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ABSTRACT: The boundary layer dynamics are significantly responsible for the friction behavior of a tribo contact. A test
bench to investigate the processes in the boundary layer was introduced in [1]. The so-called Wear Debris Investigator
(WDI) of the Institute of Dynamics and Vibrations (IDS) forms a friction gap between a rotating and a fixed disc. For a
measurement, artificial wear particles are added into the friction gap. The rotating disc of the friction contact consists of a
transparent material. This allows the boundary layer to be observed in situ using a high-resolution camera. The obtained
image data is used, i. a., to make statements about the formation and destruction processes of contact patches. With
the measurement data of an implemented force and torque sensor, correlations between the boundary layer dynamics and
the occurring friction forces can be made. This requires a high-precision measurement setup. A large number of
measurements at the WDI revealed that precision and force measurement are not sufficient for all dynamic phenomena.
For this reason, an innovative measuring system has been developed within the framework of this paper, which allows
accurate statements to be made about the interactions of the third body with the first bodies.
One major advantage of the new measuring device is that there are almost no drift effects observed during the measurement
of the normal forces and friction moments. System-related normal force fluctuations are countered by a force adjustment
with three adjustable elasticities, whereby the fluctuations are almost eliminated. This design allows to precisely adjust the
normal forces in a wide range. Even measurements with smallest load ranges are provided by the innovative test design.
First measurements using the new measuring device are presented in this paper.
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1. Introduction
The friction and wear behaviour of a tribological system is
significantly influenced by particles in the boundary layer.
HESHMAT [2,3,4] investigated the dependencies between the
coefficient of friction and the degree of filling of the friction gap.
HWANG [5] examined the influence of the different particle
materials located in the gap. The studies showed that both the
particle material and the particle quantity in the friction gap have
an influence on the coefficient of friction.
HIRATSUKA [6] and KATO [7,8,9] investigated the effect of
particles in the boundary layer on the wear of a tribological system.
The research has shown that particles in the boundary layer of a
friction contact reduce wear. KATO describes wear-protective
layers potentially created by "tribosintering".
OSTERMEYER [10] uses a differential friction law to link the
coefficient of friction with the temporal development of a
characteristic particle structures in the boundary layer, also known
as patches. The development of a patch is categorized into the
phases of formation, growth and decay. In relation to a brake pad,
patches preferably form at inhomogeneities of the brake pad
material. If, for example, a hard compound (e.g. steel fiber) occurs
on the friction surface, particles will collect there contrary to the

wear particle flow [10,11]. This context is shown in Figure 1. These
particle accumulations are compacted and continue to grow. These
patches are the main transmission points for normal forces. Due to
the friction induced heat and further wear, the patch surfaces are
destroyed.

Figure 1 Principle formation of a patch on a brake pad [12]
Self-organization structures generated in the boundary layer, e.g.
patches can be found recurrently in tribosystems. A further selforganization structure are the rollers. These are cylindrical
agglomerations of particles that roll in the friction gap between the
friction surfaces with approx. the half relative speed. FISCHER [13]
describes this structure in a frictional contact between ceramics, but
notes that they should not be considered as a kind of "rolling
element" in the friction gap.

In order to better understand the particle transport, the generation
of characteristic structures and the repercussions on friction, the
Wear Debris Investigator (WDI) was developed at the Institute for
Dynamics and Vibrations in [1]. This test rig allows the insitu
observation of the boundary layer of a friction contact. The friction
gap is formed between two discs, one of them is fixed and the
second one is driven in rotation. Sensors are used to measure the
normal force applied to the friction contact and the resulting
friction torque. In this way it is possible to relate the characteristics
of the boundary layer to the measured force and torque. The
parameters to be varied during the investigations are, besides the
contact normal force and the relative velocity, the quantity, size and
material of the particles in the boundary layer. Also the surface
structure of the first bodies, are subject of the further investigations.
First measurements with the WDI were already shown in [1].
However, these and a large number of other measurement series
revealed inaccuracies in the test rig design. When carrying out
measurements with fine particles as well as low relative speeds,
repercussions from the linear guidance on the boundary layer and
the sensor measuring chain on the determined sensor measured
values could be observed. Even smallest changes in the boundary
layer height, e.g. due to particle dynamics, lead to substantial,
speed-dependent fluctuations in the contact normal force and in
turn influence the characteristics of the boundary layer. At low
relative velocities and the associated longer measurement times
(>60s), the influence of the non-linear drift on the measured values
becomes apparent. A mathematical elimination of the drift in postprocessing is not reliable due to the pronounced non-linearity.
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Figure 2 Overview on the revised WDI

2.2. The Measurement and Load Unit (MLU)
The newly developed measurement and load unit (MLU) shown in
Figure 3 is the main element of the revised WDI. The new structure
combines a wide range of functions. The upper first body (1) with
a diameter of 160𝑚𝑚 is connected to the MLU by a detachable
connection. This allows the surface to be easily replaced. The MLU
guides the upper contact and transmits the forces generated on the
friction surface to the frame (2). The frictional torque generated at
the contact is measured by a strain gauge based torque sensor (3).
Since the normal force is transmitted via this sensor, a sensor
suitable for a combined torque and normal force load was selected
for this purpose.
(2) Frame Attachment
(5) Adjustment Screw

As part of this work, the WDI was revised with regard to the above
mentioned inaccuracies. The newly developed measurement and
load unit is to be examined in this course with regard to its basic
functionality and first measurements will be shown.

(6) Axially Displaceable Ring
(4) Curved Leaf Spring
with Strain Gauges

2. Redesign of the Wear Debris Investigator
(1) Upper Contact Plate

Come from the test rig presented in detail in [1] the revision is
conducted. A description of the former test device can be found in
[1]. In the following, the most important functions are shown on
the basis of the revised design.

2.1. Basic Design of the Test Device
The basic elements of the test bench are shown in Figure 2. A solid
aluminium frame (a) forms the spine of the test stand, carrying the
friction contact and further components. The friction contact is
formed between the measurement and load unit (b) and the lower
contact plate (c). The lower contact plate consists of a transparent
glass plate mounted in a pivot bearing. A drive unit (d), consisting
of a servo motor with a flange-mounted transmission, sets it in
rotation via a toothed belt. A camera (e) records the image data of
the boundary layer via a mirror (f) through the transparent plate.

(3) Torque Sensor

Figure 3 Structure of the measurement and load unit
The normal force on the frictional contact is adjusted at three points
by elasticities (4). These are curved leaf springs which, on the one
hand, allow a fine adjustment of the normal force and reliably
conduct the occurring friction torque. An axially displaceable ring
(6) the leaf springs are attached to can be set by means of lockable
adjusting screws (5). By moving the ring, the leaf springs are
tensioned or released. This allows the preload of each spring to be
set individually. A static angular tilt between the two friction plates
can be compensated and the load on the boundary layer can be
adjusted as uniformly as possible. However, it is also possible to
cause an uneven loading of the boundary layer. The mechanical
principle of the MLU´s normal force adjustment is illustrated in
Figure 4, which shows that the applied normal force 𝐹𝑁 can be
calculated by
𝐹𝑁 = 𝑐1 ⋅ Δ𝑥1 + 𝑐2 ⋅ Δ𝑥2 + 𝑐3 ⋅ Δ𝑥3

(1)

from the individual spring stiffnesses 𝑐𝑖 and the associated
displacements 𝛥𝑥𝑖 . Whereby the following applies:
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𝑐1 ≈ 𝑐2 ≈ 𝑐3 = 𝑐 ≈ 4

𝑁

(2)
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Figure 4 Principle of the normal force adjustment

the friction contact. On the upper side a plate covered with smooth
leather is used. In contrast to smooth glass, the leather offers a
certain flexibility and surface structure.

3.1 Performance of the measurements
Within the following series of measurements, the particle quantity,
the contact normal force and the speed have been varied. At the
beginning of a measurement series, the particles are scattered
stochastically into the friction gap. The distribution after scattering
is shown exemplarily in Figure 5 for a quantity of 250𝑚𝑔 talcum
particles. Subsequently, the MLU is mounted and the normal force
set. An even load is adjusted across all spring elements.

This mounting of the upper contact surface allows a precise
adjustment of the contact normal force between 0𝑁 and 30𝑁. For
measurements with higher normal forces, defined mass discs can
be stacked on a guide in the free space of the unit. The additional
masses act directly on the friction contact. Variations in the
boundary layer height can still be recorded by displacements of the
leaf springs.

2.2.1 Normal Force Sensors
To reliably determine the contact normal force, the three leaf
springs were equipped with two parallel strain gauges on the outer
curved surface. The arrangement of the measuring grids and the
choice of a wiring as a diagonal bridge allows the bending due to
normal forces to be detected precisely without any significant
influence from a temperature change or feedback of the frictional
torque. Each of the individual bending springs was examined
individually and calibrated. With the assembled MLU a further
calibration was made.
A 4-channel analog measuring amplifier made by MEMesssysteme is used for the four strain gauge sensors (3x normal
force + 1x torque). It converts the differential voltage of the
measuring bridges in an output voltage between -10V and 10V.

2.3 Control of the Test-Device

Figure 5 Examplary initial distribution of talcum-particles
A sequence of measurements with the speed and duration to be
performed is configured in the control software and the measuring
sequence is started. For the evaluation of these measurements, the
recorded image data and the corresponding normal force and torque
measured values are used. Figure 6 shows an example of the sensor
data to be measured. The shown data was recorded during a
measurement carried out with 250𝑚𝑔 of talcum particles and a
normal force of 20𝑁 at a speed of 20𝑟𝑝𝑚.

Based on LABVIEW®, a software control system for the test bench
was developed. The software designed for this application is
running on a PC. It coordinates the actuation of the drive unit, the
measurement data acquisition and the storage of the image data.
The image and sensor data recording can thus be synchronized. The
sampling of the image data is possible with a frequency of up to
150𝐻𝑧. The sensor data can be sampled with a frequency up to
5𝑘𝐻𝑧.
Settings for a semi-automatic measurement can be made on the
graphical user interface of the program (speed and duration). For
setting the contact normal force, the measured data of the three
normal force sensors is displayed in two different ways, one for
coarse and another for precise setting of the preload of the leaf
spring elements.

3. First measurements
The measurements shown below were carried out after the
implementation of the newly developed MLU. Talcum particles are
inserted into the friction gap as artificial wear dust. A smooth
transparent glass plate is used as first body at the lower surface of
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Figure 6 Measurement with talkum-particles

3.2 Speed variation
Within this series of measurements the speed was varied between
1𝑟𝑝𝑚 and 30𝑟𝑝𝑚. In Figure 7, images of the boundary layer at
different speeds are given. The normal force for this sequence was
set to 1𝑁. 100𝑚𝑔 of the talcum particles were fed into the friction
gap. The shown images were taken during a measurement with a)
1𝑟𝑝𝑚, b) 15𝑟𝑝𝑚 and c) 30𝑟𝑝𝑚. It can be seen that the distribution
of the particles changes with increasing speed.

At a low speed of 1rpm larger stable patches are visible in the
boundary layer. The video shows that a part of the talcum particles
move loosely through the friction gap lying on the glass plate. If
those particles hit a patch, they attach to the structure or are
deflected. At the same time, particles detach from the patches,
which become part of the particle stream. At the medium speed in
b) the patches shrink in size. A higher amount of the particles move
loosly in the friction gap. In picture c) the set speed was 30𝑟𝑝𝑚.
The patch sizes decreases further and most of the particles are not
bound in patches. The patches constantly change their shape and
size due to adhering and detaching particles. In addition, the
patches are often destroyed and new ones are formed shortly
afterwards.
a)

Figure 8 Mean µ-values for 100mg talcum-particles with 1N
load at different speeds

3.3 Variation of the normal force

b)

Another test concerned the relation between the normal force load
of the friction contact and the formation of the boundary layer. For
this purpose a few different loads were examined. Again, 100𝑚𝑔
of talcum particles are introduced into the friction gap. For each
different normal force, the same series of speeds between 1𝑟𝑝𝑚
and 30𝑟𝑝𝑚 was performed. For the investigated loads, images of
the boundary layer from the measurement at 30 𝑟𝑝𝑚 were taken
and shown in Figure 9. The three pictures illustrate the boundary
layer for 1𝑁 in 1), 5𝑁 in 2) and 20𝑁 in 3). At a load of 1𝑁, many
of the inserted particles move loosely through the friction gap. Only
a few small patches have formed. At a normal force load of 5N the
paticles merge to larger patch structures. The video material shows
that just a small number of particles move loosely through the
friction gap and the patch structures appear much more stable. A
further increase of the normal force to 20𝑁 intensifies the above
mentioned effects. The patch area has increased further and these
are distributed partly finer over the contact area. There are almost
no loose moving particles left and the outer shape and size of the
patches barely changes during the measurement.

c)

Figure 7 Images of the boundary layer for 100mg talcumparticles with 1N load at a) 1rpm; b) 15rpm; c) 30rpm

1)

2)

In Figure 8, the calculated averaged coefficient of friction 𝜇 from
the various measurements taken in this sequence are shown in the
diagram. 𝜇 is used as a comparative value among the
measurements and is calculated by
𝜇=

𝑀𝐹
𝐹𝑁 ⋅𝑟𝑃

(3)

from the measured friction torque 𝑀𝐹 , the measured total normal
force 𝐹𝑁 and the largest radius of the contact plate 𝑟𝑃 = 8𝑒 −2 𝑚. In
principle, differing formulations of 𝜇 are also conceivable. The
diagram shows that within this measurement serie an increase in
speed leads to a higher coefficient of friction. It should be noted
that the quantity of particles in the friction gap is more or less
constant.

3)

Figure 9 Images of the boundary layer for 100mg talcumparticles at 30rpm with a) 1N; b) 5N; c) 20N load
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4. Conclusion
To study the transport of particles in a friction gap and the
correlations between these transport phenomena and the coefficient
of friction of a tribological system, the Wear Debris Investigator
was developed. With this system the processes in the boundary
layer can be observed insitu. To carry out high-precision
measurements on the macroscopic friction contact, the existing test
rig was revised. A new measurement and load unit was developed
for the test rig, which minimizes feedback of the test stand structure
on the friction contact and allows a better understanding of the
characteristic behavior of particles in a friction gap and the
relations to the coefficient of friction.
First measurements with the new measurement and load unit
provided first impressions of particle dynamics. These
measurements showed that the revised MLU supports even
smallest normal loads on the friction contact.
The evaluation of the image data generated during the
measurements showed that changes in both the rotational speed and
the contact normal force have different influences on the formation
of the boundary layer.
For the automated processing of the image data, a program tool is
currently under development. These algorithms should
automatically recognize the patch structures in the boundary layer.
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