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1 Introduction

1.1 Background

Large scale bearings are one of the important elements of industrial machines. Especially in the
field of power generation these bearings are used extensively. Renewable energy sources, where
large scale bearings are used for example in wind turbines, have increased their share of the
global energy market in the last couple of years (IEA 2015a, p. 4). This trend is projected to
steadily continue in the coming years (IEA 2015b, p. 1).

In this area performance and reliability of the components is very important as downtime is not
only costly but energy production is considered critical infrastructure. Applications such as off-
shore wind parks pose new challenges in terms of bearing quality as the bearing sizes are very
large and maintenance is difficult because of that as well as because of the accessibility of such
locations. The logistics involved in repairing a wind power generator on the open sea bear a
large economic risk and therefore play a role in the economic viability of this renewable energy
source. As these applications become more common the issues are likely to become worse
(EURAMET/EMRP 2015, p. 1). To ensure the production quality and operation of these bearing
components and thereby mitigating the risk of failure metrological control is necessary.

“The protection of the environment from the short-term and long-term destructive effects of
industrial activity can only be assured on the basis of accurate and reliable measurements”
(Placko 2006, p. 15).

One of the determinants of the quality of a bearing is the thickness deviation of the inner and
outer rings. The reason for this is that these elements are comparatively thin in contrast to the
housing and shaft they will be mounted to. This means the rings will conform to the shape of
the adjacent parts in a way that their own roundness becomes less important. The thickness
however is not affected by the mounting process in any significant way. Therefore this geomet-
ric variable of the bearings shape can influence the clearance within the assembled bearing and
thus the rotational accuracy.

Measurements of the thickness can be taken with existing methods and devices such as coordi-
nate measurement machines (CMM) and some specialized, two sided roundness measurement
devices. These devices however are general purpose measurement machines and so their adapt-
ability comes at the cost of less optimization for a single application. In an approach to help
improve these thickness measurements and possibly widen the area in which they are used by
way of constructing a specialized device the idea of this thesis was conceived.




1.2 Research Question

This thesis was focused around the following research question:

Can a dedicated measurement device for ascertaining the thickness and thickness vari-
ation of large scale bearing elements be made in a way that it improves performance in
terms of measurement quality, cost and/or ease of use when compared to existing de-
vices in the same application?

This question was developed on the background laid out in the previous subchapter as well as

based on work previously done at Aalto University. Here a prototype device for the same pur-

pose was constructed as a proof of concept. This work is in part based on that prototype but

emphasises evaluating the actual feasibility of using such a device as a replacement for conven-

tional measurement machines. Doing so involves the following steps:

1.

2.

6.

7.

Analysing existing measurement devices and the previous prototype
Finding alternative concepts or improvements on existing concepts
Comparing these concepts and selecting a concept for further study
Making a design based on the chosen concept

Constructing a prototype device based on the design

Testing and evaluating the performance of the prototype

Giving recommendations on how to further improve thickness measurement

The structure of this thesis was devised to reflect these steps but also extend on them in regards

to background information and basic metrology knowledge. Steps 1-2 are covered in chapter 2,

steps 3-5 are described in chapter 3.1 as well as chapter 3.2 and finally steps 6 and 7 are a

major part of chapters 3.3 to 5.




2 State of the art

In this chapter the state of the art as a basis for the concept and design of measurement devices
in general and specifically the developed device will be laid out. To avoid ambiguity it is neces-
sary to explicitly define some metrological terms. These will then be used in the explanation of
measurement methods and existing devices as well as throughout this work.

2.1 Definitions

Measurand
The Joint Committee for Guides in Metrology defines measurand as:
“[A] particular quantity subject to measurement” (JCGM 100:2008, p. 50).

In practice this means a measurable attribute of something that has been or is to be determined.
An example of this relating to the topic of this thesis would be the thickness of a given bearing
element. Technically the thickness is measured at many different points so each individual value

could be interpreted as a separate measurand.
True value

“[The] value consistent with the definition of a given particular quantity” (JCGM
100:2008, p. 32).

The true value is therefore the theoretical measurement result which would be obtained by
perfect measurement. Because every measurement is by nature imperfect the true value cannot
be determined by measuring. The objective of any measurement is therefore to determine a
range in which the true value is to be found with a certain likelihood. Sometimes an exact
number is given for a value, if this is the case it should be called “conventional true value” as it
represents an assumption on the most probable true value (Drosg 2009, p. 5).

Error

The mentioned imperfection of measurement gives rise to an error (JCGM 100:2008, p. 5)

which is defined as:

“[The] result of a measurement minus a true value of the measurand” (JCGM 100:2008,
p. 48).

In general the goal while designing any measurement equipment or procedure is to minimize
this difference between result and true value although eliminating it is not possible. The reason
for this being that on one hand in practice not all sources of error can be avoided by the design
of the device and on the other hand not all errors are even related to the device or measurement
itself. One important thing to note is also that the actual error cannot be determined because it

is a deviation from the true value which in itself cannot be known in the first place.




If a value for an error is given it is meant to be taken as “the deviation of the best estimate from
an agreed on best value” (Drosg 2009, p. 24). JCGM notes this through stating that concerning
error “in practice a conventional true value is used” (JCGM 100:2008, p. 36). There are different
types of errors; most notably we have to differentiate between random error and systematic

error shown in Figure 2.1.

Value obtained with
an infinite number of
repetitions

Measuring
Result

systematic random

|
< %

error

Figure 2.1: Systematic and random error (Placko 2006, p. 170)

Random error
The JCGM defines random error as:

“[The] result of a measurement minus the mean that would result from an infinite number
of measurements of the same measurand carried out under repeatability conditions” (JCGM
100:2008, p. 37).

Even though the Bureau International des Poids et Mesures (BIPM)/JCGM is perhaps the most
important authority on measurement comparing this definition with Drosg reveals it to be not
specific enough regarding the type of error. Random error cannot always be determined and
counteracted by repeated measurement as not all random error is time-related (Drosg 2009,
p- XD.

This can also apply to measurements carried under theoretically ideal conditions as some meas-
urands exhibit inherently random values, for example radioactive decay. The definition given
by JCGM is therefore only correct if you define random error as just those parts of the error that

are random and time related.




Systematic error

“[The] mean that would result from an infinite number of measurements of the same
measurand carried out under repeatability conditions minus a true value of the measur-
and” (JCGM 100:2008, p. 37).

In other words the systematic error is the remaining error after you subtract the random error
and the true value from the measurement. As both of these values are not and cannot be known

without some uncertainty this also applies to systematic error.

Systematic error is a result of the measurement method and measurement devices used. One
goal of designing a measurement device is therefore to minimize this error. Systematic error
may be reduced (but not eliminated) by applying a correction or correction factor (JCGM
100:2008, p. 5).

Uncertainty

Aside from the value obtained by measuring something the uncertainty assigned to this meas-

urement is the most important piece of information in metrological terms.

“[Uncertainty is] a parameter, associated with the result of a measurement, that character-
izes the dispersion of the values that could reasonably be attributed to the measurand”
(JCGM 100:2008, p. 36).

As all scientifically relevant data is at least somewhat uncertain (Drosg 2009, p. 1) it is im-
portant to give not only the value obtained by measuring but also certain bounds around this
value in which the true value is likely to be found with some probability. This reflects how sure
someone can be that this value may be used as a practical replacement for the unknowable true
value in engineering or generally scientific applications.

The function of uncertainty is therefore to give a “quasi-sure” range in which to localize the true
value of a measurand (Grabe 2011, p. 4). Uncertainty is distinct from error in that it defines a
range of possible values rather than a specific difference of true value and measured value.
Uncertainty shows a property of the measurement in general instead of just of a singular meas-

urement. These characteristics can be visualized as shown in Figure 2.2.

In practice uncertainty is often given in terms of standard uncertainty calculated using the fol-

lowing formula (Juhanko 2011, p. 71).

(g = )2+ (x = )2 + - + (xy — X)? (1)

nn—1)

u(x) =

Here x is usually the mean of the measured values which is used as the best available substitute
for the true value (Dubbel et al. 2014, W 1.4.1).




In statistics terms u is known as the standard error of the mean. If u is multiplied with a coverage
factor k it is an expanded standard uncertainty representing a coverage probability or in other
words a probability that the true mean is within the given range. For example k=2 is equivalent
to a two sided coverage probability of 95%).

probability
; ? i o
values that
vl value 2 Yo could be
attributed to
true value the mesurand

Figure 2.2: Distinction between uncertainty and error (Placko 2006, p. 165; cf. Dubbel et al. 2014, p. 5)

Principle of measurement

“Principles of measurement are the physical effects or laws on which the measurement is
based” (Dubbel et al. 2014, W 1.1).

A measurement may involve multiple principles especially if the sought value cannot be ob-
tained by direct measurement. The use of these principles may introduce sources of error since
the values they are based upon (for example physical constants) can also only be known with

some uncertainty.
Measurement chain

“The general structure of a measurement system is the measurement chain composed of

measurement elements and supporting devices” (Dubbel et al. 2014, W 1.2.1).

The function of the measurement chain is to enable the practical execution of the measurement.
Since every element involved in this chain can introduce uncertainty by imperfect design, im-
perfect manufacturing, uncertain physical properties or other reasons it is generally advisable
to keep the length of this chain to a minimum.

In some cases however a trade-off needs to be made between the chain length and the usability
of a measurement device. For example it might be necessary to include more elements, like an
adjustment mechanism, in the device to introduce the ability to compensate for certain types of
misalignments.




Trueness

"Trueness" refers to the closeness of agreement between the arithmetic mean of a large num-
ber of test results and the true or accepted reference value.” (DIN ISO 5725-1:1994, p. 9).

A very true measurement (series) would thus be one that has a very low error. Trueness in itself
is not sufficient for a good measurement system, for that the measurement also needs to be
repeatable.

Repeatability

“[The] closeness of the agreement between the results of successive measurements of the
same measurand carried out under the same conditions of measurement” (JCGM
100:2008, p. 35).

Thus repeatability makes a statement about the width of the distribution of multiple measure-
ments taken under identical conditions. A better repeatability equals a narrower distribution
but does not say anything about the trueness. Because of that good repeatability is not sufficient

to determine the absolute value of a measurand.

Trueness and Repeatability combined are needed to have a measurement result that has a high
probability of being close to the true value of the measurand. This is shown in Figure 2.3 where
trueness is expressed in terms of freedom from bias in accordance with DIN ISO 5725. “Trueness
is normally expressed in terms of bias” (DIN ISO 5725-1:1994, p. 11).

o000

Repeatability Freedom of bias

Figure 2.3: Repeatability vs. Freedom of bias (Placko 2006, p. 100)




2.2 Bearing geometry measurement

There are several standards that define the geometric properties of bearings and how they
should be measured. Most notably there are DIN 620, DIN ISO 1132, ISO 199 and ISO 492.
Especially relevant to this work is DIN ISO 1132-1:2001 because it defines thickness deviation

for the different bearing elements.

Deviation of the thickness of the inner ring is defined as the “difference between the biggest
and smallest radial distance between the bore surface and the race on the outside of the inner
ring at the middle of the race” (DIN ISO 1132-1, p. 15). It has to be noted that the middle of
the race can lie in different positions on the bearing as it is dependent on the bearing and race
geometry. In some cases the contact point of the rolling elements might also not be in the middle
of the race, in this case the standardized geometric specification does not change but measuring
the thickness deviation at different points can be beneficial to determining the actual bearing

quality.

The standard also notes that the radial accuracy of a bearing is a result of multiple factors (DIN
ISO 1132-1, p. 16) but it does not list those factors. The focus of the standard is defining the
geometry of the bearing itself but it does not account for the running parameters of a mounted
bearing that are influenced by these factors which this work focuses on.

DIN 620-1:1982 defines how the thickness deviation should be measured but it only gives a
rough idea of the measurement setup and process. Figure 2.4 shows the described setup con-
sisting of a measurement instrument and two gliding surfaces that the bearing rests against.
This setup is targeted at manual measurement which requires more effort while measuring
multiple rounds. This kind of manual measurement is also hard to implement with large scale
bearing elements as their mass alone makes manual movement difficult. The standard however

explicitly allows for alternate measurement methods (DIN 620-1, p. 2).

L
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Figure 2.4: Standardized bearing ring thickness measurement setup (DIN 620-1, p. 4)




2.3 Existing devices

The most common measurement principle used to measure the components that this thesis
focuses on is indirect optical measurement via a tactile sensor. The geometry of the part is

transferred to the actual sensor via a tactile probe that is guided along the surface of the part.

X-Axis
I [1H L]
||||||||||||I|| LT
Z-Axis/
Stylus
Computer 5__
I:I Table
Foundation —»

Figure 2.5: Layout of a coordinate measurement machine (based on Mitutoyo 2013, p. 6)

There are two common types of devices, coordinate measurement machines and more special-
ized roundness measurement machines. In case of the first any point within the coordinate
space of the device can be reached by the probe (although the measured part itself might block
access to some points) and the surface of the part can thereby be probed on a point by point
basis. In case of the second the part rotates on a table so that measurements can be taken all

around its outer or inner circumference.

T
Z-Axis
X-Axis
-
Stylus L . 9 =
o === |
Coordinate Table | @1
"
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Figure 2.6: Layout of a roundness measurement machine (based on Mitutoyo 2014b, p. 11)




The benefit of this method is that it is usually faster and somewhat more accurate, while the
drawback is that it can only be used for round components. If the component is a ring the
measurement process is then either repeated on the inside of the component. Alternatively dual
probes would need to be used. In case of dual probes the thickness could be directly determined
via the difference between these two measurements. The benefit of this is that realignment of

the part or sensors between the inner and outer measurement can be avoided and the data
acquisition rate is effectively doubled as two measurements are taken concurrently. Also the
length of the measurement chain between the two sensors can be very short and as such should
result in a higher accuracy. Galyer and Shotbolt note that “only by the application of kinematic
principles can the design of an instrument or machine be such that its accuracy in operation
does not rest entirely on its accuracy of manufacture” (Galyer, Shotbolt 1990, p. 47). With dif-
ferential measurement this is realized because the absolute movement of the bearing during

measurement and the roundness component are automatically removed by the coupled move-

ment of the two tactile probes.

2.3.1 Existing prototype

As part of a previous project a prototype (shown in Figure 2.7) for a new design was made.
That device was used in for this work as a basis for further improvement. The mode of operation

of this prototype is as follows.

Differential
Measurement Unit

]
I

Contact Based
Differential Sensors

Bearing +

Drive
(DC Motor,
Rubber Roller)

AN

f
o Bearing to be Support Frame
'3 measured
<

Figure 2.7: Operating principle (schematic top view) and photograph of previous prototype

The bearing element under test is placed into the device and adjusted by two sliding elements
that contain ball bearings on which the bearing rests upon or against. The bearing is then ro-
tated via a friction wheel driven by a DC motor which is placed on a third sliding element. This
element also acts as a clamping device pressing the bearing under test against the support bear-
ings. The prototype was originally meant to be angled relative to the ground so that this function
is achieved via gravity, however due to the flexibility of the motor mount and the rubber drive

wheel this is not necessary.
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While the bearing rotates the thickness is continually measured with two tactile length gauges.
These two sensors are mounted to a measurement head or fork guided by two rods suspended
from the upper cross member of the devices frame. The fork contains a plastic gliding surface
which rests upon the top surface of the bearing. The gliding surface is adjustable in the vertical
direction relative to the sensors. Consequently the top surface of the bearing acts as the vertical
reference for the measurement or in other words the measurement is taken at a certain distance

from the bearings upper surface.

The use of two sensors connected directly by the fork enables differential measurement in con-
trast to having to measure the inside and outside of the ring separately. This is one of the main
differences that separate the prototype design from conventional designs described before. This
approach theoretically shortens the measurement chain necessary for measuring the thickness
to only the sensors themselves and the fork connecting them, possibly improving the quality of
measurement and/or making the device cheaper compared to traditional devices. However the
chain is not always limited to the measurement head itself here since the alignment between

the bearing and the sensors also depends on the frame of the device.

Initial testing with this prototype device revealed a couple of flaws that are not inherent to the
concept itself but rather to the design of the prototype. Due to big tolerances in the vertical
guidance system and the sensor head geometry, probe springs and the tribological properties
of the contact between the probes and the bearing element there are some resonance issues
that occur in repeating but not reliably repeatable patterns.
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Figure 2.8: FFT spectrum showing prototype device vibration

Because the vibration frequency is to high to detect in a fast Fourier transformation (FFT)
spectrum generated from the measurement data itself but is clearly hearable the resonance
frequency can be determined via an audio recording. The spectrum resulting from this is

depicted in Figure 2.8.
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The main frequency of 2.4 kHz is at the upper limit of what could be detected with the sensors
themselves through the IK220 measurement card using its maximum sampling rate but it is
much more feasible to use standard audio equipment to do this. Although this resonance phe-
nomenon is certainly an issue it is possible to collect enough data that does not exhibit this
problem because it only occurs randomly from time to time.

A more problematic issue with the design of the machine is that the vertical axis is defined by
a gliding surface of which the vertical distance to the sensors cannot be precisely adjusted be-
cause there is no proper adjustment mechanism. The gliding surface is moved by unfastening
and refastening it from/to the fork and it does not feature any kind of scale which makes good
adjustment accuracy not realistically achievable. The gliding surface is also made from a plastic
compound which shows signs of wear even after only a short usage period, this means that
measurements that are taken at a set height are not repeatable for many cycles on the same
machine even without changing the height.

Another problem with setting up the machine is that the direction that the support bearings are
moving in is rotated 45° to the coordinate system of the measurement head and the guide
mechanism clearances are not small enough. The 45° rotation means that both of the guides
have to be moved at the same time to move the bearing under test in the direction perpendicular
to the sensor probes. At the same time great care has to be taken not to push the bearing ring
of the third support bearing (at the motor side) while moving the other two supports. This kind
of movement is necessary for finding the minimum thickness and therefore the point where the
axis connecting the sensor probes goes through the centre of the circle. In practice adjusting the
minimum to less than 20 um is very hard to achieve. Because of this the absolute trueness of

the device is compromised.

Initial measurement data shows several artefacts resulting from the measurement device and
process. To obtain absolute thickness values for this dataset a calibration block was used and
the bearing element (outer ring of a spherical roller bearing FAG 23134, see Schaeffler 2016)
was then measured 10 times with a sampling rate of 100 Hz, lifting and resetting the sensor

head after 5 repetitions.

As accurately setting the height on this prototype is not possible it was set to an arbitrary posi-
tion near the middle of the race. This dataset can therefore not be used to compare absolute
thickness results between the prototype and the device constructed for this thesis but it can be
used to analyse the repeatability of measurements in regard to multiple measurement objec-
tives. These repeatability values can then be used to compare the old prototype to the newer

device (see chapter 4).
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Figure 2.9: Bearing thickness measured with previous prototype

Figure 2.9 shows a noticeable drift between successive repetitions. The change in measured
mean thickness between the first and fifth repetition is about 1.0 um. The change between the
sixth and tenth repletion shows a similar change of 0.9 um. One possible explanation for this is
the clearance in the guiding system of the device which leads to varying misalignments in mul-

tiple directions.

The differences between the mean values before and after lifting the measurement head are
much larger at 28.8 um. This fits well with the assumption that these changes are due to the
play in the mechanism because manually moving the head influences the position within the

given clearance.

Aside from the absolute thickness we can look at the thickness deviation within one round, as
previously stated this factor is important to the run-out of the assembled bearing. If we look at
the thickness variation obtainable by calculating the difference between the minimum and max-
imum thickness measured during one rotation the results appear to be consistent between con-

secutive rounds as well as after manual interaction with the device.

Figure 2.10 shows the thickness deviation for all 10 repetitions. The maximum difference for
these values is 0.4 um which is in the same range as the system accuracy of the used sensors
(see Heidenhain 2013, p. 4).
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Figure 2.10: Comparison of thickness deviation before and after manual interaction

A change in the range of 30 um even between measurements taken in short succession and
without changing the measurement environment already demonstrates that the prototype de-
vice is not suitable for obtaining a good estimate of the true absolute thickness. However the
repeatability for the thickness deviation is already very good compared to what the sensors are
capable of.

Setup time and absolute value calibration as well as the vibration problems mentioned before
are the main weak points of this design. These issues are addressed in the new device that was
made as part of this work and the changes that were made in this regard are detailed in chapter
3.2.
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3 Materials and methods

3.1 Concept

In the following chapters different concepts for a measurement device design are presented,
compared and evaluated. The pros and cons of the various options are then discussed and the
decision process and the chosen concept are explained in detail.

3.1.1 Morphological Box

To come up with new design concepts for this project a well-known creativity technique was
used. The morphological box works by dividing a concept into different abstract categories or
attributes. For each category you then find different possible values. By then finding all possible
combinations of values for each attribute new concepts can be found that may not have been

obvious by just trying to think of new concepts.

In this case the following attributes and values were chosen after analysing the older prototype

of the device and identifying its main components.

e Moving
o Bearing: The bearing is moved/rotated in the device
o Device: The device itself moves around the bearing

e Anchor (only applies to moving device)
o None: The moving device is not referenced to a stationary external reference
o Reference: The moving device is referenced to an external reference

e Movement relative to anchor (only applies to moving device)
o Not applicable: No anchor or no moving device
o Rotation: The device only does rotational movement relative to the reference

o Rotation/Translation: The device does rotational and/or translational move-

ment relative to the reference
e Measurement degrees of freedom

o 1, 2,3, 4: The possible degrees of freedom of movement a given device has by

design during operation
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e Movement measurement
o None: The movement is not measured, only the thickness is recorded
o Zero Point: A reference mark is added to detect every full rotation
o Relative: An encoder is used to monitor the movement
o Zero Point + Relative: Both a reference mark and an encoder are used
o Absolute: An absolute scale is added to track the movement

e Motion Coupling

o Static Friction: The moving element is driven by static friction (for example a

bearing sitting on a rotatory table)
o Rolling Friction: The moving element is driven by rolling friction
o Fastening: The moving element is fastened to the driving system

The resulting morphological box is shown in Table 3.1 including one exemplary alternative
device concept, the concept of the existing prototype and the concept of the new device (green).
While a morphological box is regularly made using symbols it is represented here in a textual-
ized version to make it easier to understand without explaining the pictograms used.

Moving Bearing
Anchor None
M .
ovement relative N/A Rotation
to anchor
Measurement DoF 1 5
Measurement Process 2-Stage Differential
Movement Measurement None Absolute

Static Rolling

e T Friction Friction

Table 3.1: Morphological box for device concepts (Blue: Prototype, Green: Alternative 1, Yellow: Alternative 2)

For the measurement process all concepts that were considered for the new prototype employ
the differential setup because the differential measurement head is one of the main differenti-
ating factors between this work and conventional bearing measurement machines that should

allow for the desired improvements described in subchapter 1.2.

Figure 3.1 shows two examples of moving device style designs. The design on the right features
a central reference point with a frame that extends to the cart that rides on the bearing element
itself. This would allow for angular encoding using a rotary encoder on a central shaft. Because
the gearing ratio between the device rotation and the encoder can be 1:1 without any additional
gearing correlating the thickness values to the encoder signal can easily be accomplished. This
would improve the angular mapping repeatability across multiple measured rounds.
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Figure 3.1: Moving device style concepts (Schematic top view)

A challenge with this design is centring the reference point relative to the bearing. Misalignment
would require the sensor head to moveable in the radial direction. While this can easily be
achieved in terms of kinematics it would lead to a misrepresentation of the sensors circumfer-
ential position because its relation to the angular position would no longer be constant. While
consecutive rounds would still produce similar results reproducing these across multiple meas-
urement sessions would need the central reference point to be in exactly the same position for
both measurements.

In Figure 3.2 two examples for moving bearing devices are given. The left one includes a chuck
comparable to one that could be found on a lathe while the other one relies on static friction
between a rotating table and the bearing (compare Table 3.1).

These configurations also allow for the usage of a central rotary encoder that is directly coupled
to the bearing rotation. Like the moving device concept without any central reference point the
turn table design exhibits the same issue of needing to be centred. The design utilizing a jaw
chuck does not have this problem but the chuck mechanism itself needs to be manufactured

very precisely to prevent any misaligned of the centre of rotation.

Because the bearing rests upon the rotating part of these devices the mechanics and possibly
also the drivetrain need to be able to support the weight of the bearing element without exces-
sive deformation which likewise increases the design and manufacturing complexity.
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Figure 3.2: Moving bearing style concepts (schematic top view)

Aside from the concepts explained so far the possibility of making a device capable of measuring
the thickness of the rings without disassembling the bearing was evaluated. This would offer
significant benefits especially for inspection and maintenance applications. To make this possi-
ble very thin and long thickness measurement probes would be necessary as they need to be
able to fit in-between the rolling elements and potentially the bearing cage. To investigate this
concept computer models of the sensors where tried on different bearing models in the given

size range.

Tactile probes that measure parallel to their axis of movement are not suitable for this applica-
tion because the clearance between the bearing components is smaller than the available sen-
sors. Probes that measure perpendicular to their direction of movement such as the ones used
on contour measurement machines would require very long styli which would be challenging
in execution. These sensors also rely on gravity to keep contact with the surface they are meas-
uring. That would require the bearing to be in an upright position which would make handling
it difficult.

Confocal optical sensors that also measure perpendicular to their longitudinal axis are available
but only offer a measuring range in the same magnitude as their own thickness (Micro-Epsilon
2015, p. 7). This would necessitate adjustability of the sensor mount with several degrees of
freedom as the tip of the sensor always needs to be close to the measured surface. This adjust-
ability leads to the problem of keeping the sensor outside the bearing and the sensor inside the
bearing aligned with each other. In summary no sensors seem to be available that would make

the implementation of such a design feasible at this point in time.
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The principle of the morphological box can also be applied to less abstract parts of the design
such as the different possible component choices. As the meaning of the different possible values
for every attribute is more obvious in this case because of the more tangible nature they will
not be explained to the same level of detail. However it should be noted that after a market
survey was done only the technologies that are actually applicable for this task were included.

The morphological box for the actual components can be seen in Table 3.2.

Motor AC DC Servo Stepper

Thickness Sensor Tactile Optical  Ultrasonic Electromagnetic Radiometric
Zero Point Sensor Electromagnetic  Optical None

Rotation Sensor Rotary Encoder Optical None

Table 3.2: Morphological box for device components

For this application tactile sensors offer the best resolution and accuracy while being usable
regardless of other attributes of the components to be measured. For example surface reflectiv-
ity might interfere with optical sensors while inhomogeneous magnetic properties can influence
electromagnetic sensors such as eddy current sensors. DC Motors were chosen as they are read-
ily available for the given power and speed range and offer good controllability as well as low
electromagnetic interference emissions. For the rotational sensing rotary encoders are the in-
dustry standard and offer the additional benefit of being compatible with the same data acqui-
sition interface as the tactile length gauges used in this work. Because of this correlation be-
tween the thickness signal and angular position signal can easily be obtained by linking the
measurement cards.

3.1.2 Sensor head concept

As part of the conceptual design phase the differential sensor head at the core of the device
design was also looked at. While the previous generation prototype employs two sensors di-
rectly opposing each other a more specialized design was thought up. The goal of that alterna-
tive design was to take the known overall shape of the bearing elements into account to math-
ematically remove errors resulting from misalignment of the head in relation to the rest of the

device and the bearing element under test.

Either the outer or inner circumference of a standard bearing element can be approximated by
a cylinder shape. The opposing surface is either also cylindrical (for cylindrical roller bearing)
or spherical (for spherical roller bearings and ball bearings). Although there are various other
types of bearing elements these types are of special interest as they are the most common for

very large scale bearings.

If we look at a cut through a bearing element (see Figure 3.3), in this case a spherical roller
bearing, we can see that the cylindrical surface (side A) maps to a straight line while the spher-
ical surface (side B) maps to a partial circle. The current approach would only use two opposing

sensors (for example Al and B1) to determine the thickness.

19



Alternatively the 5 sensor approach would calculate the 2 mentioned geometric primitives
based on 2 (line) respective 3 (circle) points. As the current test specimen is of the spherical
type the following calculations will be based on that geometry, as the cylindrical geometry is
simpler in terms of calculating the thickness. In that case one of the sensors on side B could be
discarded while measuring cylindrical roller bearings. These 2D representations of the bearing
could then theoretically be used to generate a thickness profile while measuring all around the

bearing.

B2 B3

A2

A1
Figure 3.3: Partial cross section of a spherical roller bearing

3.1.3 Sensitivity Analysis

To evaluate the feasibility and expected accuracy of the different sensor head concepts the ge-
ometry of the two options was analysed in order to investigate the sensitivity to different pos-

sible misalignments or unintentional movements.
The sensitivity analysis process consists of two steps:

1. Finding an equation that translates the movement of the probes into the sought thick-

ness

2. Finding a set of equations that translates the sensor head misalignment into the move-

ment of the tactile probes

In case of the 2 sensor solution the first step is trivial as the thickness is directly given by the
addition of the 2 sensor values. Contrary to that the geometry of the 5 sensor solution makes
the first step more elaborate as will be demonstrated below.
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Figure 3.4: Simplified bearing wall geometry with coordinate system

To determine the thickness of a given element placed between the 5 sensors we need to find
the line L that connects the 2 points A1 and A2 (see Figure 3.4) as well as the circle that is
defined by the 3 points B1, B2 and B3. The coordinates of those points will further be denoted

as Alx, Aly, et cetera. Using the coordinate system shown in Figure 3.4 the line is given by (2).

Al, — A2, 2)

Ys =1, — A2,

For the circle we need to determine its centre as well as its radius. The centre point can be
obtained by constructing two lines that are both perpendicular to one of the lines connecting
point B1, B2 and B3, B2.

Figure 3.5: Finding the centre of a circle defined by three points

Analogous to (2) these lines are described by (3).
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B1, — B2,
B1, — B2,

3
yi=x ;i={1,3} (3)
The intersection point of those lines C is the centre of the circle whose coordinates can be found

through (4) and (5) (Roberts 2012).

- y1¥3(B3y — B1y) + y1 (B2, + B3,) — y3(B1, + B2,) 4)
* 2(y1—y3)
_B2,+B3, 1 B2, + B3, (5)
y- 2 y3 o F 7 )

The radius of the circle can be obtained by applying the Pythagorean theorem for any point on
the circle, in this case B1, B2 or B3, and the centre point C resulting in (6).

6
r=\/(Bjx—Cx)2+(Bjy— )2 = (1,2,3} ©)

If we now define the thickness as the shortest distance between the line L and the circle we
have constructed we can find that value based on calculating the distance between the line and

the centre point and consecutively subtracting the radius. This can be seen in Figure 3.6.

The shortest distance between the line and the centre point is necessarily perpendicular to the
line. We can find that by calculating the horizontal distance between the centre and the line
and the angle of the line L to the x direction. The horizontal distance h is given by entering Cy
into (2), subtracting the result from Cx yields (7). While the angle B can be found as per (8).

Figure 3.6: Thickness calculation using simplified geometry
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Al — A2, 7)
h=Cy—Cyr—c™
* VAL, - A2,
B = tant (222 2%) ®
Al, — A2,

The sought thickness or minimal distance d is finally obtained as (9).
d=hsin(B) —r 9

Although these steps are not complex on their own the resulting equation, which is not shown
here for sake of brevity (see appendix), makes algebraic sensitivity analysis via partial deriva-
tion non trivial. The partial derivatives that can be obtained with a computer algebra system do
not offer any intuitive insight as to which changes the system would be most sensitive to.

Looking at the resulting thickness over different input parameters while keeping the other pa-
rameters constant can be helpful for understanding the behaviour of the system. For example
it is obvious that the measured thickness will not change if Bix and Bsx change but stay equal as
long as the line A1 Az stays vertical. This is because in this case the thickness is only defined by
the difference between Aix respectively Axx and Bax. Such insights can be found through only
looking at the geometry and without needing the equations but they cannot cover every possible
combination of inputs as the problem is inherently multi-dimensional.

The shown complexity of the 5 sensor system is not desirable in a measurement device as it
complicates analysis and therefore does not achieve the original design goal of error separation.
There are also some practical aspects that make the 5 sensor design unsuitable for this applica-
tion. The initial assumption that 1 side of the bearing has a circular shape turns out to be invalid.
Bearing manufacturers use different shapes in this application and as these are usually kept as
a trade secret it is not possible to determine if a comparable geometric approach using not more
than 3 sensors on one side would be possible.

Even if that would be the case measuring the bearing elements might also be done to check for
wear on the bearing surfaces. If there is some wear to the surface any assumptions made based
on the original bearing geometry are consequently invalid. Using those assumptions while meas-
uring a worn bearing would henceforth lead to false measurement results. As a conclusion of
this first analysis step the design utilizing 5 tactile probes was discarded as it was deemed un-
suitable for the given task.
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Figure 3.7: Measurement head and bearing element (cut) with coordinate system

The second step can be divided into multiple subtasks for each degree of freedom that the
measurement head has around the bearing. To better understand these different movements
and directions Figure 3.7 shows a version of the measurement head and a bearing element as

well as the coordinate system used here.

The measurement result is independent from the movement in some directions such as rotation
or translation around, respectively along the probe movement axis (parallel to Y) so these di-
rections will not be examined further. Even though it was already noted that the actual bearing
geometry is not strictly circular this simplification is still used here as it is a useful general

approximation to estimate the resulting errors.

If we look at the movement of the sensor head along the height axis (Z) (see Figure 3.7) parallel
to the straight inner or outer surface of the element to be measured we can see that one sensor
again follows a circular path while the opposing one follows a straight line. The change in
thickness therefore is dependent on the major bearing radius Ri as well as the radius of the
rolling surface Rc and the height offset 0.. Because the desired initial measurement position
(without any unwanted offset) might not be at the same height as the centre of the bearing a

two stepped approach is necessary, this is visualized in Figure 3.8.

First we calculate the thickness at a given height hm and then we compare it to the thickness at
that height plus the offset o.. The measurement height is equal to the sinus between the line
which connects the centre of the bearing and the Y-axis as denoted in (10).

=

m (10)

sina = —
R.
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Figure 3.8: Determining thickness change from height offset

The Y position of the sensor Riz at the height hn+o0; can then be calculated as shown in (11),
while Rix would be the sensor position without the offset.

hy, + oz))> (1D

Ris =R; — R, (1 — cos (sin‘1 (
R,

This also gives us the thickness change without looking at the movement of the opposing sensor
as the Z direction is parallel to the straight outer bearing surface and perpendicular to the sensor
axis. Therefor this motion does not lead to any change in the value measured by the second

sensor. The sought thickness change is then given by (12).
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Figure 3.9: Resulting error over height offset
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Ady; = Ri; — Rz (12)

Plotting this equation (see Figure 3.9) we can see that on the scale the device is intended to
measure the resulting error appears linear however this is not the case for global shape of the
function. The device is not very sensitive to height offsets as long as the desired measurement

position is not too far from the thinnest point of the race.

In bearings where the surface radius of the race is large even big height offsets do not lead to
large errors however for stronger curvatures the height offset becomes more important. This is
demonstrates that the quality of the measurements obtained by the device are not only depend-

ent on the device itself but also on what specific bearing is measured.

Sensor 1 Sensor 2

Figure 3.10: Simplified representation of two sensor layout projected onto XY-Plane

The other translational movement that is relevant here is along the X-axis. Here both sensors
follow along a circular path as the projection of the bearing onto the X-Y plane, shown in Figure
3.10, is a ring. The initial thickness is the thickness at a given height d: that we calculated
before. We also need the outer radius of the bearing R, and the new inner radius Ris. The angles
between the Y-axis and the inner/outer contact points are aiand oo. The resulting thickness d-

is shown in (13).

d; = R, cos (Siﬂ_1 (;—x)) — Rj3 cos (sin_1 (;—x)) (13)
0 i3

From this we can determine that for an offset in the X direction of 0.15 mm the expected error
is only approximately 1 um. In other words this means the error resulting from this offset alone
is very small when compared to the other possible misalignments. The reason for this is that
unlike in the previous case both sensors move on a circle and therefore the relative movement

between them is small.
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Now besides the translational movement we also need to consider the rotational movement.

The pole that the device rotates around is defined here as the contact point on the bearings top
surface, this is because the top surface was defined as the height reference and the previous

prototype as well as some of the concepts rest upon it.

Figure 3.11: Tilting the sensor head around the Y-axis

Here the angle vy is the angle between the Z-axis and the vertical direction of the sensor fork. A
rotation around the resting pole (see Figure 3.11) causes a combination of the previously de-
termined movements of the sensors in the X and Z direction. The offset in the X direction can
be calculated from the Z distance between the top surface and the sensors hm and y as shown
in (14).

0x = hyy sin(y) (14)

Analogous the Y offset can be determined using (15).
0y = hp(1—cos(y)) (15)

These offsets are then consecutively used to calculate Ri3 using (11) and d2 using (13). We can
then plot the result over y. From the graph shown in Figure 3.12 we can deduct that tilting of the
measurement head in the Y-axis around the top surface leads to errors that are bigger than the
pure height offset errors. This makes sense because the errors resulting from height offset and X-

axis offset both carry the same sign.
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Figure 3.12: Resulting error over tilting angle (Y-Axis)

Additionally the leverage between the stationary pole and the sensors plays a deciding role be-
cause it amplifies even small angular offsets. Therefore contrary to pure height offsets the system
becomes more sensitive to these errors when the distance at which the thickness is measured is
further apart from the top surface of the bearing. Finally we need to look at the rotation around
the X axis. Here the contact points once more follow either the curved or straight surface but they
are no longer at the same Z level which causes the measured thickness to be a diagonal across the

bearing section.

Figure 3.13: Determining thickness error from X-Axis tilt
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It is necessary to distinguish between two situations here, one where the contact point on the
curved surface is stationary while the other moves and one where the opposite is the case. It is
obvious that the situation where the contact point on the straight surface stays stationary is al-
ways worse. The reason for this being that the cosine error resulting from the diagonal measure-
ment is present in both cases but when the sensor moves along the circular surface it is also

pushed towards the centre of the bearing. We therefor focus on this worst case.

To find the measured thickness we first determine the horizontal thickness that would be meas-
ured at the height of the sensor on the circular side ds via (16).

d; =R, + R.(1 —cos(a;)) — R; (16)

Where ai is the angle between the horizontal line and the line connecting the inner contact
point with the centre of the bearing. This angle can be found via (17)

0 = sin-1 <hm +d; tan(5)> 7)
;= m e
R.

where § is the tilting angle. Because this equation also contains ds; we need to solve for d; which
can be done with a CAS and is not shown here. The measured thickness da is finally found by mul-

tiplying d3 with the cosine of ¢ as shown in (18).

_ds (18)
* 7 cos(8)

Error [um]
o
I

45

Angle [°]

Figure 3.14: Resulting error over tilting angle (X-Axis)
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The graph for this equation shown in Figure 3.14 reveals that in many cases this type of error
is bigger compared to the errors resulting from the offsets we looked at before. Because of this
special care has to be taken during the design of the device to prevent this kind angular misa-
lignment.

As a result of this analysis it can be seen that the error resulting from a translational offset in
the X direction is small compared to the error from the offset in the Y direction. The rotational
misalignment around the X axis is more critical than that around the Y axis but they are in the
same order of magnitude. The conclusion is thus that special attention needs to be paid mainly
to the correct angular alignment of the measurement head.

3.1.4 \Virtual Prototype

To do a more detailed evaluation of the competing concepts a computer aided design (CAD)
model for the moving device concept was constructed. This model makes it possible to compare
the moving bearing system for which a physical prototype already exists and the moving device
system on a more equal basis. The CAD model includes all the major mechanical components
of the measurement system and adjustment mechanisms. In Figure 3.15 the model is shown
including a representation of the test specimen used with the previous prototype.

Figure 3.15: Moving device design concept

To enable a direct comparison the design needs to be able to be used on the existing test spec-
imen but as the goal of this work is to measure large scale bearings it also needs to be able to
handle bigger diameters. Although one of the benefits of the moving device concept is better
scalability it became clear during the design of the model that it is not as unconstrained by the
bearing size as it was anticipated.
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For example the stability of the device depends largely on the width of the bearings top surface
which varies with the bearing diameter. The race shape also influences the position of the con-
tact points of the wheels that clamp the device to the bearing as well as the wheel for the rotary
encoder. This can lead to further stability problems and also influence the rotation measured
by the encoder. These insights are some of the results of constructing this virtual prototype. The
model was also used for obtaining the values (e.g. estimated part count) necessary for the con-

cept decision table (see 3.1.5).

3.1.5 Concept decision

To decide on the concept that should be further developed into a device design and prototype
an evaluation table was used. The criteria that were considered here are aligned with the re-
search question and focus on cost, ease of use and measurement quality. These criteria are then
subdivided into more tangible categories to be evaluated. The values shown in the table are
estimated by a committee based on the data gathered from the existing prototype and the vir-
tual prototype of the alternative design. These base values were then normalized to reflect the
relative difference between the concepts, weighted and then summed up. If not noted otherwise
the values are given in arbitrary units relative to each other, this is possible due to the normal-
ization mentioned before. The result which is shown in Table 3.3 is a rating between one and
zero representing the overall alignment of the concept with the goal of this work. This was

undertaken in order to make the decision as objective as possible.

The first category is manufacturing, specifying the effort needed to manufacture both concepts.
This is represented as cost and manufacturing time because the second was also important to
the realization of this project within the given timeframe. The number of parts for the moving
bearing concept are estimated based on the previous prototype while not counting any parts
that are either not essential to its function or which could be made obsolete in an improved

design. The parts of the moving device are assessed on the basis of the virtual model (see 3.1.4).

Secondly adaptability needs to be looked at as one of the goals here is to make a device suitable
for large scale bearings. Assessing the scalability is more complex than it might seem at first
since there are many factors that determine if a device is usable for a certain bearing. Looking
at the more conventional design the obvious limitations here are the bearing diameter and

height since the device needs to be able to fit the bearing.

In case of the moving device these dimensions are not as important since the device itself can
be much smaller than the bearing element. Here other factors such as the ring thickness or race
curvature become relevant since the device relies on contact to the upper and side surfaces. A
too narrow upper surface leads to the device sitting in an unstable position on top of the bear-
ing.
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Making the device wide enough to fit very thick rings makes it more unstable for narrow rings
and also necessitates longer tactile probes if the top surface is much wider than the point at
which the thickness is to be measured. In this case the curvature of the race on one side opposed
to the straight surface on the other side also leads to different forces on the support bearings
that the device rests upon as the surface normals are not parallel. In other words if the race is
curved significantly it becomes more difficult to stabilize the device. The curvature of the race
is not directly tied to the overall dimension of the bearing so the range of possible bearings can
only be estimated. This was done based on looking at different bearings in the applicable size
range and comparing their geometries. General bearing geometries examined here are cylindri-
cal roller bearings, ball bearings or spherical roller bearings hence the number of supported

bearing geometries.

The measurement quality was assessed based on the sensitivity analysis which revealed that
especially angular misalignments lead to significant measurement errors. This is the most im-
portant reason why the instability of the moving device design leads to less precise measure-
ment because its position relative to the bearing is not maintained by geometric constraints but
by clamping forces and friction between the bearing and the supporting guide rolls (see Figure
3.15). In terms of weight and handling complexity the moving device has an advantage since it
enables measurement without transferring the bearing onto the device. Because the moving

device can be small than the bearing itself it can be easily stored, handled and transported.

Base Norm.

Criteria Type Values Values Weight Product
MB MD MB  MD MB MD
Manufacturing
Number of Parts Min 25 33 1 0,76 0,05 0,05 0,04
Part complexity Min 1 2 1 0,50 0,06 0,06 0,03
Part size Min 3 1 0,33 1 0,06 0,02 0,06
Cost [€] Min 2500 5000 1 0,50 0,08 0,08 0,04
Adaptability
Scalability Range [mm] Max 189 760 | 0,25 1 0,11 0,03 0,11
Bearing Geometries Max 3 3 1 1 0,04 0,04 0,04
Measurement Quality
Max. parts in chain Min 23 19 0,83 1 0,08 0,07 0,08
Trueness [um] Min 3 5 1 0,60 0,17 0,17 0,10
Repeatability [um] Min 1 3 1 0,33 0,11 0,11 0,04
Sensitivity to environment Min 1 2 1 0,50 0,14 0,14 0,07
Usability
Weight [kg] Min 10 5 0,50 1 0,03 0,02 0,03
Size [m3] Min 0,03 0,01 | 0,33 1 0,04 0,01 0,04
Handling Complexity Min 1 2 1 0,50 0,03 0,03 0,02
Results
Sum 0,82 0,69
Norm. Sum 1 0,84

Table 3.3: Concept scoring table (MB = Moving Bearing, MD = Moving Device, Norm. = Normalized)
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As a result of this rating given the shown weights the conventional or moving bearing design
was judged to be superior in this kind of application. Therefore the design effort described in
the later chapters is focused on improving the key aspects of this design, building a new proto-

type based on that and evaluating its performance.

3.2 Design

In this part of the work the overall design of the device is explained and its design features and
possible trade-offs are presented and justified. This relates not only to the mechanical design

but also to the surrounding measurement framework composed of software and electronics.

3.2.1 Overview and goals

As the overall concept of the new device is similar to the original concept of the previous pro-
totype the main goal here was to improve the measurement quality and ease of use by address-
ing the shortcomings identified and described in the previous chapters. Making the measure-
ment process simpler and therefore faster and more precise is possible based on the initial ex-
perience gathered while testing the older prototype. Figure 3.16 shows the CAD model of the

device including the measurement head and adjustment systems.

Figure 3.16: CAD model of the developed bearing element measurement device

The new device is constructed in a similar fashion to the existing prototype, namely it uses
aluminium profile struts as its base frame. While the lower frame of the existing design con-
sisted of multiple layers of struts to accomplish the 45 degree angle between it and the top cross
beam the new version makes use of 45 degree connection elements, this makes it both easier

to assemble the device and align the different struts to each other.
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The base is no longer a full square angled at 45 degrees, only the side where this is necessary
for the linear guidance of the support bearings is angled compared to the rest of the device.
This enables the measurement of bearings that are bigger compared to the overall size of the
device since up to a certain size only the longitudinal sides of the device have to grow to ac-
commodate bigger bearings. Theoretically measuring such a large bearing it would then extend
beyond the sides of the device.

The base structure is stiffened by cross braces tying together all the parts that carry the load
exerted by the bearing. The feet carrying the device are positioned in such a way that the load
is transferred between the supporting points of the bearing and the ground through the shortest
path possible thereby avoiding unnecessary deformation and frame distortion.

To eliminate unwanted relative movements and misalignments the linear guidance system that
was based on the profile struts itself has been replaced by profile rail linear guides namely
crossed roller rail guides with low tolerances and high pretension that are recommended for
measurement applications (Bosch 2014, p. 47). These also allow for the use of standard manual
clamping elements which make adjustment of the device to any bearing size easier while avoid-
ing misalignment during the clamping process.

Centring the bearing to be measured by moving all three support bearings (see p. 12) is no
longer necessary as the measurement position in the X-direction can be directly adjusted
through a micrometre screw connected to a linear translation stage mounted to the top cross
member. Combined with a software feature to locate the minimum thickness (see 3.2.4) adjust-
ment is less time consuming and more precise while avoiding accidental movement during the

adjustment process.

A calibration rod mounting bore is incorporated into the measurement head. This rod is inserted
to the head and is then set down on the bearing elements top surface. This position is then
recorded with the Z-axis measurement system consisting of a magnetic linear scale connected
to the same type of measurement card as the tactile sensors. The recorded position can succes-
sively be used as a reference point for the height adjustment as the position of the measurement
rod in the Z direction compared to the probe tip location is known. The position in the Z direc-
tion can be roughly pre-set by hand utilizing the linear guide and a clamping element. The
height is then adjusted using a fine adjustment screw connected to that clamping element. Un-
like the previous prototype it is thus possible to measure the thickness at a well-defined height

relative to the bearings top surface.

The measurement head consists of a single piece fork as opposed to the previous 4 piece fork.
This reduces the alignment error of the sensor axes to each other to the manufacturing toler-
ances of the bore that they are fitted into. The layout of the measurement fork is designed in
such a way that it minimizes misalignment during manufacturing by making it possible to do
all the necessary material removal from the same direction. This also opens up the possibility
of avoiding distortion of the fork by using wire erosion to cut out all major features.
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To improve the setup process of the device it is now possible to touch the tactile probe tips
against each other to zero them, avoiding the use of a calibration block. This makes a significant
difference because if such a block is used it is necessary to align it so that the distance between
the tips is actually equivalent to the block size and there is no cosine error. This alignment
proved challenging during the initial testing of the previous device (see 2.3.1).

A trade-off between measurement quality and ease of use has to be made while deciding the
dimensions of the fork. A version with longer and more separated prongs can accommodate a
wider range of bearings and makes replacement of the fork between measuring those different
bearings unnecessary. Because the sensor tips could then no longer be touched together either
a calibration block has to be used again or sensors with a bigger measurement range have to be
used. The consequences of doing the former are described above while the sensors required for
the latter usually have the drawback of a lower physical resolution. In this case the solution
featuring a smaller fork was chosen as using the same sensor size offers better comparability
with the older device.

3.2.2 Features

The individual parts and features of the device will now be described in detail. Figure 3.17

shows the side view of the device and enumerates all the main features.

I

[
o3

A

-

13
: e Ml |
O 1

E E '

O

&)

Figure 3.17: Draft of the new bearing measurement device (Side view)
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All large linear movements of the device are made using the linear guides 1 (Y1), 2 (Y2) and 3
(Z). Y1 and Y2 are mainly useful for inserting the bearing to be measured into the device or
fitting the device to different bearing sizes. The length of the Y2 axis is necessary to allow for
these different dimensions. Although the measurement is usually taken with the Y1 axis in a
position on the right side close to the one shown in Figure 3.17 the length of the Y2 axis allows
for moving the measurement head over the Y1 axis, this is useful for self-alignment purposes
(see 3.2.3).

Meanwhile the Z axis sets the height at which the thickness is to be measured. Because of this
the Z axis is also the only axis of which the position is monitored with a sensor (12). In this case
an incremental magnetic linear gauge is used which can be directly connected to the same
measurement interface as the other sensors used here. This type of measurement easily allows
for a large measurement range compared to systems like the tactile probes used for the thickness
measurement without sacrificing too much accuracy. While the accuracy is typically lower than
these other systems it is still on the order of +1 um which is sufficient for the Z axis (see Figure
3.9).

The zero position for the Z axis is obtained by placing the calibration rod (shown in blue) into
the measurement head and touching it to the reference surface of the bearing. The axis can
then be electronically zeroed in the software (see 3.2.4). DIN 620-1 defines the reference sur-
face as the non-inscribed surface (DIN 620-1, p. 4). In this case however as the bearing is rotated
it is advisable to place the non-inscribed surface on the support bearings (14) and then zeroing
the Z axis on a flat part between the lettering. This minimizes vertical movement and vibration

during the measurement.

Adjusting the different axes is done by manually moving the gliders on the rails and then clamp-
ing them down using the clamping elements (4, 5, 6). In case of the Z axis the position can then
be finely adjusted using the adjustment screw (7). The thread pitch of 0.254 mm per revolution
used on this screw allows for very fine adjustments to be made. Setting the X axis (into the
viewing plane) position is accomplished through a linear translation stage (8) with a microme-
tre screw attached to it.

Monitoring the rotational movement of the bearing is achieved by a rotary encoder (11) which
is mounted directly to the Y2 axis carriage. To press the encoder against the side of the bearing
two constant force springs are utilized. These sheet metal springs work by being unrolled from
a freely rotating shaft. The internal friction and the spring force are balanced in such a way that
the resulting force is constant no matter how far the spring is drawn out. In this case these
springs where chosen to achieve two goals. They should keep the slippage between the bearing
to be measured and the encoder wheel constant as long as the friction between the two is
constant. Most importantly they guarantee that the maximum shaft load of the rotatory encoder

of 10N in the radial direction (Heidenhain 2015, p. 51) is never exceeded.
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The sensors used in this device are fitted to the fork using a reamed fitting hole and a perpen-
dicular grub screw. Compared to the clamping mechanism of the previous device this leads to
less change in the position of the sensors while affixing them to the fork. Since the set screws
are perpendicular to the Z axis no noticeable movement in the Z direction should occur which
is important as the distance between the calibration rod and the sensors in this direction has to
be known to obtain the sensing height.

The feet of the device (15) are adjustable in height and conform to the angle of the ground the
device is resting upon. They also feature some dampening to prevent vibration being transferred
into the device. For larger bearings the feet can be moved from the outer frame of the device to
the support bearing holders themselves. By placing the feet directly under the bearing the frame
deformation is minimized. This however only makes sense if the bearing to be measured is
heavier than the device frame itself as in this case the guide rails have to support the frame
instead of the bearing.

The support bearings (14) are attached to machined and ground guide rails. They are positioned
using locating pins and then bolted down. Because two pins are needed to position them but
the distance between the two corresponding holes on both the guide rail and the support bear-
ing holder can be slightly different the holders cannot easily be removed from the guide rails
after fitting them. To prevent this problem threading for a push-out screw was incorporated
into the holder. This allows for easy removal by inserting a bolt and pushing the holder up from
the rail using the bolt force. During measurement the bearing to be measured rests against two
steel shafts with smaller support bearings. These shafts extend upwards from the support bear-
ing holders. As these surfaces do not carry the weight of the bearing the normal force that they

are subjected to is minimal.

3.2.3 Self-alignment procedure

The device is designed to aid in the alignment of the long linear guides (1 and 2) to each other.
To accomplish this the Z axis magnetic linear gauge can be used to measure the distance be-
tween those two guides at different points. This way the parallelism of these rails along their
direction of travel can be checked.

The edge of the sensor head (shown in red in Figure 3.17) is set down onto the support bearing
(also shown in red) on the drive sled. Following that the Z axis value is zeroed in the bearing
measurement software. The measurement fork as well as the drive sled are then moved in
unison along their corresponding linear guides and the Z axis movement is monitored. Although
it is not possible to determine the absolute distance between the two rails this way measuring
the variation is enough to evaluate and adjust the alignment.

Using the built in Z axis measurement system eliminates the need for additional measurement
devices and ensures that the measured parallelism is taken in the same frame of reference as

the actual bearing element measurements.
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3.2.4 Software

For every measurement device the whole system has to be taken into account when trying to
achieve results that are as close to the true value as possible. This also includes the software
that should make the measurement process quicker while also enhancing the accuracy and pre-
venting user error. For this purpose a custom tool was developed in C# which helps the operator
to set up and calibrate the device. The initial setup is assisted by a display that shows if the
probes are currently close to the minimum value that has been detected since starting the soft-
ware. This value can also be reset in case the software has been started before a bearing was
placed into the machine or something was changed in-between.

Measurement Tool x

Bearing Element Measurement Tool

Control Sensors

| Save sensor settings | X1 X2 z Thickness Angle

| Start sampling | Type: | 11uApp | | 11uApp | | 1Vpp |

| Stopsampling | Scale: 0,010 0,010 1,000 0,002 ]

| Start measurement | | Zero X1 | | Zero X2 | | Zero Z | | Zero Thickness | | Zero Angle |

| Stop measurement | | Set X1 to | | Set X2 to | | Set Z to | | Set Thickness to | | Set Angle to |
0,0000 [ 0,0000 [ 0,0000 [ 0,0000 [ 0,0000 &4

Status:  Monitoring X Value: X2 Value: Z Value: Thickness: Angle:

Minimum:

Max Data

0,0020 E Sample Rate [Hz] Dataset Length: 0
| Reset | v | Clear | | Save | | Matlab Plot |

Simple Output Use last file

Figure 3.18: Graphical user interface of the developed measurement software

The minimum display is sized appropriately so that the operator can look at it from a distance
while adjusting the device. The width of the range that the software classifies as close enough
to the minimum can be selected freely. Utilizing this capability the calibration can be done in

iterative steps from rough to fine which helps speed up the process.

The measurement head for the test specimen that was used is designed in such a way that the
sensor probes can touch each other so that the measured value can be zeroed and no length
artefact is necessary for calibration. However for different sensor fork geometries the software
also includes the possibility to calibrate the individual sensors including the Z axis gauge as well

as the computed thickness to any value.

The data can be recorded at sampling rates up to 5kHz with 32bit resolution and 12bit interpo-
lation (Heidenhain 2011, p. 71). Interpolation is done in hardware by the used data acquisition
cards.
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The resulting data is stored as a comma separated values file. Two different formats are sup-
ported. The user can choose to either just store the measured thickness and the associated rotary
encoder values, which is usually sufficient for analysis, or he can alternatively choose to store
the individual sensor values as well, which is useful mainly for debugging purposes. For ease of
use and quick examination of the measurement results and quality the data can automatically
be transferred to Matlab where a script included with the software subsequently supports plot-

ting and analysing the data.

3.3 Analysis Methodology

As with most measurement systems that involve sensors, measuring something is only the first
step of obtaining the actual data or measurement that is sought. In this case after the data is
captured using the developed device and software it is processed by a series of Matlab scripts.

The function of these is detailed below.

Because the sensor signals are captured in the time domain using the hardware clock of the
interface cards the data is not necessarily sampled at equally spaced angles around the bearing.
To correct this the rotary encoder data is utilized to resample the thickness at equally distributed
positions, this is sometimes also called adaptive resampling (Blough 2006, p. 2). Linear inter-
polation was used to approximate the angle based signal. Bechhoefer et al. have shown for an
application that is comparable to the one described here that this type of interpolation does not
perform worse than for example spline based interpolation (Bechhoefer, Kingsley 2009, p. 4).

Oversampling is used to minimize any aliasing or other negative effects during this resampling.
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Figure 3.19: Raw thickness data for multiple rounds
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The next step of data processing is segmenting the long continuous dataset that entails multiple
measured rounds (see Figure 3.19) into the individual rounds. Doing this in software instead
of using a dedicated hardware trigger that signals the beginning of every round has advantages
and disadvantages. An advantage would be that there is no need for an additional sensor and
input channel (or in this case whole additional interface card) which lowers complexity and
cost of the device. The negative side is that additional software has to be developed to recognize
the beginning of a new round. Depending on how this is done it leads to a less precise matching
of the measurement data across the individual rounds.

For the prototype made as part of this work a software implementation based on recognizing a
small tape marker placed on the bearing to be measured was chosen. This marker increases the
apparent thickness of the bearing in a specific position, this jump in thickness (shown in Figure
3.19) can later be recognized by the software. Because of the width of the marker a segment of
the thickness data roughly equivalent to half a degree of the bearing cannot be used. This of
course depends on the bearing diameter and can be improved by using a smaller marker and if

necessary a higher sampling rate.

The developed program first searches for peaks within the overall data. It then checks for rising
and falling edges close to these peaks. The end of the falling edge marks the beginning of a new
round while the start of the rising edge indicates the end of the round. The data between those
flanks is the unusable tape section mentioned before. Because of the tape and sensor head ge-
ometry the observed flanks have been around 2 samples in duration at 100Hz sampling rate,
this equates to an angular positioning accuracy of around half a degree at the used bearing

diameter and rotational speed.
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Figure 3.20: Raw and averaged thickness variation (20 rounds)
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After this step of processing is completed the individual data segments need to be processed
further. Figure 3.20 shows the raw data from 20 segments respectively rounds as well as the
resulting average (marked dark red). To remove random noise and error from the data a num-

ber of rounds are summed up and averaged.

The effect of this step depends on the number of rounds that are averaged, the precision of the
alignment between rounds and the actual averaging process used. Averaging can be done in the
time domain or in the frequency domain. Averaging in the frequency or modal domain works
by first applying the Fourier transformation, than averaging and then doing the inverse trans-
formation. Averaging in the time domain can be problematic because of the angular positioning
accuracy. Simply described it might not always be the case that high and low peaks cancel each
other out because their angular position is slightly shifted. For a high enough number of rounds
and good enough angular accuracy this should not be a significant problem. Figure 3.21 shows
a comparison between both methods. There is a slight difference at the edges which likely is
the result of the implicit assumption of periodicity during the Fourier transformation which is
not strictly true due to the missing portion where the marker is placed. Overall both averaging
methods match within 0.1 um. Time domain averaging was used for all datasets presented in

this report if not otherwise noted.
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Figure 3.21: 20 rounds averaged in the frequency domain and in the time domain

The averaging process results in the data being combined into a single record representing the
apparent thickness at equally spaced angles around the bearing. This record still contains some
amount of random noise and error as well as surface roughness features. Because all of these

are unwanted here filtering is necessary.
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A low pass filter is employed to remove the undesired frequencies. DIN EN ISO 16610-21 spec-
ifies a Gaussian filter for use in geometric product specification applications and specifically for
closed profiles (DIN EN ISO 16610-21, p. 11). While the frequency response of this filter is

equivalent to a conventional low pass filter the benefit of this filter is its linear phase response.

This is also called phase correct or phase neutral and overall only leads to a delay of the signal
as a whole but does not influence the position of peaks relative to each other. As a downside
this filter cannot be implemented using a traditional resistor capacitor network. It also cannot
be used in live, latency critical applications as it is non causal or in other words needs to know
how the signal will look at a later point in time to determine the amplitude of the filtered signal
at the current point in time. Because it is only used for digitally post processing the already
captured data here these downsides do not apply.
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Figure 3.22: Thickness deviation averaged over 20 rounds and filtered with 15 UPR

The filter is implemented by first generating a Gaussian kernel whose width is determined by
the original sampling rate and the desired cut off frequency. This kernel is then applied to the
signal using circular convolution. Applying a Gaussian filter can be problematic as it usually
needs an input signal length that is longer than the examined section (Hernla 2000, p. 129).
Circular convolution avoids this as it interprets the signal as periodic (Muralikrishnan, Raja
2009, p. 19). The filter averages out the possible difference between the start and end of the
signal which might be present because of the part of the ring that is missing due to the marker
strip or measurement error, this is acceptable as long as the strip is sufficiently narrow. The
measurement results described in this report are generally filtered with a cut of frequency of 15
undulations per rotation (UPR) if not otherwise noted. Figure 3.22 shows the signal after the

averaging described before and finally after the filtering.

42



3.4 Testing and validation

To evaluate the overall measurement quality of the prototype an outer bearing element was
measured using a Mitutoyo Legex 9106 coordinate measurement machine. Measurement was

carried out by the national metrology institute of Finland MIKES.

Figure 3.23 shows the bearing element during measurement at MIKES. The CMM has a quoted
length measurement error of 0.3 um + L/1000 um where L is the measured length in millime-
tres (Mitutoyo 2014a, p. 2). This equates to 0.72 um for the largest dimension of the bearing
used here (420 mm diameter).

The bearing features a ground cylindrical surface as well as a spherical race originally meant
for the spherical bearing elements. This geometry allows for testing the measurement device in
two slightly different applications while only having to measure a single part. This is especially
useful as the measurement process on the CMM takes several hours but can determine the

thickness at different Z positions without additional time being spent.
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Figure 3.23: Bearing element during CMM measurement

This is because of the way the CMM was programmed to measure the bearing element. It first
scans a line along the Z direction on both the inside and outside of the ring. The distance be-
tween those two lines at different Z positions can then be calculated. This way the influence of
the probe diameter on the measurement result can be minimized. Otherwise the Z position of
the point where the spherical stylus tip touches the spherical bearing race would not be the
correct Z position. The coordinate system in which the measurement is taken is aligned corre-

sponding to the top surface of the bearing.
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After the measurement was done the CMM program that was made by MIKES saved the calcu-
lated thickness for both cylindrical (Z=28 mm) and the spherical (Z=43 mm) surface to a file.
This file was then further processed using the same Matlab scripts that are used for analysing

the results from the thickness measurement machine prototype (TMM).

To look at the repeatability of the TMM both surfaces where measured using it 20 times with
20 rounds each. Between every measurement the machine and software was completely reset
and zeroed using the calibration rod and by touching the sensor tips against each other. This
was done to simulate the repeatability for real world measurement applications.

Another set of scripts was made to process this dataset. The filtered as well as the unfiltered
data is used to generate comparative results such as the maximum difference between the meas-
urements as well as statistical values such as the distribution of the mean thickness. The data
from the coordinate measurement machine is then used to compare the measurement quality
against this reference instrument. Here the differences are looked at both in terms of thickness
variation as well as absolute thickness. The results of this analysis are described in the following
chapter.
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4 Results

This chapter will initially focus on the results obtained using the new prototype and their re-
peatability. Thereafter the agreement with the CMM measurement will be looked at and the
reasons for potential disagreements will be discussed. For the first part the focus will lie on
thickness variation measurement quality. While this is the more important parameter for the

second part absolute accuracy compared to the reference will also be looked at.
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Figure 4.1: Filtered data from cylindrical surface compared over 20 rounds

Figure 4.1 shows the measurement results for 20 measurements calculated from the average of
20 rounds each. The individual measurements match up well and the spread is around 0.3 um
at its widest point around the 5000 samples mark. This is a significant improvement over the

previous machine which only achieved around 1 um in similar terms (see Figure 2.9).

By calculating an average thickness variation curve from the curves shown above the distribu-
tion around this mean can be analysed. In the absence of a known true value the mean can be
taken as the best available substitute (Dubbel et al. 2014, W 1.4.1). The uncertainty is calcu-
lated using equation (1). For the cylindrical part the standard deviation is 9.45e-05 mm and
the corresponding standard uncertainty is 2.11e-05 mm. The values for the spherical surface
are slightly higher than that which is most likely due to the influence of the height adjustment
error on this result. Here the standard deviation is 1.36e-4 mm while the standard uncertainty
is 3.04e-5 mm. For every data point measured under these same conditions the mean value of
a series of measurements made with this machine can therefore be expected to lie within a
range of 4.23e-5 mm (cylindrical) respectively 6.08e-5 mm (spherical) with 95% probability

(coverage factor k=2).
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The distribution of the results can further be looked at by plotting a probability distribution of
the mean thickness values. Figure 4.2 shows the histogram as well as a fitted normal distribu-
tion function.
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Figure 4.2: Distribution of mean thickness

Using a histogram like this can be misleading for judging if the values are normally distributed
or not because the number of bins used (5 in this case) greatly influence if the plot looks like a
normal distribution. There is however a statistical test which objectively evaluates the probabil-
ity that the obtained values are sampled from a normal distribution. The Shapiro Wilk test
confirms on the 95% confidence level (a=0.05) that both the results from the cylindrical as
well as from the spherical surface are likely to have been sampled from a normally distributed

source.

While looking at the repeatability and distribution of the results provides some insight as to if
this concept and prototype is suitable for measuring thickness variation it is also necessary to
compare it to a known reference. Otherwise the results may be repeatable but meaningless
because they lack trueness (see 2.1).

Figure 4.3 shows the filtered and unfiltered (background) results from the CMM as well as from
the thickness measurement device for the cylindrical surface. There is a good agreement be-
tween both measurements around the whole circumference. At the 225 degree mark the raw
CMM data includes a peak that has been truncated in the graph in favour of better representing
the rest of the data. This peak is likely an outlier in the CMM data and leads to a mismatch
between the filtered graphs around the same area. Overall both measurements agree within 0.3

um whether this peak is included or not.
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Comparing the difference between the mean of all 400 rounds that were measured and the

reference data it can be ascertained that increasing the number of averaged rounds above 20

does not significantly improve the measurement quality.
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Figure 4.3: CMM vs. TMM thickness variation comparison (Z=28 mm)

For the spherical surface the measurements taken from the CMM showed a large disagreement
to the TMM results. Initially it was assumed that the reason for this is that the CMM uses the
top surface of the bearing as the reference for the coordinate system while the TMM does not
do any coordinate transformation and therefore uses the surface that is resting on the support

bearings as the reference.

To evaluate if this is the cause of the disagreement the bearing was measured again on the TMM
while being turned upside down. The results of this measurement can be seen in Figure 4.4.
There is a difference between the measurements taken with different bearing orientations on
the same machine however both do not match the CMM result. In the polar plot (also shown in
Figure 4.4) of this graph it becomes evident that there is an angular dependent offset in the
CMM data. This one sided thickness difference does not fit with the manufacturing process of
a bearing which consists of turning and grinding among other steps and should produce peri-

odical waviness or similar artefacts instead.

To investigate this further the bearing element was measured again on the coordinate measure-
ment machine. To more closely replicate the measurement process of the TMM instead of rest-
ing the bearing element on the measurement table a three point support system was used.
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The CMM program was modified to use a Z reference that moves along the ring following the

location at which the thickness is measured. This resulted in the elimination of the previously
seen offset and in a much closer agreement between the results from the two machines. The
maximum difference between the thickness variation measured by the CMM and TMM after

this change was implemented is 0.7 wm.
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Figure 4.4: CMM vs. TMM thickness variation disagreement (Z=43 mm)

The CMM data also allows for examining the distribution of the measurement results around
this reference measurement. To achieve this the CMM measurement is taken to be the best

available estimate for the true value of the measurand (see 2.1).

The standard deviation around this value for the cylindrical surface is 2.62e-4 mm which
equates to a standard uncertainty of 5.85e-5 mm. For the spherical surface the standard devia-
tion around the result from corrected measurement is 6.73e-4 mm while the corresponding

standard uncertainty is 1.51e-4 mm.

For the absolute thickness accuracy the mean values of 20 measurements from thickness meas-
urement machine were compared to the corresponding CMM results. The maximum absolute
difference between those two measurements is 3.5 um for the cylindrical surface and 10.2 um
for the spherical surface. As before this difference is most likely due to the effect of Z axis

positioning inaccuracy.

Figure 4.5 again visualizes the close agreement between both measurement devices in polar
plots for the 28 mm (cylindrical) and 43 mm (spherical) Z position. The radial axis shows the
thickness variation in um where 6 um was added to the mean to help with the visual represen-

tation.
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Figure 4.5: CMM vs. TMM thickness variation comparison polar plot (Top: Cylindrical, Bottom: Spherical)
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5 Discussion

To determine if the prototype that was designed and manufactured as part of this work meets

the implicit criteria outlined by the research question:

Can a dedicated measurement device for ascertaining the thickness of large scale bear-
ing elements be made in a way that it improves performance in terms of measurement
quality, cost and/or ease of use when compared to existing devices in the same applica-
tion?

stated in chapter 1.2 we first need to separate these criteria. The prototype should improve one
or more of the following:

e Measurement quality
e Cost
e Ease of use

In terms of ease of use the prototype outperforms both the previous design as well as the CMM.
In comparison with the previous machine this is mostly due to better adjustability achieved by
using dedicated adjustment screws for both the Z axis and for centring the measurement head.
The centring adjustment however displays a slight issue that decreases repeatability which was
found during testing. Insufficient stiffness of the used linear translation stage leads to small
unintentional movements of the measurement head. This could be alleviated in an improved

design using a different translation stage.

Despite this shortcoming the overall measurement system still performs better than the previous
version and is easier to operate. All adjustment tasks are assisted via the developed software
and based on the sensors that are also used in the measurement process itself. This makes the

adjustment quicker, less reliant on additional equipment and less prone to operator error.

In contrast to a coordinate measurement machine the prototype does not need to be repro-
grammed for each bearing that is to be measured. Because it is a single purpose machine its
operation is less versatile but also simpler than that of a CMM. This also affects the time it takes
for a measurement to be taken. While the measurement process that was implemented to obtain
the CMM data described in the previous chapter took over 5 hours comparable results are de-
livered by the TMM in less than 20 minutes including setup and alignment.

In terms of cost a quantitative comparison between the two devices is difficult as the used CMM
is a commercial product while the developed device is only a prototype. The CMM also features
a much larger measurement range in which it can operate. However because the prototype is a
single purpose device, employing a much simpler design and using less components it generally
has a cost advantage. The differential measurement principle helps reducing cost by simplifying
the machine design but also by lowering the requirement on the measurement environment.
Because the size of the measurement fork is small and the sensor tips can be touched together
to be zeroed tight temperature control is less necessary than with a large scale CMM.
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Measurement quality has been described in quantitative terms in chapter 4, qualitatively it is
important to determine if the measurement results from the prototype are usable for practical
applications. The absolute thickness measurement accuracy is between 3 and 7 um depending
on the surface geometry, this is an order of magnitude worse than the CMM’s quoted length
measurement error. Based on this the prototype cannot compete with a conventional measure-
ment machine in this regard. For practical bearing measurement applications however the thick-
ness variation is the more interesting quantity as it directly influences the dynamic behaviour
of the assembled bearing unit. As shown previously the TMM results for this are very much
comparable to the CMM results and therefore the prototype can be a good substitute for such a

machine in this specific application.
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Figure 5.1: FFT Frequency spectrum comparison

To evaluate the dynamic behaviour of rotating systems modal spectra are commonly used. Fig-
ure 5.1 shows an exemplary spectrum generated via FFT from the unfiltered but averaged TMM
and raw CMM data. It can be observed that the peaks at some frequencies match quite closely.
However the smaller peaks between 45 and 70 UPR are much more apparent in the CMM meas-
urement. This is most likely due to the averaging process employed by the developed measure-
ment system helping in reducing noise and thereby isolating the actual modes of the bearing
element (see also Rahman et al. 2011, p. 37).

Synchronous averaging has been used to look at bearing vibrations before (see Braun, Datner
1979, p. 120) but because here the signal of an individual component of the bearing assembly
is available its application is simpler. The reason for this is that all bearing element dependent
signal components repeat once per rotation in this case as there are no rollers or other elements

present that would affect the measurement.
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6 Summary and Outlook

This work evaluated the feasibility of substituting a commercial multipurpose measurement
machine with a specialized system designed for the single task of measuring bearing element
thickness. To do this a concept was made and a device was designed, built and tested. The
results that are comparable to those from a conventional machine show that such a design can

be viable from both an economical and a technical point of view.

In general the thickness measurement machine prototype performs well within the set applica-
tion boundaries and can match or beat the performance of a conventional machine here. Out-
side of this scope the machine cannot compete with a general purpose machine but further

iterations could enable it to do so in some aspects (e.g. absolute thickness measurement).

As part of this project a secondary concept with a moving measurement device was also looked
at. This design was not realized here because it did not align with the goals and time frame of
this project to the same degree as the stationary design. However this concept could still be
useful for other applications and especially on very large scale bearings. There its advantages
could outweigh its disadvantages because unlike a stationary device its size does not necessarily
need to change with the bearing diameter. Building such a device poses significant technical

challenges that would need further research to be overcome.

Further research is also warranted to increase the performance of the prototype presented here
in terms of absolute accuracy, scalability and adaptability. In these areas a trade-off was made
to improve the measurement quality and handling while measuring bearing element thickness
variation as this was the main goal of this work. It could be possible to improve the properties

that were not focused on here without degrading the demonstrated performance.

The machine described here enables fast and simple measurement of inner and outer bearing
components. This capability can now be utilized to further study the influence of thickness
variation on the dynamic behaviour of bearings. It can also be employed to measure the wear
properties of bearing elements throughout their life time. As the device is low cost, simple to
handle and has low requirements on the measurement environment it could in the future also

be used outside of research applications to evaluate the condition of bearings in the field.
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Figure 6.1: Bearing element thickness based on 5 point measurement
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