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Abstract – In the field of high-speed spindle bearings, the kinematic conditions in the bearing determine the load
carrying capacity and speed suitability. Under the influence of radial loads, contact angle variations occur, which
cause varying orbital speeds of the balls over the bearing circumference. If the clearance between the balls and the
cage pockets is exceeded, high contact forces between balls and cage can destroy the cage. The calculation of these
orbital velocities and thus of the balls advance and retardation is strongly influenced by the frictional conditions
in the contacts, which are difficult to determine. Experimental investigations are therefore helpful for a better
understanding of this behavior.
For this reason, a photoelectric measuring system was developed to measure the motion of the balls in the bearing.
The system works on the principle of a through beam light barrier, where the balls pass the light beam.
In this paper, a spindle bearing of size 7014 with ceramic balls was investigated. The speeds are up to 30,000 rpm
with varying axial preloads and radial forces. The results show that, compared to calculated values, a more uniform
orbital velocity curve is measured than calculated values indicate. Thus, the ball advance and retardation tend to
be lower than the calculations indicate.
Keywords – Bearing Kinematics, Radial Bearing Load, Measurement, Angular Contact Ball Bearing

of pure axial load, the orbital speed of the rolling elements derives from the cage speed.
Roissant measured the rotational speed of the cage by
means of light reflection sensors and a measuring scale
applied to the front of the cage. The measurements
were used to determine the actual rotational speed of
the cage and thus of the rolling element set under static
axial forces for the validation of bearing friction models. [3]
Choe measures the cage whirling amplitude with fiber
optic sensors for the investigation of the dynamic cage
behavior under various axial loads and rotational
speeds. Interactions between balls and cage are described theoretically and are considered experimentally using different cage pocket clearances. [4]
Herkert uses radioactive isotropy to measure the rotational speed of a roller in a cylindrical roller bearing
and additionally measures the cage speed in ball bearings by means of an optical encoder under axial and
radial loads. The cage speed provides information
about the slipping behavior of the whole ball set. [5]
Falcon measures the contact angles in the bearing under axial load using small transducers placed in the
outer ring. The measurement is based on sub-surface
measurement of the deformation of the outer raceway
by the balls. The measurements were carried out under
static axial load. [6]
Haines acquired the contact angle and roll axis in an
angular contact ball bearing using a high-speed camera
and markings on the balls. The measurements were
performed under pure axial load up to a speed of
4,950 rpm. [7]
Krimpmann analyses the kinematics of the rolling elements in a roller bearing under radial load. He uses two
inductive displacement sensors to measure the roller
skewing behavior and the speed of the rollers. He rules
out the use of optical methods due to lubrication. [8]

1. Introduction

The bearing arrangement of a machine tool main spindle is subject to complex load conditions as a result of
the process forces. Especially under high rotational
speeds and under combined axial and radial loads the
kinematics of the balls and their interactions with the
raceways and the cage become important [1].
In practice, the bearing arrangement is designed on the
basis of maximum occurring pressure and the kinematic conditions in the bearings. Frequently, the kinematic critical values, in particular the ball advance and
ball retardation (BaBr), limit the maximum radial load,
that can be supported. BaBr describe the leading and
trailing motions of the rolling elements in the cage
pockets caused by radial or torque loads. This can lead
to a great wear and finally a failure of the cage, if the
cage pocket clearance is exceeded, such that the forces
between cage and balls become significant [2].
In case of high speed machining, practical examples
show, that cage damage frequently occurs, but also that
the bearings do not fail despite exceeding the calculated kinematic limits under radial loads. This indicates a deviation between the calculated and the real
ball motion behavior.
Furthermore, precise known ball speeds help to parameterize friction models for the thermal bearing simulation under various loads. A deep understanding of
BaBr under radial load is equally necessary for
thermo-elastic and mechanical bearing models.
Previous investigations
Measuring the motion of balls and cage demands high
requirements on the measuring technology. Various
methods for measuring ball and cage movement are
presented below.
The rotational speed and the motion behavior of the
cage has been investigated in several studies. In case
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2. Theoretical consideration of ball advance
and retardation

Inductive measurement, however, only allows the examination of standard bearings with metallic rolling elements. The measurement of the kinematics of highspeed spindle bearings, which are usually fitted with
ceramic balls, cannot be carried out with this method.
Kakuta analyses the forces acting on a cage of a ball
bearing with the effect of misalignment. To measure
the contact force between a ball and the cage in circumferential direction, he has removed a half stem of
a cage and mounted instead an L-type measuring
block. The measuring block is equipped with strain
gauges at the back side which measure the bending
strain and therefore the ball-to-cage force. The inves-

Below, the origin of the ball leading and trailing motion will be briefly explained in order to be able to explain the effects determined in the experimental part.
For a detailed description of the analytical calculation
methods of the rolling contacts and the entire bearing,
refer to [3; 11; 12].
The orbital velocities of the balls around the bearing
axis are fundamental for the ball leading and trailing
motion. Figure 1 give an overview of the kinematics of
the balls [3]

βIRC

βORC

tigations were carried out with a deep groove ball bearing of size 6310 with misalignment under radial and
pure axial loads as well as under moment loads. The
maximum speed was 1,600 rpm. The results show that
significant contact forces and thus increased BaBr only
occur under the influence of misalignment (angle). [9]
The speeds investigated are low compared to high
speed applications. Gyroscopic moments, centrifugal
forces on the rolling elements and the associated different contact angles between the inner and outer contact are therefore not addressed. A transferability of the
results to high speed bearings cannot be assumed.
Holland presents a promising system for measuring the
movement of the balls and cage using high speed videography. For the system, the test bearing must be accessible from both sides for illumination and image acquisition. Loading the test bearing with radial or moment loads is difficult. His work shows results under
static axial force. [10]
No experimental results could be found for the orbital
velocities of the balls under radial load and high
speeds. However, knowledge of these speed components, which are uneven over the bearing circumference, is necessary to understand far-reaching effects in
the bearing under radial load.
Therefore, a photoelectric measuring system to track
the position of the rolling elements along their orbit is
introduced. The system has been integrated in a spindle bearing test bench with variable axial thrust loads
and radial loads. Due to its robust and compact design,
the measuring system can be integrated into a test
bench or even in a main spindle.

ωIR, ωC

Figure 1: Ball kinematic

The orbital velocity ωC of the cage respectively of a
ball is calculated by Eq.(1) with the rotational speed of
the inner ring ωIR, the inner and outer effective Ball
′
′
radius 𝑟𝑟𝑊𝑊,𝑖𝑖
, 𝑟𝑟𝑊𝑊,𝑜𝑜
and the pitch diameter dm [11]. The velocity particularly depends on the contact angle distribution over the bearing circumference and thus on the
contact angle difference between the inner (αi) and
outer (αo) contact and the position of the rolling axis
with the angle β.
The angle β describes the angle of the rolling axis at
which the ball rotates with ωB. Since a simultaneous
pure rolling in both contacts with is not possible, this
angle depends on the load and friction conditions in the
contacts. The total rolling angular speeds ωi and ωo at
the inner and outer contact consist of the pure rolling
components ωi, roll and ωo, roll and spinning components
ωi, spin, and ωo, spin.
𝜔𝜔𝐼𝐼𝐼𝐼
𝜔𝜔𝐶𝐶 =
𝑑𝑑
′
∙ ( 𝑚𝑚 + 𝑟𝑟′𝑊𝑊,𝑜𝑜 ∙ 𝑐𝑐𝑐𝑐𝑐𝑐𝛼𝛼𝑜𝑜 ) ∙ 𝑎𝑎1
𝑟𝑟𝑊𝑊,𝑖𝑖
2
(1)
1+
𝑑𝑑𝑚𝑚
′
′
𝑟𝑟𝑊𝑊,𝑜𝑜 ∙ ( − 𝑟𝑟𝑊𝑊,𝑖𝑖
∙ 𝑐𝑐𝑐𝑐𝑐𝑐𝛼𝛼𝑖𝑖 ) ∙ 𝑎𝑎2
2
with:

𝑎𝑎1 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ∙ 𝑐𝑐𝑐𝑐𝑐𝑐𝛽𝛽 ′ ∙ 𝑐𝑐𝑐𝑐𝑐𝑐𝛼𝛼𝑖𝑖 + 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ∙ 𝑠𝑠𝑠𝑠𝑠𝑠𝛼𝛼𝑖𝑖

𝑎𝑎2 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ∙ 𝑐𝑐𝑐𝑐𝑐𝑐𝛽𝛽 ′ ∙ 𝑐𝑐𝑐𝑐𝑐𝑐𝛼𝛼𝑜𝑜 + 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ∙ 𝑠𝑠𝑠𝑠𝑠𝑠𝛼𝛼𝑜𝑜

For simplification, there are the theories of outer race
control (ORC) and inner race control (IRC) of the balls
at the raceways [13]. The theories represent limiting
values while assuming a pure rolling at the respective
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control type at the inner or outer contact. At high
speeds and low loads, an ORC is likely due to the
higher load in the outer contact under the influence of
centrifugal forces. Whereas an IRC predominates at
low speeds and high loads due to the higher pressures
at the inner contact.
In practice, an equilibrium of the inner and outer friction components is achieved so that the position of the
rolling axis assumes values between the limit values of
the ORC and IRC. Because of the extensive uncertainties to calculate the real rolling axis, the limit values of
the ORC (βORC) and the IRC (βIRC) are to be considered
within this experimental analysis. The balls yaw angle
β' caused by the gyroscopic moments is assumed to be
0 for simplification [14].
Figure 2 shows the formation of the BaBr.

Contact angles

40

30

contact angle in °

contact angle mainly in the unloaded zone of the bearing. This process occurs with both ORC and IRC,
whereby the contact angle difference is higher in the
case of ORC.
According to Eq.(1), the shown orbital velocities for
ORC and IRC are obtained. In the loaded zone, the
speeds for ORC and IRC show similar values. The
speeds in the unloaded zone point in opposite directions. This example shows that knowledge of the actual ball guidance with respect to the angle β is essential for calculating the speeds in the bearing.
Finally, the BaBr over the bearing circumference is
calculated by integrating the speeds. Using the IRC as
an example, the leading balls are behind the loaded
zone and the trailing balls are behind the unloaded
zone.
The maximum permissible BaBr is limited by the cage
geometry. Hence, Figure 3 shows schematically the
positions of the balls, the cage and the outer ring in a
load-free and radially loaded state. The example
shown is based on an outer ring guided cage corresponding to the test bearing used.
The cage, which is concentric in the initial state, has a
clearance of half the cage guidance clearance in radial
direction. Accordingly, the balls in the initial state
have a clearance of half the cage pocket clearance in
tangential direction.
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Figure 3: Ball-cage-outer ring interactions
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Under the influence of a radial force, the ball behind
the load zone may be leading and the ball behind the
unloaded zone may be trailing. Therefore, both balls

ball position in °

Figure 2: Formation of the BaBr due to radial load

The radial force on the bearing causes an increase of
the inner contact angle and a reduction of the outer
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(cage frequency ≈ 71.7 Hz). The measurable resolution just depends on the sampling frequency. The lubrication (e. g. oil film thickness) in case of oil-air lubrication will not significantly affect the accuracy of
the measurement. The oil film is thin in comparison to
the mentioned resolution and the detection method
(mean value between the times when a rolling element
block and unblock the light) averages effects like oil
film thickness or variable orbits of the balls.
The absolute positions of the photodetectors deviate
from the respective ideal positions due to a misalignment of the sensors in the detector ring as well as internal sensor tolerances.
If a ball is now detected at a sensor position, the actual
position of the rolling element is displaced by the misalignment of the sensor. To compensate these deviations, the misalignment of the sensors is determined by
means of a suitable reference run without radial force,
in which no BaBr occur. For this purpose, the movement of a ball around the bearing axis, i.e. passing
through all sensors consecutively, is observed. Assuming a uniform movement of the ball around the bearing
axis with no BaBr, the detected times (corresponding
to the position of the balls at the sensor positions) must
have an equal distance.

move downward by half the cage clearance and contact
the cage with the normal force Fn.
The cage in turn moves downwards due to Fn until it is
guided by the outer ring with the force FC-OR, Fn. The
two balls are therefore displaced downwards each with
half the cage guidance clearance in addition.
The maximum BaBr is the difference between the
leading and trailing ball and thus the sum of the cage
guidance clearance and the cage pocket clearance. Due
to Fn in the ball-cage contacts and the rotation of the
balls ωB relative to the cage, frictional forces Ft act tangential on the cage. The absolute displacement of the
cage for the given example is therefore assumed to be
in the marked contact area.

3. Measuring setup and test bearing
3.1. Measuring System
The requirements on the system for measuring the
BaBr are a precise measurement of the orbital ball positions at high speeds and a good integratability into a
test rig or a spindle without affecting its function. Only
in this case, measurements with external test forces or
in the machine with process forces are possible. Other
systems like a high speed camera do not allow this
level of integration.
The measuring system is based on the principle of a
through beam light barrier (Figure 4).
Measuring principle

Sensor arrangement

light beam
light source

photodetector
photodetector
bearing 7014

light source

Figure 4: Measuring system

Sensor position errors

200

Light sources are used to illuminate the bearing in the
area between the inner ring and cage. The light beams
are intermittently blocked by the balls. Opposing photodetectors measure these light signals and provide information as to whether a rolling element is in the light
beam or not. With this information, the respective position of a rolling element can be calculated. To determine the position, the mean value between the times
when a rolling element block and unblock the light
beam is used.
To achieve a precise determination of the rolling element position, the photodetectors have a very short circuit time between the bright-dark (270 ns) and the
dark-bright (120 ns) transitions. The flanks of these
signals must be detected very accurately in time due to
a high sampling rate. The signals are therefore sampled
at a high frequency of 5 MHz (200 ns between two
samples), which is in the range of the sensor switching
times. For the used bearing (Table 1), a resolution of
4 µm of the orbital ball positions at the sensor locations
can be theoretically achieved at a speed of 10,000 rpm
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Figure 5: Correction of the sensor position errors
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The bearing corresponds to size 7014 with large ceramic balls. The cage pocket clearance is approximately 600 µm and the cage guidance clearence is approximately 500 µm. Therefore, a maximum BaBr of
1.100 µm is expected.

Table 1: Characteristics of the test bearing

Bearing characteristics
inner diameter:
ball diameter:
70 mm
11.906 mm
outer diameter:
pitch diameter:
110 mm
90 mm
width:
cage pocket diameter:
20 mm
12.5 mm
contact angle:
number of balls:
19°
21

force

floating bearing

radial force test
bearing in N

F

The deviation from the mean value over all detection
intervals at each sensor position describes the respective sensor misalignment.
Figure 5 shows the calculated sensor position errors for
three revolutions (rev1, rev2, rev3) and the corrected
deviations in ball motion for ball 1, 7 and 14 (B1, B7
and B14). The motion of the observed ball in the radial
load-free state shows a recurring course over all revolutions. Therefore, the deviation determined at each
sensor indicates the sensor position error. As expected,
the signals of the ball motion deviations show an even
course after correction.
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Figure 7: Model of the test bench and force ratio of the load
unit to the test bearing

Figure 8 shows the inclination of the bearing rings (angular misalignment) for the forces investigated. The
inclination shows a non-linear course from a certain
radial force in case of an axial force of 500 N and
1,000 N.

3.2. Test bench and bearing characteristics
The design of the test bench is comparable to an externally driven main spindle. Figure 6 and Figure 7 show
the test bench and the bearing arrangement of the spindle including the force ratio of the load unit to the test
bearing. The oil-air lubricated test bearing in hybrid
design is elastically adjusted against the floating bearing with an axially acting, adjustable hydraulic preload
unit. The maximum rotational speed is 30,000 rpm.
The spindle can be loaded during operation by a hydraulic actuator acting in radial direction from 0 N to
3,000 N. The resulting maximum radial force at the
test bearing is 4,500 N. The force is applied by a load
unit and is monitored with an integrated force sensor.

load unit

test bearing

Faxial
500 N
Faxial = 500
N

Faxial
Faxial = 1000
1,000NN

Faxial
Faxial = 1500
1,500NN

inclination in
mrad

0,00
-0,15
-0,30
-0,45

0

500

1000

1500

2000

2500

3000

radial force load unit in N

Figure 8: Calculated inclination of the bearing rings for various radial and axial forces at a speed of 9,000 rpm

housing

drive

light source
(LED)

force sensor
actuator

shaft detector ring

test bearing
Thus, changes in the bearing kinematics can be expected at radial forces of 1,000 N (Faxial = 500 N) and
1,750 N (Faxial = 1,000 N).

Figure 6: Test bench and measuring system

The rotation of the spindle is separated by a further
spindle bearing package inside the load unit and thus
enables the tactile application of force to the rotating
spindle.
The axial preload force acting on the test bearing is adjusted via the axial preload unit. The geometry of the
test bearing is listed in Table 1.
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4. Test procedure and results
4.1. Procedure
During the investigations, the BaBr are measured under different speeds and loads. The speed is increased
in steps of 3,000 rpm up to 30,000 rpm for each load
condition. The radial force on the load unit is increased
in steps of 250 N from 0 N to 3,000 N, whereby the
axial preload is varied parametrically from 500 N to
1,000 N and 1,500 N. The radial force direction and
therefore the position of the loaded and unloaded zones
is in accordance with the calculations in Figure 2.
Even at the maximum speed of 30,000 rpm, the photodetectors show reliable signals without significant
false detections, thus ensuring the effectiveness of the
system.
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Figure 11: Orbital speeds and contact conditions for:
n = 15,000 rpm, axial force = 1,000 N,
radial force = 2,000 N (3,000 N at bearing)
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At a radial force of 2,000 N (Figure 11), the pressure
on the inner contact and the contact angle on the outer
contact indicate that the balls in the unloaded zone lift
off the inner ring. Due to this high contact angle shear,
the speeds calculated according to ORC and IRC also
show high deviations in the unloaded area. In the
loaded zone (<90°), the balls indicate an increased
IRC. According to the IRC, the balls are continuously
decelerated up to 120°. At this point, the balls lose contact with the inner ring and don’t follow the kinematic
guidance any more.
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Figure 10: Orbital speeds and contact conditions for:
n = 15,000 rpm, axial force = 1,000 N,
radial force = 1,000 N (1,500 N at bearing)
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4.2. Results
The orbital velocity of the balls around the bearing axis
is the decisive factor for the BaBr. Therefore, the orbital speeds for a rotational speed of 15,000 rpm, an
axial preload of 1,000 N and varying radial forces of
0 N, 1,000 N, 2,000 N and 3,000 N are analyzed first
(Figure 9 to Figure 12).
The measured values for the orbital speeds are compared to the calculated values for the ORC and IRC.
Furthermore, the outer and inner contact angles αo and
αi as well as the outer and inner contact pressures σo
and σi are shown in order to relate these to the measured speeds.
In the radial load-free state (Figure 9), the speed curve
shows an expected uniform behavior over the bearing
circumference. Due to the high speed, the measured
speed is closer to the ORC and follows the results of
Roissant [3].
720

Orbital speed
B1 B1
Orbital
speed

720

Theoretically, the balls must therefore exhibit a pure
ORC in this area. However, due to the lack of drive via
the inner contact, the balls cannot follow the increased
speed of the ORC. The continuous speed increase from
120° may be due to viscous frictional effects between
the ball and the inner ring, which drive the ball slightly.
The measured transition at 120°, from which the speed
increases slightly, is in good agreement with the position from which the rolling elements lift off at the inner
contact.
At the radial force of 3,000 N (Figure 12), the pressures and contact angles indicate that the balls are
lifted from the inner contact over a wide circumferential range.

ball position in °

Figure 9: Orbital speeds and contact conditions for:
n = 15,000 rpm, axial force = 1,000 N, radial force = 0 N

At the radial force of 1,000 N, the pressures and contact angles do not indicate critical values (Figure 10).
In the unloaded zone there are already high deviations
between the orbital velocity calculated according to
ORC and IRC. In contrast, the measured speed shows
a balanced course. When entering the load zone (approximately 270°) the ball experiences an increase in
speed and follows the ORC.
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Contrary to the results with a radial force of 2,000 N,
the measured speed no longer follows the IRC in the
loaded zone. It takes a more uniform course over the
bearing circumference. While there is a slight acceleration of the balls at the radial force of 2,000 N in the
unloaded zone, the balls are decelerated at the radial
force of 3,000 N in this zone. This may be due to the
effect, that the balls lift far from the inner contact so
that the inner ring no longer drives the balls. The mass
inertia of the balls prevents the balls from abruptly reducing the speed.

An overview of the measured orbital speeds is given in
Figure 13. At the speed of 6,000 rpm, the orbital
speeds show an even distribution over the bearing circumference in the lower radial force range. At higher
radial forces, a field of reduced speed is formed in the
unloaded zone.
If the speed is increased to 12,000 rpm, the balls experience a significant acceleration starting at ball positions of 250° when entering the load zone in a radial
force range from 1,000 N to 1,750 N. At higher radial
forces, a range over the bearing circumference is
formed in which the speeds are reduced. At radial
forces above 2,500 N, the orbital velocity curve is
smoothed again over the bearing circumference.
At a speed of 18,000 rpm, the balls experience an acceleration in the radial force range from 750 N to
1,750 N when leaving and entering the load zone.
These increased speeds indicate a stronger ORC
(cf. Figure 11)
The speeds at 24,000 rpm show a uniform curve over
the entire radial force range, so that BaBr are low here.
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Figure 12: Orbital speeds and contact conditions for:
n = 15,000 rpm, axial force = 1,000 N,
radial force = 3,000 N (4,500 N at bearing)
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Figure 13: Orbital speeds under various rotational speeds
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The deviations of the individual angular ball positions
(ball 1 to 21) from the average are shown in
as an example for a speed of 9,000 rpm with an axial
force of 1,000 N. The figure shows time sections of a
continuous orbital motion of the rolling element set. At
a radial force of 1,000 N, a range from B11 to B16 is
already formed with small leading motion behind the
loaded zone in direction of rotation.
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With an increasing axial force, this plateau-shaped
field with maximum BaBr values widens and occurs at
higher speeds and radial forces. The values for the
BaBr in these plateau-shaped fields correspond to the
presumed BaBr of 1,100 µm and lead to contacts between the cage and the balls. If the radial force exceeds
a certain value at an axial force of 500 N and 1,000 N,
the BaBr decrease again. This can be explained by the

F

position in mm

position in mm

From B19 to B6 there is a small trailing of the balls.
An increase of the radial force to 2,000 N results in
significant leading of the balls in the range from B11
to B17. The corresponding trailing motion is noticeable from B20 to B7. The difference of the highest values for the leading and trailing motions are in the range
of the expected maximum possible BaBr with approximate 1,100 µm. Remarkable contact forces between
the cage and the balls can be expected in this load case.
If the radial force is increased to 3,000 N, the values
for the leading and trailing motions decrease again.
The figure also shows that the areas with maximum
advance and retardation are shifted in direction of rotation with increasing radial forces.
Figure 15 shows the BaBr values for each examined
operating point. The specified BaBr describe the difference between the maximum advance and retardation over all balls.
At an axial force of 500 N, high BaBr values only occur in a narrow force range from 1,000 N to 1,250 N at
speeds above 6,000 rpm.
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Axial force = 1,000 N
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20001500
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loss of contact between the balls and the inner race on
the unloaded bearing side and thus an undisturbed
ORC without forced guidance of the balls between inner and outer race. The results are in accordance with
the calculated inclination (Figure 8), which shows a
significant nonlinearity at 1,000 N (Faxial = 500 N) and
1,750 N (Faxial = 1,000 N). In general, the results point
out that towards high speeds the BaBr are lower than
at low speeds.
At the highest axial force of 1,500 N, the BaBr values
are low for the entire speed range up to a radial force
of approximate 1,750 N. The high axial preload has a
positive influence on the kinematics of the bearing, resulting in the lower BaBr values. From a radial force
of approximate 2,000 N, however, there is a wide
range of maximum BaBr values over the entire radial
force range and even at higher speeds. It is likely that
in the plateau-shaped area, the movements of the balls
are strongly limited by the cage, such that a high cage
load is present.

Figure 14: Ball motions for: n = 9,000 rpm,
axial force = 1,000 N, radial force = 1,000 N, 2,000 N, and
3,000 N
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Figure 15: Ball advance and retardation for various loads
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Conclusions

A photoelectric system to measure the BaBr was developed and installed in a test bench. The test bearing
was subjected to different axial and radial forces. The
investigations were performed with rotational speeds
up to 30,000 rpm.
The results show, that up to a certain radial force, the
BaBr increase at low to medium speeds. In this speed
and force range, the values show comparable values to
the expected maximum BaBr of 1,100 µm, so that a
high load on the cage can be expected. Because the
balls lift off the inner contact in the unloaded zone, the
value decreases if a certain radial force is exceeded.
The radial force range, where the BaBr increase and
decrease is strongly influenced by the axial preload. At
higher speeds, the BaBr takes on smaller values again.
In future work, the system will be expanded to include
the radial and rotatory position measurement of the
cage, so the effects between balls and cage can be examined in detail. Further measurements of the BaBr
will be carried out with dynamic, process-like loads
and in a milling machine during machining.
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