
∂

∂r
r
∂

∂r
u

� �
¼ Δp

h
, (8)

where Δp represents the pressure difference at the tube inlet and outlet, h the tube
length (corresponding to the thickness of the perforated panel), η the dynamic vis-
cosity, ρ0 the air density, r is the radial coordinate and u is the particle velocity in the
tube. The characteristic impedance Zint of the tube (the perforation) is obtained by
developing u into an integer sequence and by identifying the coefficients which gives

Zint ¼ 32ηh
d2

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ k2p

32

s
þ jωρ0h 1þ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

32 þ k2p=2
q

2
64

3
75, (9)

for which ω is the angular frequency and kp ¼ d
ffiffiffiffiffiffi
ωρ0
4η

q
is the perforation constant

defined as the ratio of the perforation diameter and the viscous boundary layer
thickness inside the perforation. The external effect Zext related to the distortion of
flow at the inlet (also the outlet) of the perforation is taken into account by consider-
ing the sound radiation Zrad at the inlet (and outlet) of the perforation and twice a
resistance correction Rc suggested by Rayleigh [36] due to the vibrations of the air
particles on the flange of the perforation. By taking into account these effects for both
the inlet and outlet, the external effect impedance Zext is given by

Zext ¼ 2Zrad þ 4Rc, (10)

where

Zrad ¼ k0dð Þ2
2

þ j
8k0d
3π

, (11)

with k0 the wave number and

RS ¼ 1
2

ffiffiffiffiffiffiffiffiffiffiffiffiffi
2ωρ0η

p
: (12)

These later results are valid for a single perforation. Under careful considerations,
an homogenization can be performed on all the panel perforations. Assuming that the
minimum distance b between the perforations is greater than the hole diameter (and
smaller than the wavelength considered), it is possible to consider that the effects of
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interaction between perforations are negligible. In this case, the total impedance of the
MPP is given by

ZMPP ¼ Zint þ Zext

ϕ
: (13)

2.2 Equivalent fluid model

The work by Atalla and Sgard [9] has shown that MPP can be modeled using an
equivalent fluid approach initially developed by Johnson-Allard [38] for porous
media. In their model, the effective density ~ρe of the MPP can be expressed as

~ρe ¼ ρ0~α∞, (14)

for which ~α∞ is the dynamic tortuosity given as

~α∞ ¼ α∞ 1þ σϕ

jωρ0α∞
GJ ωð Þ

� �
, (15)

with

GJ ωð Þ ¼ 1þ j
4ωρ0α2∞η
σ2ϕ2Λ2

� �1=2

, (16)

and σ is the MPP resistivity (σ ¼ 8η=ϕr2) normally obtained from the static viscous
permeability expression for the Poiseuille law, α∞ is the geometrical tortuosity, η is the
dynamic viscosity of air, Λ is the viscous characteristic length which is equal to the
hydraulic radius of the perforation. It is worth noting that the thermal effects within
the perforations are assumed negligible due to their small size and shape. To account
for the distortion of the flow at the perforation inlet and outlet, the geometrical
tortuosity is corrected according to the medium behind the MPP. For the case of an air
cavity and a rigid wall behind the MPP, the geometrical tortuosity is given by

α∞ ωð Þ ¼ 1þ 2εe
h

, (17)

where εe = 0.48
ffiffiffiffiffiffiffi
πr2

p
(1–1.14

ffiffiffi
ϕ

p
) is the correction length obtained by a modal

approach in the case of circular cross-section perforations and for
ffiffiffi
ϕ

p
<0:4. The MPP

acoustic impedance is then given by

ZMPP ¼ j
ω

ϕ
~ρeh: (18)

2.3 The vibrational effect of the plate

Effects due to the vibration of the MPP coupled to the air cavity may be involved in
the absorption mechanisms. This effect can either enhance or alter the sound
absoprtion of the system as described by Lee et al. [39]. This would depend on the
material properties of the panel. Vibration effects must therefore be incorporated into
the models. The vibration of thin and homogeneous plates with no holes has been the
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subject of numerous studies and the most common basic theory of thin plates is given
by Kirchhoff-Love [40]. From these works, it can be demonstrated that the acoustic
impedance of a non-perforated panel backed by an air cavity can be obtained as

Zvib ¼ jωMSAmn þ 1
jω

Drig 1þ jηmnð Þ
L2
x

Bmn þ ρ0c20
Dcav

" #
, (19)

where MS is the surface mass of the panel, ηmn is the loss factor related to the plate
mode, Lx is the lateral dimension of the panel, ρ0 is the air density, c0 is the speed of
sound in the air, Amn and Bmn are the modal coefficients which depend on the bound-
ary conditions of the panel and Drig is the modulus of the flexural rigidity given by

Drig ¼ Eh3

12 1� ν2p

� � , (20)

where E is the Young modulus and νp is the Poisson’s ratio. The vibrational imped-
ance of the perforated panel ZMPP�vib is calculated following an electric circuit analogy
as

1
ZMPP�vib

¼ 1
ZMPP

þ 1
Zvib

: (21)

2.4 Some parametric results

Figure 2 shows the absorption coefficient result for the variation of the hole
diameter as a function of frequency. In this configuration, one can easily observe that
optimum values for the resonance frequency (frequency at which the absorption
coefficient is maximal) are obtained between 600 and 900 Hz and the corresponding
optimum diameter values range between 0.1 and 1 mm. Any diameter value below
0.1 mm would result to a poor absorption coefficient. Maximum absorption coeffi-
cient of 1 is obtained for values of diameter between 0.3 and 0.45 mm suggesting a
relatively narrow bandwidth. In addition to this, it is observed that out of the

Figure 2.
Variation of MPP hole diameter as a function of frequency. Plate thickness is 2.2 mm, Open area ratio is 1.5%
with an air cavity depth of 50 mm.
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optimum resonance frequency range, a small changes in value of the diameter would
lead to a degradation of the absorption coefficient.

Figure 3 depicts the absorption coefficient result for the variation of the open area
ratio as a function of frequency. Unlike the case for diameter variation the range for
optimum values for the open area ratio is relatively broad. The optimum values for the
resonance frequency are obtained between 450 and about 900 Hz and the
corresponding open area ratio values range between 1 and 4.5%. Small changes in values
of the open area ratio would not yield to a degradation of the absorption coefficient.

2.5 Modeling the multi-layered MPPs backed by an air cavity

To model the case of multiple MPPs backed by an air cavity and a rigid wall, the
Transfer Matrix Method (TMM) is often used. The principle of this method is to
determine the pressure fields reflected by or transmitted through a multi-layered
MPPs as described by Lauriks et al. [41]. The TMM can be used to calculate the surface
impedance of the multi-layered MPPs system. By expressing the conserved physical
data at one end of the layer as a function of the physical data at the other end, it is
possible to determine the transfer matrix TMPP for the propagation in each MPP as

TMPP ¼ 1 ZMPP

0 1

� �
, (22)

and in the case where the layer is airspace either between two MPPs or between the
MPP and the rigid wall, the transfer matrix TA is calculated as

TA ¼ cos k0Dcavð ÞjZ0 sin k0Dcavð Þj 1
Z0

sin k0Dcavð Þ cos k0Dcavð Þ
� �

: (23)

Each layer is therefore expressed as a matrix and their direct product is calculated
to get the global transfer matrix T of the system which would provide an expression of
the surface impedance Zs of the mulit-layered MPPs as

Zs ¼ T 1, 1ð Þ
T 2, 1ð Þ : (24)

Figure 3.
Variation of MPP open area ratio as a function of frequency. Plate thickness is 2.2 mm, hole diameter is 1.0 mm
and air cavity depth of 50 mm.
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3. Experimental setup

3.1 Characteristics of the samples

The testing for this study is performed on one polymer and two Aluminum MPP
samples as presented in Figure 4. The samples have a circular shape, and the circular
cross-section perforations have a triangular lattice arrangement over the plate sur-
faces. The characteristics of the MPP samples are given in Table 1.

3.2 Settings for the measurement

Figure 5a shows the impedance tube used for the testing. Description of the
internal part of this impedance tube is also presented. This experimental setup is made
of a tube with an internal diameter of 100 mm, providing a cut-off frequency of the
tube of about 1600 Hz. At one extremity of the tube, a sound source is mounted to
generate the acoustic signal. A JBL compression driver, model 2450 J, is chosen for
the source excitation with the purpose of generating stable sound pressure levels

Figure 4.
Circular shape MPP samples with triangular lattice arrangement of the perforations. Diameter of the plate is
100 mm with a thickness of 2.2 mm. (a) MPP1; (b) MPP2; (c) MPP3.

Parameter MPP1 MPP2 MPP3

Thickness h (mm) 2.2 2.2 2.2

Hole diameter d (mm) 0.7 1.0 1.0

Holes distance b (mm) 2.8 10.6 7.5

Open area ratio (%) 5.7 0.8 1.6

Material Aluminum Polymer Aluminum

Density (kg/m3) 2700 900 2700

Young Modulus (GPa) 68 4.9 68

Loss factor 0.01 0.11 0.01

Poisson’s ratio 0.33 0.30 0.33

Table 1.
Characteristics of the MPP samples. For a clamped condition of the MPP the modal coefficients are taken as
Amn ¼ 2:02 and Bmn ¼ 2640.
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necessary for the testing. Since the diameter of this sound source is smaller than the
internal diameter of the impedance tube, a transition piece is adapted to the system to
ensure a smooth continuity transition. At the other extremity of the impedance tube, a
rigid plunger is mounted to create the hard wall behind the MPP samples tested as
described in Figure 5. The position of the plunger inside the impedance tube can be
changed to create variable air cavity depth behind the samples tested. Thin rings with
fixed thicknesses are used to create a distance between the MPPs. Two microphones,
1/4″ size, are used to capture the sound pressure signal in front of the MPP and to
calculate the surface impedance following the two-microphone standing waves
method [42]. Both microphones have a separation distance of 50 mm and the distance
between the first microphone (Microphone 1 in Figure 5b) and the first MPP sample
is about 61 mm. Careful measurement is taken to ensure that the standing wave inside
the impedance tube is not saturated and the linear propagation hypothesis is always
applicable. With this hypothesis, both the pressures and velocities at any section of the
impedance tube can be calculated, as shown by Dalmont [43] as:

u ¼ j
p1
Z0

H cos k0l1ð Þ � cos k0l2ð Þ
sin k0sð Þ , (25)

where p1 is the pressure on microphone 1, and l1 (resp. l2) is the distance from
microphone 1 (resp. 2) to the MPP sample.

4. Results and discussion

Figure 6 represents the comparison results for the absorption coefficient for
MPP1. Both models of equivalent fluid and Maa are compared to the real data obtained
from the impedance tube. The resonance frequency of 921 Hz is fairly predicted by
both model. However, the amplitude of the absorption coefficient for the models less
agrees with the real data. The difference between both models is mainly due to the
modeled resistance (real part of the characteristic impedance of the MPP). The
equivalent fluid impedance seems to minimize the acoustic impedance of MPP1 more
than Maa model does.

Figure 7 shows the comparison results for the absorption coefficient for MPP2.
Both models of equivalent fluid and the model of Maa are compared to the experi-
mental data. Both the model of Maa with and without accounting for the vibration
effect are plotted. The real data depicts two peaks: the first peak corresponding to the
frequency of about 370 Hz is related to the viscous effects and the peak around 850 Hz

Figure 5.
Impedance tube used for the testing. (a) Photograph of the equipment; )b) Schematic of the impedance tube
showing the samples.
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is related to the vibrational effect. The model of Maa accounting for the vibrational
effect fairly agrees with the real data across the frequency range studied. Although the
equivalent fluid model and the model of Maa without vibration effect fairly predict
the viscous peak, they fail to calculate the structural response of MPP2. This result
particularly shows that the vibrational can improve the soudn absorption coefficient
around 850 Hz, globally enhancing the performance of the MPP.

Figure 8 presents the comparison results for the absorption coefficient for MPP3.
Both models of equivalent fluid and the model of Maa are compared to the measure-
ment. The vibrational effect is negligible and the absorption coefficient is mainly due
to the viscous effects. One can observe that the model of Maa fairly agrees well with
the real data. Although the equivalent fluid model fairly predicts the resonance fre-
quency, the agreement with the absorption amplitude is failing. The reason for this
fail is as explained for MPP1, due to the modeled resistance of the MPP impedance.
The resulst depicts a peak of the absorption coefficient around 500 Hz.

Figure 6.
Comparison results for the absorption coefficient for MPP1. Experimental data (black curve); Maa Model (red
curve); Equivalent model (blue curve).

Figure 7.
Comparison results for the absorption coefficient for MPP2. Experimental data (black curve); Maa Model (red
curve); Equivalent model (blue curve); Maa Model accounting for the plate vibration (red dashed curve).
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For these configurations of a single MPP backed by an air cavity and a rigid wall,
the results presented here reveal that this system are a good solution for absorbing the
sound in the relatively low to medium frequency range. However, the peak of the
absorption coefficient is relatively sharp and the frequency bandwidth covered is
limited. This is a characteristic of MPP backed by an air cavity. To improve this
performance, one technique is arrange the MPPs in a multi-layered configuration as
can be seen in the next result.

Figure 9 depicts the comparison results for the absorption coefficient for multi-
layer MPPs. Here the three MPPs are tested in a multi-layered configuration. The
arrangement is as followed: MPP1 is backed by an air cavity of 30 mm, followed by
MPP2 backed by an air cavity of 40 mm and followed by MPP3 backed by 50 mm air
cavity before a back wall. Both models of equivalent fluid and the model of Maa are
compared to the measurement. The real data reveals three peaks for the absorption

Figure 8.
Comparison results for the absorption coefficient for MPP3. Experimental data (black curve); Maa Model (red
curve); Equivalent model (blue curve).

Figure 9.
Comparison results for the absorption coefficient for multi-layer MPPs. MPP1 backed by an air cavity of 30 mm,
followed by MPP2 backed by an air cavity of 40 mm and followed by MPP3 backed by 50 mm air cavity before a
back wall. Experimental data (black curve); Maa Model (red curve); Equivalent model (blue curve).
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coefficient. The first peak around 250 Hz is mainly due to the viscous effect created by
the MPP close to the acoustic source. The next peak around 800 Hz is due to the
combined viscous and vibrational effects of the MPP placed midway between the first
and last samples. Finally, the third peak is mainly due to the viscous effect of the MPP
close to the rigid wall. Globally, one can observe that unlike for a single MPP, multi-
MPPs have an broader frequency range covered. The models fairly predict the reso-
nance frequencies (viscous and vibrational) but struggle to globally capture the
amplitude of the peak. This result particularly shows that the sound absorption in the
low-frequency ranges can be enhanced by using the combined effects of multiple
MPPs and their vibrational effects.

5. Conclusions

The present study dealt with the sound absorption for micro-perforated panels
(MPPs) backed by an air cavity and a rigid wall as an effective solution for sound
reduction in relative low frequency range. Single and multiple MPPs backed by air
cavity are presented, analyzed, and both their behavior and response are modeled and
measured. The experimental setup relies on the use of the impedance tube. Three MPP
samples were fabricated for this study: two samples are made of Aluminum and one
sample is made of polymer to analyze the contribution of the vibration effect of the
panel to the overall sound absorption. To support the analysis, two models are
presented: a model based on the equivalent fluid and a model based on the acoustic
propagation in short and narrow tubes. The followimg concluding remarks can be
drawn:

• The use of systems composed of MPPs backed by an air cavity is an effective way
to absorb sound at specific frequencies.

• These frequencies are shown to depend on the MPP geometrical parameters and
the air cavity depths.

• Two models were presented as effective tools for predicting the sound absorption
for these systems.

• Relatively good agreement is observed between the prediction and the
measurement.

• Vibrational effects of the panels can enhance the sound absorption coefficient of
these systems.

• Multiple layers of MPPs backed by air cavities have an broader sound absorption
coefficient.

This study particularly revealed that the sound absorption in the low-frequency
ranges can be enhanced by using the combined effects of multiple MPPs and their
vibrational effects. Since this work considered no holes interaction effect, the next
step would be study how all these effects can help design broader and higher sound
absorbing systems composed of multiple layers of MPPs.
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Chapter 5

The Application of Surface
Acoustic Wave Yarn Tension
Sensor
Yang Feng, Ben Wang, Keyong Hu, Shuifa Sun, Bingkun Zhang,
Hua Xia, Wenbo Liu, Haoda Yu and Zhen Yang

Abstract

In the current textile industry, traditional yarn tension sensors are often insuffi-
cient for the demands of modern manufacturing processes. As a result, the surface
acoustic wave (SAW) yarn tension sensor has emerged as an ideal alternative. This
advanced sensor is designed to enhance the efficiency of textile production by effec-
tively addressing the challenges faced in the manufacturing environment. In this
chapter, a new type of surface acoustic wave yarn tension sensor is designed and the
test parameters are improved, including the design and simulations of the SAW
sensor, the solution to the second-order effect problem of SAW yarn tension sensor,
the design and application of the dual differential channel oscillator on SAW yarn
tension sensor, and the temperature compensation of SAW yarn tension sensor based
on PSO-LSSVM algorithm, which enhances the sensor’s performance.

Keywords: surface acoustic wave, yarn tension sensor, second-order effect, dual
differential channel oscillator, PSO-LSSVM

1. Introduction

In the textile industry, the measurement and control of tension are essential to
ensure the quality and production efficiency of textiles [1]. Yarn tension directly
affects the evenness, strength, and appearance quality of textiles. The uniformity,
strength, and esthetic appeal of textiles are significantly influenced by the tension in
the yarn. Within the realm of textile technology, yarn tension sensors are pivotal for
gathering essential information. These sensors are crucial for enhancing the perfor-
mance metrics and operational parameters of textile machinery [2].

Tension is a critical factor in the manufacturing of yarns, fabrics, and chemical
fibers. Following the conventional spinning mill production, it is imperative that the
yarn maintains an appropriate level of tension during various stages such as twisting,
combing, drawing, and winding [3]. These processes are essential for achieving the
desired quality and consistency in the final textile product. The existence of tension
has a two-way effect on the production of the textile industry [4]. Excessive tension
will cause yarn breakage, affect production efficiency, increase the consumption of
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yarn and labor, and affect the quality of yarn, appearance structure, and so forth. On
the contrary, if the yarn tension is lower than the production defined value, the fabric
forming is lacking, the structure is loose, and it is easy to cause yarn curling, resulting
in rough and uneven cloth; reducing the yarn utilization rate, and so on; and then
affecting the production quality and production efficiency [5].

At present, the textile industry mainly uses direct detection yarn tension sensors [6].
Commonly used direct detection yarn tension sensors include resistance strain gauge
type, differential capacitance type, magnetoelectric induction type, Hall effect type,
piezoelectric film type, and optical fiber strain type [7]. They mainly have the following
problems: (1) low detection accuracy and large system error; (2) output analog signal,
vulnerable to electromagnetic interference in industrial environment; (3) the response
speed is slow, unable to meet the needs of high-speed textile equipment (such as high-
speed spinning machine, high-speed yarn combining machine, high-speed yarn
winder); (4) low resolution cannot meet the requirements of high-count yarn detection;
and (5) some sensor technologies are immature and still in the exploration stage.

Yarn tension sensor, as an important testing equipment in textile equipment, its
development trend is toward the direction of high precision, high sensitivity, high reso-
lution, strong anti-interference ability, strong reliability, fast response, and low cost. In
order to solve the main problems of yarn tension sensor in actual production of textile
industry, the realization method of doubly clamped beam yarn tension sensor based on
surface acoustic wave (SAW) is proposed [8]. This kind of sensor has the advantages of
SAWdevice: (1) The response time of SAWdevice is fast, which is suitable for high-speed
textile equipment; (2) the dual-channel differential frequency output structure has strong
anti-interference performance and is not easily affected by the environment; (3) the
doubly clamped beam structure is reliable, reasonable, and stable; (4) high detection
accuracy, which can meet the detection requirements of high-count textiles (such as
extremely fine yarn with more than 100 counts); and (5) high sensitivity, clear enough to
distinguish less than 0.01 N tension changes, can be widely used in the textile industry.

This chapter designs a new type of yarn tension sensor based on surface acoustic
wave and gives a detailed overview of device design, simulation, circuit, and temper-
ature compensation. Section 2 shows the design and simulations of the SAW sensor.
Section 3 shows the solution to the second-order effect problem of SAW yarn tension
sensor. Section 4 shows the design and application of the dual differential channel
oscillator on SAW yarn tension sensor. Section 5 shows the temperature compensation
of SAW yarn tension sensor based on PSO-LSSVM algorithm.

2. Design and simulations of the SAW sensor

Correct yarn tension is essential for maintaining product quality and manufactur-
ing efficiency, as it impacts production speed and processing ease, with improper
tension potentially causing slack or breaks [9]. Traditional yarn tension sensors face
limitations in high-speed environments due to interference and low sampling rates.
The surface acoustic wave (SAW) sensors provide a reliable, sensitive solution for
modern textile needs, yet single-clamped cantilever designs can be less robust in real-
world applications [4].

This section details a design methodology for a yarn tension sensor employing
surface acoustic waves, establishing a linear correlation between sensor frequency
shift and tension. Addressing material selection for piezoelectric substrates, optimiz-
ing substrate dimensions, correctly placing Inter-digital Transducers (IDTs), and
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constructing the measurement system are paramount. The measurement system’s
architecture is scrutinized in anticipation of rigorous experimental validation.

2.1 Principle of the SAW yarn tension sensor

A standard yarn tension sensor is composed of two Interdigital Transducers (IDTs)
that are etched onto a piezoelectric material [10], along with two stationary gaskets
and a support pedestal, as depicted in Figure 1.

The SAW based on doubly clamped beam tension sensor, depicted in Figure 2, con-
sists of a SAWDelay-line Oscillator, an amplifier, and a yarn guide (Figure 3). It mea-
sures yarn tension by the tension exerted on the three pulleys (A, B, C) (Figure 2) [11].

Applying tension at pulley A induces stress in the piezoelectric sensor, causing
voltage fluctuations that alter the SAW Delay-line Oscillator’s frequency, which is
directly proportional to yarn tension. The oscillator’s output frequency is:

Figure 1.
The structure of the doubly clamped beam [1].

Figure 2.
The measurement system of the doubly clamped beam SAW yarn tension sensor [1].
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f ¼ f 0 þ Δf (1)

We know the output frequency shift Δf is in direct proportion to the yarn tension
F, which is

Δf ¼ kF (2)

The Eq. (1) can be written as

f ¼ f 0 þ kF (3)

2.2 The choice of the piezoelectric substrate material

Piezoelectric single crystals in SAW device manufacturing include LiTaO3,
LiNbO3, LGS (La3Ga5SiO14), LBO, Li2B4O7, and SiO2. These piezoelectric crystals
exhibit anisotropic properties, meaning that their elastic modulus E varies with direc-
tion. [D] is elastic stiffness matrix, which is employed to describe their characteristics.

In accordance with Hooke’s law, the stress experienced by the piezoelectric crystal
is directly proportional to its strain, which is

Ti ¼ DijSj (4)

In rectangular coordinate system, Eq. (4) can be expressed in matrix form:

T½ � ¼ D½ � S½ � (5)

Eq. (5) can be written as

T1

T2

T3

T4

T5

T6

2
6664

3
7775 ¼

D11 D21 D31 D41 D51 D61

D12 D22 D32 D42 D52 D62

D13 D23 D33 D43 D53 D63

D14 D24 D34 D44 D54 D64

D15 D25 D35 D45 D55 D65

D16 D26 D36 D46 D56 D66

2
6664

3
7775

S1
S2
S3
S4
S5
S6

2
6664

3
7775 (6)

Figure 3.
Delay-line Oscillator SAW structure [1].
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Using ANSYS 14.0, we modeled these materials and determined the strain in a
doubly clamped beam under a constant tension of 0.2 N. The maximum strain, found
with ANSYS, occurred with quartz (SMX ¼ 2:99� 10�9 in Figure 4), making it our
piezoelectric substrate choice. The quartz model’s strain and stress under tension are
depicted as follows, with minimum and maximum strain areas colored blue and
yellow, respectively [12].

2.3 The choice of the piezoelectric die size

The Von Mises stress criterion is employed to predict the initiation of failure in
ductile materials, providing an insight into the stress distribution patterns within a
given model [13].

Utilizing ANSYS 14.0, the Von mises stress is depicted in Figure 5. When the force
0.2 N is exerted at the midpoint of the doubly clamped beam, the stress to
2.9049 MPa, as indicated by the red frame in Figure 5 [14].

The sensor is packaged with a maximum length of 30 mm, a minimum aperture
of 4 mm, and a 0.5 mm bus-bar for signal transfer. Accounting for 0.5 mm
margins, the sensor’s minimum width is 6 mm. The doubly clamped beam size is
constrained by:

22 mm≤L≤ 30 mm
6 mm≤W ≤ 10 mm

n
(7)

Figure 4.
The strain distribution patterns of the quartz substrate [1].

87

The Application of Surface Acoustic Wave Yarn Tension Sensor
DOI: http://dx.doi.org/10.5772/intechopen.1008281



Following our stated method, we used a quartz substrate to make 25 doubly
clamped beams of different sizes and analyzed their stress. Table 1 shows the Von
Mises Stress for each size.

2.4 The placement of IDTs

To achieve the highest sensitivity for the yarn tension sensor, it is essential that the
SAW IDTs are positioned in the regions of the piezoelectric substrate where the strain
is at its peak [15].

We constructed a quartz doubly clamped beam with size L ¼ 30 mm,W ¼
6 mm,H ¼ 0:5 mm by ANSYS 14.0, and then loaded the yarn tension F ¼ 0:2 N.

Figure 6(b) plots beam length against Y-axis strain on the piezoelectric substrate,
peaking at the midpoint. A 2 mm gap at the center allows for a guide bar. IDTs are
strategically placed near points of high strain: input near B and output near C in
Figure 6(c), and input near A and output near D in Figure 6(d) [16, 17].

2.5 The construction of measurement system

Aimed at the development of a SAW yarn tension sensor measurement system,
this section focuses on designing and implementing the peripheral measurement
circuitry for the SAW yarn tension sensor [18]. Moreover, through the application of
an optimized structural design, the yarn tension can be accurately doubled on the
piezoelectric substrate of the SAW device, thereby enhancing the measurement pre-
cision of the SAW yarn tension sensor [19].

Figure 5.
The stress distribution patterns of the quartz substrate [1].
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When the angle α is set to 120, 90, 60, and 0 degrees, the magnitude of force
FA corresponds to F,

ffiffiffi
2

p
F,

ffiffiffi
3

p
F, and 2F, respectively. It is evident that the smaller

the angle α, the larger the force FA, which in turn indicates a higher sensitivity
of the SAW yarn tension sensor. As illustrated in Figure 7(a), when α is 120
degrees, FA equals the yarn tension F (FA =F). In this section, with α at 0 degrees,
FA is twice the yarn tension (FA = 2F). Comparing this to Eq. (5), it can be
concluded that the sensitivity of the SAW yarn tension sensor in this scenario is
doubled [21–23].

Figure 6.
Design the placement of IDTs [1].
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2.6 The realization of the measurement

Figure 8 illustrates the SAW yarn tension sensor assembly, with the SAW device
mounted on a PCB fixed to the main structure, and a slider with a guide roller
connected to the substrate via a bolt [20]. Figure 9 illustrates the SAW yarn tension
measurement system, integrating the measurement structure and circuit to enhance
the sensor’s accuracy and reliability [24, 25].

3. Solution to the second-order effect problem of SAW yarn tension
sensor

Preceding chapters detailed the design and simulation of SAW sensor beams for
yarn tension measurement, tackling challenges such as slow response times and the
limitations of analog signal outputs [26]. As a derivative of SAW pressure sensors, the
tension variant employs a single broadband reflective delay line, necessitating strain
transfer optimization within the piezoelectric substrate [27]. The SAW’s phase vari-
ance is directly proportional to the MEL variation along the delay line. This chapter
therefore focuses on enhancing sensor performance by scrutinizing the electrode
sensor structure and the fabrication process of the piezoelectric substrate. Strategies to

Figure 7.
The position diagram of the yarn guide rollers [20].
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Figure 8.
The construction diagram of the yarn tension measurement system [20].

Figure 9.
The SAW yarn tension measurement system [20].

92

Acoustical Engineering – The Intricate World of Sound Technology



mitigate in-band ripples and out-of-band suppression include the implementation of
split electrode IDTs and the etching of bidirectional slots [28].

3.1 Analysis of single electrode IDT of the SAW yarn tension sensor

Single electrode IDTs are a standard feature in SAW devices, where the electrode
width matches the inter-electrode spacing [29].

For the assessment of the frequency response of the single electrode IDT SAW
yarn tension sensor, an Agilent E5061A ENA-L network analyzer was utilized. The in-
band ripples measured 23.34 dB, while the out-of-band suppression levels were
recorded at 28.03 dB, as depicted in Figure 10.

Periodic IDTs generate RWs from metal electrodes. In Figure 11(a), MEL1-4
denote edge-induced mass/electrical reflections, synchronized [31]. These are trans-
mitted to the piezoelectric substrate’s central region for superposition. The transducer
center receives a composite RW signal, shown in Figure 11(b), which degrades SAW
device performance Figure 12.

Figure 10.
Frequency characteristic curve of yarn tension sensor with single electrode IDTs [30].

Figure 11.
Electrode reflections of the single electrode IDT [30].
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3.2 Solution to the in-band ripples of frequency characteristic

Figure 13 illustrates the electrode reflections from a single electrode IDT, where
the in-band ripples are notably large. To mitigate the in-band ripples, it is essential to
address the issue of electrode reflections.

Electrode reflections arise due to alterations in the acoustic impedance of the metal
film that constitutes the electrodes within the acoustic transmission medium [30].
Acoustic impedance changes result mainly from shunting surface piezoelectric fields
and the mass loading effect of the electrodes.

The alteration in acoustic impedance due to the termination of surface piezoelec-
tric fields is

ΔZ
Z

����
P
¼ Δv

v

����
����≈

1
2
K2 (8)

Figure 12.
Structure diagram of split electrode IDTs [30].
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By substituting K2 ¼ 0:0014 into Eq. (8)

ΔZ
Z

����
p
¼ 0:0007 (9)

The change of the acoustic impedance caused by the mass load is

ΔZ
Z

����
m
≈
2
3
ρm
ρs

h
λ

(10)

Small ΔZZ
��
m can reduce the electrode reflection. By substituting pm ¼ 2:7g

cm3, ps ¼ 2:65g
cm3

and h ¼ 0:2 μm into Eq. (10),

ΔZ
Z

����
m
≈0:0026 (11)

Therefore, we know from Eqs. (9) and (11) that the total change of the acoustic
impedance is

ΔZ
Z

¼ ΔZ
Z

����
P
þ ΔZ

Z

����
m
≈0:0007 þ 0:0026 ¼ 0:0033 (12)

To more effectively counteract the impact of electrode reflections, split electrode
interdigital transducers (IDTs) are employed in the surface acoustic wave (SAW)

Figure 13.
Aperture lengths of single-electrode IDTs [30].
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device to diminish these reflections. The structure of the device is depicted in
Figure 13 and fulfills the following

a1 ¼ 1
16

λ, b1 ¼ 2
16

λ, a2 ¼ 3
16

λ, b2 ¼ 2
16

λ (13)

We calculate the phases of MEL1’, MEL2’, and MEL4’ to obtain the combined
phase of MEL y; similarly, we calculate the phases of MEL3’ and MEL4’ to obtain the
combined phase of MEL x, as depicted in Figure 10(c). In this analysis, we assume the
magnitude of each phasor to be unity, and then, we get

MEL_x ¼
ffiffiffi
2

p

2
MEL10 þ

ffiffiffi
2

p

2
MEL40 þMEL30 (14)

MEL_y ¼
ffiffiffi
2

p

2
MEL10 þ

ffiffiffi
2

p

2
MEL40 þMEL20 (15)

α ¼ tan�1 MEL_y
MEL_x

¼ tan�1

ffiffiffi
2

p � 1
�1

¼ �22:5o (16)

To reduce the sidelobes in a surface acoustic wave (SAW) delay-line Oscillator, the
electrode-overlap envelope of the input transducer is modified by applying a
weighting function, specifically the Hamming function as depicted in Eq. (17). This
approach adjusts the amplitude distribution across the electrodes to minimize the
undesired sidelobe levels.

h tð Þ ¼ 0:08þ 1� 0:08ð Þ cos 2 πt
2τ

¼ 0:54þ 0:46 cos
πt
τ

τ≤ t (17)

The overall response H fð Þ can be split into two summations relating input and
output IDTs responses, exactly as follows.

H fð Þ ¼ Hout fð ÞHin fð Þ (18)

The frequency response of output IDTs Hout fð Þ is

Hout ωð Þ ¼
XN0

m¼1

We�jωxm
v (19)

The frequency response of output IDTs Hin fð Þ is

Hin ωð Þ ¼
XNi

n¼1

W 0:54þ 0:46 cos
ω xn

v

2:1

� �
e�jωxn

v (20)

The -3 dB bandwidth can be written as

BW ¼ Δf�3dB

f 0
¼

ffiffiffi
2

p

2
H fð Þj j ¼

ffiffiffi
2

p

2
Hin ωð Þj j Hout ωð Þj j (21)

Given that No ¼ 24, we determined the relationship between B and Ni as follows:

BW ¼ Δf�3dB

f 0
¼ 1:2965

Ni
(22)
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The SAW delay-line oscillator is designed with a bandwidth BW ¼ 1:2%,
which corresponds to an input IDTs count of Ni ¼ 72. The design specifications for the
yarn tension sensor, which utilizes a doubly clamped beam, are detailed in Table 2.

Table 2 shows the design parameters of the split-electrode IDTs of the SAW yarn
tension sensor on ST-X quartz, and the prepared sensor is shown in Figure 14. Fre-
quency response in Figure 15 indicates:

1. IDTs minimize in-band ripples (0.93 dB), enhancing frequency response.

2.Out-of-band suppression remains suboptimal at 25.63 dB, failing to improve
sensor’s suppression capability noteworthily.

3.3 Solution to the out-of-band suppressions of frequency characteristic

The transducers on piezoelectric substrate emit SAWs and BAWs. BAW’s
multidirectional propagation can intercept receiving transducers, causing spurious
responses that degrade SAW frequency performance [32].

Figure 14.
The split-electrode IDTs of the yarn tension sensor [30].

Figure 15.
Frequency curve of yarn tension sensor with split-electrode IDTs [30].
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The condition for achieving phase synchronization can be expressed as follows:

υ0 ¼ f 0λ0 ¼ υ γð Þ
cosγ

(23)

In Figure 16, the wave vector that travels along the surface of the piezoelectric
substrate is represented by 2π=λ0. Based on the properties of wave vectors, Eq. (23)
can be requestioned as follows:

pO ¼ 2π=λ0 ¼ ps ¼ p γð Þcosγ (24)

In an isotropic medium, the value of v γð Þ is contingent upon the wave mode, the
substrate material, the surface cut orientation, the transducer direction, and the
ambient temperature [34–36]. Once these variables are specified, the center fre-
quency is determined by the inclination angle as follows:

f 0 ¼ 1
λ0

� υ γð Þ
cosγ

(25)

By contrasting the Deep Bulk Acoustic Wave (DBAW) scenario with the limiting
case of SSBW, we can obtain the following from Eq. (25):

f 0
� �

DBAW

f 0
� �

SBAW

¼ υ γð Þ
vSBAW

� cos γc
cosγ

¼ 1
cosγ

(26)

For DBAW devices, enhancement factors 1=cosγð Þ of 2 or more
(implying γ ≥ 60°) are considered achievable with favorable material and
cut conditions.

3.3.1 Arranging acoustic absorbers at ends of piezoelectric substrate

Parasitic reflections from piezoelectric substrate edges increase frequency
response ripples, known as the transducer edge reflection phenomenon (Figure 17).
Applying acoustic absorbers like silicone rubber to these edges mitigates these reflec-
tions, improving SAW device performance [33, 37, 38].

Figure 16.
Schematic diagram of BAW stimulated by IDT [33].
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3.3.2 Piezoelectric substrate with slotted bi-directional grooves

Slotting cutters are precision tools used to etch narrow channels on the back of
piezoelectric substrates, disrupting BAW signal pathways, as shown in Figure 18.
Figure 19 shows the substrate magnified 120x.

Implemented BAW configurations with selected modes and materials effectively
scatter BAW via acoustic absorbers and substrate grooves, as shown in Figure 20.

1.Asymmetric split electrode IDTs in SAW sensors minimize in-band ripples to just
0.82 dB, effectively controlling out-of-band fluctuations.

Figure 18.
Change in BAW reflection excited by IDT with the grooves [33].

Figure 17.
Reflection of BAW at the ends of piezoelectric substrate [33].
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2.Bidirectional grooves on the substrate’s reverse side achieve a substantial
reduction in out-of-band attenuation to 7.712 dB, effectively tackling the out-of-
band attenuation issue.

The newly developed SAW yarn tension sensor, characterized by a central fre-
quency of 59.83 MHz, a bandwidth fraction of 1.33%, and a measurable force range
from 0 to 1000 mN, exhibited the following performance metrics in laboratory tests:
linearity of 1.02%, hysteresis of 0.59%, repeatability of 1.11%, and accuracy of 1.34%.
The bidirectional slot carving technique stands out as a solution for improved out-of-
band suppression [39].

Figure 20.
Frequency curve of yarn tension with split-electrode IDTs and engraved bidirectional slots [30].

Figure 19.
Grooves on the piezoelectric substrate of SAW yarn sensor (magnified view with 120x) [33].
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4. Design and application of the dual differential channel oscillator on
SAW yarn tension sensor

The SAW yarn tension sensor, when combined with an oscillation circuit,
enhances frequency stability by addressing key issues:

1.Employing split electrodes choosing ST-X quartz for the substrate, and engraving
bidirectional slots are strategies to reduce higher-order effects, minimize
electrode reflection, and lessen BAW impact.

2.The design of a dual differential channel SAW oscillator (SAWO), including dual
delay line oscillators, an integrated mixer, and an LC low-pass filter, is aimed at
countering temperature-induced interference, with PCB analysis conducted
using an Agilent E5061A ENA-L.

4.1 Principle of the SAWO dual differential channel circuit

Figure 21 depicts the layout of the dual differential SAW oscillator system, which
is divided into three main components:

1.A pair of identical SAW oscillators (SAWOs). One is tasked with detecting yarn
tension on the piezoelectric substrate and is referred to as the sensing channel,
while its counterpart acts as the reference channel.

2.A built-in mixer. When the frequency outputs from both SAWOs are combined
in the mixer, the resulting output consists of both the sum and the difference of
the two frequencies.

Figure 21.
The diagram of a SAW yarn tension sensor integrated with a dual differential circuitry system [15].
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3.An LC low-pass filter. As the mixer’s output signal passes through this filter, the
resulting signal is the frequency difference (specifically, the difference
component of the mixer’s output signal).

Within this setup, SAW1 serves to gauge the yarn tension, while SAW2 operates as
a reference. The output voltage V1 from the SAWO1 can be formulated as:

V1 ¼
ffiffiffi
2

p
U1 sin 2πf 1tþ φ1

� �
(27)

The output signal V2 of the SAWO2 can be expressed as:

V2 ¼
ffiffiffi
2

p
U2 sin 2πf 2tþ φ2

� �
(28)

AD835 is a voltage output multiplier produced by analog devices, which can
complete the function of W ¼ XY þ Z.

Upon transmission through the integrated mixer AD835, the output signals V1 and
V2 from the two SAW oscillators (SAWOs) intermingle. The resultant mixing signal
V3 is denoted as

V3 ¼ V1 � V2 ¼
ffiffiffi
2

p
U1 sin 2πf 1tþ φ1

� �h i ffiffiffi
2

p
U2 sin 2πf 2tþ φ2

� �h i

¼ 2U1U2 cos 2π f 1 � f 2
� �þ φ1 � φ2ð Þ� �� cos 2π f 1 þ f 2

� �þ φ1 þ φ2ð Þ� �� � (29)

In Eq. (29), the mixing signal contains f 1 � f 2 and f 1 þ f 2 signals. According to
Figure 21, the mixer output signal V3 passes through the low-pass filter, and the
output signal V4 is:

V4 ¼ KLU1U2 cos 2π f 1 � f 2
� �

tþ φ1 � φ2ð Þ� �
(30)

The simultaneous application of the input supply voltage Vi to the dual surface
acoustic wave (SAW) oscillator system, along with the symmetry of the system
relative to the initial phase of SAWO1 and SAWO2, should be:

φ1 ¼ φ2 (31)

By inserting Eq. (31) into Eq. (30), the output signal V4 is transformed into:

V4 ¼ KLU1U2 cos 2π f 1 � f 2
� �

t
� � ¼¼ KU1U2 cos 2πΔf LPFt

� �
(32)

According to Eq. (32), the implementation of a dual channel design can mitigate
external disturbances to some extent, thereby ensuring the stability and enhancing the
system’s resistance to interference.

In practice, device asymmetry and parameter inconsistencies mean SAWO1’s f1
and SAWO2’s f2 would not match perfectly. Thus, it is essential to calibrate the
sensing and reference channels before testing.

4.2 Application of dual differential channel circuit on sensor

SAWOs use Pierce or Colpitts configurations for low-noise performance, each
with distinct circuit layouts. The Pierce configuration, with its series-resonant
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circuit, is preferred for high frequencies due to series resonance. The Colpitts
configuration, with its parallel-resonant circuit, maintains stable frequency at
lower ranges. For high-frequency SAW devices, the Pierce design enhances frequency
stability.

4.3 Test and application of the dual differential channel of the SAWO

Modify the variable capacitor Cx, as depicted in Figure 22(b). For the purposes of
this experiment, the compensatory value is established as the fundamental calibration
value for the differential frequency output, representing the oscillation frequency
disparity between the yellow and green curves highlighted in the red box in Figure 23.

Upon applying the yarn tension F to the sensing channel, the differential fre-
quency signal produced by the yarn tension sensor’s circuitry is adjusted by
subtracting the baseline calibration value. Consequently, this results in the isolation of
the frequency difference component. The output signal of AD835 mixer is shown in
Figure 24. The differential frequency signal of low-pass filter is shown in Figure 25.

This measured value is essential for calibrating the detection and reference chan-
nels. Therefore, the fundamental calibration can be expressed as:

Δf LPF ¼ 610kþ Δf T þ Δf F (33)

The low-pass filter of the differential circuit’s detection function allows the yarn
tension sensor to mitigate environmental interference effectively.

4.4 Test of dual differential channel circuit stability

Circuit stability is vital for SAW sensor performance, with frequency stability
indicating unpredictable frequency changes over time. The frequency stability curve
of SAWO1 is shown in Figure 26. The frequency stability curve of low-pass filter
output is shown in Figure 27. Short-term stability is measured using Allan variance in

Figure 22.
Diagram of the dual differential surface acoustic wave oscillator system [15].
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Figure 23.
Test waveform diagram of the SAW oscillator after adjusting the capacitor Cx [15].

Figure 24.
The output signal of AD835 mixer [15].
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Figure 25.
The differential frequency signal of low-pass filter [15].

Figure 26.
Frequency stability of SAWO1 with tension [15].
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the time domain or phase noise in the frequency domain, with Allan variance
defined as:

σ τð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
2N

XN

k¼1
f kþ1 � f k
� �2

r
(34)

Implemented BAW configurations with selected modes and materials effectively
scatter BAW via acoustic absorbers and substrate grooves,

K ¼ δ tð Þ
fM

¼ 1
fM

PN
k¼1 f kþ1 � f k
� �2
2N

" #1
2

(35)

Figure 27 shows the frequency stability curve of low-pass filter output loaded with
tension. Tests showed stability improvements, with short-term variability down to
0.17726 ppm, accuracy up to 27 Hz, and max frequency jump to 0.45123 ppm.

5. Temperature compensation of SAW yarn tension sensor based
on PSO-LSSVM algorithm

Various sensors measure tension, but temperature impacts their accuracy,
necessitating compensation [40]. This section explores data fusion techniques,
specifically PSO-LSSVM, to enhance SAW yarn sensor precision beyond

Figure 27.
Frequency stability of low-pass filter output with tension [15].
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traditional hardware compensation. The least-squares method establishes fitting
equations for frequency shifts and sensor force under varying temperatures post-
compensation.

5.1 Principle of SAW yarn tension sensor using PSO-LSSVM module

Figure 28 details the principle of PSO-LSSVM in SAW yarn tension sensors [42–
44]. It shows three main components:

1.Motors for unwinding and traction rollers that adjust coil tension, detected by a
SAW. device via a floating roller.

2.An SAW delay sensor with an amplifier and feedback loop, with an adjacent
temperature sensor for ambient temperature readings.

3.A PSO-LSSVM fusion model that neutralizes temperature interference.

The system inputs the SAW sensor’s frequency shift Δf and the temperature
sensor’s output UT, outputting a compensated frequency f 0.

5.2 Principles of PSO-LSSVM algorithms

SVM, a machine learning model known for mapping data into higher dimensions
and optimizing decision boundaries [41, 45, 46], converts model training into solving
a quadratic programming problem,

min
1
2

ωk k2 þ 1
2
γ
Xn
i¼1

ξi
2 (36)

which has inequality constraints

Figure 28.
Temperature compensation of SAW yarn tension sensors using PSO-LSSVM [41].
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yi ω
τφ Xið Þ þ bð Þ≥ 1� ξi (37)

In least squares support vector machines (LSSVM), the inequality constraints
found in Support Vector Machines (SVM) are converted into equality constraints,
which means that:

yi ¼ ωτφ Xið Þ þ bþ ξi, i ¼ 1, 2, … , n (38)

Which described in Eqs. (37) and (38) also can be transformed into

L ω, b, ξ, αð Þ ¼ 1
2
ωτωþ 1

2
γ
Xn
i¼1

ξ2i �
Xn
i¼1

αi ω
τφ Xið Þ þ bþ ξi � yk

� �
(39)

Ultimately, through the integration with the kernel technique, the initial linear
equations can be transformed into a nonlinear form

f Xð Þ ¼
Xn
i¼1

αiK X,Xið Þ þ b (40)

In this part, the kernel function we used is a radial basis function (RBF) kernel,
namely,

K X,Xið Þ ¼ exp � X � Xik k2
2σ2

 !
(41)

In the k-th iteration, the position and velocity vector of the i-th particle are
adjusted using the following pair of equations:

Figure 29.
PSO-LSSVM curve fitting for the relationship between the tension F and the output frequency shift Δf (under
different temperature conditions) [41].
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Vkþ1
i ¼ ωVk

i þ c1r1 Pk
i � Xk

i

� �þ c2r2 Pk
best � Xk

i

� �
(42)

Xkþ1
i ¼ Xk

i þ Vkþ1
i (43)

5.3 Temperature compensation results and analysis

The LSSVM employs particle swarm optimization (PSO) to fine-tune these
parameters, thereby improving LSSVM’s predictive accuracy [47–50].

In the PSO-LSSVM algorithm (Figure 29), we set
c1 ¼ 1:6, c2 ¼ 1:1, ε ¼ 10�8, tmax ¼ 200,ωmin ¼ 0:5, and ωmax ¼ 1:6, so we have the
temperature sensitivity coefficient.

αs2 ¼ Δdmax

ΔT∙Δf FSð Þ ¼
264

20� 10590
¼ 1:2466� 10�3°C�1 (44)

Measurement precision is vital for SAW winding sensors, with the output average
error being a key accuracy metric. Within a 0–1 N tension test range, the output
average error for each test point is calculated as follows:

σae ¼
1
n

Pn
i¼1∣xi � x∣
x

(45)

Through the test of different temperature compensation algorithms, we know that
PSO-LSSVM is the most ideal compensation for yarn tension sensor. According to
Figure 30, the test conclusion is as follows.

1.Applying LSSVM and PSO-LSSVM reduced the SAW Yarn tension sensor’s
temperature sensitivity coefficient αs from 1:1115� 10�2°C�1 to 2:6851�
10�3°C�1 and 1:2466� 10�3°C�1, a tenfold decrease.

Figure 30.
Comparison the mean error of the SAW Yarn tension sensor in the 0–1 N measurement interval [41].
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2.Unoptimized data’s average output error is 5.95%. The LSSVMmodel’s average error
is over 1.42%, whereas the PSO-LSSVM achieves 0.50% or lower. Hence, PSO-
LSSVM is superior for temperature compensation in SAW Yarn tension sensors.

6. Conclusions

In this chapter, we introduce the design of a yarn tension sensor utilizing surface
acoustic waves. We also delve into issues such as second-order effects, the design of
surface acoustic wave oscillators, and temperature compensation within the sensor.
The chapter examines their impact on the sensor and presents effective solutions,
thereby enhancing the sensor’s performance.

We can draw the following conclusions from this chapter:

1.Design a doubly clamped beam SAW yarn tension sensor, including the choice of
the piezoelectric substrate material, the choice of the piezoelectric die size, the
placement of IDTs, and the construction of measurement system.

2.Solution to the second-order effect problem of SAW yarn tension sensor,
including the split electrode IDTs to improve the in-band ripples of frequency
characteristic, arranging acoustic absorbers, and engraving bidirectional slots to
improve the out-of-band suppressions of frequency.

3.Test and application of the dual differential channel ensures that the short-term
variability of the sensor is reduced 0.17726 ppm, accuracy up to 27 Hz, and max
frequency jump to 0.45123 ppm.

4.We tested the SAW yarn tension sensor; the unoptimized data’s average output
error is 5.95%. The LSSVMmodel’s average error is over 1.42%, whereas the PSO-
LSSVM achieves 0.50% or lower. Hence, PSO-LSSVM is superior for
temperature compensation in SAW yarn tension sensors.
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