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Abstract 
This paper investigates the concept of transferring / pumping vibroacoustic energy from an ambient 
acoustic field towards a secondary acoustic field by exploiting the dry contact friction nonlinearities. The 
secondary acoustic field could be used, for instance, as a reference signal in structural health monitoring 
with various applications e.g. in aeronautics. Firstly the concept of energy dissipation by dry friction is 
examined for a nonlinear model of a simplified spring-mass-damper-dry friction damper system. A 
Masing macroslip contact model is introduced. The dynamic behavior of the system is calculated using a 
combination of a nonlinear Newmark method and a Newton-Raphson iterative method. The three different 
contact states (stick, stick/slip and slip) and peak flattening are observed. The analysis is further extended 
to a more complex system constituted by 3 degrees of freedoms and a frictional slider. The vibrational 
energy transfer between the different natural frequencies of the system and the exploitation of the ambient 
vibrational field are both investigated and demonstrated in numerical simulation results.   

1 Introduction 

Structural Health Monitoring (SHM) is an ensemble of emerging technologies focusing towards the 
improvement of the safety, the reliability and the maintainability of critical structures such as bridges, 
dams, wind turbines and particularly aeronautical structures. In order to reduce costs and time-
consumption for in-service inspection, a number of cost effective Non-Destructive Testing (NDT) 
methods have been developed. The use of guided elastic waves named Lamb waves has shown promising 
results in detecting highly localized damages due to the relatively short wavelengths of the propagating 
waves in plates and shells ([1], [2]). Two common approaches for Lamb wave excitation and measurement 
are the pitch-catch [3] and the pulse-echo techniques. The former technique uses two transducers, one to 
excite the structure and the other to measure the received response. Damage is determined by 
characterizing the change in the response. However, in order to locate the damage, multiple pitch-catch 
sensors may be required. The latter technique uses one transducer to both excite the structure and detect 
the echoes from the excitation. The signal echoes can contribute to the determination and the localization 
of material defects. Focusing toward the integration of structural health monitoring in realistic applications 
a number of systems have been proposed. These systems are based on the development of autonomous 
wireless sensors and actuators which still require power supply. As a result a number of studies investigate 
the possibility of developing self-powered wireless health monitoring systems on vibrating structures 
using piezoelectric elements and electrical circuits in order to harvest electrical energy from the direct 
conversion of mechanical energy vibration [4]. 

However, the power consumption of an autonomous SHM system of aeronautical structures remains a key 
issue for the standard ultrasound methods used in the active approaches. An interesting alternative to 
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classical configurations (pitch-catch, pulse-echo) constitute the removal of the actuators and the use of a 
passive SHM system based on the exploitation of the ambient noise/vibration of the structures. In an 
aeronautical application useful noise could be the engine noise or the aerodynamic noise. Several 
theoretical and experimental studies have demonstrated the possibility of detecting the presence of a crack 
by using the ambient noise, making the assumption that a nearly spatially diffuse and temporally random 
acoustic field is generated in the structure. Under this assumption the Green’s functions between two 
points of a structure can be reconstructed by the correlation of noise field recorded in these points [5]. 

In the aeronautical applications the acoustic vibrations produced by the engines or local aeroacoustic 
effects correspond to the case where the natural acoustic sources are localized rather than distributed over 
the structure. In this case, although the generated vibrations propagate and reverberate all over the 
structure, the ambient acoustic field is characterized as non-controllable, non-stationary and non-isotropic. 
The detection, localization and imaging of defects in such non-ideal conditions could be investigated by 
applying the time reversal principles associated to the singular value decomposition (DORT method) [6].  

The possible non-stationarity of the ambient sources locations is a really blocking point for the application 
of the time reversal principles. In order to overcome this bottleneck, an innovative concept of an artificial 
secondary “passive” acoustic source, exploiting the contact friction nonlinearities for transferring energy 
from the ambient acoustic field to a secondary wave field, is proposed and fundamentally investigated in 
this paper. 

Friction-induced vibrations [7] have been the subject of a huge amount of research works in several 
research fields and often aimed to their control or suppression. Sliding contacts can lead either to 
undesirable dynamic instabilities like macroscopic stick-slip and brake squeal [8], [9], [10], or to contact 
damping effects that have been largely investigated for several applications. First researches on friction 
damping appeared on 1931 [11], while a review on the different friction models and their applications as 
dampers was presented by Ferri [12] in 1995. The analysis of friction sliders as dampers needed the 
development of nonlinear tools for simulating and investigating the phenomena. The first studies were 
performed on a one degree of freedom (1DOF) model [11], while a more complex structure was modeled 
by Toufine et al. in 1999 [13]. Due to the huge computational effort needed for transient nonlinear 
simulations, several approximated methods have been proposed: e.g. the Harmonic Balanced Method [14], 
the Multi-Harmonic Balanced Method [15], the Incremental Harmonic Balanced Method [16], [17], [18], 
the Hybrid Frequency-Time domain Method [19] and the Alternative Frequency Time Domain Method 
[20]. The results of numerical simulations have been also compared with experimental tests on simple test 
benches [21]. Several works deal with friction induced vibrations itself [22] and the coupling between the 
system dynamics and the friction properties [23], [8], [9], [24], [25]. In these cases, finite element models 
of the system have been developed, including the sliding contact interfaces [25], [26], [27]. While a linear 
model is used for the dynamic analysis of the system, non-linear transient simulations are needed to 
account for the contact nonlinearities [8]. Although several works focused on contact instabilities and on 
the application of sliders as a damper, the specific use of friction nonlinearities as a tool for transferring 
energy from an acoustic field to another one at different frequencies has not yet been investigated. Recent 
works [28], [29], always focused on damping, deal with the energy transfer on a master / slave system to 
perform the transfer of the vibration energy from the structure to a set of small oscillators that are 
capturing energy from the mechanical system and thus are acting as nonconventional dampers.   

In this context, the development of the artificial acoustic secondary source, needed for passive SHM 
applications, is based on a reduced multi degree-of-freedom model which is an extension of the models 
already investigated by the authors for the analysis of friction dampers [30].  

The main idea consists in the development of a simple system constituted by a master resonator that is 
connected to a secondary resonator (e.g. a small beam) by a sliding surface. The vibration of the main 
resonator, induced by the ambient field, allows the frictional sliding at the contact surface with the 
secondary resonator. In such a way the vibrational energy is transferred to the secondary resonator by the 
random excitation at the frictional contact interface. The secondary resonator responds with its own 
dynamics, introducing vibrational energy in the system characterized by different frequency content 
(secondary acoustic field). 
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 The paper is structured as follows: In Session 2 the concept of the energy dissipation by dry friction in a 
simple system is introduced, including a Masing macroslip model and taking into account the roughness of 
the contact surfaces. In Session 3 the concept is extended to a multi-dofs system allowing accounting for 
the dynamics of the primary and secondary resonator. Finally some conclusions are presented in Session 
4. 

2 Energy dissipation by dry friction in a 1-dof system 

2.1 Mathematical modeling of contact 

Devices involving dry friction [13], [31] are often used to decrease maximal amplitudes of structure 
response at the resonance. Each device is characterized by a different behavior depending on the 
geometry, as well as the position and the characteristics (dimensions, roughness, material, etc…) of the 
surfaces in contact. As a consequence, different adapted contact models have been developed, as presented 
for example in [32] - [35]. Two main categories of friction contact models are mainly encountered in 
nonlinear dynamics: Macroslip and Microslip [36]. The main difference between them concerns the 
homogeneity of their behavior along contact surfaces. Considering a Macroslip model, the behavior of the 
contact surface is considered global and homogeneous along the whole surface at any moment: it is either 
in a completely slipping or in a completely sticking state. On the other hand in Microslip models, the 
behavior of contact surfaces is no more homogeneous and mixed configurations may be present. Part of 
the contact surface may be stuck while another part may slip at the same time. Taking into account the 
most adapted model, a good agreement can be obtained between numerical and experimental results, as 
shown for example in [37] - [39]. Other approaches are developed to account for the continuous 
distribution of contact stresses and statii in order to investigate the role of the local contact dynamics 
(rupture and wave propagations) in the macroscopic frictional behavior [9], [25].  

In this context, the presented approach wants to develop a simple model, implementing the Macroslip 
model of the contact, which is able as well to account for the vibrations induced by the frictional dry 
contact, accounting for surface parameters such as roughness (see section 2.2) that would generally need a 
full finite element discretization of the contact. The novelty of this approach is to account for the energy 
exchanged between surfaces and solids (through the friction induced vibrations) without modeling the 
contact interface, which would need prohibitive computational efforts. 

Figure 1: A spring-mass-damper-dry friction damper system 

As a first step, in order to introduce the concept of energy dissipation by the dry friction, a nonlinear 
model of a simplified spring-mass-damper-dry friction damper system is considered (Figure 1) and the 
dynamic response of the system under a base excitation is analyzed. A Masing macroslip contact model is 
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used in order to simplify the numerical procedures and to facilitate the parametric studies. The parts in 
contact are either slipping or sticking. Contact separation and partial slips are not allowed.  
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Figure 2: Hysteresis loop of the Masing model 

The base of the spring-mass-damper-dry friction damper system undergoes a motion as shown at the 
Figure 1. Let y(t) denote the absolute displacement of the base and x(t) the absolute displacement of the 
mass from its static equilibrium position at time t. Then the net elongation of the spring is x y  and the 

relative velocity between the ends of the damper is x y  . The governing equation of motion is: 

    0NLmx c x y k x y F         (1) 

where m, k, c are respectively the structural parameters mass, spring stiffness and viscous damping. NLF is 

the nonlinear friction force due to the friction damper. N, μ and kt represent the normal preload, the 
friction coefficient at the slider contact interface and the tangential stiffness of the slider in the direction of 
the relative motion, respectively. w(t) is the displacement of the contact point with respect to the base y(t) 
and z(t) is the relative displacement between the mass and the contact point ( ) ( ) ( ) ( )z t x t y t w t    . 

According to the Macroslip approach, the friction force FNL can be expressed as: 

   
   

t t

NL

t

k x y z when k x y z N
F

Nsign x y when k x y z N



 

    
 

     
(2) 

The first row of the equation corresponds to the stick case while the second row corresponds respectively 
to the slipping case (Figure 2). The slope of the hysteresis loop sides correspond to the stiffness of the 
damper. The amplitude of the friction force with respect to time t is presented in Figure 3. 

Figure 3: The friction force FNL (fexc=15 Hz, Y=10-3m, N=0.001 N) 
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2.2 Introduction of surface roughness 

The aim of this work is to simulate the energy transfer between different acoustic fields, which is mainly 
due to the random excitation at the contact during dry frictional macroscopic sliding. As a result the 
excitation at the contact needs to be accounted for. A full finite element analysis accounting for both the 
system dynamics (macroscale) and the surface roughness (mesoscale) would need prohibitive 
computational resources. For this reason, the proposed approach wants to account for the excitation of the 
system dynamics, by the frictional contact, introducing a perturbative term in the friction law.  

In fact, in equations (2) the surfaces are assumed perfectly rigid and smooth. In reality the contact surfaces 
present a roughness which influences the friction force by providing local impacts and micro-slips 
between the roughness plateau. Moreover, because of the compliance of the material in contact, the 
rupture and wave propagation at the interface originate a random excitation along the whole sliding 
surface. In order to introduce the local surface excitation in the contact model, a new term is added as 
follows:  

   
     * *

t t

NL
r t

k x y z when k x y z N STICK
F

Nsign x y c Nsign x y n when k x y z N SLIP



  

    
 

         
(3) 

The roughness and rupture effect is added as a disturbance at the contact force during slipping. This 
disturbance follows a Gaussian distribution with mean value and standard deviation equal to 

 Nsign x y     and  *rc Nsign x y   respectively. The coefficient rc is introduced in order to 

quantify the extent of the roughness. In Figure 4 the shape of the hysteresis loop is presented for cr % and 
cr =10 %. 

For this preliminary analysis, the parameters characterizing the disturbance due to the local excitation 
(roughness and ruptures) have been fixed with preliminary assumptions as the aim of the work is the 
development and analysis of the numerical model. For further analyses these parameters will be retrieved 
by experimental tests as a function of key parameters such as sliding velocity, normal load, material 
properties and surface roughness.  

Figure 4: Shape of hysteresis loop for the roughness parameter for cr=0 % and cr=10 % 
(fexc=15 Hz, Y=10-3 m, N=0.001 N). 

2.3 Energy balance of the system 

The multiplication of the equation (1) by x and a rearrangement of the terms lead to the expression: 
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        
2

NLk y x y c y x y mxx c x y k x y x y F x                   (4) 

The introduction of the x y z w      and the rearrangement leads to the final equation: 

        
2

2

2
NL NL NL

d mx
k y x y c y x y f y c x y k x y x y F z F w

dt

 
             

 


           (5) 

or 

     
 

22
2

2 2
NL NL NL

k x yd mx
k y x y c y x y F y c x y F z F w

dt

 
          

 
 


        (6) 

The equation (6) represents the power conservation of the system. In words, the instantaneous power into 
the system (left term) is equal to the sum of the power absorbed by the damper, the time rate increase of 
the sum of the kinetic and strain energies and the power absorbed by the friction damper (slider). The term 

NLF w  corresponds to the strain energy stored into the stiffness of the frictional slider, while the term 

NLF z corresponds to the energy dissipated by the frictional slider. Part of this energy is restituted to the 

system by through friction induced vibrations, accounted for by the perturbative term of the frictional 
forces. 

The prediction of the response of systems involving dry friction is complex due to its highly nonlinear 
behavior. In order to solve the nonlinear problem, a special technique is considered by combining a 
nonlinear version of Newmark integration with the Newton-Raphson iterative method. In order to perform 
a preliminary numerical analysis, the parameters are considered as follows: mass m= 1 kg, system 
stiffness k= 104 N/m and viscous damping c= 2 Ns/m. The contact stiffness is kt= 104 N/m and the dry 

friction coefficient is μ= 0.5. A harmonic motion is applied on the base of the system: 0 cos(2 )excy y f t

with y0=10-4 m. The resulting relative displacement of the frictional slider is presented in Figure 5. 

Figure 5: Dynamic response of the friction damper z for cr = 0% and N=0.1 N. 

The frequency response of the system is obtained for different normal loads N. For N= 0.1 N, the contact 
is always sliding and the system exhibits a linear behavior. In this case, the equivalent stiffness is keq=k 
and the resonance occurs at: 

1

1
15.9

2

eqk
f Hz

m
 

For N>25 N the contact is always completely stuck and the resonant frequency is in this case a function of 
both system stiffness and contact stiffness. The equivalent stiffness is keq=k+kt and the resonance is at: 

2

1 1
22.5

2 2

eq t
k k k

f Hz
m m 


  
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Figure 6: Amplitude of the steady state displacement calculated for different values of normal load. 

When the normal load decreases from 100 N to 0.1 N, the contact state changes from stick to stick/slip 
state. As a consequence of those changes, peaks become flatter and the amplitudes obtained are much 
smaller than those associated to the linear cases when contact is completely sticking or slipping. The 
dynamic behavior, obtained with the single dof system with dry friction and excitation from its base, 
exhibits the three different contact states (stick, stick/slip, slip) and peak flattening is observed (Figure 6). 
An illustration of the modification of the hysteresis curves is presented in Figure 7. The case when N=2.5 
N is very interesting as the friction damper presents a small transient displacement and sticks quickly at a 
non-zero position. 

Figure 7: Shape of hysteresis loops for different normal forces N. 
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2.4 Estimation of the dry friction dissipated energy 

The energy dissipated by the dry friction damper Efriction over a period of one forcing cycle may be 
obtained from the hysteresis loop giving the nonlinear FNL as a function of the relative displacement 
between the mass and the contact point z(t). The energy is calculated over the period of one forcing cycle 
at the steady state, using the expression: 

friction NL

T

E F zdt   (7) 

The energy is calculated for different normal forces under a harmonic sweep excitation with frequency fexc 
in the range 0-50 Hz and is normalized by the normal force. The results are presented in Figure 8. By 
analyzing the results, it can be concluded that a larger amount of energy is dissipated when the contact is 
in slipping mode. 

Figure 8: The energy dissipated by the dry friction damper Efriction for different normal forces N. 

The amount of energy reintroduced as friction induced vibrations will be a percentage of the dissipated 
energy. For this reason, as a first approach, the sliding conditions seems to be the more appropriate to 
maximize the energy transfer.  Nevertheless, to address this point it is necessary to account for the 
dynamic response of both the primary and secondary resonators, and the exchange of energy due to a 
slider between them. For this reason the following of the analysis is developed on a more complex model 
with 3 dofs.  
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3 Energy transfer by dry friction in a multi dofs system 

3.1 Description of the 3-dofs system 

In the previous session, the concept of the energy dissipation by a dry friction damper has been presented. 
In this session, the concept is extended towards the vibrational energy transferred between the different 
natural frequencies of a system. This concept is based on the exploitation on one hand of the contact 
nonlinearities and on the other hand of an ambient vibroacoustic field.  

A discrete system constituted by 3 degrees of freedom (3-dofs) and a frictional slider is considered, as 
presented in Figure 9. The two degrees of freedom (mp & ms) correspond to the primary resonator and the 
secondary resonator of the device developed for transferring the vibration energy.  The third one models 
the local deformation of the structure (e.g. the wing local deformation in the aeronautical application). A 
periodic base excitation is applied on the system basement y(t) simulating the ambient vibroacoustic field 
and a normal load is applied to the frictional slider to load the contact.  

Even if the dynamics of the whole system is different from the dynamics of each component (resonators) 
the low coupling introduced by one point of contact (a small contact surface in the respective experimental 
device) allows to accept the modes of the system as modes corresponding to the natural frequency of each 
component; the vibration is mainly concentrated in one of the resonators. For this reason, in the following, 
the modes of the whole system will be referred often as modes of the primary or secondary resonators.  

The working principle of the proposed device can be resumed as follows: the base excitation represents 
the acoustic ambient noise (e.g. vibrations coming from engines or aerodynamic noise); the principal 
resonator is tuned in frequency with the ambient noise such as its response to allow sliding at the slider, 
which connects it to the secondary resonator; the secondary resonator is excited by the frictional forces, it 
responds with its own dynamics and reintroduce energy into the system at its natural frequency. In such a 
way, the vibrational energy at the ambient acoustic frequency range (primary resonator response) is 
transferred to the secondary acoustic field (natural frequency of the secondary resonator).  

The excitation at the contact (nonlinearity of the contact) is due partially to the slipping/sticking switches 
and to the perturbation introduced into the contact law, described in the previous sections.  

µN 
kd 

mp 

cp kp 
ms 

cs 

ca ka 

Local deformation of structure 

ks 

y(t) 
 

Figure 9: The 3 degrees of freedom (3-dofs) system 

By using the Lagrange equations the system equations are formulated as follows: 
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0 0 0 0 0

0 0 0 0 0

p p p p p p nl p p

s s s s s s s s nl
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m x c x k x F k y c y

m x c c x k k x F

m x c c c x k k k x k y c y

                
                                   
                                  

  

 

  

(8) 

where mi, ci, ki are the model parameters and Fnl is the nonlinear friction force. 

3.2 Estimation of the energy transferred by friction induced vibrations 

In order to analyze the concept of the energy transfer between the natural frequencies of the system, a 
multi parametrical analysis has been performed. The parameters of the system are selected such as the first 
natural frequency of the system (mainly related to the dynamics of the primary resonator) is tuned with the 
ambient acoustic field in order to maximize the vibrational response of the primary resonator.  On the 
other hand, the second degree of freedom (mainly related with the vibrations of the secondary resonator) is 
tuned with the wished secondary acoustic field. The parameters and the natural frequencies of the system, 
defined to be representative of an experimental test bench under investigation in the framework of an 
ongoing project, are presented in Table 1. 

Primary resonator Secondary resonator "Local deformation" 

fp 68,5 Hz fs 946,8 Hz fa 68,5 Hz 

mp 0,0838 kg ms 0,0028 kg ma 1,2465 kg 

kp 15529 N/m ks 98059 N/m ka 231073 N/m 

ζ 0,001 ζ 0,001 ζ 0,001 

cp 0,072162 Ns/m cs 0,033314 Ns/m ca 1,07339 Ns/m 

Table 1: Parameters of the system. The parameters are selected to be representative of an experimental test 
bench under investigation. 

The two extreme cases, totally slip and totally stick, are firstly considered; the natural frequencies of the 
two corresponding systems are calculated and reported in Table 2. 

Natural frequencies (Hz) 

Stick 68,5 87,3 989,8 

Slip 68,5 68,4 942,9 

Table 2: The natural frequencies of the two extreme cases, totally slip and totally stick 

The contact stiffness is kt= 104 N/m and the dry friction coefficient is μ= 0.5. A harmonic motion is 

applied on the base of the system: 0 cos(2 )excy y f t with y0=10-4 m and fexc=68 Hz (tuned with the first

natural frequency of the primary resonator). The sampling frequency is selected equal to 20200 Hz. The 
displacement, the speed and the acceleration of each of the 3-dofs and of the frictional slider are calculated 
for different values of the normal load N and different values of the contact perturbation amplitude (cr).  

The power spectral density of the acceleration response of the 3-dofs, with and without the perturbative 
term at the contact, are estimated and presented in Figure 10, Figure 11 and Figure 12. The harmonics of 
the excitation frequency fexc, as expected, are presented in the PSD of all the accelerations. Looking at the 
acceleration of the mass related to the secondary resonator (2nd dof), in Figure 11, it can be noted that the 
introduction of roughness leads to the identification of an excited frequency band around the natural 
frequency of the 2nd dof. Furthermore in Figure 12, where the PSD of the acceleration of the mass relative 
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to the 3rd dof is presented, the presence of a peak around the natural frequency of the 2nd dof is also 
detected.  

This observations allows for highlighting that the friction nonlinearities, introduced by the perturbative 
term of the friction law (representing the local broadband excitation at the contact), provoke the transfer of 
energy leading to the excitation of the 2rd natural frequency of the system.  

In Figure 13 the influence of the level of the introduced roughness is considered. The introduction of 
roughness with a low level (cr=10%) leads already to a relevant increase of frequency content of the 
response in the frequency band of the wished secondary acoustic field. The further increase of the 
roughness leads to the increase of the excitation but with a smaller increase rate. 

It is worth noticing that even without the perturbative contribution a low response of the 2nd dof is 
observable in Figure 11. The excitation of the dynamics of the secondary resonator is probably due, in this 
case, to the stick-slip transitions of the slider. Nevertheless, the introduction of the perturbative term 
allows for clearly excite the dynamics of the secondary resonator and transfer the acoustic energy at the 
secondary acoustic field. 

Figure 10: PSD of the acceleration of the principal resonator (1st dof) for N=0.1 N. 

Figure 11: PSD of the acceleration of the secondary resonator (2nd dof) for N=0.1 N. 

Figure 12: PSD of the acceleration of the 3rd dof (Local deformation) for N=0.1 N. 
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Figure 13: Zoom of the PSD of the acceleration of the 3rd dof (Local deformation) for N=0.1 N and four 
roughness levels. 

4 Conclusion 

A novel concept of energy transferring between acoustic fields (natural frequencies of a multi degrees of 
freedom system) by exploiting the dry friction nonlinearities has been proposed. The classical 1 dof model 
with frictional slider has been extended to a multi dof model to account for the dynamics of the single 
components in contact.  

A 3-dofs system with excitation from the basement has been developed to introduce the ambient acoustic 
noise and to reproduce the dynamics of the principal and secondary resonators.  

The local broadband excitation at the contact, due to roughness and ruptures at the interface, has been 
included in a Masing macroslip model to account for the reintroduction into the system, by friction 
induced vibrations, of a quota part of the energy that is associated to the sliding contact.  

The numerical results show that the introduction of broadband excitation do to the sliding frictional 
contact contributes strongly in the transfer of energy between acoustic fields: by recovering energy from 
the vibration of the primary resonator, which allows for the sliding, it excites the dynamics of the 
secondary resonator with a different frequency content.  

As a further step, the authors are working towards the experimental validation of the numerical results: by 
one side experiments are needed to recover reliable values of the parameters introduced into the 
perturbative term of the friction law; by other side ongoing experimental campaigns are aimed to 
reproduce the energy transfer on a test bench, which includes a transfer energy device composed by the 
primary and secondary resonators. 
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