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Figure 4-19: Instability scenario map as a function of damping parameters. 

No scales are reported in the map axes, presented in Figure 4-19, because the 

material damping is just one of the parameters that affect the response of the 

frictional system: system geometry, surface roughness, applied boundary 

conditions, friction coefficient and contact law, other material properties [94] 

like Young modulus or Poisson ratio, etc.  

The effects of all these parameters on the selection mechanism of the 

instability scenarios are deeply interrelated and the threshold of α and β that 

define the zones presented in Figure 4-19 changes in function of the other 

system parameters. By the two presented numerical approaches (transient non-

linear simulations and parametrical CEA), qualitative maps of the instability 

scenarios can be drawn as a function of several parameters. 
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5 Preliminary experimental analysis 
and qualitative numerical comparison 

5.1 Introduction 

The chapter presents experimental observations of the frictional macroscopic 

behaviours reproduced in a laboratory set-up (see section 3.2). 

The macroscopic response of two elastic media in relative motion has been 

investigated experimentally, highlighting how the contact frictional behaviour is 

affected by the imposed boundary conditions. Macroscopic stick-slip, mode 

coupling instability and the transition to stable continuous sliding have been 

observed. 

The first part of the chapter shows the results obtained by the experimental 

analysis of two polycarbonate blocks in sliding motion. As a function of the 

boundary conditions (load and relative velocity) the same system exhibits 

different frictional behaviour switching from macroscopic stick-slip phenomena 

to mode coupling instability up to stable continuous sliding. A different 

structural response (vibrations amplitude, excited frequencies and accelerations) 

of the system has been observed as a function of the frictional response.  

The second part of the chapter shows a preliminary (qualitative) comparison 

between numerical and experimental analysis as a function of same parameters. 

In the finite element model a contact law that considers the coefficient of 

friction as a function of the adherence time (see section 2.2.3) is accounted for, 

in order to simulate the frictional behaviour of the polycarbonate.  The explicit 

finite element code PLASTD has been used to perform the numerical transient 

analysis. 

The frequency and time analysis of the experimental tests exhibits a good 

qualitative agreement with the numerical results obtained through the transient 

contact simulations. Maps of the instability scenarios have been drawn as a 

function of boundary conditions both experimentally and numerically. With 

respect to the previous chapter, where the investigated driving parameter was the 

material damping, the numerical analysis is here developed as a function of 

parameters that can be varied experimentally (load and velocity).  
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5.2 Materials and method 

The description of the experimental test bench used to provide the relative 

motion of two elastic blocks in contact with a defined contact pressure is 

presented in the section 3.2.  

Two blocks of polycarbonate (see Figure 3-1) have been used to carry out the 

experimental tests. The material and geometrical properties of the polycarbonate 

blocks are reported in the following table: 

 

  Polycarbonate 

Length [mm] 30 

Width [mm] 10 

Thickness [mm] 5 

Density [kg/m3] 1190 

Young Modulus [GPa] 2.65 

Poisson coefficient 0.4 

Table 2: Geometrical and material properties of polycarbonate blocks used 

to perform the experimental analysis.  

The dimensions of the specimens (Table 2) are set in order to obtain both an 

acceptable planarity of the two contact surfaces and a considerable average 

contact pressure. The contacting faces of the two blocks have been polished and 

each contact face has been cleaned before performing the tests.  

In the first phase of each test, the lower and upper specimens are put in 

contact applying a compressive normal force F; afterward a constant velocity V 

is imposed on the upper specimen to bring the blocks in frictional relative 

motion (Figure 3-1). The global signals (tangential force, normal force, 

tangential acceleration and imposed displacement) have been recorded with a 

sample frequency of 50 kHz by the OROS acquisition system. The translational 

velocity is imposed to the slider block with high resolution in order to avoid 

artificial stick-slip phenomena induced by the set-up control system.  

An experimental parametrical analysis, as function of the driving velocity and 

the normal load, has been performed. Four different values of normal force have 

been tested, 150 N, 450 N, 750 N, 1000 N, corresponding to an average contact 

pressure of 1 MPa, 3 MPa, 5 MPa, 6.6 MPa respectively. For each value of the 

normal load, the driving velocity has been ranged between 10 mm/s and 2 µm/s 

with a maximum total displacement of 5 mm.  
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5.3 Frictional observations: role of boundary conditions 

This section presents the different macroscopic frictional behaviours 

observed experimentally between the two elastic bodies, when the relative 

translational velocity is varied. Experimental tests have been performed ranging 

the velocity of the upper slider block, while the normal load is fixed to 750 N in 

order to obtain an average contact pressure of 5 MPa. At the end of the section, 

the effect of normal load and imposed horizontal velocity on the contact 

scenarios is resumed in the contact scenario maps.   

5.3.1 Macroscopic stick-slip instability  

Figure 5-1 shows the system frictional response for an imposed driving 

velocity of 1 mm/s. The blue and green curves show respectively the tangential 

and normal global forces recorded by the force transducer. The black curve 

represents the imposed displacement in order to have constant translational 

velocity along the x direction. First, a normal force along the y direction is 

applied to the system in order to obtain an initial average normal pressure of 5 

MPa. After this preload phase (not reported in Figure 5-1) a constant velocity is 

imposed to the lower boundary of the body 2.      

After a first ramp due to the tangential loading phase, the curve of the 

tangential force (Figure 5-1) exhibits periodic drops and subsequent ramps along 

the recorded time. Each increase of the tangential force (increase of elastic 

energy stored in the system) is followed by a sudden drop due to the following 

macro-slip event (rupture and wave propagations) at the contact surface [17]. 

The slope of the initial tangential curve is function of the tangential stiffness of 

the whole system during the tangential loading phase. During each load phase, 

until the tangential force reaches the maximum value, the bodies are mainly in 

adherence status while some contact zones can switch in sliding state before the 

macro-slip due to the interface rupture propagation (precursors), as shown in 

[17, 19, 20]. 

Then, a sudden macroscopic slip occurs with the consequent drop of the 

tangential force. The sliding of the whole interface is due to the rupture and 

wave generation and propagation at the contact interface that produces the 

release of the elastic energy stored in the system during the loading (sticking) 

phase. The detail of the rupture propagation phases before the macro-slip event 

is reported in [17]. 
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Figure 5-1: Imposed displacement (up); normal (y direction) force and 

tangential (x direction) force (down). Experimental data obtained with the 

following parameters: imposed driving velocity 1 mm/s and normal load 750 N. 

The macroscopic slip of the contact interface represents an impulsive 

excitation for the system and the generated vibrations, measured by the 

piezoelectric accelerometer (see Figure 5-4), are related to the dynamic response 

of the whole set-up. The Figure 5-4(b) shows the spectrum of the acceleration 

signal for the time interval  1, i.e. a time period between two macro slip, 

characterized by the response to the impulsive (force drops) system excitation; 

the first natural frequencies (110 Hz, 600 Hz, 900 Hz, 1500 Hz, 2400 Hz) of the 

whole system are excited. On the other hand, the spectrum in the Figure 5-4(c) is 

referred to a larger time interval  2 and shows a superposition of the super-

harmonics of the stick-slip frequency (50 Hz) together with the excited natural 

frequencies of the system. Thus, the macroscopic frictional behaviour, 

characterized by periodic drops of tangential force and referred in literature as 

stick-slip [26], is originated by the local contact rupture propagation that excites 

the whole system dynamics. The propagation of the contact waves and the 

interaction with the structural dynamics play a key role into defining the 

frictional behavior of two elastic media in relative motion. This kind of 

frictional instability can occur in any mechanical system with frictional 

interfaces and it is also referred as the main mechanism at the origin of 

earthquakes [29]. 

5.3.2 Mode coupling instability 

Increasing the driving velocity and maintaining fixed the normal force (750 

N), the macroscopic frictional behaviour changes its pattern (Figure 5-2). Figure 
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5-2 shows the system behaviour for an imposed driving velocity equals to 5 

mm/s. After the preload phase, the translational velocity is imposed and the 

tangential force (green curve in Figure 5-2) reaches its maximum value, which is 

higher than the mean tangential force at steady sliding state. Then, after the first 

macroscopic slip, the system shows large oscillations of the global frictional 

force around its mean constant value, increasing up to a maximum amplitude of 

oscillation (green curve in Figure 5-2). Furthermore the recorded acceleration 

highlights the typical behaviour of mode coupling instability (see Figure 5-4(d)): 

a first phase (time interval  1 in Figure 5-4(d)) with an initial exponential 

increase of the oscillations and an harmonic spectrum at the unstable natural 

frequency, followed by a second phase where the response is bounded to a limit 

cycle (time interval  2 in Figure 5-4(d)). The spectrum of the first phase (Figure 

5-4€) shows a main frequency peak, representing the fundamental harmonic at 

110 Hz. The relatively low frequency of the vibrations is associated to an 

unstable mode of the whole experimental set-up. The spectrum in the second 

phase (Figure 5-4(f)) shows the main harmonic at 110 Hz and the respective 

super-harmonics of the signal, due to the contact non-linearities that bound the 

vibration. The harmonic vibrations in Figure 5-4(f), induced by frictional contact 

forces, are typical of mode coupling instability [24, 78]. In fact, when the two 

bodies are in relative motion the contact forces can excite an unstable mode of 

the system [24] and, after an initial exponential increase of the vibration, a limit 

cycle is reached; the acceleration signal in Figure 5-4(d) shows the exponential 

increasing until the material damping and contact non-linearities stabilize the 

system response. This kind of contact scenario, typically studied in disc brake or 

clutch systems, has been experimentally highlighted also here for general 

mechanical system under frictional contact. The same contact scenario has been 

analysed numerically in [24] where the interaction between local behaviour at 

the contact and system dynamics has been analysed as a function of the material 

damping.  
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Figure 5-2: Imposed displacement (up); normal (y direction) force and 

tangential (x direction) force (down). Experimental data obtained with the 

following parameters: imposed driving velocity 5 mm/s and normal load 750 N. 

  

5.3.3 Stable continuous sliding 

Considering the same mechanical system, Figure 5-3 shows its macroscopic 

behaviour during relative motion obtained for a translational velocity of 10 

mm/s, while the normal load is fixed to 750 N. First, the tangential force reaches 

its maximum value, higher than the tangential force at the steady state; 

afterwards the entire system remains in sliding status and the frictional force 

stabilizes (decaying oscillations) reaching the steady value. On the other hand, 

the acceleration signal in the Figure 5-4(g) shows typical decaying oscillations 

excited by the initial drop of the tangential force (Figure 5-3); the spectrum of 

the signal in this first phase (Figure 5-4(h)) shows how the decaying oscillations 

are related to the excited first natural frequencies of the set-up. Afterwards the 

system response is stable and no relevant oscillations can be observed from the 

recorded signal and its related spectrum (Figure 5-4(i)).  

In this case the relative motion between the two bodies of polycarbonate can 

be considered stable and the structural dynamics of the system is not excited 

(not relevant oscillations), as it can be observed from the measured tangential 

force and acceleration. The extremely low vibrations and relative low spectrum 

that can be seen in Figure 5-4(i) are due to “stable” friction induced vibrations 

due to the surface roughness and the parasitic noise coming from the set-up.  

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
0

2

4
x 10

-3

D
is

p
la

ce
m

en
t 

[m
]

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
0

200

400

600

800

1000

N
o

rm
al

 F
o

rc
e 

[N
]

Time [s]
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

0

50

100

150

T
an

g
en

ti
al

 F
o

rc
e 

[N
]

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2014ISAL0110/these.pdf 
© [D. Tonazzi], [2014], INSA de Lyon, tous droits réservés



Preliminary experimental analysis and qualitative numerical comparison 

 

 
Davide Tonazzi  / 2014 

Department of Mechanics and Aerospace Engineering – La Sapienza University of Rome 

Contact and Solid Mechanics Laboratory – Institut National des Sciences Appliquées de Lyon 71 

 

 

Figure 5-3: Imposed displacement (up); normal (y direction) force and 

tangential (x direction) force (down). Experimental data obtained with the 

following parameters: imposed driving velocity 10 mm/s and normal load 750 N. 

 

5.3.4 Discussion on experimental frictional scenario map   

 

The experimental results presented above showed how a simple frictional 

system can exhibit different macroscopic contact scenarios (macro stick-slip, 

mode coupling instability, stable continuous sliding) as a function of the only 

boundary conditions. Figure 5-4 shows as the frictional contact forces can excite 

the system dynamics differently, when increasing the imposed driving velocity. 

The macroscopic behaviour of the system can be characterized by intermittent 

interface motion and impulsive excitation of the system (macro st ick-slip 

instability in Figure 5-4(a)), continuous sliding at the interface with harmonic 

vibration of the system (mode coupling instability in Figure 5-4(d)) or 

continuous stable sliding state (Figure 5-4(g)).  The spectrum of the tangential 

acceleration during the macro stick-slip scenario (Figure 5-4(c))  highlights how 

the system vibration amplitude is lower with respect to the amplitude of the 

acceleration in the limit cycle during mode coupling instability (Figure 5-4(f)). 

Furthermore, in the first case the system behaviour is characterized by 

intermittent interface motion, while in the second case the system can be 

considered in macroscopic continuous sliding state with large periodical 

oscillations of the local contact forces, up to reach local changes in the contact 

status (local stick slip and detachment)  [17, 24].  
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The same transition from stable continuous sliding state to macro stick-slip 

instability  has been also observed experimentally as a function of normal load, 

ranging from 150 N (1 MPa) up to 1000 N (6.6 MPa), maintaining fixed the 

imposed horizontal velocity (Figure 5-5). The experimental parametrical 

analysis, carried out on the two blocks of polycarbonate as a function of the 

boundary conditions allowed for drawing a contact scenario map of the system. 

Figure 5-5 highlights the role of normal load and imposed velocity into the 

switching from macroscopic stick-slip instability and continuous sliding 

behaviour with or without mode coupling instability. For low normal load (low 

average contact pressure) the system is characterized by stable behavior for the 

whole imposed velocity range (between  𝜇𝑚/𝑠 to 10𝑚𝑚/𝑠). Increasing the 

normal load the system starts to exhibit unstable contact behavior for relative 

low imposed velocity, as shown in the Figure 5-5. It should be noticed that the 

mode coupling instability has been obtained only for an unstable mode at 

relative low frequency, 110 Hz, which is a mode of the whole experimental set -

up. In fact, a numerical complex eigenvalue analysis performed on the used 

polycarbonate samples alone, didn’t predict unstable modes related to the 

sample modes (at several kHz).  

Similar maps of the frictional behavior can be drawn numerically for other 

system parameters, as shown in [24]. 

 
Figure 5-4: Experimental scenarios for normal load equal to 750 N. (a) (b) 

(c)- macro stick-slip instability for V=1 mm/s; (d) (e) (f)- mode coupling 

instability for V=5 mm/s; (g) (h) (i)- stable continuous sliding for V=10 mm/s. 
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Alongside each contact scenario (acceleration signals) the spectrum related to 

different time period   1 and  2 is shown.  

 

 

Figure 5-5: Experimental map of the frictional contact scenarios as a 

function of the imposed driving velocity and average contact pressure.   

5.4 Qualitative comparison between experimental and 
numerical results 

This section presents the comparison with numerical results obtained by 

transient contact non-linear simulations. While Chapter 4 showed the numerical 

investigation of the frictional contact scenarios as a function of the material 

damping parameters, in this Chapter the effect of the relative motion and applied 

load is investigate for comparison with the experimental results . A good 

agreement between numerical and experimental scenarios is presented, showing 

comparable behaviours as a function of the boundary conditions.  

 

5.4.1 Numerical model 

The 2D model (plane strain deformation) consists of two isotropic elastic 
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time (explained in section 2.2.3) is imposed. The material and geometrical 

properties of the numerical model are listed in Table 3. The reference values of 

the material damping parameter have been recovered by means of experimental 

tests on Polycarbonate detailed in [95]. A force distribution along the y axis, 

giving a global force F, is applied at the bottom of the body 2.  After the preload 

phase, the global normal force F is maintained constant and a translational 

velocity V, along the x direction, is applied at the lower edge of the body 2 to 

bring the system in relative motion; the body 1 is maintained fixed at its upper 

side. 

 

 Body 1 Body2 

Length [mm] 30 30 

Width [mm] 10 10 

Element Number 30000 5590 

Contact element size [mm] 0.1 0.23 

Young Modulus [GPa] 2.65 2.65 

Density [kg/m3] 1190 1190 

Poisson ration 0.40 0.40 

Material damping: Alpha [1/s] 40 

Material damping: Beta [s] 1e-7 

Integration time step [s] 9e-9 

Table 3: Geometry dimensions, material and mesh properties used to perform 

the non-linear simulations.  

5.4.2 Definition of the friction law  

 

In the present numerical analysis the coefficient of friction is not assumed to 

be a constant value (Amontons-Coulomb friction law).  
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In particular, the value of the friction coefficient between the two surfaces of 

polycarbonate has been observed experimentally to be a function of the sticking 

(adherence) time between the two surfaces; this behaviour can be probably 

attributed to the physicochemical reactivity of the polycarbonate blocks at the 

interface, which increases the static friction coefficient (adhesion) with the 

increase of the adherence time.  

The definition of a reliable law of friction has been derived by the 

experimental tests carried out on the polycarbonate blocks. 

Figure 5-6 shows the curve fitting of experimental points of the macroscopic 

friction coefficient, obtained considering the performed experimental tests for an 

average contact pressure of 5 MPa. The experimental data (red triangles in 

Figure 5-6) represent the static friction coefficient calculated as the maximum 

ratio between tangential force (peaks of the tangential force ramps) and normal 

force recorded during the macro stick-slip instability behaviour for a fixed 

imposed driving velocity. At each experimental point in Figure 5-6 has been 

associated the adherence time calculated by the period of the stick phase (force 

ramps of the stick-slip events) for each considered imposed driving velocity. 

This assumption has been considered under the hypothesis that between two 

following macro slip, observed experimentally, the contact interface stays in 

adherence (stick phase).  

The point marked by a black dashed circle is the dynamic friction coefficient 

experimentally estimated as the ration between the tangential force and normal 

load in the case of stable continuous sliding (Figure 5-3), equivalent to a nil 

adherence time.  

The curve fitting of the experimental results led to obtain an analytical curve 

of the friction contact law (equation 8) able to be implemented in the numerical 

contact model. 

The experimental analysis of the friction coefficient highlighted some 

important variations of static coefficient for short adherence times and a 

stabilization of friction curve for long time of adherence, as shown in Figure 

5-6. This kind of friction law wants, in a simple way, to account for the complex 

mechanisms at the contact interface such as adhesion, physical and chemical 

actions, and viscoelastic deformations of asperities that occur at the interface. 

These mechanisms play a key role into define the local frictional contact 

behaviour, but at the same time they are difficult to be implemented in a 

numerical model [43, 96]. Nevertheless, the experimental macroscopic 

measurements of the contact forces allow for defining reliable parameters of the 

friction law to be representative, as much as possible, of the local physics at the 

interface.  

The same behaviour of the macroscopic friction coefficient, shown in Figure 

5-6, has been also observed for the average normal pressure of 3 MPa and 6.6 
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MPa; then, a similar friction law has been estimated for each values of the 

contact pressure, modifying the parameters A, B, C as a function of the 

experimental points (Table 3). The difference on the friction, observed 

experimentally, as a function of the average pressure could be due to the effects 

of the real contact pressure on the surface phenomena listed above. 

It has been also observed numerically that determining the static friction 

coefficient from the time evolution of tangential force (peak of the force ramps) 

underestimates the real value of the local static friction coefficient [19, 24, 51]; 

in fact the difference between apparent (macroscopic) and real (local) static 

friction coefficient is due to the local contact dynamics at the frictional 

interface, which lead to have macro-sliding events (force drops) for a tangential 

force lower than the upper limit imposed by the local friction coefficient at the 

contact, as explained in the recent literature [17, 58]. After these considerations, 

in order to perform the comparison between experimental and numerical results 

obtained by the nonlinear transient analysis, the values of static friction 

coefficient has been increased of 15 % as showed by the friction law reported in 

Figure 5-6  (green curve). In such a way, the imposed local friction coefficient at 

the contact nodes is representative to obtain the macroscopic friction coefficient 

obtained by the experimental curves. 

 

Average 

contact 

pressure 

[MPa] 

A B C Max Static 

friction 

coefficient 

(A+B) 

Dynamic 

friction 

coefficient 

(B) 

3 0.14 0.20 30 0.34 0.20  

5 0.16 0.135 30 0.295 0.135 

6.6 0.14 0.125 35 0.265 0.125 

 

Table 4: Parameters of the local friction law implemented in the numerical 

model.  
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Figure 5-6: Curve fitting of friction contact law implemented in the finite 

element model for an average contact pressure of 5 MPa.  

5.4.3 Effect of the imposed boundary conditions 

This section presents a comparison between the experimental tests and the 

numerical results carried out by means of the transient non-linear simulations. 

The effect of the boundary conditions, imposed driving velocity and normal 

force (average contact pressure), has been numerically investigated considering 

the 2D plane strain model, for which the contact behaviour is the only non-

linearity accounted for (see section 5.4.2). The black curve in Figure 5-7 shows 

the displacement imposed at the lower edge of the model in order to obtain a 

relative velocity of 1 mm/s; the blue and the green curve in the figure represents 

respectively the recovered normal contact force and the tangential contact force; 

like in the experimental tests, before applying the constant translational velocity, 

a preload phase has been realized to bring the two blocks in contact with average 

normal pressure of 7.6 MPa. The simulation results highlight how the system 

behaviour is characterized by stick-slip phenomena (Figure 5-7). After a first 

linear growth, the tangential contact force exhibits repetitive fluctuations (ramps 

and sudden drops). The release of elastic energy during the drops produces 

strong vibrations into the system. The same contact scenario characterized by 

macro stick-slip has been revealed experimentally for an imposed velocity of 1 

mm/s and average pressure of 6.6 MPa (Figure 5-1).  
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Figure 5-7: Imposed displacement at lower edge of body 2 (up); normal force 

(along y direction) and tangential force (x direction) measured numerically at 

the upper edge of the body 1. Imposed boundary condition: horizontal velocity 

V=1 mm/s and average contact pressure 7.6 MPa. 

Figure 5-8 shows the effect of the imposed driving velocity, both 

experimentally and numerically, on the macroscopic frictional behaviour. The 

macroscopic friction coefficient along the time has been calculated as the ratio 

between the total tangential force and normal force measured at the boundaries 

for both the numerical and experimental tests. Ranging the imposed velocity 

from 10 mm/s to 1 mm/s and maintaining fixed the normal force (average 

pressure of 7.6 MPa) the behaviour of the numerical system changes its pattern 

(Figure 5-8, right) as shown also in the experimental measurements (Figure 5-8, 

left).  For a driving velocity of 10 mm/s and an average contact pressure of 7.6 

MPa the numerical model exhibits a typical stable continuous sliding behaviour 

(Figure 5-8(d)) as observed experimentally for the same value of the sliding 

velocity and an average pressure of 6.6 MPa (Figure 5-8(a)). The friction 

coefficient shows a linear increase until it reaches the maximum value and, after 

a sudden drop due to the released of elastic energy, its value stays constant. The 

initial drop in the friction coefficient (related to tangential force drop) produces 

an excitation that leads to decaying oscillations of the system (Figure 5-8(d)). 

After this first phase of transition from adherence to sliding state of the whole 

surface, the friction coefficient stabilises itself reaching a steady value of 0.125, 

like in the experimental test (Figure 5-8(a)).  

Decreasing the imposed driving velocity, both experimentally and 

numerically, the macroscopic behaviour changes completely its pattern (Figure 

5-8(b) and Figure 5-8(e). The drops of the tangential force along the time 
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produce periodic fluctuations in the macroscopic friction curve, as shown in the 

Figure 5-8 for an imposed velocity of 1 mm/s. Continuing to decrease the 

imposed velocity for values lower than 1 mm/s and maintaining fixed the 

average normal pressure, the response of the system doesn’t change its pattern: 

the macroscopic contact scenarios is always characterized by macro stick-slip 

phenomena (Figure 5-8(c) and Figure 5-8(f)). However the Figure 5-8(c) and 

Figure 5-8(f) show that, both numerically and experimentally, the amplitude of 

the drops of the macroscopic friction and the time period of stick-slip events 

increase when the imposed velocity is reduced.  

 

 

Figure 5-8: Comparison between experimental and numerical results on 

transition from stable continuous sliding to macroscopic stick-slip instability as 

a function of imposed driving velocity V. (a)-(b)-(c) Experimental results 

ranging the imposed velocity between 10 mm/s to 0.1 mm/s and average contact 

pressure of 6.6 MPa. (d)-(e)-(f) Numerical results ranging the imposed velocity  

between 10 mm/s to 0.5 mm/s and average contact pressure of 7.6 MPa. 

Figure 5-9 shows the main effect into defining the macroscopic response of 

the frictional system when the normal force (average contact pressure) is varied 

between 3 MPa to 6.6 MPa for the experimental tests and between 3.5 MPa to 
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7.6 MPa for the numerical simulations, while the driving velocity is maintained 

fixed. For low contact pressure the system is characterized by a stable 

continuous sliding; the friction coefficient increases reaching the constant value 

of 0.20 with not relevant oscillations of the system (Figure 5-9(a) and Figure 

5-9(d)). On the other hand, increasing the contact pressure, the system 

(numerically and experimentally) switches from stable sliding to macro-stick 

slip instability, showing subsequent drops in the macroscopic friction coefficient 

along the time.   

For both experimental and numerical results, when increasing further the 

contact pressure, the amplitude of the drops in the friction coefficient increases 

reaching a lower limit of macroscopic friction coefficient around 0.05, due to 

the important released of elastic energy stored during the tangential (stick) ramp.  

 

 

 

Figure 5-9: Comparison between experimental and numerical results on 

transition from stable continuous sliding to macroscopic stick-slip instability as 

a function of average contact pressure. (a)-(b)-(c) Experimental results ranging 

the average contact pressure between 3 MPa and 6.6 MPa and impose velocity 

of 1 mm/s. (d)-(e)-(f) Experimental results ranging the average contact pressure 

between 3.5 MPa and 7.6 MPa and imposed velocity of 0.8 mm/s  
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It should be noticed that the decaying vibrations excited experimentally after 

each force drop present low frequency components (mainly at about 110 Hz) due 

to the dynamic response of the modes of the whole experimental set-up, as 

observed in the section 5.3; in the numerical curves only decaying oscillations at 

higher frequencies can be observed and are related to the dynamic response of 

the modes of vibration of the two blocks of polycarbonate. 

Similarly, the differences in term of amplitude and period of stick-slip events 

between experimental and numerical tests are due to the fact that the numerical 

model simulates the dynamics of two polycarbonate blocks without accounting 

for the tangential stiffness and dynamics of the whole experimental set-up. The 

experimental setup is composed by auxiliary parts that can’t allow for defining a 

quantitative comparison between experimental and numerical results.  

The main differences, due to the lack in modelling of the whole set-up, is the 

different tangential stiffness of the numerical and experimental systems, which 

brings to a different slope of the tangential force and consequently to different 

values of the time period between successive stick-slip events.  

Another not negligible difference is the presence of the set-up modes at lower 

frequencies that brings to the low frequency oscillations recorded in the 

experimental test and not observable in the numerical curves.  

Nevertheless, the effect of the imposed boundary conditions recovered by 

means of the numerical simulations, exhibits a good qualitative agreement with 

the experimental results. The experimental transition from stable continuous 

sliding to macroscopic stick-slip for the polycarbonate blocks has been obtained 

for the same trend of the boundary conditions.      

The performed simulations allowed to draw a numerical map of possible 

contact scenarios (Figure 5-10), showing the good qualitative agreement with 

the experimental map in Figure 5-5. The missing of the mode coupling 

instabilities in the numerical map is due to the missing of the unstable mode of 

the whole set-up at 110 Hz. In fact, the complex eigenvalue analysis [24] of the 

numerical model of the polycarbonate blocks alone doesn’t predict unstable 

system modes. The unstable mode recovered experimentally (see section 3.2) is 

a low frequency mode of the set-up, which is not modelled in the numerical 

analysis.  

The numerical maps of the instability scenarios can give just the trend of the 

frictional scenarios as a function of the system parameters; as showed in the 

previous Chapter, accounting for the material damping, the effect of all the 

system parameters are deeply interdependent and the boundary of these maps, 

calculated for a given system configuration, can vary as a function of the other 

system parameters. 
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Figure 5-10: Numerical map of the frictional contact scenarios as a function 

of the imposed driving velocity and average contact pressure.  

5.5 Discussion of results 

Frictional scenarios of two elastic media in relative displacement have been 

investigated both by experimental tests and numerical simulations. The same 

system with respect to different boundary conditions, such as imposed velocity 

or average contact pressure, switches its macroscopic frictional behaviour from 

macroscopic stick-slip instability to mode coupling instability with harmonic 

vibrations, up to stable continuous sliding. A frictional scenario map, found 

numerically as a function of the material damping in [24], has been here drawn 

experimentally and numerically as a function of the applied boundary 

conditions.  

The mode coupling contact instability, investigated mostly in brake squeal, 

has been reproduced here for two general elastic bodies in frictional relative 

motion. 

From the experimental data obtained by frictional tests on polycarbonate, an 

appropriate friction law with adherence time dependence has been defined. Non-

linear transient simulations highlighted the same experimental transition range 

from stable sliding to macroscopic stick-slip as a function of the key parameters.  

Even if the qualitative comparison is obtained, the set-up stiffness and 

dynamics, not included into the numerical model, doesn’t allow for a 

quantitative comparison. In the next Chapter the experimental tests have been 
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reproduced on the newer dedicated set-up, TRIBOWAVE, and the set-up 

tangential stiffness has been included into the model, in order to allow for a 

quantitative comparison.   
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6 Analysis of macroscopic frictional 
scenarios on a dedicated setup 

6.1 Introduction 

While the preliminary experimental campaign allowed for recovering 

qualitatively the different frictional scenarios highlighted numerically, a finer 

experimental analysis is needed to investigate the coupling between the system 

and contact dynamics and provide a quantitative comparison with the numerical 

simulations.  

At this aim the newer set-up TRIBOWAVE, described in Chapter 2, has been 

developed. This set-up allowed for reproducing and analysing the different 

macroscopic frictional behaviours and their occurrence as a function of a larger 

and more controlled range of boundary conditions. The stiffness and the 

dynamics of the set-up has been measured as well and included into the 

numerical model. In fact, because the shift between different macroscopic 

frictional scenarios is a function of the coupling between the contact and system 

dynamics, the experimental test bench have to provide access to both the local 

(contact) and system behaviour.  

The development of the TRIBOWAVE set-up and the updating of the 

numerical model, including the set-up stiffness and dynamics, allowed to 

develop a quantitative comparison between the experimental and numerical 

results, as detailed in this chapter.  

The numerical results can be then used to associate each macroscopic 

frictional response of the system to the local behaviour at the contact (rupture 

and contact wave propagation, stick-slip-detachment distribution and evolution 

at the interface), which is still not possible to be investigated experimentally .  

Moreover, the accessibility to the contact by optical and acoustic 

instrumentations will allows for future analyses of the rupture and wave 

propagation at the contact to validate the results of the numerical simulations at 

the contact region. 
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6.2 Experimental observations 

6.2.1 Materials and method  

Blocks of polycarbonate (PC) and blocks of polymethyl-methacrylate 

(PMMA) have been used to carry out the experiments on the setup 

TRIBOWAVE. The material and geometrical properties of the specimens, used 

in the experimental analysis, are reported in the following table: 

 

 

 Polycarbonate PMMA 

Length [mm] 30 30 

Width [mm] 10 10 

Thickness [mm] 10 10 

Density [kg/m3] 1200 1190 

Young Modulus [GPa] 2.5 3.3 

Poisson coefficient 0.4 0.37 

Table 5: Material and geometrical properties of the samples in contact. 

 

The dimensions of the specimens (Table 5) are relatively small in order to 

optimize the planarity of the two contact surfaces and to reach large ranges of 

the contact pressure.   

To obtain reproducibility of the results, the contact surface of the samples has 

been polished and then cleaned before performing each test. The following 

procedure has been adopted: 

 First, each contact surface has been polished with a SiC paper (size 

#1000) for wet grinding of materials, obtaining a random roughness of 

contact surface and avoiding preferential direction of the roughness. 

 Then the ultrasonic cleaning process is applied to the specimens. The 

intention is to remove all traces of contamination tightly adhering or 

embedded onto solid surfaces using ultrasounds and an appropriate 

cleaning solvent. Distilled water has been used as solvent, avoiding 

further contamination of the contact surface of the samples. 

 Finally the samples are put in a vacuum dryer machine with 

appropriate salt in order to remove the water absorbed superficially.    

The explained procedure led to have a contact surface of the sample with 

controlled mean roughness properties as shown in Figure 6-1 in the case of a 

block of polycarbonate. 
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Figure 6-1: Reference properties of the roughness of the contact sample 

surface used in the experimental analysis for polycarbonate blocks. 

The lower specimen is fixed to the mobile part of the set-up and the 

translation displacement is imposed by means of the electromagnetic motors, 

controlled in position as explained in the section 3.3. The upper specimen is 

bonded to the fixed support of the experimental setup. In order to characterize 

the contact frictional behaviour of the two elastic bodies in relative motion, the 

tangential force (force along x direction), the normal force (force along y 

direction), the imposed displacement, the acceleration of the mobile and fixed 

part and the acceleration of the whole assembly have been recorded during each 

experiment. The friction and contact forces have been recorded both in the 

preload phase and during the relative motion. The imposed displacement has 

been measured by the linear encoder, while piezoelectric accelerometers record 

the acceleration of the system within a bandwidth of 15 kHz. In order to also 

investigate the dynamic response on the samples in contact, the velocity of one 

point of the fixed sample has been recorded, as close as possible to the contact 

surface, with a sample frequency of 100 kHz. The velocity signal allows for 

capturing the local dynamics that come from the contact interface. Figure 6-2 

shows the position of the point close to the contact interface, where the velocity 

is measured. 
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Figure 6-2: Basic scheme of the measure of the velocity of the one point (A) 

of the fixed sample with the vibrometer laser. 

Each experimental test has been performed applying in the first phase the 

compressive normal force F in order to obtain a desired initial average contact 

pressure; then, in the second phase, a constant velocity (linear displacement) is 

imposed in the x direction on the lower sample to bring the specimens in 

frictional relative motion.  

The monitored signals have been recorded with a sampling frequency of 50 

kHz by an OROS acquisition system, except for the local velocity signal 

(vibrometer laser) that has been recorded with a sample frequency of 100 kHz; 

this in order to investigate the dynamics of the samples, which is characterized 

by high natural frequencies due to the small dimensions of the considered 

specimens.  

6.2.2 Frictional scenario maps 

The experimental analysis on the dedicated setup (TRIBOWAVE) has been 

performed considering contact samples constituted by both similar materials 

(PMMA-PMMA) and dissimilar ones (PMMA-PC). For each pair of contact 

material a parametrical analysis has been carried out as a function of normal 

load and imposed driving velocity. The initial normal load has been varied 

between three different values: 900 N, 1500 N and 2000 N; the considered 

values of the normal load led to have an initial average pressure at the contact 

interface of 3 MPa, 5 MPa and 6.6 MPa respectively. On the other hand the 

horizontal driving velocity has been varied from 10 µm/s up to 10 mm/s, with a 

maximum horizontal displacement of 5 mm.  
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The performed tests allowed for drawing for each pair of materials in contact 

a frictional scenario map as a function of the boundary conditions. Figure 6-3 

shows the frictional scenario map related to PMMA-PC contact samples. In 

Figure 6-3 and Figure 6-4 the red crosses represent a frictional system which is 

dominated by macroscopic stick-slip instability, the green points a frictional 

system characterized by continuous sliding with mode coupling instability and 

the blue stars a frictional system in stable continuous sliding. The same 

mechanical system exhibits different macroscopic frictional behaviours varying 

only the imposed boundary conditions. As a consequence the macroscopic 

friction coefficient depends from the imposed boundary conditions too. The 

Figure 6-3 and Figure 6-4 highlight that, for the investigated system and 

materials, the imposed driving velocity influences mostly the frictional response 

of the system.  

In the case of PMMA-PC contact materials (Figure 6-3), for low driving 

velocity (V < 2 mm/s) the system dynamic is dominated by macroscopic stick-

slip instability; otherwise for higher driving velocity (V> 2 mm/s) the system is 

characterized by continuous sliding with or without mode coupling instability.  

The variation of the average contact pressure doesn’t influence the switching 

from a stable to unstable frictional scenario; in fact increasing the average 

contact pressure from 3 MPa up to 6.6 MPa and for low driving velocity (V< 2 

mm/s) the system is always characterized by macroscopic stick-slip. The 

apparition of the mode coupling instability during continuous sliding is affected 

by the applied load; one of the possible explications is the varying of the system 

dynamics with the applied load. 

 

Figure 6-3: Experimental map of the frictional contact scenarios as a 

function of the imposed driving velocity and average contact pressure for 

PMMA-PC contact samples.  
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The Figure 6-4 related to PMMA-PMMA contact samples shows a similar 

pattern as the map in Figure 6-3. For low driving velocities macroscopic stick-

slip characterises the system response; otherwise for high driving velocity a 

continuous sliding with unstable vibrations due to the mode coupling instability 

governs the system response. The comparison of the two maps in Figure 6-3 and 

Figure 6-4 highlights a greater propensity to the mode coupling instability for 

the PMMA-PMMA respect to PMMA-PC contact materials.  

 

Figure 6-4: Experimental map of the frictional contact scenarios as a 

function of the imposed driving velocity and average contact pressure for 

PMMA-PMMA contact samples.  

In order to better understand the difference propensity to mode coupling 

instability the macroscopic friction coefficient (Figure 6-5) has been recovered 

for the two different contact material pairs with the same imposed boundary 

conditions. Figure 6-5 shows that the mean value of the macroscopic friction 

coefficient in the case of PMMA-PMMA contact samples is higher than PMMA-

PC contact samples. In general, numerical and experimental works [30, 42, 78] 

highlighted as a higher friction coefficient certainly plays a key role into the 

propensity on the mode coupling instability. However different key factors are 

involved simultaneously on the occurring of the mode coupling instability, so 

that an exact separation of each effects is often difficult.  

A more detailed analysis of frictional instabilities both related to macroscopic 

stick-slip and mode coupling instability is presented in the next sections, 

focusing the attention to the contact sample dynamics.  
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Figure 6-5: Macroscopic friction coefficient (ratio between global tangential 

force and global normal force) for different contact material pairs, obtained 

with the following boundary conditions: imposed driving velocity 10 mm/s and 

initial normal load 900 N (3 MPa). 

6.2.3 Frictional instabilities: discussion on the system dynamic 

response  

This section present the experimental results carried out with PMMA-PC 

contact samples. The more relevant cases of the frictional instabilities are 

presented: macroscopic stick-slip and mode coupling instability. The frequency 

and time analysis is presented focusing the attention to the response of the 

sample and the setup dynamics during the frictional instabilities.   

Macroscopic stick-slip 

A typical macroscopic scenario with stick-slip instability has been 

reproduced with PMMA-PC materials in contact. Figure 6-6 shows the system 

frictional response for an imposed driving velocity of 10 µm/s and normal 

contact force of 1500 N (5 MPa). The black curve represents the imposed 

displacement in order to obtain a constant translational velocity along the x 

direction. The blue and green curves show respectively the tangential and 

normal global forces recorded by the force transducer. The red curve shows the 

velocity of a point of the upper sample, as close as possible to the contact 

interface, measured by the laser vibrometer along the direction of the relative 

motion.  

First, a normal force along the y direction is applied to the system in order to 

obtain an initial average normal pressure of 5 MPa. After this preload phase (not 
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reported in Figure 6-6) the constant velocity is imposed to the lower boundary of 

the body 2.   

 

Figure 6-6: Macroscopic stick-slip instability for PMMA-PC contact samples. 

From top to bottom: Imposed displacement; normal (y direction) force and 

tangential (x direction) force; laser velocity. Experimental data obtained with 

the following parameters: imposed driving velocity 10 µm/s and average normal 

load 1500 N (5 MPa). 

The tangential force exhibits periodic drops along the time. The period of the 

force drops represents the period of the macroscopic stick-slip of the system. 

Each force drop excites the system dynamics with oscillations that are then 

damped during the ramp (stick) phase. It is interesting to note that the pattern of 

the tangential force during the first tangential ramp (5s< t <10s) is characterized 

by repetitive force drops of small amplitude (Figure 6-7) until the tangential 

force reaches the maximum value (around 700 N). Figure 6-7 shows the 

tangential force and the laser velocity for the time interval ∆1, allowing for 

distinguish the contributions of the whole set-up dynamics and sample dynamics 

respectively.  

In the time interval ∆1 the tangential force exhibits three force drops with 

consequent released of the accumulated elastic energy. The normalized spectrum 
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(FFT) of each signal in the time interval ∆3 is reported in the Figure 6-7. Each 

force drop represents an impulsive excitation of the whole sample dynamics as 

shown from the spectrum of the velocity signal in Figure 6-7. The tangential 

force drops before the first macro-slip event represents a sort of “precursors”, 

investigated numerically and experimentally in recent works [19, 20, 62]. The 

precursors are associated with a rupture propagation at the interface 

characterized by an energy content not sufficient to bring the whole surface in 

sliding condition. Nevertheless, a small part of the stored elastic energy is 

released during each force drop causing an excitation of the global dynamics of 

the setup and the sample dynamics. In fact the FFT (Fast Fourier Transform) 

calculated in the time interval ∆3 (Figure 6-7) of the tangential force and the 

velocity signal shows a main frequency peak at around 1200 Hz related to the 

tangential mode of the whole setup. Moreover the FFT of the velocity signal 

shows also as the first natural frequencies (21, 32, 34, 41, 43 kHz) of the 

samples in contact are excited after the rupture propagation (precursors).     
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Figure 6-7: Plot (interval ∆1 of the Figure 6-6) of the tangential force (a) and 

laser velocity (b) for the following parameters: imposed driving velocity 10 µm/s 

and average normal load 1500 N (5 MPa). Normalized FFT of the tangential 

and laser velocity (c) computed in the interval ∆3. The normalization of the FFT 

respect to the maximum value for each signal allows for a direct comparison 

between the two recorded signals.  

After this first ramp due to the tangential loading phase, the curve of the 

tangential force (Figure 5-1) exhibits periodic drops and subsequent ramps along 

the recorded time. Each increase of the tangential force (increase of elastic 

energy stored in the system) is followed by a sudden drop due to the following 

macro-slip event (rupture and wave propagations) at the contact surface [17]. 

Figure 6-8 shows the signal of tangential force and the signal of laser velocity  in 

the time interval ∆2. The locus plot (Figure 6-8) shows an impulsive excitation 

(velocity signal) with the consequent tangential force drop (t=29.3327s) when 
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the macro-slip event is reached. The rupture propagation at the interface, 

highlighted by the impulse on the signal of the velocity recorded at the border of 

the contact, leads to the consequent macroscopic slip of the frictional system 

[17, 88].  

 

Figure 6-8: Locus plot (interval ∆2 of the Figure 6-6) of the tangential force 

and laser velocity for the following parameters: imposed driving velocity 10 

µm/s and average normal load 1500 N (5 MPa). 

After the occurrence of the macro-slip event, the natural frequency of the 

contact samples are excited, as shown by the time-varying spectrum of the laser 

velocity in Figure 6-9(a); after that, the oscillations related to the sample 

dynamics are quickly damped and the oscillations at low frequency (1200 Hz) 

characterises the system response, as shown in the time-varying normalized 

spectrum in Figure 6-9(b).    
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Figure 6-9:Time-varying spectrum (up) of the laser velocity signal for t. 

Normalized time-varying spectrum(down) respect to the maximum value at each 

time period in order to highlight the main frequencies involved after the macro-

slip event.   

Mode coupling instability 

Increasing the driving velocity and maintaining fixed the normal force (1500 

N), the macroscopic frictional behaviour changes its pattern. Figure 6-10 shows 

the system behaviour for an imposed translational velocity of 10 mm/s. After the 

preload phase, the translational velocity is imposed and the tangential force 

(green curve in Figure 6-10) reaches its maximum value, higher than the mean 

tangential force at steady state. Then, after the first macroscopic slip, the system 

shows oscillations of the global frictional force around its mean constant value 

(green curve in Figure 6-10). Furthermore the recorded tangential force 

highlights the typical behaviour of mode coupling instability: a first phase with 

an initial exponential increasing of oscillations followed by a second phase 

where the response is bounded to a limit cycle. Two different exponential 
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increases of the oscillations can be observed successively at 0.05s and 0.3s, 

resulting in two limit cycles with a different amplitude.  

 

 

Figure 6-10: Mode coupling instability for PMMA-PC contact samples. From 

top to bottom: Imposed displacement; normal (y direction) force and tangential 

(x direction) force; laser velocity. Experimental data obtained with the following 

parameters: imposed driving velocity 10 mm/s and average normal load 1500 N 

(5 MPa). 

Looking at the recorded signals in the time interval ∆1 of the Figure 6-11, a 

pattern of the signals characteristic of mode coupling instability is observed. 

While the tangential force show low amplitude oscillations in time (Figure 

6-10), the laser velocity increases the amplitude of oscillations during the time 

as shown in Figure 6-11.   

The time-varying spectrum and the FFT of the signal velocity in the time 

interval ∆1 show as the frequency content of the velocity signal is characterized 

by a main harmonic at 22 kHz and the respective super/sub-harmonics, due to 

the contact non-linearities. A spectrum characterized by harmonic vibrations as 

in Figure 6-11 is characteristic of mode coupling instability induced by the 
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frictional contact forces. In this case the high frequency oscillations (22 kHz) 

are mainly related to an unstable mode of the contact samples. For this reason 

the oscillation of the contact forces, measured away from the contact and 

averaging the response due to the deformation of the samples, shows relative 

low amplitude of the oscillation. 

This kind of frictional instabilities, related to the unstable mode of the contact 

samples, has been explained in details in the chapter 4. 

The experimental results highlighted as the frictional forces can excite 

different unstable modes of the system. Each excited unstable mode (low and 

high frequency) characterises differently the local contact behaviour and the 

coupling with the vibrational system response.  

 

 

Figure 6-11: (Up) Plot (interval ∆1 of the Figure 6-10 ) of the laser velocity 

and time-varying spectrum of the velocity; (Down) FFT of the velocity signal 

calculated in the same time interval.  

 

The plot of the tangential force and the laser velocity during the limit cycle 
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the limit cycle exhibits harmonic oscillation at 1200 Hz (see Figure 6-12 ); the 

relatively low frequency of the oscillation is associated to the tangential mode of 

the whole experimental setup. In this case the tangential mode can be considered 

unstable causing strong vibrations in the system response. The comparison 

between the recorded velocity signal and the tangential force during the time 

interval ∆2 highlights the interaction between the contact behaviour and the 

dynamics of the setup (Figure 6-12). In fact during the limit cycle the low 

frequency instability guides the relative oscillation between the contact surfaces 

of the samples, influencing thus the contact behaviour. Figure 6-12 shows as the 

period of the oscillation of the tangential force (due to the unstable setup 

dynamics) is equal to the period of the impulses recorded in the velocity signal 

(sample dynamics). Thus, at each period of vibration, at the unstable mode 

frequency, a macroscopic slip event occurs between the contact surfaces of the 

sample. The time-varying spectrum of the laser velocity in Figure 6-12 shows as 

for each period of tangential force vibration, the response to an impulsive 

excitation of the contact samples is achieved. A periodic excitation of the 

sample dynamics (natural frequencies at several kHz), corresponding to the 

period of the unstable set-up frequency, is shown in the time-varying spectrum 

in Figure 6-12; in this case the global dynamics of the whole setup guides the 

rupture generation and propagation at the contact interface (macroscopic slip 

events).  
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Figure 6-12: Locus plot (interval ∆2 of the Figure 6-10) of the tangential 

force, laser velocity and time-varying spectrum for the following parameters: 

imposed driving velocity 10 µm/s and average normal load 1500 N (5 MPa). 

6.2.4 Effect of roughness on the friction coefficient 

In this section a preliminary analysis of the effect of roughness on the 

frictional response of the system is presented. An experimental analysis has been 

performed considering two different roughness of the contact surfaces. One 

experimental campaign has been carried out considering samples of PMMA-PC 

with the surface roughness parameters detailed in the section 6.2.1, defined as 

the reference. On the other hand a second experimental campaign (same 

materials (PMMA-PC)) with a finer surface roughness has been performed. The 

properties of the roughness of the contact surfaces used in the experiments are 

listed in Figure 6-13.  

 

 

Figure 6-13: Properties of the contact surface roughness used to perform the 

experimental analysis for polycarbonate blocks. 

As in the previous experimental analysis the tests have been performed 

applying first the compressive normal load and then the driving velocity along 

the x direction, in order to bring the two samples in relative motion. The 

imposed velocity has been ranged from 10 µm/s up to 15 mm/s, maintaining the 

normal force at the value of 1500 N ( 5 MPa at the contact interface). The global 

response of the system has been recorded for the contact samples with a 

roughness of type-01 and type-02 (see Figure 6-13) by means of the transducer 

force. For each value of the imposed driving velocity, a macroscopic friction 

coefficient as a function of time has been calculated, being the ratio between the 

recorded global tangential and normal forces. Figure 6-14 shows the 

macroscopic friction coefficient for different values of the imposed driving 

velocity.  Firstly, the system exhibits a typical behaviour characterized by 

continuous sliding for V=15 mm/s for each roughness type (see Figure 

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2014ISAL0110/these.pdf 
© [D. Tonazzi], [2014], INSA de Lyon, tous droits réservés



Analysis of macroscopic frictional scenarios on a dedicated setup 

 

 
Davide Tonazzi  / 2014 

Department of Mechanics and Aerospace Engineering – La Sapienza University of Rome 

Contact and Solid Mechanics Laboratory – Institut National des Sciences Appliquées de Lyon 100 

 

6-14(a)(e)). In particular looking at the Figure 6-14(a)(e) an higher macroscopic 

dynamic friction coefficient in the case of roughness type-01, respect to 

roughness type-02, is highlighted for the same driving velocity (15 mm/s).  

Decreasing the driving velocity the system switches from continuous sliding to 

macroscopic stick-instability for both the roughness type-01 and type-02. The 

switch to stick-slip behaviour is obtained at higher velocities for the roughness 

type-01.  

Moreover, Figure 6-14(c)-(h) show how the period of the macroscopic stick-

slip is different in the two cases: T01=1.5 s and T02=8.1 s for driving velocity 

equal to 0.01 mm/s. In the case of roughness type-02, when the system is 

characterized by macroscopic stick-slip behaviour, the system reaches an higher 

value of static friction than in the case of roughness type-01; The same 

observation can be done for the initial value of the friction coefficient when 

continuous sliding occurs Figure 6-14(a)-(e). Consequently, during stick-slip, 

each ramp of the friction coefficient is followed by a larger drop of the friction, 

which produces a stronger system excitation. In fact the elastic energy stored in 

the system during each ramp is higher, leading to a larger drop of the friction 

coefficient as observed in the Figure 6-14(d)(h).   

 

 

 Figure 6-14: Macroscopic friction coefficient as a function of imposed 

driving velocity for a fixed value of contact force of 1500 N. (left) Experimental 

results carried out with contact samples of roughness type-01. (right) 

Experimental results carried out with contact samples of roughness type-02. 
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The different behaviour of the two roughness samples can be attributed to a 

higher static friction coefficient and a lower dynamic friction coefficient in the 

case of roughness type-02 respect to the case of roughness type-01. In fact the 

estimated curves of macroscopic friction coefficient for each type of roughness  

(Figure 6-15) shows several differences in term of maximum static friction 

coefficient and dynamic friction coefficient. For roughness type-01 the 

maximum static friction coefficient is about 0.51 and the dynamic friction 

coefficient is about 0.32 (green curve in Figure 6-15); for roughness type-02 the 

maximum static friction coefficient is about 0.45 and the dynamic friction 

coefficient is about 0.4 (blue curve in Figure 6-15).  

Considering some of the more commonly used friction empirical theories, the 

friction at the contact interface is often attributed to two mechanisms: adhesion 

force and deformation force [97, 98]. The first mechanism is mainly due to the 

different chemical-physical effects at the contact interface; in general the 

adhesion mechanism is related to the surface energy of the contact materials and 

in particular a larger real area of contact increases the adhesion contribution to 

the friction force. The real contact area is smaller than the apparent contact area.  

The second mechanism related to the local deformation is a function of the 

contact asperities of the surfaces. When two roughness surfaces are in contact, 

the asperities weld each other and thus the macroscopic tangential force is a 

function of the intersecting asperities. As a consequence of these observations a 

finer roughness at the contact can increase the static macroscopic friction 

coefficient, by increasing the real contact area, justifying the larger static 

friction coefficient for the roughness type-02; on the contrary, the increase of 

the macroscopic dynamic friction coefficient for the roughness type-01 can be 

attributed to a larger contribution of component due to the roughness 

deformation.  

It’s known that in contact pairs between the polymers the adhesion 

mechanism is often dominant. The increase of the contact (adherence) time can 

increase the material adhesion due to both the increasing of the time for physic-

chemical activity and the increasing of real contact area under loading 

conditions. 
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Figure 6-15: Curve fitting of experimental data of macroscopic friction 

coefficient for normal contact force of 1500 N (5 MPa).  

Then, an interpretation of the difference on the measured macroscopic 

friction coefficient, for the two analysed roughness, can be made considering the 

nature of friction as explained above. In the case of larger roughness of the 

contact surfaces the deformation contribution to the friction is dominant; the 

frictional behaviour is characterized by a higher dynamic friction coefficient and 

a lower maximum static friction coefficient, which doesn’t increase too much as 

a function of adherence time (blue curve in Figure 6-15).   

 On the other hand in the case of smaller roughness the adhesion component 

is dominant; a larger real contact area, combined with a greater propensity of 

adhesion mechanism for PMMA-PC contact samples, lead to have a larger 

difference between static and dynamic friction coefficient (green curve in Figure 

6-15). The lower amount of asperities in contact and the higher chemical-

physical activity of the contact surfaces characterises the contact behaviour 

leading to a more likely evidence of macroscopic stick-slip instability (Figure 

6-14). In addition to this, it has been shown in [50, 68, 78, 99] how the 

roughness and heterogeneities at the interface can influence the rupture 

propagation, which is at the origin of macroscopic stick-slip (rupture 

propagation within the whole interface).   

This preliminary investigation of the effect of roughness shows how the 

contact topography is of great importance into defining the frictional and 

dynamic response of the system in relative motion. 
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6.3 Numerical analysis 

6.3.1 Description of the numerical model 

The numerical model presented in section 2.2 has been updated in order to 

include the set-up stiffness and dynamics, allowing for a quantitative 

comparison with the experimental tests. The updated 2D model (plane strain) 

consists of the two samples separated by the frictional interface governed by the 

friction contact law presented in section 2.2.3 (friction coefficient as a function 

of adherence time). Moreover the tangential stiffness and the dynamics of the 

setup have been implemented in the numerical model. A series of springs 

(Figure 6-16) have been added to the model in the x direction, giving a global 

tangential stiffness corresponding to the one estimated in section 3.3. 

Furthermore an equivalent distributed mass and viscous damping (C=α3*M) has 

been added in the model, at the boundary of the sample connected with the 

spring, in order to account for the tangential mode of vibration of the set-up (see 

section 3.3), which is the mainly involved mode in the dynamic response of the 

set-up. The numerical model allows for investigating the interaction between the 

dynamic response of the system and the local contact dynamics during the 

sliding motion between the same materials considered in the experimental tests. 

   

 

Figure 6-16: Updated numerical model and boundary conditions. The 

equivalent mass, damping and tangential stiffness are representative of the setup 

dynamics.   
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The material and geometrical properties of the model are listed in the Table 6.  

The parameters of the friction law in the different conditions are reported in 

the Table 7. In the first phase the two bodies are put in contact until the 

compressive normal force F is reached; afterwards the constant horizontal 

velocity V is applied at the lower body to bring the system in relative motion, 

while the upper body is maintained fixed along the y direction as in the 

experimental performed tests. In the updated model the distributed stiffness 

(springs), mass and damping, representing the set-up dynamics, are interposed 

between the frame and the upper sample. 

 

 Polycarbonate PMMA 

Length [mm] 30 30 

Width [mm] 10 10 

Element number 30000 5590 

Contact element size [mm] 0.1 0.23 

Density [kg/m3] 1200 1190 

Young Modulus [GPa] 2.35 3.3 

Poisson coefficient 0.4 0.37 

Material damping α [1/s] 40 300 

Material damping β [s] 1e-7 1e-7 

Simulation time step [s] 9e-9 

 Equivalent properties 

Density equivalent mass [kg/m3] 5.83 ∙ 106 

Setup Tangential stiffness [N/m] 1.7 ∙ 107 

Equivalent damping α3 [1/s]                100/250 

Table 6: Geometry dimensions, material and mesh properties used to perform 

the non-linear transient simulations.  

 

 A B C µ0 

Roughness type-

01 and σ=3 MPa 0.32 0.29 100 0.76 

Roughness type-

02 and σ=5 MPa 0.275 0.135 140 0.53 

Table 7: Parameters of the friction contact law implemented in the numerical 

model.  
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6.3.2 Validation of the numerical model: the macroscopic frictional 

and dynamic response 

This section presents a comparison between the experimental tests and the 

numerical results carried out by means of the transient non-linear simulations. 

The effect of the boundary conditions on the macroscopic frictional behaviour 

have been numerically investigated considering the 2D plane strain model in 

Figure 6-16. The comparison with experiments has been performed considering 

the two contact surface roughness, detailed in the section 6.1. For each 

roughness and related average contact pressure, the curve of the friction  

coefficient has been recovered from experimental tests, allowing for defining 

appropriate parameters of the friction law detailed in Table 7.  

 

 

Figure 6-17: Experimental (left) and numerical (right) macroscopic friction 

coefficient, as a function of relative velocity, for average contact pressure of 5 

MPa and sample surface roughness of type-02 (Sa=0.115). The parameters of 

the friction contact law used in the simulations are reported in the table 7.  

Equivalent damping α3=250 [s-1]. 

Figure 6-17 shows the effect of the imposed relative velocity, both 

experimentally and numerically, on the macroscopic frictional behaviour in the 

case of roughness type-02 and average contact pressure of 5 MPa. The 

macroscopic friction coefficient along the time has been calculated as the ratio 

between the global tangential force and normal force measured at the boundaries 
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for both the numerical and experimental (force transducer) analyses. Ranging 

the imposed velocity from 0.1 mm/s to 15 mm/s, maintaining fixed the normal 

force, the behaviour of the numerical system changes its pattern (Figure 6-17, 

right) accordingly with the experimental measurements (Figure 6-17, left).  For 

a translational velocity of 15 mm/s the numerical model exhibits a typical stable 

continuous sliding behaviour (Figure 6-17(e)) as observed experimentally for the 

same value of the sliding velocity and for the same average contact pressure 

(Figure 6-17(a)). The friction coefficient shows a linear increasing until it 

reaches the maximum value and, after a sudden drop due to the release of the 

elastic energy, its value becomes constant at a lower value corresponding to the 

dynamic friction coefficient. The initial drop in the friction coefficient (related 

to the tangential force drop) produces an excitation that leads to decaying 

oscillations of the system. After this first phase of transition from adherence to 

sliding state of the whole surface, the friction coefficient stabilizes itself 

reaching the steady value of 0.32, like in the experimental test (Figure 6-17(a)). 

Decreasing the horizontal imposed velocity, both experimentally and 

numerically, the macroscopic frictional behaviour changes completely its pattern 

(Figure 6-17(b) and Figure 6-17(f)), in a macroscopic stick-slip behaviour. The 

drops of the tangential force along the time produce periodic fluctuations in the 

macroscopic friction curve, as shown in the Figure 6-17 for an imposed velocity 

of 5, 2 and 0.1 mm/s. Continuing to decrease the imposed velocity for values 

lower than 2 mm/s and maintaining fixed the average normal load, the 

macroscopic contact scenarios is always characterized by macroscopic stick-slip 

phenomena (Figure 6-17(d) and Figure 6-17(h)). Moreover Figure 6-17 shows 

that, both numerically and experimentally, the amplitude of the drops of the 

macroscopic friction and the time period of stick-slip events increase as the 

imposed velocity is reduced. 
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Figure 6-18: Tangential force, tangential acceleration and spectrum of the 

acceleration signal in the case of driving velocity of 2 mm/s and average contact 

pressure of 5 MPa both experimentally and numerically, obtained between two 

macro-slip events. 

Figure 6-18 shows the decaying oscillations between two slip events for 

driving velocity of 2 mm/s and average contact pressure of 5 MPa, both 

numerically and experimentally. Figure 6-18 shows how the system vibrations 

excited experimentally and numerically after each force drop, present a 

frequency content mainly around 1200 Hz, due to the dynamic response of the 

tangential mode of the experimental set-up (Figure 6-18); the differences in term 

of the amplitude of the acceleration signals shown in the Figure 6-18 are due to 

the fact that the experimental signal is related to the acceleration of the support 

of the sample (just under the sample), while the numerical acceleration signal is 

related to one point of the upper boundary of the PC block (Figure 6-16). In fact, 

it would have been impossible to add an accelerometer on the side of the 

samples, because of their small dimensions. Nevertheless, the time and 

frequency analysis show a good agreement between numerical and experimental 

vibrational response of the system.  

The low frequency fluctuations that can be observed in Figure 6-17 and 

Figure 6-18, for the experimental signals, are due to a mode of vibration of the 

0.15 0.16 0.17 0.18 0.19 0.2
0

200

400

600

800

1000

Time [s]

T
an

g
en

ti
al

 F
o

rc
e 

[N
] Experimental

0.17 0.175 0.18 0.185 0.19 0.195 0.2 0.205 0.21
0

200

400

600

800

1000

Numerical

Time [s]

T
an

g
en

ti
al

 F
o

rc
e 

[N
]

0.15 0.16 0.17 0.18 0.19 0.2
-100

-50

0

50

100

Time [s]

A
cc

el
er

at
io

n
 [

m
/s

2
]

0.17 0.175 0.18 0.185 0.19 0.195 0.2 0.205 0.21
-2000

-1000

0

1000

Time [s]

A
cc

el
er

at
io

n
 [

m
/s

2
]

0 2000 4000 6000 8000 10000
0

5

10

15

20

Frequency [Hz]

IF
F

T
I

0 2000 4000 6000 8000 10000
0

100

200

300

Frequency [Hz]

IF
F

T
I

Cette thèse est accessible à l'adresse : http://theses.insa-lyon.fr/publication/2014ISAL0110/these.pdf 
© [D. Tonazzi], [2014], INSA de Lyon, tous droits réservés



Analysis of macroscopic frictional scenarios on a dedicated setup 

 

 
Davide Tonazzi  / 2014 

Department of Mechanics and Aerospace Engineering – La Sapienza University of Rome 

Contact and Solid Mechanics Laboratory – Institut National des Sciences Appliquées de Lyon 108 

 

whole structure supporting the set-up at about 110 Hz. Anyway, this disturbance 

is just superposing the system response and is not affecting significantly the 

different contact scenarios obtained both experimentally and numerically.  

Further experiments have been performed with the support of a laser 

vibrometer allowing for a quantitative validation not only the global signals 

(force, acceleration of the sample support) but also the vibration response along 

the tangential direction (laser velocity) of a point of the samples close to the 

contact interface. 

  

 

Figure 6-19: Experimental (left) and numerical (right) macroscopic friction 

coefficient, as a function of relative velocity, for average contact pressure of 3 

MPa and sample surface roughness of type-01 (Sa=0.305). The parameters of 

the friction contact law used in the simulations are reported in the table 7. 

Equivalent damping α3=100 [s-1].   

Figure 6-19 shows the effect of the imposed horizontal velocity, both 

experimentally and numerically, on the macroscopic frictional behaviour in the 

case of roughness type-01 and average contact pressure of 3 MPa. The frictional 

system switches from continuous sliding to macroscopic stick-slip, when 

decreasing the imposed driving velocity, as observed in the previous case (see 

Figure 6-17). For the imposed driving velocity of 2 mm/s, the frictional system 
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exhibits the transition of the behaviour (Figure 6-19(b) and Figure 6-19(g)) 

between continuous sliding to macroscopic stick-slip instability both 

experimentally and numerically. Decreasing the driving velocity, the frictional 

response of the system shows an increasing trend of the force drop amplitude 

and the period between two subsequent drops. Figure 6-20 shows a zoom of the 

frictional response (Figure 6-19(d) and Figure 6-19(i)) during the first tangential 

drop (macro-slip event). The frequency and time analyses in Figure 6-20 show a 

good quantitative agreement between experimental and numerical results. The 

time-varying spectrum of the signal velocity (Figure 6-20) shows as the main 

frequency excited after the macro-slip event is around 20 kHz both 

experimentally and numerically. After the macro-slip event the system 

oscillations due to the contact sample dynamics (several kHz) decrease due to 

the material damping both in the numerical model and in the experiments. 

Afterwards, only the macroscopic oscillation of the set-up at its tangential mode 

frequency (1200 Hz) is appreciable in the time signals. The velocity measured 

by the laser vibrometer, close to the sample contact interface, allows for 

recovering the full dynamic response; the tangential force, averaged and 

measured at the position of the force transducer miss the information about the 

dynamic response of the samples in contact. The different amplitude of the force 

oscillations into the comparison between experimental and numerical results 

could be attributed to a dependence of damping (associated to the tangential 

mode of the setup) by various parameters such as contact pressure, amplitude of 

oscillations, that are not accounted for in the numerical damping model where 

the proportional mass damping is introduced (C=α3*M). 

 

Figure 6-20: Experimental (left) and numerical (right) comparison during 

macro-slip event for the following boundary condition: imposed driving velocity 
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of 0.5 mm/s and average contact pressure of 3 MPa. Sample surface roughness 

of type-01 (Sa=0.305).  

6.4 Concluding remarks 

Contact frictional scenarios of similar contact materials (PMMA-PMMA) and 

dissimilar ones (PMMA-PC), have been investigated both experimentally and 

numerically. The dedicated experimental set-up, TRIBOWAVE, allowed for 

reproducing the relative motion under well controlled values of the driving 

parameters. The tests performed on the experimental set-up highlight the 

complex phenomena arising when two media are in frictional sliding. The same 

system with respect to different boundary conditions, such as imposed horizontal 

velocity, switches its macroscopic frictional behaviour from macro stick-slip 

instability up to stable continuous sliding with or without mode coupling 

instability. Maps of the frictional contact scenario have been drawn. 

 The updated numerical model, including the set-up tangential stiffness and 

dynamics, allowed for reproducing a qualitative comparison and obtaining the 

same transition ranges from stable sliding to macroscopic stick-slip as a function 

of the key parameters. The numerical results show a quantitative agreement both 

in frequency and in time domain with the macroscopic frictional behaviours 

obtained by the experiments. The comparison, performed on the macroscopic 

response of the system (measured forces, acceleration and velocity), allows for 

validating the numerical simulations, which are useful for the investigation of 

the local contact dynamics (see section 4.7 and [17]) and its coupling with the 

system response. 
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7 General conclusions 

7.1 Original contributions 

The present thesis is addressed to the investigation of the mechanisms at the 

origin of the different frictional contact scenarios between two elastic media in 

relative motion.  

The development of the experimental and numerical tools and the dialog 

between experiments and simulations of frictional contact dynamics allowed for 

investigating the coupling between the local contact behaviour (status of 

interfaces, relative interface velocity, wave and rupture propagation) and the 

system response (vibrations, unstable modes) as a function of system parameters 

(material damping, imposed driving velocity, average contact pressure, surface 

roughness, friction coefficient). The main contributions of this work are 

considered in the following points:  

i) Transient non-linear simulations and complex eigenvalue analysis 

performed with a simple frictional elastic model show, as a function of 

system parameters, how the same system can be characterized by either 

macroscopic stick-slip phenomena, harmonic vibrations due to the 

mode coupling instability, or stable state in continuous sliding.  

ii) Frictional scenario maps have been drawn as a function of pairs of the 

system parameters. One of the main parameters retained for the analysis 

is the material damping, because of its key role in both the dissipation 

of the energy released locally at the contact  (rupture and wave 

propagation) and the stabilization effect on the whole system dynamics. 

iii) A newer experimental setup, named TRIBOWAVE, has been developed 

to investigate frictional instabilities arising between samples in contact . 

A stiffness and dynamic characterization of the setup has been carried 

out in order to implement the dynamic characteristics of the whole 

system in the numerical model. Preliminary experimental analyses 

highlighted and confirmed the macroscopic frictional scenarios 

obtained numerically, while non-linear transient simulations highlighted 

the same experimental transition range from stable sliding to 

macroscopic stick-slip as a function of the same key parameters. 

iv) Frictional scenario maps as a function of imposed boundary conditions 

have been drawn experimentally and numerically considering different 

contact material pairs and surface roughness. 
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v) The experimental and numerical results on the mode coupling 

instability scenario allowed for generalizing the theory of mode lock-in 

presented in the literature for specific contact issues (brake squeal, hip 

endroprosthesis squeaking, clutch instability). In each elastic system 

under frictional contact, with appropriate system parameters and 

boundary conditions, the mode coupling instability can occur giving 

origin to harmonic vibrations. This result can explain several everyday 

noise emissions coming from frictional contacts and not attributable to 

stick-slip phenomena because of their harmonic feature. 

vi) Experimental tests on different contact material pairs allowed for 

defining appropriate friction laws as a function of the adherence time. A 

quantitative validation of the updated numerical model has been 

realized, with experiments, on the macroscopic frictional response of 

the system. 

vii) On the other hand, the numerical model allowed for investigating the 

local behaviour at the contact interface, which is, for the moment, 

difficult to achieve with experimental techniques. In fact nowadays, the 

measurement of the local dynamics at the contact is one of the main 

challenges. 

viii) The numerical results highlighted the coupling between local contact 

response and system dynamic response, which is at the origin of the 

different macroscopic contact scenarios. While the macroscopic stick-

sip is driven by the local contact phenomena (rupture and wave 

propagation), the dynamic system instabilities (mode coupling) can 

drive the local contact distribution, and vice-versa. 

In a more general manner the results of this thesis highlighted the complexity 

of the local (contact) and global (system) phenomena involved during sliding 

motion between elastic media. Moreover the present work underlines how a 

combined experimental and numerical analysis is needed for understanding the 

mechanisms at the origin of the different scenarios of frictional contact 

instability.  

7.2 Future works 

As stated above, the results from the thesis highlighted the complexity of the 

phenomena and, consequently, allowed to point out some of the main 

perspectives regarding the experimental and numerical investigations. Some of 

the major points are reported in the following: 
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i) With the updated numerical model, validated experimentally in this 

thesis, time and frequency analyses of the local contact dynamics are 

needed to characterize the contact behavior during macroscopic 

frictional instabilities. 

ii) Newer techniques are needed to observe experimentally the fast 

phenomena occurring at the contact interface (wave propagations, 

local contact distribution). The developed experimental set-up has 

been designed to provide full access to the samples and the contact 

interface. 

iii) Then a comparison of the local contact dynamics with the 

measurements of the local dynamics during frictional instabilities is 

needed to realize a quantitative validation of the numerical model at 

the contact scale.  

iv) Several key parameters, like the surface roughness, should be 

implemented into the numerical model in order to investigate its effect 

on the frictional instabilities and the local behavior. 

v) Parametrical analyses on roughness, contact materials and different 

geometries are needed, numerically and experimentally, in order to 

better understand and control the friction between bodies by 

exploiting the “dynamic response” of the surface and the system.  

vi) A specific investigation will be performed to analyze the effect of 

external wave fields in the frictional behavior in order to control/avoid 

frictional instabilities.  

vii) It has been shown that a key role, in all the contact scenarios, is 

played by the material damping. Further numerical developments are 

needed in the defining of the new appropriated damping models, in 

order to consider a more realistic trend of the material damping factor 

within a larger frequency range; this need is due to the different time 

(frequency) scales involved in the phenomena: from some Hz of the 

structural scale (system modes) to hundreds of kHz of contact scale 

(rupture and wave propagation).   

Finally, the understanding and controlling of the coupling between local 

contact dynamics and system dynamics could bring to innovative tools and 

technics able to avoid/control frictional contact instabilities and related wear and 

noise issues. 
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