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Abstract

Friction Induced Vibrations occur in many different contexts, from automotive in-
dustry to musical instruments, and are often investigated for their detrimental effects
such as surface damage and dynamical instabilities. In this article, a mechanical de-
vice exploits Friction Induced Vibrations to transfer energy in a structure from a
primary ambient low-frequency vibrational field towards a secondary acoustic field
with a higher and wider frequency content. This device constitutes a Secondary
Acoustic Source for the structure. An approach is proposed to quantify the energy
flow between the primary and secondary acoustic fields from the sole measurement
of acceleration signals at a finite number of points on the experimental structure.
These results pave the way towards the optimisation of the energy transfer by the
Secondary Acoustic Source and, as such, towards its use for Structural Health Mon-
itoring applications.

1. Introduction

Friction-Induced Vibrations (FIV) is a general, widespread phenomenon, ob-
served in contexts as different as squeal of vehicle brakes [10, 7, 27, 23, 13|, squeak
of hip prosthetics [24, 29, 21, 9], tactile perception [8, 5, 19] and sound production
by bowed-string instruments |16, 30]. Physically, FIV result from the dynamic ex-
citation of a structure by a contact interface [17, 1, 4|, and are affected by both
system and contact characteristics. Although most studies focused on the detri-
mental effects of FIV including wear, surface damage, fatigue, noise and dynamical
instabilities [12, 22, 7], recent works focused on the control and exploitation of FIV,
for example to harvest or transfer vibrational energy |15, 4.
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In this context, this article focuses on the use of FIV to transfer acoustic energy
from a low frequency acoustic (vibrational) field in a structure towards a secondary
acoustic field with a higher and wider spectral content. To this aim, a Secondary
Acoustic Source (SAS) has been developed in the form of a mechanical device com-
posed of two resonators coupled through a frictional interface (Figure 1). The pri-
mary resonator aims at harvesting energy from the ambient noise, and, as such, is
designed so that its natural frequency is within the frequency range of the ambient
acoustic field. The vibrational response of the primary resonator results in a rela-
tive motion at the interface with the secondary oscillator. This frictional interface
causes a broadband excitation, and, hence, produces a secondary acoustic field with
a higher and wider spectral content. Altogether, the SAS is expected to behave as
a localised, high-frequency secondary source for the structure.

The developed SAS is expected to be of particular interest for applications in
Structural Health Monitoring (SHM), which aims at detecting and localising dam-
ages and defects in structures and is, as such, of crucial importance in aeronautics
and civil engineering [6, 25]. Classical active approaches in SHM rely on the charac-
terisation of changes in the response of a structure to an external excitation [26|. The
associated power consumption constitutes a major limitation for their application
to continuous monitoring of structural health. Alternatively, passive techniques aim
at using the ambient noise in the structure to detect defects and damages [18, 28],
without the need for active acoustic sources. Important technical limitations lie in
the availability of suitable noise sources : indeed, passive SHM techniques require
uncorrelated, wideband, high-frequency noise sources with fixed locations. In this
context, the role of the Secondary Acoustic Source is to harvest energy from the
non-stationary, low frequency ambient acoustic field (e.g. vibrations from engines
on an aircraft wing), and to transfer it towards a higher wideband frequency range,
by exploiting the broadband excitation generated at the frictional interface [4].

A preliminary study provided the proof of concept for this approach [3]. The
optimisation of the energy transfer between the ambient and the secondary acoustic
fields is now an essential step towards applications in SHM. This implies first to
quantify the energy flow between the SAS and the structure, and, as a second step, to
investigate the influence, on this energy flow, of the SAS parameters. This includes
the dynamic parameters of the two resonators, such as their mass and stiffness,
as well as the parameters associated with the frictional interface, such as surface
roughness and normal contact force.

In this article, we propose a method to quantify the energy transfer between the
ambient low-frequency acoustic field and the secondary acoustic field. This allows
to perform a preliminary study on the influence of the normal contact force at the
frictional interface on the energy transfer. The article is organised as follows. The
experimental setup is described in section 2. The power flow estimation method is
detailed and validated in section 3. Section 4 presents preliminary results on the
influence of the force at the contact interface of the SAS on the power flow and
energy transfer. Finally, the results are discussed in section 5.
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Figure 1: Schematic representation of the Secondary Acoustic Source (SAS). A main resonator,
constituted by a spring of stiffness 2710 N/m and a 7.5mm aluminium cube, is in frictional contact
through two screw heads with a 27.5 x 7.5 x 0.5mm U-shaped steel beam (the secondary resonator).
The contact condition can be changed by adjusting the two screws tightness.

2. Experimental setup

The experimental setup is represented in Figure 2. A free-free 500mm long,
300 mm wide, 3mm thick aluminium plate (the structure) is excited by a shaker at
Point 1, with a low-frequency, narrow-band noise, between 50Hz and 130Hz. This
represents a structure subject to an ambient acoustic field. The Secondary Acoustic
Source is connected to the plate at Point 2. Two force sensors, a PCB 208C01 and
a B&K type 8200 are connected to the structure at points 1 and 2, respectively,
together with two accelerometers PCB 353B18 and PCB352A24, respectively. A
third accelerometer B&K 4397 is located at point 3, far from both the shaker and
the SAS, in order to estimate the ability of the SAS to affect the frequency content
of the acoustic field in the whole structure. The data acquisition is realised through
a LMS acquisition system with a sample frequency of 25.6 kHz.

Figure 1 represents the SAS in more details. The main resonator is composed of
a spring of stiffness 2710 N/m and an aluminium cube of 7.5mm side length. It is in
frictional contact through two screw heads with the secondary resonator, a U-shaped
steel beam. The normal force at the sliding interfaces between the two resonators
is controled by adjusting the screws tightness. The resonance frequency of the main
resonator is around 80 Hz, in the frequency range of the ambient noise (provided by
the shaker) and close to a natural frequency of the plate. The frequency of the first
bending mode of the U-shaped beam is around 303 Hz.

The idea behind this SAS is the following: the ambient noise induces oscillations
of the main resonator, which results in a frictional contact at the rough interface
with the secondary resonator, thus providing a wideband excitation to this secondary
resonator [2]. Under the assumption of a weak contact, one can expect that the
secondary resonator will respond to this excitation with its own natural frequencies
[20], and reinject energy in the plate. The SAS would thus constitute a secondary
wideband, high-frequency noise source for the structure.
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Figure 2: (a) Photography and (b) schematic top view of the experimental setup : the structure
(a 500mm long, 300mm wide, 3mm thick aluminium plate) is excited at point 1 by a shaker with a
filtered white noise, with a frequency content between 50Hz and 130Hz. The Secondary Acoustic
Source (SAS) is located at point 2. The force and acceleration are measured at points 1 and 2,
and a third accelerometer is located at point 3, far from both sources.
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Figure 3: Power spectral density S,343 of the acceleration measured at point 3 (logarithmic scale),
without contact (blue curve) and with frictional contact (green curve) between the two resonators
of the Secondary Acoustic Source.

2.1. Energy transfer towards higher frequencies

Figure 3 represents the Power Spectral Density (PSD) S,3,3 of the acceleration
measured at point 3 (i.e. far from both the shaker and the SAS), for two different
configurations of the SAS, namely when its two resonators are not in contact (i.e.
the SAS is not activated), and when they are in frictional contact (i.e. the SAS is
activated). The statistical properties of the excitation signal provided by the shaker
are identical in both cases. In figure 3, the frequency content of the ambient noise
in the structure differs significantly between the two cases. In particular, the energy
content is significantly higher in the frequency range [350,10000|Hz when the two
resonators of the SAS are in frictional contact (green curve), compared to the case
without contact (blue curve).



3. Quantification of the energy flow between the structure and the SAS

These preliminary results demonstrate the ability of the SAS to transfer energy
from the low-frequency, narrow-band ambient acoustic field towards a secondary
acoustic field with a higher and wider spectral content. Importantly, a single SAS
is able to affect the frequency content of the ambient acoustic field in the whole
structure. The optimisation of this energy transfer is an essential step towards ap-
plications in SHM. This implies to investigate the effect of both the contact param-
eters (normal force at contact and interface roughness) and the resonators geometry
(stiffness and mass) on the efficiency of the energy transfer. A first step of the opti-
misation process is the quantification of the power flow between the vibrating plate
(the structure) and the SAS.

Assuming that the SAS does not significantly affect the plate dynamics [11, 3],
one can consider that the structure is subject to two external forces fi(t) and f5(t)
applied by the shaker at point 1 and the SAS at point 2, respectively. Considering
moreover, in first approximation, that both fi(¢) and fo(¢) are point forces, the
power flow < P, > at point 2 is written as follows [20, 14]:

<Py % /_O; Re(S 0, (@)oo (1)

Here, Sp,,(w) is the cross power spectral density (CPSD) of the force fy(¢) and the
velocity vs(t) measured at point 2. It is straightforward to retrieve Sp,,,(w) from
the measured acceleration and force signals (aq(t) and f3(t), respectively):

Sf2v2(w> = i‘sﬁaz(u})' (2)

Throughout this article, two distinct frequency bands are considered for the inte-
gration of equation (1). In the one hand, the ezcitation frequency band [50,130|Hz,
which corresponds to the frequency range of the ambient low-frequency narrow-
band noise provided by the shaker. On the other hand, the higher frequency band
[1000,10000|Hz is of interest in the context of SHM, and corresponds to the frequency
range in which acoustic energy is transferred by the sliding contact (see Figure 3).
Hereafter, the ability of the SAS to reinject energy in the plate is evaluated on the
higher frequency band. The comparison of the power flow in these two frequency
bands gives an estimation of the efficiency of the SAS, that is to say its ability
to harvest energy from the ambient acoustic field and to convert and reinject this
energy in the higher frequency band.

Figure 4 represents the value of < P, > on these two frequency bands, for the
two cases considered in Figure 3, corresponding to a deactivated SAS (i.e there is no
contact between its two resonators) and an activated SAS (i.e. the two resonators
are in sliding contact), respectively. Here, a negative sign means that energy is
flowing from the plate towards the SAS while a positive sign means that the SAS is
injecting energy into the structure. In the excitation frequency band, no significant
difference is observed between the two cases : both with and without contact, the
negative sign of <P,> shows that the SAS harvests energy from the structure. In
the higher frequency band, as expected, no energy transfer is observed between the
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Figure 4: Power <P,> (W) between the plate and the SAS, for the cases without (blue) and
with (green) contact between the two resonators of the SAS. Shown are (a) the power flow in the
excitation band [50,130] Hz and (b) in the higher frequency band [1000,10000] Hz.
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Figure 5: Power <P,> (W) between the plate and the SAS, integrated on 100Hz-wide frequency
bands. The two resonators of the SAS are in frictonal contact. The inset shows a zoom on the
higher frequency band [1000,10000] Hz.

structure and the SAS when the SAS is not activated. When it is activated, on the
other hand, Figure 4 clearly shows that the SAS injects energy into the structure.
The power flow is represented in more details in Figure 5, where the power < P>
is now integrated over 100 Hz - wide frequency bands. This demonstrates clearly
that the plate injects energy in the SAS almost exclusively below 200 Hz. Above
1000 Hz on the other hand, the SAS constitutes a secondary acoustic source which
injects energy in the structure.

3.1. Estimation of the power flow from acceleration signals only

Quantifying the power flow at point 2 from equation (1) requires the simultaneous
measurement of the force and acceleration signals f5(t) and aq(t). Force sensors
are not compact, and the need for measuring both the force and acceleration is an
important limitation in the context of applications, where several dozens of SAS will
be typically used simultaneously [3]. Moreover, one can expect that introducing the
force sensor between the SAS and the plate might affect the efficiency of the energy
transfer. We show here that the power flow < P, > can be estimated accurately
using the acceleration signals only.



Under the assumption of sufficiently small vibration amplitude, the vibrating
structure can be considered as a multiple input - multiple output linear, time-
invariant system, where the inputs are the (external) forces fi(t) and fo(t) applied
by the shaker and the SAS, respectively, and the outputs are the acceleration signals
a1(t) and as(t). The response of such a system to a random excitation is defined as
follows [14] :

Saa(w) = H(w)Sga(w). (3)
Here, Saa(w) is the matrix of power spectral densities of the accelerations (output),
H(w) is the matrix of the frequency response functions of the structure, and Sg,(w) is
the matrix of the force - acceleration (input - output) cross power spectral densities.
Because we consider here a two inputs - two outputs system, these are 2 x 2 matrices:

_ [Swa (W) Sayes (W)
Saa(W) B {Sazal (w) SaQaQ(W)} ’ (4)

Hn(w) H1 (w)
H(w) = {Hm(w) Hyy (w)] )
)

Sflal(w Sf1a2< )
Smlw) = {Sﬁm(w) S »]’ (©)

The matrix of the force - velocity cross power spectral densities Sg,(w) can be cal-
culated by inverting the matrix H(w) in equation (3):

St (w) = .isfa(w)

T L ()8 mw) (7)

w

=M ' ()Saa(@),

where M(w) is the mobility matrix of the vibrating structure.

Importantly, the use of the transfer matrix, which is designed for linear systems,
is based on the assumption that the SAS is considered here as an external excita-
tion source which provides an excitation to the structure. As such, the proposed
method does not model the nonlinear phenomena at the contact interface between
the resonators of the SAS. The dynamic contribution of the whole SAS, as well as
the one of the shaker, are neglected and the transfer matrix is considered as the one
of the structure alone, between the points where the SAS and shaker are connected
to the structure. This assumption is supported by preliminary experimental results
[11] and will be corroborated hereafter by comparing the power flow calculated from
the measured force and acceleration signals on the one hand (equations (1) and (2)),
and retrieved from the transfer matrix and the acceleration signals only on the other
hand (equations (1) and (7)).

3.1.1. Estimation of the frequency response function

The frequency response functions H;;(w) are estimated from the simultaneous
measurement of forces and accelerations at points 1 (shaker) and 2 (SAS). The
structure is excited by the shaker with a wideband noise on the whole frequency



band [30,10000] Hz. The first and secondary resonators of the SAS are in frictional
contact so that the SAS constitutes a wideband external source for the structure, as
demonstrated in the previous section (see Figure 5).

The frequency response matrix of the two inputs - two outputs linear system is
calculated using the estimator H1 [14]:

H(w) = Sar(w)Sg " (w) (8)

where H(w) is the complex conjugate matrix of H(w), Sg(w) is the matrix of power
spectral densities of the force signals, Sa¢(w) is the matrix of the acceleration - force
cross power spectral densities

3.1.2. Validation of the method

Figure 6 represents the cross power spectral density (CPSD) Sf,., (w) calculated
directly from the measured acceleration and force temporal signals ay(t) and fo(t)
on the one hand, and retrieved from the accelerations signals a;(t) and as(t) and
the frequency response functions using equation (7) on the other hand. The con-
tact conditions between the two resonators of the SAS are unchanged compared
to the measurement conditions of the frequency response functions. As before, the
structure is excited by the shaker with a low frequency, narrow-band noise in the
frequency band [50,130|Hz. Overall, the measured and retrieved CPSD Sfg,2(w) in
Figure 6 show good qualitative and quantitative agreement.
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Figure 6: Modulus (a) and phase (b) of the measured (black) and retrieved (red) cross power
spectral density S¢,,,, with respect to the frequency. The plate is excited by the shaker in the
frequency band [50,130] Hz and the contact conditions between the two resonators of the SAS are
identical to the one considered for the measurement of the frequency response functions.

In order to fully validate the transfer matrix method, we now use the retrieved
function Sy,,, (w) to estimate the power < P, > supplied by the SAS to the structure
in the high frequency band. In figure 7, the results are compared with the value
of < P, > calculated from the measured force and acceleration signals. This shows
that in the high frequency band, where acoustic energy is transferred by the fric-
tional contact between the two resonators of the SAS, the retrieved and measured
values of < P, > differ by less than 2%. The right panel in Figure 7 represents
the measured and retrieved power < P, > integrated over 100Hz-wide frequency
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Figure 7: Measured (black) and retrieved (red) power flow <Py> (W) integrated over the high
frequency band (a) and over 100Hz-wide frequency bands (b). The experimental conditions are
identical to the one considered in Figure 6.

bands, thus allowing for a more comprehensive comparison. Overall, the measured
and retrieved results show excellent qualitative and quantitative agreement, which
strongly suggests that the power flow between the SAS and the structure can be
estimated accurately from the sole measurement of the accelerations signals at the
source points.

4. Influence of the contact force

In this section, we investigate the influence of the normal force at the contact
interface between the two resonators of the SAS both on the accuracy of the proposed
methof for the estimation of the power flow between the structure and SAS, and
on the efficiency of the energy transfer by the SAS. In addition to the contact
conditions considered in Figure 6 and 7, two qualitatively different values of the
normal force at the contact interface are considered. The power <P,> exchanged
between the SAS and the structure is estimated from the measured accelerations only
using the method presented in section 3.1, and the results are compared with the
values calculated from the measured force and acceleration signals. Importantly,
the frequency response functions (FRF) considered for retrieving the CPSD Sy,,,
(and then the power flow < P,>) are the same as considered in the previous section
: these are thus measured for different contact conditions than the one considered
hereafter. This allows to assess the reliability of the proposed power flow estimation
method for a set of different contact conditions, while using a single set of FRF
measurement for different contact conditions.

The different values of the contact force at the frictional interface are obtained by
changing the revolution number of the screws (see figure 1). In addition to the case
presented in the previous section, two further cases are considered, which correspond
to a weaker and stronger normal force at contact.

4.0.1. Weaker contact force

Figure 8 shows the measured and retrieved value of < P, >, when the normal
force at the contact interface between the two resonators of the SAS is weaker than
the one considered for the measurement of the FRF. It is important to note that we



consider here very small values of the normal force at contact (estimated below 0.03
N). As before, the measured and retrieved data in Figure 8 show excellent agreement,
and the retrieved value of <P,> in the high-frequency band [1000,10000|Hz differs
by less than 1.3% from its measured value.
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Figure 8: Power <P,> (W) exchanged between the structure and the SAS in the frequency band
[1000,10000] Hz (a) and integrated over 100 Hz - wide frequency bands (b), for a weak normal
force at the contact interface between the SAS resonators. Shown are the values calculated from
the measured force and acceleration signals (black) and retrieved from the acceleration signals only

(red).

4.0.2. Stronger contact force

Figure 9 represents similar results, when the normal force at the contact inter-
face is larger than the one considered for the measurement of the FRF. As before,
the agreement is excellent, and the relative difference between the measured and
retrieved values of <P,> is below 3.5% in the high-frequency band.
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Figure 9: Power < P2 > (W) exchanged between the structure and the SAS, in the frequency band
[1000,10000] Hz (a) and integrated over 100 Hz - wide frequency bands (b), for a strong normal
force at the contact interface between the SAS resonators. Shown are the values calculated from
the measured force and acceleration signals (black) and retrieved from the acceleration signals only

(red).

5. Discussion

The results presented here show how the designed Secondary Acoustic Source is
able to transfer acoustic energy from the low-frequency narrow-band ambient noise
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towards a secondary acoustic field with a higher and wider spectral content. As
such, the SAS constitutes a passive source of acoustic energy, stationary in space
and with a high-frequency acoustic signature. As shown in Figures 7, 8 and 9, the
power flow between the designed SAS and the structure can be calculated accurately
from the measurement of the sole acceleration signals at the two source points (here,
the shaker and the SAS). Importantly, a single set of frequency response functions
(FRF) is used for the estimation of the power flow, no matter what the contact
conditions are between the SAS resonators. In fact, what is important is that the
SAS is effectively a wideband noise source for the structure when the FRF are mea-
sured. These results are of particular interest for the optimisation of the secondary
acoustic source in terms of energy transfer. In particular, this will allow a more in-
depth investigation of the influence of the contact parameters on the energy transfer,
without using force sensors apart from the initial FRF measurement.

In particular, our preliminary results suggests that the normal force at the contact
interface has a significant influence on the energy towards high frequencies. The
results presented in Figures 7, 8 and 9 highlight that, for a given excitation level of
the structure by the shaker (i.e. a given level of ambient noise), the value of < P>
(and then the acoustic energy transfer) in the high frequency band is 8 to 13 times
larger for the medium contact force than for the weak and strong contact force.
This strongly suggests that a more in-depth parametric study would be particularly
valuable in order to optimise the energy transfer.

Finally, for sake of clarity and simplicity, the proposed power flow estimation
method has been considered so far for a single SAS. However, this technique will
be of particular interest in the context of SHM, where several SAS will be used
simultaneously [3].

6. Conclusions

This work demonstrates that a passive Secondary Acoustic Source is able to
transfer acoustic energy from a low frequency ambient noise in a structure towards
a higher and wider frequency band. An approach for estimating the energy flow
between the SAS and the structure, and then the efficiency of the SAS, has been
proposed and validated, which rely on the measurement of the acceleration signals
only. A preliminary investigation of the influence of the normal force at the con-
tact interface between the two SAS resonators highlighted the strong influence of
this parameter on the efficiency of the energy transfer. Overall, these results pave
the way towards a more comprehensive parametric study, and as such towards the
optimisation of a Secondary Acoustic Source for applications in passive SHM. In par-
ticular, the need for a passive external acoustic source with a fixed spatial location
and uncorrelated high frequency content will be satisfied by the SAS.
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