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a b s t r a c t

The phenomenon of friction-induced vibration is investigated, focussing on the auto-
mobile topic of a car door window in sliding contact with the adjacent rubber seal. Within
this study, the influencing parameters on the stick-slip motion are explored experimen-
tally and using FE-simulation. A test rig is established to represent the situation at the car
door window under defined and repeatable conditions. It consists of a rotating glass disc
in sliding contact with a rubber specimen. The frictional properties of the rubber speci-
men and the glass disc as well as their vibration response and sound radiation are ex-
amined. Parameter studies regarding the influence of the relative sliding velocity and the
contact normal force on the vibration response and the sound radiation are carried out
experimentally and the results are discussed. A finite element model of the test setup is
generated and validated with the spectral results of the recorded sound from experiment.
With the use of FE-simulation a detailed analysis on the behaviour of friction-induced
vibration of rubber specimen and glass disc is carried out. It can be identified, that the
main impact on the spectral results of the friction-induced vibration is derived from the
underlying frictional properties. Their influence is demonstrated in detail by picturing the
motion of the rubber specimen, represented by the limit cycle, for different friction
characteristics.

& 2017 Published by Elsevier Ltd.

1. Introduction

Automotive rubber seals are designed to meet several technical requirements, primarily to avoid the admittance of dirt
and water into the car. For the seals in conjunction with the passenger compartment there exist further specifications,
which gained increasing importance in the last decade. Hereto belong acoustical properties such as transmission loss.
Furthermore, the ability of seals to avoid squeak and rattle phenomena while driving the car as well as during operation of
doors, roofs and windows, has become of comparable importance. Squeak and rattle phenomena lead to irritation and
discomfort of the passengers. For this reason great effort is put in the development phase of the seals to optimise the design
and validate the specifications either with experimental tests or simulation. This proves to be difficult for squeak and rattle
phenomena, since experimental tests are very expensive, which is mainly due to the consideration of various test condi-
tions. Furthermore, a gap of knowledge exists to precisely predict the friction-induced vibration by simulation. In the
present work the focus lies on the investigation of automotive rubber seals generating squeaking noise and the prediction of

Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/jsvi

Journal of Sound and Vibration

http://dx.doi.org/10.1016/j.jsv.2017.03.021
0022-460X/& 2017 Published by Elsevier Ltd.

n Corresponding author. Present address: Volkswagen AG, 38440 Wolfsburg, Germany.
E-mail address: stefan.thoermann@volkswagen.de (S. Thörmann).

Journal of Sound and Vibration ∎ (∎∎∎∎) ∎∎∎–∎∎∎

Please cite this article as: S. Thörmann, et al., On the stick-slip behaviour of water-lubricated rubber sealings, Journal of
Sound and Vibration (2017), http://dx.doi.org/10.1016/j.jsv.2017.03.021i

www.sciencedirect.com/science/journal/0022460X
www.elsevier.com/locate/jsvi
http://dx.doi.org/10.1016/j.jsv.2017.03.021
http://dx.doi.org/10.1016/j.jsv.2017.03.021
http://dx.doi.org/10.1016/j.jsv.2017.03.021
mailto:stefan.thoermann@volkswagen.de
http://dx.doi.org/10.1016/j.jsv.2017.03.021
http://dx.doi.org/10.1016/j.jsv.2017.03.021
http://dx.doi.org/10.1016/j.jsv.2017.03.021
http://dx.doi.org/10.1016/j.jsv.2017.03.021


the corresponding friction-induced, self-excited vibration using simulations. Special emphasis is placed on the example of a
movable car door window in sliding contact with the adjacent rubber seal, as a self-excited system to generate friction-
induced vibrations.

This kind of self-excited oscillations can possibly cause squeak and rattle phenomena and often result in detrimental
effects on mechanical systems like wear, damage and fatigue failure. Their behaviour has already been analysed in a large
amount of research work. The simplified model of a system having a single degree of freedom is discussed very detailed in
literature, to mention are [1,2] and [3], among many others. The analysis of such multi degrees of freedom systems is further
treated in [4] and [5]. Even though the equation of motion for these systems is solved in a very comprehensive way, the
solutions are not adequate enough to describe the behaviour of friction-induced vibrations of rubber seals. The reason for
this is the deformation behaviour of the soft rubber material on the one hand and the characteristic of the friction force on
the other hand. More often in literature the friction force is derived from the frictional properties of metallic surfaces,
partially under oil-lubricated conditions. There is a large interest on oil-lubricated friction, since this is the main application
in industry. In contrast, for the case of lubricated contact of rubber seal and car door window, the lubricant is water.
Principally, the friction properties of rubber strongly differ from the friction properties of metals. This is even more valid for
water-lubricated and oil-lubricated contact conditions. Experience shows that friction-induced vibration of rubber seals are
generated very easily under water-lubricated conditions, whereas their generation is very exceptional for dry conditions.
Due to this fact, the main focus of this investigation is placed on water-lubricated conditions.

Rubber friction in general has not been fully understood for a long period of time. The comprehension of the various
mechanisms of rubber friction was first published with the extensive research work of [6]. Physical principals and analytical
approaches for the different components of rubber friction are moreover published in [7–11] and [12]. Besides the theo-
retical approaches referred to above, fundamental experimental studies on rubber friction, in particular with water-lu-
bricated conditions, were carried out by [13] and [14]. Focussing on industrial applications, [15] and [16] investigated the
generation of friction-induced vibrations in water-lubricated elastomeric bearings and identified the characteristic of the
friction coefficient in dependence of the sliding velocity as the main influence on the vibrating frequency. [17] analysed the
topic from the area of automotive break systems and investigated the influence of the geometric surface roughness on the
friction coefficient. In recent years, the research work performed by [18] and [19] concentrated on oil-lubricated rubber seals
with translational movement as well as a tread block of a tyre sliding on a surface. The fundamental effects which result in
friction-induced vibrations are described and measures to avoid self-excited vibrations are discussed. In the work of [20] dry
and lubricated contact at pneumatic seals are investigated and the influence of the surface topology down to molecular
length scales on rubber friction is analysed. [21] focussed on the simulation of the friction force for hydrodynamic lu-
brication conditions in rod seals. Research based on detailed finite element models to study the vibration response of water-
lubricated window sealing systems has been carried out by [22].

The objective of the present work is to predict friction-induced vibration for water-lubricated rubber seals with the help
of finite-element simulation depending on reliable friction data. Additionally, the influencing parameters of the stick-slip
motion are to be quantified using the employed simulation models. Within this study, a test rig is implemented consisting of
a rubber specimen in sliding contact with a rotating glass disc to reproduce the situation of the car door window in op-
eration. The corresponding vibration response and the sound radiation can therefore be analysed under steady-state and
repeatable conditions. Furthermore, the friction properties of the respective contact partners are determined using the test
rig. A detailed finite element simulation of the condition at the test rig including the corresponding measured frictional
properties is carried out and subsequently validated with experimental results. Based on the finite element model, the
behaviour of the friction-induced vibration response and the influences of various parameters are analysed in detail.

2. Experimental testing

Within the scope of this research work, a test rig for the experimental analysis has been developed and built up. The
objective of the test rig is twofold. Firstly, it enables the identification of the frictional properties for rubber specimen in
sliding contact with the glass surface. Furthermore, friction-induced vibrations as well as the associated sound radiation of
the system can be investigated.

2.1. Test setup

A schematic diagram of the test rig is shown in Fig. 1. It consists of a planar disc made of tempered safety glass with a
radius of 150 mm and a thickness of 3.75 mm. The material and the thickness are analogous to a regular glass window of a
car. Through a hole in the centre, the glass disc is fixed to a shaft which is connected to a high-precision servomotor. The
glass disc rotates around its axis actuated by the servomotor. Furthermore, a separate positioning unit is part of the test rig.
An arbitrary test specimen can be mounted on the tip of the positioning unit facing the glass disc. By manually turning the
crank of the positioning unit, the test specimen moves very precisely towards the glass disc. In between the test specimen
and the positioning unit a force gauge is located. The force gauge is a piezo-force link for measuring dynamic and quasi-
static forces. During testing, the three spatial force components acting on the test specimen are measured simultaneously
using the force gauge. In the vicinity to the glass disc a lubrication unit is located to moisten the surface of the glass disc. It
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