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ABSTRACT

The wiping of a windshield is achieved by the reciprocating motion of a blade. This
function is performed by a rubber/glass contact of micrometric dimension. Under certain
wetting conditions, wear, clean of the glass, a very annoying noise is perceptible within the
car passenger compartment. Comparable systems are poorly studied and the physical
phenomena present at the interface require a better understanding to improve the quality of
this product.

This article proposes a qualitative study of contact vibrations. The interface consists of
a rough elastomer sliding on a smooth glass surface in total wetting conditions. The
observation of this multi-contact area is realized through a modified ElastoHydroDynamics
tribometer. This device put in contact an elastomer fixed part on a rotating glass disk, the
loading and kinematics of are perfectly controlled. Interferometric technique combined with
an ultra fast recording camera permit to measure the contact area and the blade movement.
This original experimental approach is based on a visual system and a set of dynamical
Sensors.

The contact observation and the acoustic emission characteristics permit to say that the
radiated noise was initiated by the friction fluctuation. The vibration is measured in the
sliding direction leads to the conclusion that the instabilities are well-type stick slip. This
study validates the fact that the auto generated vibration of the elastomer/glass contact is a
stick slip problem and generates squealing noise. Profile dimensions define the rubber
contact stiffness. The materials determine the friction coefficient and the contact area
density.

1 INTRODUCTION

1.1 Background

Windscreen wiping consists of the reciprocating motion of a rubber blade on a more or
less wetted glass in order to remove water from the glass surface [1]. Despite the importance
between windscreens wiping efficiency on driver safety in terms of visibility improvement
and noise emission reduction, the squealing occurrences is unclear. The analysis of small
contact between rubber and glass (a few tens of square millimeters), considered with a large
scale of sliding velocity in fully wetting conditions, requires a better understanding of the
contact frictional response and its stability.
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1.2 Condition of vibration apparition

During the sliding of an elastomer block on an unspecified substrate, rapid processes
usually occur, contact vibrations are observed at the sliding interface. These phenomena can
take place at various length scales, starting at molecular distances. The most well known
instability for rubber is the so-called Schallamach waves [2]. These instabilities have been
observed with a glass lens slider pressed on a smooth flat rubber substrate at a 100 pm.s™"
sliding velocity [3]. Schallamach waves are considered as “tunnels” of air that provide
relative displacement between the slider and the substrate rather than the instantaneous
interfacial failure involved with stick slip. To form these structures, the adhesive forces at the
interface must be strong enough to pin the interface in the rear of the contact area creating a
zone of tension, while shearing the interface causes a zone of compression in front of the
contact area.

On the larger scale, instabilities usually appear when the kinetic friction coefficient
decreases with increasing sliding velocity [4] [5]. These vibrations have been observed with a
simple mass spring system performed over a wide range of relevant control parameters,
namely, the imposed sliding velocity at which the "free" end of the pulling spring is being
driven, the spring stiffness and the slider mass [4]. Stick slip motion or sprag-slip
phenomenon [7], succession of stick and slip phase, may occur on many different length (the
sliding jump reach 2 pm to 10 mm) and time scales, the instability frequency can evolve
between 1 to 5000 Hz [8].

In order to analyze the wiper blade dynamical behavior, previous works are based on the
modeling of a real wiping device to take into account the global structure stiffness [9] [10]
[11]. All these experiments do not observed at the local scale what happened whereas
Schallamach waves could appear at micrometer length scale [2].

1.3 Friction mechanism

The elastomer friction does not follow the classic friction law due to its viscoelastic aspect
[2] and its important adhesive component [12] [13]. Two main factors contribute to the
friction between surfaces in relative motion. The first and usually the most important is the
adhesion force, which occurs in the region of the real contact area. A second term may be
described as a deformation component [12]. If no coupling exists between these two factors, it
is possible to calculate, at constant normal load, a friction coefficient, u, such as follows (1):

,u = ,uAdhesive + ,tusteresis (I)D

Thus, the classic laws of friction as they evolved from the early work of da Vinci,
Amontons and Coulomb may be summarized as follows [15]:

- The friction force is proportional to the load.

- The friction coefficient is independent of the apparent contact area.

The static coefficient is larger than the kinetic one.

- The friction coefficient is independent of the sliding velocity.

It is now established, that only the first law is correct, except at high pressures when the
real contact area approaches the apparent contact area. In dry environment, according to
Schallamach [2] and Barquins [16] the friction force is velocity dependent and takes a
maximum value around a few centimeters per second. The phenomenon interpretation differs
according to these authors:



- A succession of adhesion and ruptures called waves of Schallamach [2] are prevalent
at low velocity. A critical velocity promotes adhesion friction interaction so a
maximum friction is observed.

- The second theory concludes that the friction is proportional to the viscoelastic aspect
of the rubber and the damping factor (tangent modulus, tan §) and it is inversely
proportional to material hardness.

However, these authors claim that elastomer sliding induces a succession of creation and
rupture of connections and confirm the friction coefficient velocity dependence. The relation
between the tangent modulus, frequency and temperature has been developed by William-
Landel-Ferry [17]. The WLF transformation shows that the sliding rubber friction at various
velocities and temperatures can be entirely described by a simple main curve and the glass
transition temperature, Ty, of the elastomer part [3] [18].

The influence on a squeeze film in the contact perturbs the friction mechanism. The
friction coefficient decreases with the sliding velocity due to the lubricating effect [19] [21] or
due to the smoothing effect of the liquid [22]. The water may fill the rubber cavities and
permits to obtain a roughness decrease.

1.4 Goal of this study

This paper analyzes the behavior of the rubber/glass contact when unpleasant sound, like
squealing, is emitted to characterize the vibration phenomenon and to define the noise
controlling parameters. Most of the time, squealing appears on wiping device in fully wetting
conditions so the contact instabilities are observed in theses conditions and all these aspects
are the subject of detailed attention.

2 EXPERIMENTAL SETUP

2.1 The IRIS Tribometer

The instability phenomenon has been evaluated using the IRIS tribometer which is
derived from an ElastoHydroDynamical test rig developed in our laboratory [20]. This system
realized a contact between a steel ball and a glass disk. All conditions like the normal load,
the kinematics, the lubricant feed are controlled. It allows the study of lubricated phenomenon
by the simultaneously measurement of the friction coefficient and the visualization of the
contact area.

A schematic view of the modified system is given in Figure 1 and its main characteristics
are summarized in Table 1. The specificity of this tribometer is the simultaneous dynamical
measurement of solicitation and the visualization of the contact in controlled kinematics’
conditions. The contact is realized between a fixed rubber specimen and a silica disc (® = 90
mm). The gap between antagonistic asperities can be measured using interferometric
technique [23]. The kinematics of this contact is controlled by the rotational motion of the
disc which is obtained using a brushless motor. The velocity resolution is 1/100000 steps per
revolution per second. Thus, numerous contact kinematics can be generated within a range of
sliding velocity, from 100 pm.s' to 2 m.s". The applied normal load can be varied to a
maximum of 20 N and it is estimated with the sample displacement. A torque sensor, located
between the disc and the brushless motor, allows us to measure the friction force during each
test. Visualization, friction force measurements and all sensor signals are simultaneously
acquired by a personal computer. Dynamical applied forces on the elastomer sample are
measured through a 3D piezo electric force transducer. The vibration characteristics like
speed and displacement are recorded with a vibrometer pointed on the elastomer lip.
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Figure 1: Schematic view of the IRIS Tribometer

Table 1: Performance of the IRIS Tribometer

Parameters Range
Sliding velocity, V, 100 pm.s™ to 2 m.s™
Normal load F, 0 to 20 N (resolution 0.1N)
Friction torque 0 to 2 Nm (resolution 10 Nm)

A high-speed numerical CMOS recording camera is used to visualize the contact motion.
In the same time, the sound emission is recorded through a '%2 inch microphone. The
tribometer is placed in a chamber covered inside by a highly absorbed materiel in order to
reduce the background noise (Chamber volume is 1m®). The maximum acquisition frequency
is 40 kHz for each five-acquisition ways (3D forces, accelerometer, and microphone) and the
image acquisition is limited to 15 kHz.
2.2 Materials in contact Real profile Simplified geometry

In order to simulate the windscreen Holder
wiper/glass contact, roll-shaped elastomer
specimens have been supplied by Valeo
Wiper System. Different sample geometries
have been studied (see Figure 2), real
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extrapolation with two parameters: the Young’s modulus is approximately 6 MPa at 20°C
with a relative elongation less than 40%. Since the elastomer is considered as an
incompressible material, the Poisson’s ratio is about 0.5. Carbon blacks are used to reinforce
these rubber samples. Their glass transition temperature is -62°C. Sample roughness has been
measured using optical interferometry: the surface mean roughness SPA is 1 um. Scanning
Electron Microscopy has been used to observe and check the surface homogeneity.

The contact is realized between the elastomer specimens and a silica disc. The latter is
covered with a 10 nm thick semi-reflective chromium layer and with an additive 200 nm thick
spacer layer. The average roughness of the glass surface is less than 5 nm and is considered as
smooth, compared to the elastomer. The following Table 2 presents the properties of the
materials in contact.

Table 2: Mechanical material properties

Parameters value Parameters value
E Glass 106 GPa E Rrubber 6 MPa
V Glass 017 V Rubber 05

Two special attentions are given to the tribometer: one to the position of the disk on its
rotation shaft and another to the elastomer specimen position. The contact edge must be
parallel to the glass surface in order to give a homogenous contact along the total edge.

2.3 The contact area measurement

The chromium layer deposited on the glass surface reflects half part of the white light
emitted by the microscope and the second part is reflected by the rubber asperities. This beam
shift creates interferometric fringes acquired with a numerical camera. First, the film
thickness color correspondence is gauged with a known configuration and the calibrate silica
disc: an ElastoHydroDynamical contact is established between a steel ball and the previously
described silica disc. Visualization of the contact formed between the two solids allows a
precise measurement of the contact radius, and of the lubricant film thickness distribution
from the interferograms. The correlation between this experimental result and the theoretical
deformation of the steel ball allow the bijection between the RGB or HIS color parameters
and the nanometer gap between two solids. This technology permit to analyze the thickness of
residual water film on the wiping zone, and allows observing the contact area during the
wiping phenomenon. The Figure 3 presents an example of the wiping visualization without
squealing. The elastomer asperities in contact appear in the contact zone in orange color.

Normal load:

Wiping zone 30 N.m”

Outlet of the contact

Contact
zone

Figure 3: Contact visualization without squealing, water film thickness analysis



This observation permits to analyze the wiping performance. On the top of the image, the
dark blue color revels the dry zone of the disk and the light blue streak revels small water
streaks.

2.4 Experimental methodology

All experiments have been performed in air and at room temperature. The glass surface is
cleaned in an ultra sound bath using separate bath of propanol and acetone. They are dried
with a nitrogen flow. The elastomer part is decontaminated with the same nitrogen flow.

Different configurations are studied, from dry to wet conditions but this study focuses on
the wet one. In fully wet conditions, water is regularly injected in order to maintain the
contact supply that is to say the lubricating effect. Sliding velocity and normal load and the lip
length are the main parameters of the study.

3 RESULTS AND DISCUSSION

3.1 Squealing phenomenon

Thanks to these measurements, the noise occurrence is a function of the sliding velocity
evolution. This correlation is unclear so this paper analyzes the velocity effect.

In first time, the squealing is observed for constant parameters in order to characterize the
phenomenon. The experiment was performed at 100 mm.s™ sliding velocity, the normal load
is equal to 1N in fully wetting conditions.

The Figure 4 presents the squealing phenomenon of a 0.5 mm radius cylinder/glass
configuration. The visualization of the contact shows the same image as previously (Figure 3)
but the residual water film on the glass is different. It is noted a fluctuation of this thin water
film due to the vibration of the contact edge.

Wiping zone

Fluctuation of the thin
water film deposit on
the glass surface

J

} Contact zone

Normal load:
30 N.m”

Figure 4: Squealing contact visualization

The contact displacement (Ax) and the lip vibration velocity measured by vibrometer
technique are presents in the Figure 5. The signals are periodic and the frequency of the
fundamental signal is 1038 Hz. It can be deduced that it is stick slip instabilities because when
the vibration velocity of the lip reaches the disk sliding velocity (Vg = 100 mm.s™), stick
phases occur.
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Figure 5: Velocity and displacement vibrations evolution during a squealing phenomenon

The force oscillation is observed in the normal and tangential directions. The friction force
(Fx), the normal load (Fx) evolution at the interface have the same periodic shape with the
same fundamental frequency (i.e. 1038 Hz). Therefore, the Figure 8 demonstrates that the
squealing phenomenon has a tribological origin. The frictional instability creates the contact
vibration. The second observation of these signals (Figure 8) is the fluctuation of the friction
coefficient during squealing. All simulation take a constant friction coefficient is order to
study vibration occurrences. This experimental approach proves that this hypothesis had to be
modified.

Thus, the time shift (At), between the friction force (Fx) and the normal load (Fy)
fluctuations can be related to the rubber viscoelasticity or to the contact stiffness fluctuation
by the lip deformation. The tilted angle of the lip controls the level repartition of the force
oscillation between the frictional or normal direction.
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Figure 6: Signal force sensors evolution during a squealing phenomenon

The evolution of the acoustic pressure (Pa) of the sound emission is presents in the Figure 7.
The noise emissions are often associated with micrometric contact oscillations, so the friction
force instability is at the origin of the noise emission.
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Figure 7: Acoustic pressure evolution during a squealing phenomenon



The second interesting point of this work is that the elastomer sample support is more
rigid than the lip stiffness and proves that the vibration is a local aspect. All experiments
permit to characterize the level and frequency of vibrations and validate the fact that is the
same squealing phenomenon which occurs on automotive. So the vibration finds its origin at
the interface so at a local scale and it is not a global structure vibrations.

3.2 Squealing occurrences

In wet condition, the water quantity has no influence on the vibration phenomenon but the
vibration stop when the contact is dried.

The impact of the normal load increase is clearly reduced because the frequency remains
similar but the vibration level decreases.

If the elastomer/glass couple does not squeal in these previous selected conditions (V=
100 mm.s”, Fx= IN in fully wetting conditions), it can be deduced that this contact
configuration may not produce noise in all wet conditions.

The main result is that the sliding velocity is the only parameter that controls the vibration
generation: below a low critical velocity (Vg = 10 mm.s") and beyond a high critical velocity
(Vg = 150 mm.s™) the contact is in a steady sliding regime. The squealing systematically
appears between these two critical sliding velocities.

In order to explain this result, friction behavior had been characterized. The friction
experiments have been performed at 1 N and for sliding velocity ranging from 100 pm.s™ to 2
m.s” in fully wet conditions. The evolution of the friction force versus the sliding velocity is
presented in Figure 8 in semi-logarithmic scale for the 0.5mm radius sample geometries.
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Figure 8: Friction coefficient evolution versus the sliding velocity in wet condition

It can be noted that the evolution versus velocity of the friction force looks like a Stribeck
curve [24]. Three different friction regimes can be defined [1]:

- At low sliding velocity (V< 10 mm.s"), the friction level remains high (u = 0.6). The
contact is in the boundary regime. The friction force is still governed by the
contribution of the dry area.

- Progressively as the velocity increases, a thin film lubrication process is initiated. In
the same time, the friction force rapidly decreases: the mixed regime appears. The
friction force had two contributions: The dry area zone interaction and the lubricated
one. This intermediate regime for the studied configuration occurs in the 10 to



150mm.s” speed range. This regime is delimited by a low critical velocity (V¢ = 10
mm.s™), and a high sliding velocity (Ve =~ 150 mm.s™).

- Thus as the speed augments, the contact evolves slowly to a partially lubricated
regime because a strong reduction of friction is noted (u = 0.1).

The noise emission occurrence appears in the 10-150 mm.s™ sliding velocity range and
corresponds to the mixed regime. In this friction regime the friction force decreases with the
velocity increases. This behavior favors the apparition of stick slip vibrations according to
Tabor’s analysis [12]. In this conditions, the sliding velocity decreases when the adhesive
phenomenon appears between the elastomer slider and the glass. The sliding velocity is
always reduced because the adhesive aspect augments due to the velocity decrease.

The squealing is always associated to the mixed friction regime so the friction behavior is

at the origin of the noise generation problem. To stop vibration, the friction had to be
modified.

4 CONCLUSIONS

The first main result of this work is the development of a specific configuration of an
ElastoHydroDynamical apparatus in order to reproduce the wiper/glass contact in controlled
environment. The original application is the high speed contact visualization with the water
film thickness analysis with the simultaneously dynamical measurements (force,
displacement, acoustic pressure).

This tribometer allows concluding that the contact vibrations occur only in wet conditions
in a mixed regime of lubrication, independently of the normal load. The decreasing behavior
of the friction coefficient is at the origin of the noise generation. The frequency of the contact
edge displacement and the noise emission and all force signals are at the same frequency and
reach 1 kHz. This demonstrates that the friction vibration is at the origin of the squeal noise
and the structure stiffness of the sample support does not interfere. Only the lip vibration
produces the noise emission. Complementary measurements on car lead the same conclusion.

Other parameters such as the lip length, the vibrating mass are studied in order to find a
solution to stop squealing phenomenon on windscreen. The main difficulty is in the friction
coefficient control. The squealing problem can not be solving without a tribological analysis.
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