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SUMMARY

Currently, measuring wear of the insert of knee
implants can only be accurately done in vitro.
There are yet no accurate in vivo techniques
that can capture and deliver data in real time.
Therefore, the main objective of the research
reported in this thesis was to introduce and
validate a polyethylene insert with integrated
wear sensors into knee implants that could be
used in vivo after total knee replacement surgery.
The instrumented insert was expected to help
physicians and patients to acquire accurate
wear information about the knee implant for an
objective outcome evaluation of the intervention
and to help to prevent excessive implant
deterioration over time.

A mechanical test setup with different
parts of a knee implant was built. First, the
positions where the highest forces would act on
the implants, were determined by integrating
resistance sensors in the test setup. The results
of this test were used to determine the positions
of the wear sensors, since the tibiofemoral forces
correlate with the amount of the wear of the
insert. Then, the insert with integrated wear
sensors was produced by filling six cutouts in the
insert with silver conductive paint and creating
six tracks in three different layers. When the
resistance of the track would be infinite, the track
should be worn-out. This prototype was tested in
the same test setup.

The resistance values of the conductive
tracks were measured to range from 40.3 to
128.4 Q). After 6732 and 9974 cycles, the highest

track on the medial and lateral sides, respectively,
became damaged by the moving femoral head.
The resistance of the tracks rose immediately

to be infinite. Measuring the wear track with a
caliper gave a value of 0.65 mms, which was
deeper than the pre-determined track depth. The
following tracks gave similar results.

One of the limitations of the present study
concerned the movement of the knee. Since the
test setup was only made of a hinge, it could
not be compared with a whole knee movement
that also contains translation. Thereby was the
prototype only suited for in vitro tests due to the
materials choice and lack of a data transmitter.
Since the prototype was made by hand, the layer
thickness could not exceed the minimum of 0.6
mm and were the layers glued on each other.
This made the wear measuring method not
as accurate as wished. Nevertheless, the wear
pattern corresponded well with the expected
wear caused by the tibiofemoral forces.

All'in all, the insert with integrated silver
conductive tracks is a concept that can be
translated into a good solution to measuring
wear in vivo in the near future. For the further
development of this concept, the insert should
be printed completely on a 3D printer. Thereby,
more research should be performed on materials
that could be used as conductive tracks, the
possibilities to integrate more wear sensors
to measure wear more accurately and the
transmission of signals.






LIST OF ABBREVIATIONS

Abbreviation Composition

3D 3 dimensional

BW Body weight

CMMs Coordinate measuring machines
EMG Electromyography

micro-CT Micro computed tomography
OA Osteoarthritis

PE Polyethylene

PEN Polyethylene naphthalate

TKR Total knee replacement
UHMWPE Ultra-high molecular weight polyethylene
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INTRODUCTION

Total knee replacement is a surgical procedure,

in which parts of the knee joint are replaced

with artificial parts. According to the Dutch
Arthroplasty Register, the LROI, more than 24,000
total knee replacements are performed each year
in the Netherlands [1]. In addition, about 3,000
knee revisions are performed each year [1]. In

the USA the number of total knee replacements
that is performed each year is more than 600,000
plus about 22,000 revisions [2]. Wear of the
insert is an important factor for these revisions.
Understanding the wear and its pattern will surely
contribute to reducing the number of revision
surgeries.

Knee joint

The knee is the most complex joint in the body.
The knee is actually a hinge joint, which means
that it can bend, straighten and twist. However,
the knee is not just as simple as a hinge. The
knee has six degrees of freedom: it can rotate on
three different axes and it can translate in three
directions, as illustrated in Figure 1.
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Figure 1 — The six degrees of freedom of the knee joint [76].

Osteoarthritis

Osteoarthritis (OA) is a condition, in which the
natural cushioning between joints wears away.
When this happens, the bones of the joints rub
closely against one another with less of the shock-
absorbing benefits of the cartilage. The rubbing
results in pain, swelling, stiffness and decreased
ability to move.

OA is the most common type of arthritis.
One of the major risk factors for knee OA is
age; the chance of developing OA rises after
age 45 [3]. However, young people can suffer
from it as well. For some, it can be hereditary,
but others have OA resulting from an injury,
infection or being overweight. Almost everyone
will eventually develop some degree of OA due
to ageing. However, several factors increase the
risk of developing significant OA at an earlier age,
such as heavy weight, heredity, repetitive stress
injuries, such as kneeling, high intensity athletics
or other illnesses, such as rheumatoid arthritis [4].

Women are more likely to have OA than
men. The exact causes for this are still unknown,
however a few studies have shown that the
anatomy and hormones have effects on the
development of OA. Women's broader hips
may put more long-term stress on their knees.

It is generally believed that estrogen protects
cartilage from inflammation. When the estrogen
levels go down after the menopause, women are
more prone to develop OA [4].

Malalignment of the lower extremity,
which overloads one compartment at the
expense of another is also associated with
progression of OA. Motion analysis studies, which
calculate the external moments of the knee, have
correlated an increased peak adduction moment
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at the knee with pain, radiographic progression
and biomarkers of disease severity. While these
changes in adduction moment are subtle, as little
as 3° to 5° of increased tibial varus alignment (as
shown in Figure 2) can induce a 50% increase

in the force transmitted across the medial
tibiofemoral compartment [5].
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Figure 2 — Knee position. Left: varus. Middle: neutral. Right:
valgus [81].

Total knee replacement

The only effective treatment for end-stage OA

is knee arthroplasty, also known as total knee
replacement (TKR). OA is the main reason why
TKRs are performed (Figure 3). Knee replacement
surgery was, for the first time, performed in 1968.
Since then, improvements in surgical materials
and techniques have greatly increased its
effectiveness.

Indications for surgery Percentage

Osteoarthritis 98%

Avascular necrosis <1%
Inflammatory arthropathy <1%
Previous infection <1%
Rheumatoid arthritis 1%

Previous trauma <1%
Other <1%

Figure 3 — Reasons for TKR [3].
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Knee implant

Generally, the knee implant is composed of three
parts: the tibial component, the insert (or spacer)
and the femoral component, as can be seen in
Figure 4. The tibial and femoral components are
respectively attached to the tibia and femur. The
shape of these components can differ per implant
manufacturer. There are different types of fixation
used to attach the implant to the bones, such as
cemented and cementless fixation. Which implant
a patient will get, depends on several factors,
such as the progression of OA, the health of the
ligaments and the preference of the surgeon. In
addition, there are different implant designs that
retain different ligaments. The choice differs again
per patient and per surgeon.

Thereby can the materials of the implants
vary as well. The metal parts of the implants are
mostly made of titanium or cobalt-chromium-
based alloys. The insert is practically always made
of a thermoplastic polyethylene (PE): ultra-high
molecular weight polyethylene (UHMWPE). Some
implants are made of ceramics or ceramic with
metal mixtures (composites). The choice of the
material is dependent of the manufacturer.

Since 1994, the trend has changed and
the mean age for the primary TKR has decreased.
In 2012, it was around 68 [6]. This change in
the trend seems to be strange, but it is justified,
considering the fact that obesity, one of the
biggest causes for knee OA, has increased in
the new generations in the developed countries.
Moreover, the increasing number of people
practicing sport at a high level has also increased
the injury rate and the necessity for a knee
prosthesis at a young age.

How long a knee replacement lasts in a
patient depends on several factors, including
activity level, body weight (BW) and general
health. Just like wear in the natural joint that
leads to the need for a replacement, wear in the
implant may eventually require a second surgery,
which is called joint revision. The life expectancy
of a knee prosthesis inside the human body is
around 15-20 years. A recent study conducted
by Bae at al. on 224 patients who needed
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Figure 4 — Components of a knee implant [77].

revision surgeries from 1999 to 2009 showed that
the survival rates prior to any revisions being
necessary were 97% after 5 years, 92% after 8
years, and 86% after 10 years [7].

In a revision procedure, some or all of the
parts of the original implants are removed and
replaced with new components. Typically, revision
components have longer stems which fit into the
femur and tibia. They may also have attached
metal pieces, called augments, which substitute
for missing bone. Most of the time, the revision
surgery is more thorough than the first total knee
replacement. There are different reasons why
a revision should be performed. These can be
found in Figure 5.

In fact, a revision is more complex for
the surgeon, the rehabilitation is longer for
the patient and the whole treatment is more
expensive for the national health service or
insurance company. Considering the mean
age of the first implant 68, the average life
expectancy of the prosthesis 15 years and the life
expectancy which is now around 80 years in the
developed countries, the probability of a second
revision surgery for the patient with a prosthesis
implanted at a young age is not negligible.

Wear of the knee insert

As can be seen in Figure 5, wear is not the

most important direct factor for a revision
surgery. However, wear debris generated from
bearing materials could cause aseptic loosening,
osteolysis and at the end implant loosening

and therefore is indirectly responsible for more
revision surgeries [8], [9].

Many factors influence the amount of wear

that occurs in the knee implant: patient-related,
implant and surgical factors. Patient-related
factors, such as BW and activity level, determine
the amount and types of load experienced by
the implant [10], [11]. Age can have an influence
on the activity level of the patient. Activity

level is likely the most important patient factor
affecting the loads placed on the knee implant
over time [12]. Implant factors are the material
properties, such as the molecular weight, the
area and roughness of the articular surface, and
the thickness of the insert. The FDA (U.S. Food
and Drug Administration) requires now that

the insert has a thickness of more than 6 mm,
since a thinner insert will exponentially increase
contact stresses [13]. In practice, a minimum
insert thickness of 8 mm and a maximum insert
thickness of 16 mm are recommended [14]. Good
surgical technique is also required to minimize
PE wear in the knee implants. Poor alignment
of knee components may occur at the time of
surgery in the coronal, sagittal or rotational
planes. Failure to restore the mechanical axis

Indications for surgery Percentage
Aseptic loosening 32%
Pain 15%
Lysis 8%
Wear of polyethylene component  10%
Instability 14%
Infection 22%
Malalignment 6%
Stiffness 5%
Progressive arthritis remaining 9%
Dislocation/subluxation 3%
Periprosthetic fracture 3%
Component dissociation 2%
Implant fracture <1%
Other 10%

Figure 5 — Reasons for knee implant revisions [3].

13



of the limb at the time of surgery may result

in increased loading forces across the bearing
surface, leading to early degradation of PE.
Minor deviations from a neutral mechanical axis
may contribute to accelerated wear, which is not
evident until the implant has been functioning for
many years.

It is still unknown how to design wear-
resistant artificial joint parts and select ideal
material pairs for TKR. Therefore, examining the
wear characteristics of the prosthesis materials
is still an interesting research area in in vitro
laboratory simulations and for in vivo clinical
applications.

Relation between tibiofemoral
force and wear

Since body weight, activity level and certain
knee movements contribute to the wear of the
meniscus and the insert, it seems correct that
contact stress and wear have a relationship
with each other. D'Lima confirms that contact
stresses are correlated with the magnitude and
distribution of wear [15]. He states that tibial
forces are related directly to the transmission of
stresses in the implant, which include the contact
stresses generated at the bearing surface. The
stresses at the bearing surface are a major factor
in generating wear and fatigue [16].

Knee forces are even more important after
TKR surgery because unlike biological tissues,
the materials used in the knee implant do not
regenerate or remodel. Knee forces are therefore
directly implicated in articular wear and damage,
especially to the PE insert that fulfills the function
of the meniscus in the knee implant.

Previous work

Many studies have been carried out to determine
the tibiofemoral force: the compressive force

that is a result of the ground reaction force

plus antagonist muscle forces on the knee. This
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force is expressed in relation to bodyweight (x
BW), since it is highly dependent on the weight
of a person. Four methods have been used to
determine this force: computational models, test
setups, cadaver tests and in vivo tests.

Computational methods can be separated
into three categories: optimization method,
electromyography- (EMG-) driven method, and
reduction method [17]. Each of them uses rigid
multibody dynamics to model how movements
are generated by the muscle forces.

In the test setups, different knee joint
demonstrators have been developed for different
studies [18]-[20]. These tests setups contain
quite complex simulators, since most of the time
all three rotational movements of the knee are
integrated into such demonstrators. In these
studies, force sensor films are glued on [18], [19]
or integrated into the insert [20] to measure the
tibiofemoral force.

Most recent cadaver studies use nested
cylinders supporting the tibial plateau to measure
multiaxial forces and moments in cadavers. The
force sensors in these studies are also glued on
[21], [22] or integrated into the insert [23].

The in vivo studies use a so-called
“instrumented implant”, into which several
sensors are integrated. Forces can be measured
in vivo. All the studies that have been conducted
with an instrumented implant in vivo, use an
instrumented tibial tray. Clear reasons for this are
not given, but probable reasons are that there
is more space in the tibial tray and the insert is
more prone to wear, and as a result the sensors
can be affected.

The studies that determine the
tibiofemoral force are performed because it
can tell something about the wear rate of the
meniscus or the insert [15], [16], [24]-[45].
However, none of these studies report the wear
of the polyethylene insert. A number of studies
specifically on the linear wear rate of an insert
have been carried out [46]-[59]. Although several
reliable methods for measuring PE wear in total
hip replacements (THR) exist, the methods for
accurate measurement of PE wear after TKR have
only recently been developed. The methods and
the relevant studies are described below.

The gravimetric method is the



Figure 6 — Gravimetric
machine [78].

Figure 7 — Coordinate
measuring machine [79].
standardized method for quantifying wear
volumes of total joint prosthesis (Figure 6). In this
method, specimen weight is measured before
and after wear test and the difference of the two
measurement values are calculated. However
accurate results it gives, this method can only be
applied during in vitro testing of new prostheses.
It does not give any information about the

worn surfaces and plastic deformation of the
implant material. If there is a lack of initial weight
measurement values, it is not possible to define
the wear of retrieved implants. This method was
used in a recent in vitro study performed by
Srivastava et al [51] to determine the alignment
of the implant and its relationship with increased
wear.

Coordinate measuring machines (CMMes)
can measure the dimensions with tactile probe
or scanning probe (Figure 7). This is one of
the geometry-based methods that can be
used for evaluating both wear volume and
wear distribution over the worn surface. For
defining the quantity of the wear, it requires
unworn reference geometry of the prosthesis
for comparing it with worn geometry. In wear
simulator studies, the geometry of the specimen
is defined before and after the wear test and then
the results are compared for evaluating the wear.
In the studies of Harman (2009) and Kop (2007)
inserts retrieved from patient were used [49],
[50]. The measured wear rates in these studies
were 0.29 mm/year [50] and 0.053 mm/year [49],
respectively. Generally, it is quite hard to execute
this method on retrieved inserts, since the exact

measurements of the pre-worn implant should be
available. Besides wear measurements, the CMM
method provides volumetric and linear creep
measurements.

A simplification of the CMMs is a dial
gauge. This measuring device is most of the
time operated by hand and gives less extensive
data than CMMs. Since the dial gauge is an
easy accessible tool, a lot of studies have been
carried out with this method [46], [47], [53]-[55],
[60]. Every study showed the linear wear rate
that differed from 0.025 mm/year [47] to 0.127
mm/year [55]. And others also determined the
volumetric wear rate [53], [55].

The micro computed tomography
(micro-CT) technique uses X-rays to generate
three-dimensional (3D) geometries of the
implants (Figure 8). By using a calibrated X-ray
detector, the implants are scanned with the
patient standing, and the data are processed by
computer to measure the distance between the
femoral head and the tibial baseplate. Currently,
this is the only method to measure wear in
vivo. Several studies have been carried out to
measure the wear rate in vivo with micro-CT [48],
[56], [57], [59]. The minimum linear wear rate
measured by Price (2005) was 0.021 mm/year
[59]. The maximum linear wear rate measured
in the study of Hoshino was 0.23 mm/year [56].
This method provides reliable and accurate
measurement of the wear of PE, but it is a very
expensive method and has some difficulties to
distinguish actual wear amount from creep.
Moreover, simple asymmetry of the joint space on

A

Figure 8 — Example of an insert visualized by micro-CT [80]
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TKR radiographs does not necessarily prove that
PE wear is present, because ligamentous laxity on
one side of the knee may appear as joint-space
narrowing in the opposite compartment [61].
The average linear wear rate of all the
studies mentioned above was 0.12 mm/year.
Some researchers also measured the wear rate
difference between the medial and lateral side
of the insert [47], [51], [52], [57], [58], [62]. In
these studies, differences between the wear
of the medial side and wear of the lateral side
were found, but none of them was significant.
Plante-Bordeneuve showed in his study that
the difference in the wear of the medial and
lateral compartments was linearly related to the
alignment of the knee, with greater medial wear
in varus knees and vice versa [47].

Societal relevance and
motivation

The purposes of TKR are primarily to relieve pain
and recover the mobility of the patient. Even
though over 1 million knee joints are implanted
each year in the EU and US, almost none provide
feedback to allow early diagnosis of any fault
with the implant [63]. Using such feedback,

the physicians will have a set of quantitative
measurements that will help in the identification
of the defects. Consequently, they will be able to
improve rehabilitation and modify treatments.
Such feedback can also provide knowledge
about the biomechanics of joints and the basis
for possible modifications for future prostheses.
Therefore, the feedback information is of great
significance, especially if this can be collected in
normal daily conditions.

Since a revision surgery is complex and highly
invasive, it is desirable if such a surgery can

be avoided. An instrumented insert with wear
sensors will help the physicians and patients to
have accurate information about the wear of the
implant for an objective outcome evaluation of
the intervention and to prevent excessive implant
deterioration. The possibilities to measure wear
in vivo are currently very limited and there is
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room for improvement. In the research reported
in this thesis, a new concept of linear wear
measurement that could possibly be used in vivo,
was developed and tested.

Research question and
objectives

The main objective of this research was to
introduce a PE insert with integrated wear
sensors that could eventually be used in vivo.

This objective resulted in the following research
question: are instrumented inserts with integrated
linear wear sensors an effective solution to
measuring implant deterioration in vivo?

To answer this research question, the following
three sub-objectives were defined:
* Determine the ideal position for wear
Sensors
» Develop a prototype with integrated wear
Sensors
« Validate the functionality of the prototype

Thesis structure

This thesis describes the development and
evaluation of an additively manufactured knee
insert which can measure linear penetration wear.
In the first part of the Materials and Methods
section the design criteria and the design of the
insert with integrated wear sensors is detailed.
The second part describes the tests which were
carried out to validate the performance of the
insert.

In Results, the outcomes of the position
determination are shown and then the validation
of the insert is elaborated.

In Discussion, the results of each test
are reflected upon and consideration is given
to how these outcomes will affect the insert.
Furthermore, the possibilities are explored for the
prototype to better meet the requirements and



wishes that are defined earlier in the process.
The overall successfulness of the designed

insert is evaluated in Conclusion. Afterwards,

recommendations for future research are given.
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MATERIALS AND METHODS

Wear measuring technique

3D printing is a manufacturing technique where
the product is built layer by layer. It opens up
the possibilities to integrate wear sensors in the
insert. In the 3D printing process, different layers
of the insert contain a track of a conductive
material. If a resistance value through the wire
can be measured, the track is intact. However,
when the resistance is infinite, the track is broken.
Since the tracks are covered by a stiff layer of
PE, it is only possible that the tracks break when
the material has worn down. Since the tracks are
positioned at different pre-determined heights
inside the insert, it is possible to determine the
exact amount of the linear penetration wear of
the insert.

Design process

To create a suitable prototype, several steps

were taken. First the design criteria were defined.
These design criteria were critical for the further
design of the insert. To meet the first research
sub-objective, i.e., determining the optimal
position of wear sensors, first a “bare” insert was
created. With this insert, different forces acting on
the surface of the insert were measured during
the knee movement. Based on this data, the
positions of the wear sensors were determined.
Then, the prototype with integrated wear sensors
was created and tested with the same knee
movement test setup.

Design criteria

Before designing the insert, the requirements
and wishes were listed. The requirements were
actually the criteria that would have to be met in
order to reach an acceptable solution.

Wishes were the criteria that would not
necessarily have to be met but could be used
later on for elaborating the concept. Setting up
the program of requirements and wishes was a
continuous and iterative process, as during the
project the criteria became more numerous and
more specific.

Before this list was made, several
assumptions were made. This was because this
prototype design would fulfill the function of an in
vitro testing prototype but not be used for in vivo
tests as yet. This means that some simplifications
could be made, and the approval for testing in a
laboratory setting would be less impactful than
that for in vivo testing.

For the design of this prototype the following
assumptions were made:
* The "patient” had a weight of 70 kg.
e The insert would be assessed on the forces
generated during walking and movements.
* If the insert became thinner than 6 mm, the
stresses in the insert would increase
exponentially. This means that the insert
should be replaced to prevent further
damage [13].

Several requirements were made for the design
of the prototype:
* The insert had a minimum thickness of 8
mm [14].
e The insert had a maximum thickness of 16
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mm [13].
* The insert would be able to measure linear
penetration wear over a range of 0 to 2 mm.
« There would be separate wear measuring
sensors on the lateral and medial sides.

Wishes for the insert were:

e The wear sensors had an accuracy of 0.02
mm. This accuracy was based on the
minimum linear wear rate per year, as
measured by Price [59].

* The insert could later on be used in vivo.

« The insert could measure the linear wear rate
of the insert on the top and the bottom.

Design of insert

In SolidWorks, a model of the insert was created.
The sizes and geometry of the model were based
on the insert of a Sawbones knee with an implant.
In this way, the available femoral part with an XS
size fitted perfectly.

Position of wear sensors

The first step to determine the positions of wear
sensors was to determine the locations where

the highest forces acted on the insert. These
areas would be favorable for wear sensors, since
theoretically the largest amount of wear would be
present in these areas of the insert. To determine
these areas, a resistance sensor film was used in a
test setup.

Resistance sensor film
A sensor film with resistance sensors was used
to measure the force that the insert experienced

during a knee movement. The sensor film
contained resistance sensors that were connected
with silver tracks and was produced by Holst.

The film was made of polyethylene naphthalate
(PEN)-foil and had a thickness of 175 pm. The
sensors had a diameter of 6 mm and the distance
from the midpoint to midpoint was 10 mm. The
sensors worked in such a way that the lower the
output, the higher the force that acted on the
sensor. If the resistance was infinite, there would
be no force acting on the sensor. To determine
the ideal position of the wear sensors, resistance
values from different sensors were measured to
find out which sensor gave the lowest output.
Since the sensors were quite large, four positions
of the sensor film were chosen to cover the
whole area of the insert. The positions of the
wear sensors for different tests are shown in
Figure 9. To confirm the stability of the results, the
movement of the knee was repeated five times
for each sensor at each position. 24 sensors were
used for the determination of the area.

Test setup and position wear sensor

Figure 10 shows the test setup that was built to
simulate the knee movement. For the tests, a
tensile testing machine (Lloyd Instruments LST00K
Plus) with a 5K load cell was used. A threaded
end of M12 connected the load cell with a

clevis. The clevis was used to simulate the hinge
movement of the knee.

A connection piece was made by milling
to connect the femoral component of the knee
implant with the clevis. Since the female screw
thread of the femoral component was angled,

a male screw was used on the connection piece
with an angle of 6°. The technical drawing of this
connection piece can be found in Appendix A.
The simplification of eliminating the angle assured
that the test setup was straight, and the tensile
testing machine could be used for this test.

Figure 9 — Layout of the sensor positions for different trials. From left to right, tria
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Figure 10 — Overview of the test setup. Left is a photo of the set up. Right is a systematic overview of the test setup.

The connection piece had a hole where it was
attached to the clevis.

The femoral component was realized by a
real femoral component of a left knee with a size
of XS, produced by an unknown manufacturer.

The tibial part of the test setup was
simulated by a 3D printed part. This component
had a negative cutout of the insert, so the insert
fitted nicely. The tibial component was fixed with a
pin to the bottom of the tensile testing machine.
Different tibial components were designed to
fix the sensor film at different positions. This was
done by making a slot through the part, in such a
way that the sensor film fitted perfectly in it. The
technical drawings of the tibial component can be
found in Appendix B. In this way, the resistance
sensors were placed under the insert on top
of the tibial component. Different sensors were
connected with different output wires. This means
that every sensor had to be measured individually
and read out with a multimeter (Figure 11).

The high E-modulus of the material that
is usually used for knee insert, PE (+800 MPa) or
similar material, makes the insert very stiff. Due to
this stiffness, the resistance sensors did not give
any output. Therefore, a foam model of the insert
was chosen. This model made of foam rubber

had the same measurements as the previous
described insert that was created in SolidWorks.

Movement of the knee

Since no mechanical knee setup was available,
several assumptions for the test setup were
made. One of them, as explained earlier, was
the choice to simulate the knee movement
straight and not at an angle of 6°. Choice was
made to simulate the knee movement as a
hinge movement. This that the knee setup was

Figure 11 — Photo of the position of the
sensors and the connection point.
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The photo displays the starting point.

only able to rotate and that only the rotating
movement of the knee could be simulated. To
create wear, the largest angle must be created
with the femoral component. In this way, the
contact area of the insert and the femoral
component would be as large as possible. Since
the femoral component had the limitation to
rotate only but not translate, the knee movement
was restricted from 45° to 57°, as can be seen in
Figure 12. After 57°, it was physically not possible
to move the knee without translating first, since
the protuberance of the insert would stop the
femoral part from getting to the front.

Wear prototype building
Drocess

To manufacture the wear measuring prototype,
several steps were taken. First, cutouts for wear
measuring tracks in the CAD model were made.
The first cutout was positioned at 0.6 mm from
the top and had a thickness of 0.1 mm. The
second cutout was positioned at 0.6 mm below
the first cutout and the third 0.6 mm below the
second. The cutouts were positioned at the same
heights on the lateral side and on the femoral
side of the insert. The width of the tracks i.e., the
cutouts, was 0.65 mm. The cutouts covered as
much as area as possible, without interconnecting
with each other, otherwise there would be no
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accurate results of the whole track area. The

two ends of each track had to be accessible in
order to be able to get to the tracks. To have
better access to the end of the tracks, a bit of the
layers above the track was removed, so from the
side it looks like a stair. The heights of the tracks
were chosen in such a way that the separately
printed parts would be handleable. If the layers
became too thin, they would break easily, and no
prototype could be made.

The CAD model was sliced in the number
of tracks plus 1 and in such a way that all the
cutouts were accessible from the top. Different
parts of the insert were 3D printed on a Formlabs
Form 2 printer with the Formlabs Form 2 clear
resin. Then, the cutouts of the tracks were filled
with silver electron paint (VFP Ink Technologies).
This paint was able to create a conductive track.
Afterwards, the tracks were cured by a JBC TE500
Advanced heating element to dry the tracks and
keep the conductivity optimal. Every track was
checked with a multimeter on its conductivity
at random positions to ensure that the tracks
did not have unwanted interconnections. The
technical drawing of the slices can be found in
Appendix C.

After the conductivity check, the layers
were glued to each other with Araldite 2000+.
The layers had to be put together carefully, since
any movement could increase the possibility that
the silver tracks would stick to the glue at the
wrong place and became destroyed.

Test setup to create wear

The evaluation of the prototype was performed
in the following way. The same tensile testing
machine, components of the test setup and knee
movement were used. To speed up the wear
process, sand paper with 60 grit was adhered
with double-sided tape to the femoral part, as
can be seen in Figure 13. In this way, the time-
consuming wear test could be finished in less
cycles and the prototype could be evaluated
sooner. Since the wear of the implant still took a
lot of cycles, the sand paper was changed every
1,500 cycles, or when it became unattached in



Figure 13 — Photo of the femoral head covered with sand paper. Left photo is the view from the front, and the right photo is
the view from the side.

order to give an optimal result.

To assure that the track would wear down
at the pre-determined height, the resistance of
the tracks was checked if it became infinite. At
this point, the depth of the wear was measured
with a caliper and compared with the height of
the track. This was done for all the tracks in one
prototype.
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RESULTS

Resistance sensors

When no force was acting on the resistance
sensor, the output would be infinite. Some of

the sensors only gave this infinite output and

the results were therefore not worth showing.
The graphs of the sensors that gave at a point
outputs other than infinite, are given in Appendix

S . . . Figure 14 — Overview of the sensor numbering.
D. Due to the limitations in Excel, an infinite 9 f 9

output was noted as 1.00x1059. In the graphs To differentiate the sensors, codes were
these measuring points are not shown, since it assigned. The first number of the code is the row
will distort the graph when the measuring points of the sensor, counted from the bottom, and
that give an output other than infinite are more the second number is the number of the sensor
interesting. The graphs are divided into the four counted from the left. For example, sensor 2-6
sections of the different tests with different sensor is the sensor that is on the second row from the
positions, as described in the Materials and bottom and on the right side. The overview of
Methods chapter. the sensor numbers can be found in Figure 14.

45.75° 48.5° 47.25° 48 °

48.75° 49.5° 50.25° 51° 51.75°

55.5°

Resitance in k Q

56.25° 57° oo 200 100 50 40 30 20 10 5 1

Figure 15 — Heat maps of the outputs of the resistance sensors. The outputs of every 0.75°
of the knee movement are shown. In the legend the conversion of the color to kOO can be
found.
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@ High amount of wear
Four measuring points below 30 kQ

@ Medium amount of wear
Two measuring points below 30 kQ

Low amount of wear
At least one measuring point lower than infinite

@® No wear
All measuring points infinite

Figure 16 — Combined heatmap of the expected wear
distribution of the insert.

Since the data of the separate sensors
gave a better view when it was put altogether,
heatmaps of every 0.75° were created, as shown
in Figure 15. For the output of the sensors, the
average number of 5 trials was taken. At 45°,
no resistance was measured since the tensile
machine was in its neutral position. The maximum
values were combined in a total image of the
areas that would be affected by the femoral
component. Based on the colors, the locations
where the highest amount of wear that would
take place could be identified. These were
combined in the heat map, as shown in Figure 16.
The amount of wear was based on the number of
measuring points where a certain resistance was

Figure 17 — Positions of the wear sensors in the
insert. View from the top.

measured.

Based on these wear visualizations, the
positions of the wear sensors were chosen, as
shown in Figure 17.

Prototype

The resulting prototype had three layers of
conductive tracks on the medial and lateral sides,
making it have six wear sensors in total. The
measurements of the prototype are defined in the
technical drawing of the assembly in Appendix

E and are the same as the previously described
insert in the section of Materials & Methods.
Different slices of the prototype can be seen in
Figure 18. The thickness of the assembled insert
was 9.35 mm. The resistance of all silver tracks
could be measured with a multimeter. The overall
overview of the assembly is shown in Figure 19.

Figure 18 - Different slices of the prototype

26

Figure 19 - Assembled prototype



Evaluation of prototype

The insert was tested in the wear test setup,

as described in the previous chapter. To give a
better overview of the results, the tracks were
numbered. The highest track on the medial

side is number 1, on the lateral side number

2, the second highest track on the medial side
is number 3 and so on. An overview of this
numbering can be found in Figure 20. This makes
the odd numbers the tracks on the medial side
and the even numbers the tracks on the lateral
side. In Table 1, the resistance of the track, the
number of cycles it took to change its resistance
to infinite and the depth of the wear when the
resistance turned to infinite are given.

2

1 L
[
6 R

Figure 20 — Numbering of tracks.

In Figures 21-26, the photos of the insert after
these cycles are presented. However, since these
are 2D photos, it is not very clear which areas are
worn down. To make wear visible, wear patterns
per layer are contoured.

Cycles when resistance  Wear depth

Track Defined track Resistance begin
number depth test

Track 1 0.6 mm 40.3 Q)

Track 2 0.6 mm 69.7 Q)

Track 3 1.2 mm 3890

Track 4 12 mm 1284 Q

Track 5 1.8 mm 763 Q

Track 6 1.8 mm 9230

infinite

6732 0.65 mm
9974 0.65mm
14384 135 mm
20413 135 mm
23928 215 mm
32050 215 mm

Table T — Overview of the amount of resistance, the number of cycles needed to wear the sensor down and the

measured wear depth.

Figure 21 = Photo of [nsertwh;n the first track on the right (medial s[e) wore through.

The white lines on the right contour the wear of the different layers.

Figure 22 - Photo of insert when the second track on the right (medial side) wore

g

through. The white lines on the right contour the wear of the different layers.
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Figure 23 - Photo of insert when the first track on the left (lateral side) wore through.
The white lines on the right contour the wear of the different layers.

Figure 24 - Photo of insert when the second track on the left (lateral side) wore through. The white
lines on the right contour the wear of the different layers.

- S
4 _.“ £e

Figure 25 - Photo of insert when the third track on the right (medial side) wore through. The white
lines on the right contour the wear of the different layers.

Figure 26 - Photo of insert when the third track on the left (lateral side) 076 through. The white lines
on the right contour the wear of the different layers.



During each 1,500 cycles of test, the load differed and then stabilized to about 660 N (0.96 xBW).

a bit. In Figure 27, loads at different cycle A small decrease in load at about 990 cycles was
numbers can be seen. The frequency of the the point where the tape on sandpaper got loose
movement was 0.5 Hz. The load in the second but stuck again at 1,050 cycles.

cycle had a maximum of 859.82 N (1.25 xBW)
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Figure 27 — Graph of the applied load by the tensile testing machine for every cycle.
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DISCUSSION

Knee movement

For the test setup, the movement of the knee
was simulated like a hinge. The hinge was
positioned quite high above the femoral part,
due to the physical restrictions in the test setup.
A human knee joint has six degrees of freedom
and obviously a hinge is quite simplistic. It

is really hard to simulate the knee joint in a
straightforward mechanical way without the use
of complex test setups. There are several knee
test setups that are able to simulate the knee
movement in a more realistic way, although these
were not accessible in this project. With such
complex test setups, McGloughlin and Kavanah
concluded that a higher sliding-rolling ratio led to
a higher wear rate [64].

In the present research, the varus-valgus
alignment was chosen at 0° to make the test
setup more feasible. However, in reality, the
femoral component is made for a varus of 6° and
this is far more realistic than 0°, since the patient
at with a bone alignment of 0° will have serious
O-legs.

Resistance sensors

The resistances of some of the sensors differed
quite a lot. For example, the resistance
distribution of sensor 2-1in test 4 differed

over a range from 40 kQ) to 102 kQ). The high
resistances are a sign that the sensor is pushed
only slightly. The differences in resistance were
probably because the femoral head in one trial
was at a more favorable position than that in
the other trial, because the test setup had a little

mechanical clearance.

As shown in the heatmaps, the resistance
distribution on the medial side was quite the
same as that on the lateral side. However, two
sensors registered a bit more resistance on the
medial side than on the lateral side. As shown
in the study of Plante-Bordeneuve, this could be
because the alignment of the test setup was at
0°, while a neutral position of the knee is normally
about 6° [47]. The varus position will lead to more
medial wear.

The sensors used in this study were quite
large, 6 mm in diameter. Despite the efforts
to get the whole insert surface area covered,
the results “within” each sensor were not very
accurate. It could be possible that only half of the
sensor experienced a force, which would lead to
a significant change in resistance. However, this
could not be read from the measurements.

Prototype

The resistances of some of the sensors differed
quite a lot. For example, the resistance
distribution of sensor 2-1in test 4 differed over a
range from 40 kQ) to 102 kQ. The high resistances
are a sign that the sensor is pushed only slightly.
The differences in resistance were probably
because the femoral head in one trial was at a
more favorable position than that in the other
trial, because the test setup had a little

The cycles that were needed to wear the
insert down differed between the medial side and
the lateral side of the insert. The number of cycles
that was needed to break the track can be seen
in the Table 2. The medial side, i.e., the odd track
numbers, wore down more easily than the lateral
side. In the heat maps, the medial side appeared
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Track 1 6732

Track 2 9974
Track 3 7654
Track 4 10439
Track 5 9544
Track 6 12637

Table 2 — Number of cycles to wear each track down.

to experience somewhat more force than the
lateral side. Since the forces are correlated to
wear, the medial part wore down sooner than the
lateral part. As explained earlier, this is probably
due to the alignment of the test setup.

The numbers of cycles that were needed
for the tracks to wear down were different. This
could be explained in different ways. First, the
femoral head needed extra space to “get down".
Otherwise it would not get to the depth of the
tracks. Since the femoral part had to wear down
more volume of the insert, it would take longer
to get to a next layer. Moreover, the movement
of the knee was based on an unworn insert. This
means the area of contact would reduce as the
insert wore down.

The wear measuring sensors had first
resistance values in a range from 40.3 Q to
128.4 Q). When the tracks were worn down, the
resistance would change almost immediately
to infinite. The wear per cycle was apparently
enough to destroy the track in one movement.
Because sandpaper was used for the test setup,
the wear was accelerated a lot. This means that
with the tests without the sandpaper the change
in resistance should be visible during the wearing
of the tracks. Every time the femoral head will
wear the track a bit down, the resistance will
increase. Eventually, when there is nothing left
at a certain point, the resistance will change to
infinite. Unfortunately, this transition was not
visible with the used test setup due to the high
speed of the wear.

After each 1,500 cycles of the knee
movement, the insert was cleaned. This was done
to check the progress of the wear. This could have
an influence on the wear pattern. Since residual
particles were removed, they would not influence
the wear anymore in further cycles of the test.
However, in the in vivo situation, wear debris will
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not disappear and will stay between the femoral
head and the knee insert. This would influence
the contact surface (three-body abrasive wear)
and therefore the speed of wear.
This prototype was made of Form 2 clear resin.
This photopolymer is specially made for 3D
printing on a Formlabs 3D printer and is not
produced for implants. This means the material
is not biocompatible and has not the same
mechanical properties, as e.qg.,, UHMWPE. The
mechanical properties of this material surely
influenced the speed of wear, because Form 2
clear resin wears down far more easily than a
material especially selected for the knee implant
insert (i.e., UHMWPE). Currently, some research
group are studying the various possibilities to
3D printed implants with different biocompatible
materials [65], [66].

The calliper has an accuracy of 0.05 mm.
It is not the most accurate tool to match the
accuracy of the resistance sensors. However,
unfortunately, this was the only tool available and
should therefore be used.
At one point, a bigger part of the insert broke as
can be seen in the difference between Figure 22
and 23. It was the part of the insert right below
that would experience no forces, according to the
heat maps. An explanation for the breakage of
this part could be the use of not well distributed
glue. The layer was glued on the previous layer
and should be adhered well. However, apparently,
not the whole layer got the same amount of glue.
This part probably had no glue on it, and since its
‘connecting” material wore down, the part broke
off

An important part of the evaluation of
the prototype was of course the accuracy of
the wear sensors. As can be seen Table 3, the
wear of the insert was not the same as the pre-
determined heights of the sensors. The deeper



Track 1 0.6 mm
Track 2 0.6 mm
Track 3 0.6 mm
Track 4 0.6 mm
Track 5 0.6 mm
Track 6 0.6 mm

0.65 mm
0.65 mm
0.70 mm
0.70 mm
0.70 mm
0.70 mm

Table 3 — Interval of the tracks and interval of the wear depth

the tracks were placed, the less accurate the
pre-determined and the measured depth was.
This was of course due to the inaccuracies of the
previous layers. If the inter-layers were taken into
consideration, it would be clearer. The overall
accuracy of the sensors can be calculated by
dividing the total predefined track depth by the
total of the intervals of the wear depths. This

will result in that the resistance sensors have

an accuracy of 88% in this prototype. A reason
for this relatively low accuracy can be the glue
layers that were placed between the layers of the
insert. These glue layers added their amounts

to the thickness. Since the overall thickness of
the prototype was 9.55 mm, but not 9.30 mm,
as pre-determined in the technical drawings, the
source of the reduction of the accuracy became
clear.

Only three layers of tracks were used in
the prototype. This means the linear wear rate
could be measured over a depth of 0.6 mm.

This is not the depth expected at the beginning
of the present study. When using the Lepus
NextGen 3D printer, it is possible to print the
tracks while printing the prototype. This would
make the silver tracks be positioned far more
accurately in the prototype. By using a 3D printer
for creating the whole part in one time, instead
of creating a prototype of different layers, the
layer thickness will be less important and can go
lower than in the case that the different layers are
printed separately. In addition, the glue used to
adhere the parts to each other also influenced
the thickness of the total part. A risk of using the
glue is that it can easily destroy the silver tracks.
To avoid this risk and improve the accuracy, it is
recommended to print the insert in one time on a
3D printer.

In this prototype, the wear can be
measured at six points: three points on the medial
side and another three points on the lateral side.
By increasing the number of tracks, it should be
possible to measure the wear at more depths and
In more areas.

The current prototype could measure the
wear of the insert after the wear depth reached
0.65 mm. Taking into consideration the average
of the wear rate of a knee insert (0.12 mm/year),
it will take about 5,5 years to be able to measure
the first signs of wear. In the most favorable
scenario (wear rate: 0.021 mm/year [59]), it will
even take about 30 years to be able to measure
the first signs of wear. Since most of the knee
insert will only last 15 years in the body, the
insert with wear sensors will be quite unrealistic.
For this reason, it is recommended to integrate
wear sensors into the insert closer to the surface.
By producing the insert with embedded wear
sensors by means of a Lepus NextGen printer, it
will be possible to achieve a layer thickness of 50
um. This will make it possible to indeed create an
insert with sensors that are closer to the surface.

Furthermore, was this prototype not able
to measure the linear wear on the top and the
bottom. This was stated in one of the wishes,
because of several researches that showed that
there occurs also wear at the bottom of the insert
[67], [68]. However, due to the simplified test
setup there did not occur any movement at the
bottom of the insert and was the placement of
the wear sensors in the bottom out of the scope
of this project.

For this prototype silver paint was used
for creating the tracks. However, the paint is not
biocompatible and can therefore not be used in
an in vivo design. Since the insert will wear down
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over time, it should be safe to choose a material
that does not need coating. Another material
that is biocompatible, conductive and can be 3D
printed should be chosen.

A point of attention is that since most
of the femoral components are made of CoCr-
based alloys or titanium, the femoral part is
electrically conductive. This can have an influence
on the output of the integrated wear sensors.
Since the wear measurement is based on the
resistance, it is possible that a track has worn
down, but the femoral component fits in such a
way on it that the resistance is not infinite. Since
in the wear tests sandpaper was attached to the
femoral head, this was not the case. However, the
femoral head moves over a larger surface area
of the insert and therefore will not always be the
“‘conductive connection” between broken tracks.

The measurements of the insert were
mostly based on the measurements of the insert
of the Sawbones Clear knee implant. The organic
forms were all simplified, which resulted in a quite
flat top of the insert. This made measuring the
wear rate with a caliper easier. However, in inserts
that are used in vivo, the surfaces of the inserts
are not flat. This should be considered in follow-
up research.

This study did not take the creep of the
insert in consideration. The creep could appear
due to the tibiofemoral forces that the insert is
exposed to. Using micro-CT as an in vivo wear
measuring method, it is difficult to distinguish
the actual wear amount from creep. Since in the
studied concept the wear tracks are integrated in
the insert, there will be a clear difference between
the creep and wear. The tracks will only break due
to wear, so if the resistance changes to infinite, it
is caused by the wear without doubt.

It is important to mention is that the
results obtained from the present tests of the
insert, cannot be compared with the wear
of a healthy knee. The insert has mechanical
properties other than a meniscus. In this research,
some simplifications in the knee movement to
increase the feasibility of the project were made.
Even when in vivo studies will be performed
with the sensor-integrated inserts, the results of
such insert cannot be extrapolated to a healthy
knee. This is because the patient who gets TKR
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including a knee insert, most likely suffers from
OA. It means that he/she may have an adjusted
gait due to previous pain and the insert will
experience higher peak forces [69]-[71].

Comparing the heat maps with the photos of
the worn-down insert, some similarities can be
found. The position of the wear is indeed almost
the same and the surface areas are the same as
those that are expected to wear down earlier.
However, the wear sensors themselves could not
demonstrate these agreements. This is due to the
inaccuracy of the wear sensors. If wear sensors
are positioned closer each other, they may show
the wear pattern better.

The question rises as to if more wear
sensors in one knee insert are needed, or if
one sensor only at a certain height can fulfill
its function. The choice of the number of wear
sensors can be based on several considerations.
It is important to consider the primary function of
wear sensors: will they be in the insert to provide
information as to when the insert should be
replaced, or will they be in the insert to provide
information about the wear pattern and improve
the rehabilitation of the patient. For the first
function, it is indeed possible to embed a wear
sensor in the insert at a certain height. When the
sensor is broken, the physician will be alarmed,
and the patient may need to have a revision
surgery. However, when the integrated wear
sensors are intended for the second function,
more wear sensors are needed to provide precise
information about the wear of the insert as soon
as possible. In this situation, it is for example
possible to modify the gait of the patient in order
to have more consistent wear at the medial and
lateral parts of the insert. Or the wear pattern can
be used to improve the alignment of the insert in
the future.




CONCLUSION

The main objective of the current study was to
develop and evaluate an insert with integrated
wear sensors that could eventually be used in
vivo. To achieve this objective, first the position

of the wear sensors was determined by using
resistance sensors. These resistance sensors
showed that there would be a bit more wear

on the medial side than on the lateral side. This
was later on confirmed by the wear test. Then, a
prototype was created that had three layers of
conductive tracks. By measuring the resistance

in the tracks, the wear of the tracks could be
measured. The results from the evaluation proved
the concept and showed that wear sensors at
different heights worked well. However, this
prototype was inaccurate due to the glued layers.
Therefore, it is important to improve the method

to fabricate a more accurate prototype as one
single piece. Thereby did the test setup had its
limitations due to the simplifications that were
made.

The prototype created in this research
cannot be used in vivo. The materials used for
inserts and tracks should be changed to be
biocompatible ones. Furthermore, the way of
transferring data should be considered.

Further steps should be taken to realize
the insert in such a way that it can be used in
vivo. Despite this, the research reported in this
thesis demonstrates that conductive tracks at
different heights of the insert can be a feasible
solution to measuring wear and the concept can
be used eventually in vivo.
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RECOMMENDATIONS FOR

FUTURE WORK

Having performed proof of concept tests

of the wear-measuring sensors, several
recommendations can be made to improve this
technique.

The first recommendation will be to create
the complete insert on a 3D printer. This will
increase its accuracy, since the adhesive between
the layers does not have to be taken into
consideration any more. This can be combined
easily with another recommendation: an
increment in track number. An increment in track
number can create the possibility to analyze the
wear pattern in a more accurate way, since tracks
will be closer to each other.

One may also look at the possibilities to
add more tracks to each layer. In this research,
differentiation between the medial side and
lateral side was made. With more tracks, one
can differentiate the front side and back side
of the insert and even make distinction within
the medial and lateral parts. The choices of the
number and positions of wear sensors can be
based on, for example, retrieved implants.

Unfortunately, it was not possible in this study
to create an insert that could be used in vivo.
Before that can be created, several steps have to
be taken into consideration, such as the choice of
materials and the data transmitting technique.
The material of the insert as the wear tracks
should be biocompatible. This is quite easy for
the insert itself, since several materials that are
suited and used for knee inserts are already

on the market. In making material choice, it is
important to consider the material that can be

3D printed. Since there are currently a number of
manufacturers that create customized 3D printed
knee implants, there must be a material available
that can fulfill these requirements. Choosing a
material for the conductive tracks will, however,
be somewhat harder. Conductive materials such
as titanium and CoCr-alloys are currently used
for implants. There are possibilities to 3D print
these materials, but 3D printing is mostly done
with another technique, namely selective laser
melting. Combining 3D printing these materials
with, for example PE, will be very cumbersome.
In that case one may discuss if 3D printing the
insert is the most favorable production technique.
Conductive polymers like polyaniline are another
option for the material of the tracks. At present, a
lot of research on the 3D printability of these kind
of polymers is being performed [72]-[74].

The output of the wear sensors should be
received and displayed. If the insert is placed in
the body, there is no option to use a multimeter.
Therefore, one must think about a solution for
this data transmission. One option is to integrate
a small printed circuit board into the insert that
can read out the signals and transmit them via a
wireless connection such as Bluetooth or Near-
fleld communication (NFC). However, integrating
electronics into the insert must be done carefully
since the electronics have to be protected
and can never be in touch with human tissue.
Therefore, a passive system will be favorable.
One may consider using magnetism or similar
techniques that can be measured near the body
without the use of electronics inside the body.
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Appendix A - Technical drawing connection part
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Appendix B - Technical drawing tibial component
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Appendix C - Technical drawings slices wear measuring insert
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Appendix D - Graphs resistance sensors

To improve the readability of the graphs, next
to each graph a visualization of the sensor the
graph is concerning to is shown.

Test 1

The outputs of sensor 2-2, 2-6, 3-2 and 3-6 can
be found in Figure D-1to D-4 respectively. All
other sensors gave an output of infinite.

Sensor 2-2
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Figure D - T - Qutput of sensor 2-2 in test 1
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Figure D - 2 - Output of sensor 2-6 in test 1
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Sensor 3-2
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Figure D - 3 - Output of sensor 3-2 in test 1
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Figure D - 4 - Qutput of sensor 3-6 in test 1.

Test 2

The outputs of sensor 2-2 and 2-6 can be found
in Figure D-5 to D-6 respectively. All other
sensors gave an output of infinite.
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Figure D - 5= Output of sensor 2-2 in test 2
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Sensor 2-6
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Figure D - 6 — Qutput of sensor 2-6 in test 2

Test 3

The outputs of sensor 2-1and 2-5 can be found
in Figures D-7 to D-8 respectively. All other
sensors gave an output of infinite.
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Figure D - 7 - Output of sensor 2-1 in test 3
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Figure D - 8 - Output of sensor 2-5 in test 3
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Test 4

The outputs of sensor 2-1, 2-5, 3-1 and 3-5 can
be found in Figure D-9 to D-12 respectively. All
other sensors gave an output of infinite.
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Figure D - 9 - Qutput of sensor 2-1 in test 4
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Figure D - 10 = Output of sensor 2-5 in test 4
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Figure D - 11 = Output of sensor 3-1 in test 4
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Figure D - 12 - Qutput of sensor 3-5 in test 4
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Appendix E - Technical drawing of assembly wear measuring insert
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