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Abstract
Driven by the increasing demand for electric vehicles and sustainable energy pro-
duction, the manufacturing industry anticipates significant growth in the market for
hybrid bearings using silicon nitride bearing balls. This material is sought after for
its durability, low density, and resistance to corrosion. However, the high production
cost represents a major obstacle to widespread adoption. Consequently, this mas-
ter’s thesis focused on addressing the challenges encountered in the production of
silicon nitride balls for hybrid bearings, specifically in the realm of surface machining.

This thesis addresses the limitations of the current lapping machine used by AB
SKF, to improve its performance. By focusing on the importance of uniform ball
feeding for productivity and efficiency, the objective is to analyze the capabilities
and constraints of the machine. Additionally, innovative concepts for a feeding chute
capable of handling large volumes of silicon nitride balls and ensuring their even
distribution within the lapping grooves will be developed and evaluated through
prototype production and testing.

Feeding solutions for the lapping process was developed, following the process of
establishing requirements, generation of concepts and evaluating them through var-
ious methods. As the solutions converged on a feeding chute, an agile product devel-
opment approach was used for rapid prototyping, testing and refinement. Through
multiple short iterations, chute designs were tested and refined on a simulated setup.
Based on this testing, final designs were then created. These involved two propos-
als for a chute design to be evaluated by future tests in the real lapping machine.
Finally, recommendations on further development was included regarding further
testing, manufacturing and material selection.

Overall, this thesis project provides valuable insights into the design and develop-
ment of the feeding chute, emphasizing the significance of future research and testing
in a realistic manufacturing environment to validate the proposed solutions.
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1
Introduction

The purpose of this project is to enhance the productivity of lapping process used in
the production of silicon nitride (Si3N4) bearing balls by designing and developing
concepts for a novel feeding chute. In this section, the background, the case company,
problem description, the objective and research question, the scope and limitation
and the project approach will be presented.

1.1 Background

The rise of electric vehicles and renewable energy sources has led to an increased use
of variable speed drives, which unfortunately cause premature bearing failure due to
electrical aging [1]. To combat this issue, the company has recognized the need for
ceramic rolling elements, speci�cally silicon nitride, which boasts superior strength,
toughness, and resistance to various forms of wear and damage. The demand for
silicon nitride ceramic bearing balls is predicted to rise in the manufacturing in-
dustry due to the increasing need for durable, lightweight, and corrosion-resistant
materials. Additionally, the market for advanced ceramic materials is expected to
experience signi�cant growth in applications such as bearings, valves, and pumps,
according to [2]. However, the high hardness and wear resistance of silicon nitride
makes the manufacturing process challenging and costly, speci�cally the surface ma-
chining operations, which according to both Kang and Had�eld [3], and Lee et al. [4]
presents the main obstacle to widespread adoption of hybrid bearings. While much
development has been made regarding alternative methods which would provide a
higher e�ciency [5] [6], the most commonly used and mature machining method
currently is concentric circular groove lapping with a diamond abrasive slurry [7].

1.2 Company

AB SKF is a leading global manufacturer and supplier of high-quality bearings,
seals, and related products and services for industries such as aerospace, automo-
tive, and industrial. Founded in 1907, SKF has a long history of innovation and
expertise in the �eld of bearing production and design. The company o�ers a range
of services to support their products, including installation, maintenance, and tech-
nical support. SKF invests heavily in research and development and is committed
to sustainable manufacturing practices. The company has set ambitious targets to
achieve carbon neutrality and reduce water and energy consumption by 2030[8].

1



1. Introduction

SKF group's manufacturing development department in Gothenburg is a hub for
research and development, where the team is constantly exploring new technologies
and production techniques to improve product performance and reduce waste. With
a strong track record of growth and pro�tability, SKF is well positioned to maintain
its leadership in the global bearing and seal industry.

1.3 Problem Description

The production of silicon nitride balls for hybrid bearings is facing a major obstacle
in meeting market demand. The surface machining of silicon nitride balls is one
of the key manufacturing steps, which usually consists of lapping with a diamond
slurry, which has been identi�ed as both time-consuming and expensive [3]. AB
SKF currently employs a lapping machine manufactured by SpezialMaschinenfabrik-
Schonungen (SMS) which, in its current con�guration, presents some issues when
used for large diameter balls.

One of the main issues lies in the uneven feeding of balls into the grooves of the
lapping plate. This uneven feeding leads to an imbalanced load distribution and in-
consistent material removal due to the non-uniform utilization of the lapping grooves.
Recognizing the signi�cance of this problem, the organization has identi�ed the feed-
ing system of the lapping machine as a crucial factor a�ecting overall productivity
and e�ciency.

After reviewing videos provided by the company, the team has determined that the
accumulation of balls at the inlet and inconsistent supply to the machining area
contribute to this problem. Consequently, this master thesis aims to address these
challenges by designing and developing innovative concepts for a feeding chute that
ensures a smooth and reliable supply of balls into the machining area.

However, developing a feeding chute capable of handling silicon nitride balls without
causing damage and being compatible with the existing machine poses a signi�cant
challenge. Therefore, it is crucial to optimize the machine and its processes in order
to enhance e�ciency, productivity, and pro�tability. By doing so, improvements
can be made in product quality, cost reduction, and overall competitiveness in the
marketplace.

1.4 Objective and research questions

The main objective of the thesis is to analyze the current performance and limita-
tions of the lapping machine with the aim of improving its e�ciency by developing
concepts of feeding chute capable of handling large volumes of silicon nitride balls
and distributing them evenly into the lapping grooves. This is necessary in order to
minimize downtime and maximize the productivity of the machine. Along with this
the developed concepts feasibility and e�ectiveness will be evaluated by the produc-
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1. Introduction

tion and testing of prototypes. Recommendations and guidelines will be provided
for implementation, and potential bene�ts and drawbacks of the proposed solution
will be discussed. To achieve these objectives, research needs to be conducted on
the following question:

ˆ What are the major process parameters in lapping of silicon nitride?
ˆ How does the feeding impact the lapping process of silicon nitride balls?
ˆ What are the limitation in feeding of the existing machine and how can they

be addressed?
ˆ How can potential solutions be validated and tested?

1.5 Scope and Limitation

The enhancement of the performance of the lapping machine is the central objective
of the thesis, by creating innovative concepts for feeding solutions. Several areas
of interest, including the machine's various components and their impact on the
process of introducing silicon nitride balls into the machine, will be encompassed
by the research. The challenges will be recognized and addressed, the components
responsible for the lapping e�ciency will be evaluated, and novel ideas will be gener-
ated in order to achieve the overarching goal of the thesis. In other words, inventive
approaches will be devised to improve the functioning of the machine, resulting in a
more e�cient and e�ective manufacturing process, which is the primary aim of the
thesis.

During the initial phase of the thesis, several limitations were encountered. The ma-
chine used in which the developed concepts would be used, was located in a factory
in the USA, which posed a constraint on conducting physical testing. Therefore, the
team had to rely on simulations and could not perform actual testing due to time
limitations associated with sending the concepts to the USA. As a result, the team
opted to evaluate the performance of the concepts by using a simulated setup and
identify areas for improvement.

However, simulating the concepts also had its own limitations. Initially, the team
planned to utilize the internal company tool, Bearing Simulation Tool (BEAST),
for testing the concepts. Unfortunately, it was found that the software presented
limitations in accurately simulating the feeding process due to the need for a large
number of contact points. Consequently, simulating the concepts using the BEAST
software was not feasible and a strategy of short, low �delity prototyping iterations
was adopted by developing a test environment.

In the context of this master thesis, certain delimitation can be outlined:
ˆ Machine Model: The focus of the thesis is speci�cally on the lapping machine

setup currently used in the process, excluding other machine con�gurations or
types.

ˆ Ball Material and Size: The research is limited to large silicon nitride balls
with a diameter larger than 20 mm.

3
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ˆ Feeding Function: The thesis concentrates on the design and development of
a feeding solution, speci�cally addressing its role in ensuring a smooth and
reliable supply of balls into the machining area. Other aspects of the lapping
machine or additional functionalities are not within the scope of the thesis.

ˆ Experimental Validation: The thesis focuses on the design and development
stages of the feeding solution and does not encompass extensive experimental
validation. This delimitation clari�es that the research does not cover the
implementation and testing of the development feeding solution on the actual
machine.

ˆ Time frame: The thesis is limited to a speci�c time frame, speci�cally the
design and development phase, excluding the implementation or long-term
performance evaluation of the feeding solution.

1.6 Project approach

Due to the intricate nature and constraints of the Thesis project, an agile product
development approach was deemed suitable for designing and developing a novel
feeding chute for the lapping machine[9]. The selected approach facilitated devel-
opmental �exibility and re�nement. An agile approach was employed, consisting
of short iterations of concept development, testing, learning, re-development and
re-testing. This approach proved to be e�ective in designing and developing the
feeding chute.

Figure 1.1: Agile Product Development Approach

A comprehensive and thorough investigation of the topic and concepts was pursued
through several stages as follows:

ˆ Literature study.
ˆ Observations.
ˆ Concept Development Process.

4
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Figure 1.2: Project Approach

In the initial phase of the project, a comprehensive literature study was undertaken
to gain a deeper understanding of the material properties of silicon nitride through
various articles, patent studies of existing solutions for silicon nitride ball lapping,
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and the essential parameters involved in machining. In the subsequent stage of the
project, a series of observations were made from several working machines to explore
the di�erent parameters that could impact the productivity of the lapping process.
Moreover, experiments were conducted on a conceptual machine that was available
at the factory to gain a better understanding of the kinematics of the ball during the
lapping process. This led to the identi�cation of crucial areas for development that
could enhance the productivity of the machine for lapping silicon nitride (Si3N4)
balls. In the �nal phase of the project, various concepts were generated and tested
on a simulated setup due to the existing limitations. This phase involved continuous
re-designing and re-testing of the concepts based on feedback from the experts at
the company until the desired results were achieved. The iterative approach ensured
that the project achieved its objectives of improving the productivity of the machine
for lapping silicon nitride balls.
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2
Theory

This chapter presents background information on silicon nitride, the process used
in production of Silicon nitride, the machine currently used for production as well
as existing solutions to the problem of feeding addressed in this project.

2.1 Silicon Nitride

Silicon nitride (Si3N4) is a high-performance ceramic material known for its excep-
tional mechanical, thermal, and electrical properties. In the case of bearings, this
material has been found useful for rolling elements in all-ceramic or so called hybrid
bearings [10] [11]. Silicon nitride's high compressive strength, sti�ness and chemical
resistance combined with the low friction coe�cient, density, thermal and electrical
conductivity results in a very long-lasting and reliable bearing compared to steel
variants[10]. Due to these properties, hybrid bearings are suited to applications
where high performance is needed such as the aerospace or automotive industry [10]
as well as in adverse conditions such as electric drives and generators where the ce-
ramic's low conductivity prevents erosion from currents passing through the bearing
[1]. For example, the XL hybrid bearings with larger silicon nitride balls used in
wind turbine generators for this reason [12].

Although silicon nitride possesses exceptional mechanical properties, its manufactur-
ing process presents several challenges due these same properties, which according
to Kang and Had�eld [3] represents the main obstacle to widespread adoption. They
describe the overall process in four steps, consisting of: powder production, green
body forming, sintering and surface machining, with the latter being the most costly
operation [3]. Estimations of this manufacturing step have ranged from half [13] to
two thirds [14] of the total manufacturing cost. Machining is, however necessary in
order to remove the surface skin from the sintered part and to achieve the needed
surface quality for use in bearings [3] [15]. Figure 2.1a displays a silicon nitride
ball right after the sintering process which is called a blank and �gure 2.1b shows
another ball after the machining process.

However, the exceptional mechanical properties of silicon nitride also make it di�-
cult to machine without damaging the material, leading to surface damage, cracks,
and other forms of degradation[16]. Therefore, special care must be taken to avoid
damaging the material and ensure the �nal product meets the required speci�cations.
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2. Theory

(a) (b)

Figure 2.1: Silicon nitride ball before (a) and after machining (b)

2.2 Machining of Silicon Nitride

Machining silicon nitride is a di�cult task due to its high hardness, brittleness,
and low thermal conductivity. Various techniques are used for machining silicon
nitride but for the machining of spherical shapes, lapping is the most popular mech-
anism used [3]. This process involves using a slurry containing abrasive particles
and a rotating lap to generate the abrasive machining action [15]. The quality of
the workpiece is in�uenced by several parameters, including the type of abrasive
slurry, concentration of abrasive particles, lapping geometry, lapping speed, applied
force, slurry �ow rate, and lap condition [10]. For instance, excessive lapping load
has been shown to result in surface damage as demonstrated by Kang and Had�eld
[17]. Studies have been done on optimization of both the lapping geometry [4] and
process parameters [14] to increase the e�ciency of the lapping process.

The lapping machine used for production in SKF is based on the concentric circular
groove lapping mechanism. This consists of multiple circular grooves machined into
a plate or disc [4]. The balls are placed into these grooves and a force is applied
to them by a top plate (see �gure 2.2). As the bottom plate is rotated, the balls
are rolled along the grooves and the diamond particles of the slurry abrades the
material where the balls contacts the plates. To achieve a precise spherical shape, it
is necessary for this material removal to be spread over the entire surface of the ball.
As explained by Lee et al. [4] this is usually done by unloading the balls from the
machining area into a external magazine after each circulation to randomize their
orientation before they are returned. This magazine also enables larger batches to
be processed.

8



2. Theory

Figure 2.2: Cross-section of a concentric circular lapping groove.

2.3 Lapping Machine

The lapping machine is widely utilized in the manufacturing industry for its high pre-
cision machining. It is speci�cally designed to achieve exceptional accuracy, speed,
and e�ciency in the lapping process. With its precise surface �nishes and strict
tolerances, the machine is well-suited for machining high-performance components
used in sectors such as aerospace, automotive, and medical industries. The lapping
machine is constructed to be robust and durable, o�ering a variety of customized
options to cater to speci�c manufacturing requirements [18].

Figure 2.3: Lapping Machine

The machine comprises key components that play crucial roles in its operation:
ˆ Top plate: This integral component of the lapping machine serves as a primary

element responsible for supplying the required force for abrasive machining the
workpiece. Constructed from cast iron, it incorporates an opening that allows
the entry and exit of the ball within the machining area. Moreover, the top
plate secures the ceramic ball in the grooves throughout the lapping process.

9
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Its design features multiple circular groove pro�les, enabling precise rotational
movement of the workpiece and facilitating the abrasion from the diamond
particles between the plate and workpiece.

ˆ Bottom plate: Similar to the top plate, the bottom plate ful�lls the function
of providing the necessary rotational force for the machining process.

ˆ Divider: Acting as a barrier between the inlet and outlet of the lapping wheel,
the divider ensures that the ceramic balls receive an equal amount of lapping.
By doing so, it minimizes the risk of uneven wear of the ceramic ball.

ˆ Stripper plate: Positioned below the divider, the stripper plate, in conjunction
with the nozzle plate, lifts the balls from the grooves using stripper teeth.

ˆ Magazine: The magazine or hopper plays a vital role in the lapping machine
by facilitating the delivery of ceramic balls into and out of the lapping wheel.
Encircling the plates, it maintains a circular motion, ensuring the smooth
operation of the machine.

2.4 Existing solutions

As this type of machining technique of multiple concentric grooves has been used
for a relatively long time and is well established, there have been multiple solutions
proposed for the issue of feeding balls in di�erent machine set-ups. With the ex-
ception of [19], the patents presented here have expired. Three types of solutions
were found to be of particular interest and included in the concept generation in
4.2.5. The �rst was the principle of switching the balls from one channel or groove
to another sequentially and was proposed in di�erent variations in the following
patents:

ˆ Messerschmidt proposed in US3348338A an apparatus consisting of a magazine
with multiple channels that guide balls to grooves in a sequential progression
[20].

ˆ Kunio and Hajime's patent JP2001260008A describes guiding channels made
to sequentially shift balls from inner grooves to outer adjacent ones [21].

ˆ A similar device to the above mentioned channels was also proposed by Si in
WO2011140693A1 [19] in the context of lapping plates with a horizontal axis
of rotation.

Patents involving grooves or channels to direct the balls from the magazine into a
uniform �ow were also identi�ed:

ˆ Okura proposed in JP2000318814A, an inclined feeding chute with grooves [22].
This was designed for lapping machines with an horizontal axis of rotation on
the lapping plates.

ˆ In patent US5921851A, Suzuki et al. presents inlet and outlet chutes consisting
of separated channels to direct balls into multiple grooves [23]. As with the
above mentioned patent, this was designed for horizontal lapping plates.

ˆ Pinders presented in GB191100408A a mixing chamber where passages direct
balls to grooves sequentially to create a circulation path [24].

ˆ Matteson proposed in patent US1898979A a feeding mechanism consisting of
a rotating drum or chamber lined with pockets for balls to be loaded into and

10
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thereby re-circulated back into the lapping process [25].
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3
Methods

This chapter will cover what methods and tools were used during the development
process, an explanation of their use and the reasoning behind including them in
the process. The overall structure and approach to the development process was
adopted from the bookProduct Design and Developmentby Ulrich et al. [26] and
formed a development funnel as seen in �gure 3.1.

Figure 3.1: Overview of the resulting development process

The main method employed to identify the problems and needs was consultations
with personnel at the company and observation of the current production process.
As the production is located in the USA, the observation of the machine used in
production was limited to video recordings of the process. Videos of the same pro-
cess with smaller diameter balls were also observed to give a clearer idea of how the
ball diameter a�ected the process. First hand observation of ceramic machining was
done on a smaller, experimental machine with a single v-groove to better understand
the basic operating principle and the behaviour of balls during lapping. For a more
detailed study of the operation of the lapping machine, the manual and operating
instructions were studied. The needs were formulated and organized as close as pos-
sible to the guidelines explained in Ulrich et al. [26], expressed as solution neutral
attributes of a design.
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3.1 Literature and Patent Search

To better understand the theory and principles involved in the lapping process as
wells as recent developments have been made in this area, a literature search was
done during the early phases of the project. This was mainly done through the
search engine Google Scholar as well as Chalmers library. A patent search was also
conducted to explore what has been done to address the problem of feeding and see
if any designs were currently protected. The search was done through the online
database Espacenet. The patents that were used as an input to the later idea gen-
eration are presented above in chapter 2.4, and for example led to concepts such as
the Switcher presented in chapter 4.2.5.

The search process was done according to the suggestions of Ulrich et al. [26].
The �rst step was a broader search to understand what keywords, search terms,
authors and classi�cations were relevant to this project. Broader search terms such
as "grinding", "lapping" and "silicon nitride" primarily used. Introductory literature
was also provided by the personnel at SKF which provided insight into relevant au-
thors and search terms. It was noticed that for example authors Kang and Had�eld
had published multiple articles relevant for the project [14] [3]. With these, scope of
the search was then narrowed down to a manageable search result. Classi�cations
B24B11/2 and B24B37/2 were used to search for patents related to grinding, lap-
ping or polishing of spheres, while B65G11 and B65G37 was used as it related to
devices for conveying and feeding.

3.2 Requirement speci�cation

A requirement speci�cation was compiled to translate the identi�ed needs and prob-
lems into a precise description of design constraints, targets and objectives of any
generated solution alternatives. This included a short justi�cation for each require-
ment for the sake of traceability, a proposed method of evaluation and target values
when applicable. A description was also added for extra clari�cation. Design con-
straints and functional requirements were to be used for eliminating concepts that
do not ful�ll necessary functions or demands and are outside the design space. Per-
formance requirements were used to evaluate the performance of remaining concepts
and compare them to each other. These were formulated as either to be maximized
or minimized. Wishes or "nice-to-haves" were also included for this purpose. An
importance scale was also added ranging from 1 to 5, with 5 being the most im-
portant. This was later used as a basis for establishing weights in the evaluation of
the concepts. This speci�cation was continuously updated and re�ned during the
project as more knowledge was gained and the process narrowed down to a smaller
set of solutions.

In formulating the requirements, the general criteria described by Hull et al. [27,
p. 107] inRequirements Engineeringwas followed as close as possible to ensure that
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the speci�cation was processable and useful to the project. According to these cri-
teria, each requirement should be: singular, unique, feasible, legal, clear, precise,
veri�able and abstract. This would avoid having a bloated and vague speci�cation
or imposing a solution to the problem too early.

When a speci�c solution type was chosen, the �nal speci�cation were set which in-
cluded more focused requirements. These were slightly more constraining compared
to the �rst speci�cation according to the decisions, evaluations and trade-o�s made
during the project. Requirements related to production and installation was also
introduced here to ease the implementation a �nal design. Introducing these re-
quirements at an earlier stage was determined to limit the design space too much.
As the testing progressed, additional requirements were added which also served to
guide further designs and to document the knowledge gained from the test results.

3.3 Function analysis

A function analysis was performed to decompose the problem into simpler and more
manageable pieces [26]. This would make the late idea generation phase easier as
ideas could be generated for separate sub-function instead of having to solve the
total function in one step [28]. First a black box and process �ow model was created
to give a clear overview of the grinding process and to show where the basic function
of the solution would �t into it. A hierarchical function structure was also created to
aid in the decomposition of the total function with the requirement speci�cation as
a basis. This was in the form of a function-means, similar to the structure presented
by Malmqvist [29], and which also served as the start of the idea generation. As
functions were decomposed, sub-solutions were proposed for each of them which in
turn were given their own respective sub-functions. The bene�t of this structure was
that sub-function could be proposed to speci�c solution-types without imposing a
overall solution. The process of functional decomposition was repeated at a more
detailed level for the chosen solution type.

3.4 Idea generation

When generating ideas, di�erent complementary methods were used to ensure a wide
and diverse set of solutions. This was foremost the combination of systematic and
creative methods which can be also be described as searching for ideas externally and
internally according to Ulrich et al. [26]. The more systematic, external search for
ideas involved �nding existing solutions in patents and published literature. These
could be both solutions for the problem at hand or for similar problems in other
technical areas. The internal search for ideas involved using the groups creativity in
generating solutions. Brainstorming sessions were held to generate more novel ideas
and draw analogies to completely di�erent scenarios for inspiration. During these
sessions, focus was placed on generating a large variety of ideas without placing
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limitations on e�ectiveness or feasibility until afterwards in the screening process as
this could limit the creative process.

The sessions were kept at under an hour at a time in order to keep a high level of
creativity. In total, two brainstorming sessions were held early in the project and
one at the later stage, complemented by smaller follow-ups. These smaller sessions
were for example held when generating variations during the evaluation stage. In
order to generate the variations, the method of distortion of ideas was used [26,
p. 134] consisting of rearranging fragments of the solution. The format of the brain-
storming sessions changed during the process as it converged on a solution. For
example, the last session was merged with the prototyping as the group found it
useful to have prototypes and the test setup as inspiration, also called related stimuli
[26]. Idea generation was however not con�ned to group sessions since Ulrich et al.
[26, p. 133] points out that individual creative work within a group will generate
more divergent solutions. Idea generation was therefore performed individually or
through more spontaneous communication between members as well.

Concepts were then synthesized from the generated solution alternatives with the
use of a morphological matrix. In this matrix, a set of solution alternatives were
given for each identi�ed sub-function and these were then combined in di�erent
permutations. Instead of using all possible permutations in this matrix, focus was
placed on generating varied and distinct concepts. This was done in order to ensure
wide coverage of the possible design space and to keep the amount of concepts at a
manageable level. As suggested by Pahl et al. [30, p. 104], the solution alternatives
were combined if they were compatible and preferably if some synergistic e�ect could
be obtained.

In the early phases of the project, the di�erent solution alternatives and concepts
were sketched by hand to illustrate the function and to get a clearer understanding
of the layout. Later, when the sets of solutions were narrowed down and increased
in detail, CAD models were created using Creo Parametric to give a more accurate
representation and precise dimensions. This also made it easier to check how the
concepts could be �tted into the design space and where they could interfere with
surrounding components. The CAD models were also used to better communicate
the function and receive feedback [31]. An example of this process can be seen in
�gure 3.2.
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(a) (b)

(c) (d)

Figure 3.2: Example of process from extremely rough whiteboard sketch (a), to
more detailed sketch (b), to a CAD model (c), to a rough check in assembly (d)

3.5 Evaluation and Screening

In the screening phase of the process, an elimination matrix was �rst created to dis-
qualify the clearly unsuitable concepts. This was inspired by the matrix presented
in Pahl et al. [30, p. 108] where each concept was given either a pass, fail or question
mark on a set of criteria. The criteria were however based on the functional require-
ments and design constraints previously established instead of the ones suggested
by Pahl et al. Passing concepts had to ful�ll these criteria to be accepted past
this stage. There were however some exceptions to this as there were considerable
knowledge gaps in this early stage. While those concepts were given a pass, question
marks were used to highlight any knowledge gaps and uncertainties that existed for
the concepts which would need further study. This lessened the risk that potentially
valuable working principles would be lost through a too harsh selection which Pahl
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et al. also cautioned against [30, 106].

Strengths and weaknesses for the remaining concepts were compiled to give a quick
overview of their attributes and to give a �rst basis of the following evaluation stage.
This was followed by a Pugh's matrix as shown in the paper by Frey et al. [32, p. 44].
Here concepts were compared against each other and ranked based on the objectives
and wishes from the requirement speci�cation. One concept was selected as datum
or reference, and the others were give a "+", "-" or "0" for each criteria depending
on if the performed better, worse or on the same level as the datum. After the �rst
evaluation, the datum was changed to the best performing concept and another iter-
ation was done to observe how the performance changed. The choice of datum was
based on which concept was considered well understood and of high performance as
suggested by Frey et al. [32].

This type of matrix was chosen for the early part of the evaluation since its a low
resolution was considered more suitable to early concept design compared to alter-
natives requiring weighting and detailed scoring [32, p. 43]. The idea of this matrix
was foremost not to disqualify concepts and end up with a single winner, since the
criteria were not weighted according to importance and has only three levels, but
to be a basis for discussing the strengths and weaknesses of them. This would then
reveal opportunities for improving them further which according to Raudberget [33]
was the main intention of the method. Thereby, a concepts which excels in di�erent
aspects but performs poorly in others could borrow design aspects from each-other
through cross-pollination resulting in an overall improvement.

The number of iterations of the Pugh's matrix was limited to two. Additional itera-
tions could have resulted in the development converging on a dominating solution as
described by Frey et al. [32], hence the original name of Pugh's Controlled Conver-
gence. However, it was determined to be quicker to complement this limited use by
additional selection methods as well as relying on input from SKF personnel. After
�rst screening phase, two concept presentations were held, the second including the
engineering manager at the production site in the US, to receive feedback from the
people with most experience in this area. The feedback was then incorporated in
the more detailed scoring of the concepts which was done using Kesselring's matri-
ces [26, p. 169]. Here, a score from 0 to 5 was given for each criterion and then
multiplied with a weight factor according to the importance of the criterion. The
weights were determined by pairwise comparison of importance similarly to Raud-
berget [33]. The weighted scores from each criterion were then summarized and the
concept alternatives were ranked based on the result.

3.6 Prototyping

Initially, it was planned to use the BEAring Simulation Tool (BEAST) software to
verify the working principle of selected concepts and re�ne them through repeated
simulations and optimization. BEAST is a multi-body and contact simulation tool
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developed by SKF, primarily for simulation of bearings [34]. However, it was later
revealed that to simulate a chute with a su�ciently large amount of balls passing
through it would demand more time in both setting up and running the model than
expected. The reason for this was that, as the balls move in a more or less unpre-
dictable manner (depending on the speci�c design), each ball has the potential to
contact every other ball. Therefore, contacts must be assigned not just between the
balls and each surface element of the machine, but between each and every ball as
well, which BEAST then calculates detailed surface data for. This results in a sig-
ni�cantly more calculation heavy model than compared to more predicable systems
such as bearings. It was therefore decided that an alternative method had to be
used to study the macroscopic behaviour of the feeding.

Complete testing on the real machine would require spending both time and re-
sources on detailed integration of each prototype into the machine, shipping it to
the US and then making potential modi�cation to it afterwards. Therefore, a strat-
egy of lower �delity tests were determined to be more suitable for shorter test cycles
and rapid feedback [9]. This would enable repeated testing and modi�cations in a
manageable amount of time due to the comparatively low cost of 3D-prints and a
printing time of about 3 days. The aspects of the machine that were critical to the
feeding design then had to be emulated. These were determined to be the rotation
of the magazine bottom, its width and the balls behaviour when �owing from the
magazine the machining area. For this purpose, the conveyor belt of a demagne-
tizing machine (see �gure 3.3) was used to approximate the rotating bottom of the
magazine as it was both readily available, cost e�ective, and it did not interrupt any
ongoing production. Steel beams were used to act as the walls of the magazine and
prototypes were then held in place by hand at end of them. An amount of silicon
nitride balls, ranging from 70 to 100, were then placed on the conveyor and fed into
the prototypes. The speed of the conveyor belt was not variable and measured to be
approximately 0.1 m/s. This would be equivalent to a rotational speed beyond the
upper limit of the real magazine's capability and therefore limited the possibility of
comparing the speed of the balls in machine observations to the those in the tests.
In addition, balls would have a di�ering tangential velocity in the outer versus inner
part of the magazine which was not re�ected in this set-up.

The silicon nitride balls used for these tests were both blanks with waistlines and
machined versions to ensure that the feeding design was able to handle both types
during the machining process (see table 4.2). Their di�ering surface roughness and
presence of waistline was thereby accounted for in the testing in the event they had
a major in�uence on the performance of the solution. A major limitation of the
testing setup was that a continuous �ow of balls through the chute could not be
achieved over a longer time due to a lack of means to re-circulate the balls and the
limited amount of them. Therefore, no quantitative data could be obtained and
instead focus had to be shifted to a more qualitative approach. This consisted of
studying and evaluating the prototype performance during shorter, repeated obser-
vations. The limited amount of balls also negatively a�ected the reliability of the
test results, as the force from the balls pushing each other was considerably weaker.
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