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ABSTRACT 
This master thesis project has been done at Rolls-Royce AB (now known as Kongsberg Maritime as of April 1st 
2019) located in Kristinehamn, Sweden. The focus of the thesis is to develop a low maintenance propeller shaft 
earthing device for the company’s new podded propulsion system. Many electrical machines with a rotating shaft 
are exposed to damage due to the flow of electrical charges through the shaft and components with high resistance 
electrical contact. It is therefore important to mitigate this induced shaft voltage either by insulation or by altering 
the discharge path.  

The thesis purpose is to identify concept solutions for earthing of propeller shafts that are cost effective, requires 
low levels of maintenance and fulfills performance requirements. A systematic development process is used 
throughout the project, which consists of four main activities. The first activity is to create a requirement 
specification from customer input, pre-study and knowledge search. The pre-study generated a fundamental base of 
knowledge for different earthing methods and the tribological aspects for sliding electrical contact.  The second 
activity is generating concepts by deriving main solutions and sub-solutions for each generated concept based on 
the criteria in the developed requirement specification. To make the process easier the main function of the device 
is divided into two categories, one focusing on contact method and the other assembly.  The third activity is 
evaluation and scoring of developed solutions to make the final concept selection. The fourth and final activity is 
to create a product description of the selected concept based on layout and detailed engineering aspects. 

The final results of the thesis is a product description of a  “multiple fiber brushes” earthing device concept, with a 
solution on how to optimize design and performance parameters for a certain specific wear rate. A fundamental 
construction solution is presented with optimized performance parameters suitable for the performance demands of 
the company’s new podded propulsion system. 

Three future projects could be extracted from the results of this thesis. These potential projects will in more detail 
focus on the structural design of the earthing device, component material selection and practical performance testing 
of a fiber brush prototype. 

Keywords: Propeller shaft earthing device, performance optimization, generating concepts, multiple fiber brushes  

 

  



  
 

SAMMANFATTNING	
Detta masterprojekt genomfördes på Rolls-Royce AB (nu känt som Kongsberg Maritime per 1 april 2019) i 
Kristinehamn, Sverige. Avhandlingen fokuserar på att utveckla en jordningsutrustning för propelleraxlar som kräver 
lågt underhåll till företagets nya poddrivna framdrivningssystem. Många elektriska maskiner med roterande axlar 
utsätts för skador på grund av flödet av elektriska laddningar genom axeln och komponenter med hög 
resistanselektrisk kontakt. Det är därför viktigt att mildra denna inducerad axelspänning, antingen genom isolering 
eller genom att ändra urladdningsvägen. 

Avhandlingen syftar till att identifiera konceptlösningar för jordning av propelleraxlar som är kostnadseffektiva, 
kräver lågt underhåll och uppfyller prestandakraven fastställda av företaget. En systematisk utvecklingsprocess 
används över hela projektet som består av fyra huvudaktiviteter. Den första aktiviteten är att skapa en 
kravspecifikation baserat på information från kunder, förstudie och kunskapssökning. Förundersökningen 
genererade en grundläggande kunskapsbas för olika jordningsmetoder och de tribologiska aspekterna för glidande 
elektrisk kontakt. Den andra aktiviteten består av att generera koncept genom att ta fram huvudlösningar och 
dellösningar för varje genererat koncept baserat på kriterierna i den framtagna kravspecifikationen. För att underlätta 
processen är huvuduppgiften för enheten indelad i två kategorier, en med fokus på kontaktmetod och den andra 
montering av enheten. Den tredje aktiviteten är utvärdering och poängsättning av utvecklade lösningar för att göra 
det slutliga konceptet. Den fjärde och sista aktiviteten är att skapa en produktbeskrivning av det valda konceptet 
baserat på layout och detaljerade tekniska aspekter. 

De slutliga resultaten av avhandlingen är en produktbeskrivning av ett "Multiple fiber brushes" 
jordningsenhetskoncept, med en lösning på hur man optimerar design och prestanda parametrar för en viss specifik 
slitstyrka. En grundläggande konstruktionslösning presenteras med optimerade prestandaparametrar som är 
lämpliga för prestandakraven i företagets nya poddrivna framdrivningssystem. 

Tre framtida projekt kan tas fram från resultaten av denna avhandling. Dessa potentiella projekt kan mer ingående  
titta på den strukturella utformningen av jordningsanordningen, val av komponentmaterial och praktisk 
prestationstestning av en fiberborste prototyp. 

Nyckelord: Jordningsenhet propelleraxel,  prestanda optimering, konceptgenerering, fiberborstar  
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1. INTRODUCTION 

This chapter presents a brief history about Rolls-Royce AB, a short description behind the principles of shaft 
voltage in electrical machines and the damages it may cause. This is followed by a short description of the 
alternatives for shaft earthing methods. 

1.1 BACKGROUND	
This master thesis project was outsourced by Rolls-Royce AB (now known as Kongsberg Maritime as 
of April 1st 2019) located in Kristinehamn, Sweden. To understand the purpose of the project a brief 
introduction of Rolls-Royce AB and the background history of the task are necessary.  

1.1.1 About	Rolls-Royce	AB	
Rolls-Royce is a company that provides a number of products and services in areas such as marine, 
power systems, nuclear, civil- and defense aerospace. The company operates in more than 50 
countries and has customers in over 150 countries worldwide [1]. The name Rolls-Royce comes 
from the two British founders of the company, Charles Stewart Rolls and Frederick Henry Royce. 
In the beginning of the 1900th century, the main focus of Rolls-Royce was the manufacturing of 
the motor car which they started selling in 1904. In 1914 the business grew because of the start of 
the First World War and Royce developed the aero engine, also known as the Eagle in response to 
the nation’s needs. It was not however until the Second World War when the company grew from 
a relatively small to a major contender in aero propulsion market. 

The marine industry of Rolls Royce can be traced back as far as 1831, but it was in the 1850-1860s 
where the Kamewa (Karlstad Mekaniska Werkstad AB) was formed and started manufacturing 
propellers in Kristinehamn. Kamewa was then acquired by the British company Vickers plc in 
1986, which then were acquired by Rolls-Royce in 1999. From then until now they have developed 
many ground breaking technologies such as, controllable pitch propeller, tunnel thruster, nuclear 
propulsion, waterjets and much more [2]. 

Recently the company's marine division in Kristinehamn has introduced a new podded propulsion 
system called “ELegance pod system” with either ducted or open propeller, as seen in figure 1.1. 
This is their newest electrical propulsion system and promises more compact, precise and efficient 
vessel operation. They are being marketed towards cruises and ferries, but also expedition type 
vessels since it is also available for ice operations. The propeller diameter ranges from the smallest 
at 1.8 meters, up to 5.3 meters for the largest and the max power ranges from 1550 kW up to 7000 
kW respectively [3].  

 

         
Figure 1.1: ELegence pod propulsion systems, ducted (left) and open propeller (right) [3]. 
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1.1.2 Shaft	voltage	in	electrical	machines	
Many electrical machines with a rotating shaft are exposed to damage due to the flow of electrical 
charges through the shaft and components with high resistance electrical contact. Motors powered 
by variable-frequency drives (VFD) are often affected in a negative way by the induced voltage in 
the shaft and bearings. A VFD is a device that varies the input power frequency to the motor, which 
makes it possible to control the motor speed. As voltage is induced onto the shaft the current will 
flow through the components mounted on the shaft, this can cause bearing damage due to pitting, 
frosting and fluting. The most amount of damage that a flow of current can cause however, is motor 
failure. This is why it is important to ground a motor shaft in an electrical machine [5, 6]. 
 
Pitting as illustrated in figure 1.2 can be described in simple terms as a countless amount of small 
pits which are fusion craters induced by discharges from the motor shaft to the frame via the 
bearings. Areas of these pits are called frosted bearing race and will be seen along the paths of least 
resistance (typically bearings), here fluting occurs as ridges across the frosted bearing race and can 
cause vibrations and noise [11].  
 

 
Figure 1.2: Pitting, frosting and flutting on bearing [11]. 

 
Induced voltages can arise due to induction, magnetic fields, external sources or electrical and 
magnetic circuits/windings in these machines. As power demand in motors grow the frames of these 
machines got smaller, which made the increase of volts, amps and speed inevitable. This increase 
made bearing and motor failure more reoccurring and prevention steps had to be taken in the form 
of a earthing devices that provides a grounded path for the rotating shafts [5, 6].  

1.1.3 Shaft	earthing	methods	
There are two main techniques to mitigate the induced shaft voltage created by the rotating shaft; 
insulation or alternating the discharge path. These techniques do not however, have the same 
effectiveness. The “best” solution should provide a low resistance path from the rotating shaft to 
grounding structure that is not too expensive and requires low maintenance [6, 34]. 

Insulating the motor does not solve the problem, it shifts it elsewhere since the current will look for 
another path. Sometimes if ceramic insulation is used a high frequency current may pass through it 
anyway. Insulation solutions may also be expensive to implement and complicate motor 
modification. The choice of alternating the discharge path is on the other hand practical and can 
have high effectiveness [6, 10]. 

More information about the different kinds of earthing methods used today can be found in the pre-
study of this report (chapter 2), also with information about mechanical and electrical aspects 
behind sliding electrical contact. 
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1.2 PROBLEM	DEFINITION	
Even if the potential difference between the shaft components and the pod housing may be low, a 
potential difference magnitude of about 0.3 volts may be sufficient to cause currents to pass through 
the shaft bearings resulting in damages to the bearings. To protect the bearings from harmful currents 
the bearings are electrically insulated and the shaft equipped with an earthing device. The earthing 
devices that are normally used are based on metal to metal contact which requires a lot of maintenance, 
or based on micro-fibers which are costly and restricted by export control regulations. 
 

1.2.1 Purpose	
Identify concept solutions for earthing of propeller shafts that are cost effective, requires low 
levels of maintenance that and fulfills performance requirements. 
 

1.2.2 Goals	
§ Develop a requirements specification for a shaft earthing device. 
§ Investigate other possible principles for earthing of the shaft and recommend the best 

concept solution. 
§ Develop a product description of the chosen concept. 
§ Investigate possible sources/suppliers for earthing equipment for the chosen concept.  
§ Suggest future development strategies. 

 
 

1.2.3 Development	process	
A systematic product development process based on principles presented in [32] was used as a 
guide during this project. The following four main activities with added sub-activities became the 
steps of the development process for the earthing device, 

Requirement specification 
§ Customer Input 
§ Pre-Study 
§ Knowledge Search 

Generating Concepts 
§ Derive main function concepts 
§ Derive sub-function solutions 
§ Screen Potential solutions 

Concept selection 
§ Evaluation and scoring 
§ Document selection 

Layout & detailed engineering 
§ Product description 
§ Detailed solution 
§ Design review 

The fundamentals and content details of the activities are explained in chapter 3, where the method 
process of the project is presented. 
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2. PRE-STUDY	
This chapter presents information about different earthing methods, their principles, good and bad aspects. 
Short description of principles behind propeller shaft earthing and different tribological aspects of sliding 
electrical contact are also mentioned. Focus lies on how these may affects the performance of a sliding 
electrical contact device. 

2.1 EARTHING	METHODS	

2.1.1 Ceramic	bearings	
To prevent the discharge of shaft current through the bearings one could use non-conductive 
ceramic bearings as insulation. These could be used to change the path of the current in the shaft to 
components or equipment of the motor that in turn is connected to a grounded path [6].  
Ceramic-coated bearings have either the inner or outer ring as the ceramic insulation and can be 
ball or cylindrical roller bearings. This technique is however expensive and complex to achieve 
effectively, in larger scale these would also have to be custom made which increases cost and time 
for manufacturing [6]. There are also factors that will make the selection of current insulation 
difficult, for example if you have the case of direct current (DC) or alternating current (AC) and if 
it is high or low frequency [11].  
 

2.1.2 Conductive	grease	
Conductive particles in grease can be used to provide a continuous conductive path through the 
metal bearings, resulting in no damage from the induced voltage as seen in the figure 2.1a, 
compared to the damage that is caused without lubricant as illustrated in figure 2.1b. As a shaft 
rotates with high speeds the bearings may be separated from the raceway. This can be desirable 
because it lowers the friction and reduces surface damage, however, voltage can be built up during 
this period and when discharged it could penetrate the lubricant film still causing pitting and fluting. 
To prevent these kinds of discharges, fine metal particles have been introduced into the grease too 
conduct the current more efficiently. But this method has been abandoned since the particles in the 
lubricant will act as abrasive particles increasing wear and cause premature failures [6, 13, 14]. 
 

 
Figure 2.1: a)Ball bearing with and b)without lubricant [14]. 

 
If a lubricant without the damaging particles could be developed this would be a viable technique 
for leading the current through the bearings without any damaging discharges. Ionic fluids are a 
promising alternative that may be suitable for application that want to achieve these criteria, 
however they are still in the experimental stage [14]. 

2.1.3 Grounding	brush	
The grounding brush is a simple way to ground the shaft which comes in many shapes and sizes 
like cartridge composite brush, cantilever composite, brush cantilever wire brush and multi-fiber 
wire brush to name a few [34]. This makes the method very economical in return and is applicable 
for small and large frame motors. Metal bristles, carbon fibers and carbon brushes are the most 
popular brushes for shaft grounding [5]. A metal brush will be spring loaded and in direct contact 
with the shaft or indirect contact by the use of a slip ring as it rotates, which provides a low 
impedance path to ground, as seen in figure 2.2 [15]. If maximum brush material life shall be 
achieved factors of the brush system such as brush position, spring force, holder stability and 

b) a) 
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atmospheric conditions have to be evaluated. Improving contact life, good maintainability and 
reliability are important goals when designing a brush system [34]. 
 

 
Figure 2.2: Shaft grounding brush with slip ring [15]. 

 
Even if this method is simple and economical it has its own drawbacks. There are many factors that 
affect the wear rate of brushes, such as material, surface roughness, sliding speed, contact force and 
pressure [22]. This makes brushes very maintenance dependent which increases the lifetime cost 
and decreases its effectiveness. Solid brushes have the problem of being worn by adhesive wear 
and particle transfer. It is not possible to use lubrication or low friction coatings since the 
conductivity of the system would be reduced.  To achieve as low friction as possible, brushes are 
recently being manufactured with graphite-based material which is a semi-crystalline form of 
carbon with a lower resistance. These graphite materials maintain low friction while having high 
enough electrical conductivity to provide a low resistance path for the current. It is also possible to 
use electroplating or other surface treatments to provide an improved current transfer on a higher 
strength substrate. The problem in larger frame motors are also that you would need two or more 
brushes since for high frequency currents, the single contact brush is not enough [5,6,10]. 

 
A new type of bundled fiber brushes has been developed over the recent years. These fiber brushes 
is shown to carry high and low currents, decrease contact resistance, low contact wear rates, 
minimal wear debris generation and improved insensitivity to environmental effects such as 
operating temperature . This is achieved through its fiber function of having several lightly loaded 
independent contact spots [34, 38].  

2.1.4 Shaft	grounding	ring	
This is a relatively new approach to shaft grounding and involves a ring with conventionally 
mounted grounding brushes that is, in this case made of microfibers that use both surface contact 
and ionization to boost the electron transfer rate. The lower impedance path that this method 
promotes is established with the shaft grounding ring. As seen in figure 2.3 the microfibers encircle 
the shaft and as brushes are in contact they are also deflected to a certain degree. This method could 
virtually be applied to any size and is not affected by vibrations of the shaft like other methods can 
be, since the fibers just bend at vibration impact [6, 16]. 
 

 

Figure 2.3: Shaft grounding ring with microfiber [6]. 
 

The three main properties that favors grounding rings is that they have a negligible heat generation 
of the fibers, they provide a larger real area of contact which increase current limits, and at the tip 
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of the microfibers corona discharges may be formed that lets current flow without intimate contact. 
With these properties the grounding ring has a relatively long usage lifetime compared to other 
methods, but the microfibers are still susceptible to wear and if the intimate contact is lost it cannot 
be guaranteed that all types of currents will have a low resistance grounding path. Low frequency 
currents will therefore have difficulty initiating discharges when intimate contact is lost. This 
method is also patented by a single company which makes it expensive and difficult to reproduce 
[5, 6, 16].  

2.2 PROPELLER	SHAFT	EARTHING	
Propellers for large sea-going vessels are normally produced in Bronze alloys or in some cases stainless 
steel. Typically the thruster housing and the hull is produced in a less nobel material such as mild steel 
or cast iron [4]. It has been noted that the use of different materials having different potential can cause 
current to run between the different components in the propulsion system. Also the rotor in the main 
propulsion motor may have a different potential than the pod housing causing further high frequency 
currents in the system. As the system also uses a form of VFD device, the combination of all these 
potential charges flowing through the shaft will cause damages in the form of spark erosions, pitting, 
frosting and fluting on bearings, cavitation damage and pitting of propeller blades [17], as shown in 
figure 2.4a. A simplified example of a correct way of arranging a shaft earthing device can be seen in 
figure 2.4b, this is a good example of how it is used today. 

 
Figure 2.4: a) No shaft earthing device, b) Shaft earthing device installed. 

 
 
 

Today the most common ways to protect the bearings and other components in the propulsion system 
are by using shaft grounding brushes or a shaft grounding ring. These methods both use sliding contact 
which at high shaft rotating speeds will cause a great extent of wear and the need for repeated 
maintenance. There have been attempts to reduce the potential of static electrical charges on the shaft. 
One example is toroidal inductors surrounding the input cable to the motor which decrease the 
accumulation of electric charges in the shaft and reduces the frequency of discharges to ground, thereby 
slowing the rate of damage to bearings and other components. But this does not change the peak voltage 
in the shaft, it is the breakdown resistance in the sliding contact path from the shaft to ground that 
determines the peak volts on the shaft. A high resistance path when under sliding electrical contact 
results in high peak shaft voltage, which will give higher amounts of damage compared to a low 
resistance path which is recommended for long term bearing protection. This low resistance path is if 
designed correctly provided by a sliding electrical contact [5, 6]. 

 

  

a) b) 

  



 7 

2.3 TRIBOLOGICAL	ASPECTS	
When designing a device or component that involves sliding contact, one must be aware of the 
tribological factors affecting the sliding contact of the two or more surfaces in question and a more 
careful approach has to be taken if it also involves electrical charges. Regular static or sliding contact 
between two surfaces are less complicated compared to static electrical contact and sliding electrical 
contact, this is because electrical have more challenges since it has both electrical and mechanical 
tribological factors to take into consideration. While thinking about all the mechanical wear 
mechanisms, one must also worry about the passage of electrical charges across a resistance layer that 
continuously changes contact points and may result in electrical erosion of the contact surface. Several 
factors like friction, sliding wear, metallic bonding, adhesive wear, surface roughness, electrical-arc-
induced wear, lubrication, sliding electrical contact and more has to be taken into consideration when 
developing a shaft earthing device [5, 10]. A great focus when designing for sliding or static contacts 
should be on the micro environment of the contact spots, since the performance of sliding contact 
devices relies on the its design and suitability for the application and environment [34].  
 

2.3.1 Sliding	electrical	contact	
The content of this chapter will be about the design aspects, mechanical, chemical, electrical and 
material aspects of sliding electrical contact, with the additional information about the operating 
conditions effect on certain aspects. These aspects are governed to a great extent by factors such as 
adhesion, abrasion, friction, surface roughness, material properties, alloying, temperature, sliding 
speed, contact force, hardness, metallurgical compatibility and solubility (to name a few). Wear 
and contact resistance control during sliding electrical contact is accomplished by altering these 
mentioned properties, mechanisms and conditions. All these factors are important to understand in 
a micro and macro perspective if one wants to create a sliding electrical contact device [10, 18, 34]. 

2.3.2 Design	&	Performance	
When developing a device for sliding electrical contact applications there are several design-
technological and performance factors one has to take into consideration to reach the application 
goals. Many of these will be elaborated in more detail in the coming sections of this chapter about 
mechanical, chemical, electrical and material aspects of sliding contact but a summary is presented 
in figure 2.5 and 2.6 [34].  
 

 
Figure 2.5: Effect of design-technological factors on the performance of electrical contacts [34].  
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The first row in figure 2.5 looks at the macroscopic physical contact of the two surfaces, where the 
choice of material, coating, topography and contact geometry has a great effect on the behavior. 
The second and third rows involve more microscopic factors that will be affected by the 
macroscopic choices, which looks at contact spot size, number, interaction and contour contact 
area. These microscopic factors then determine the real contact and conducting area of the surfaces, 
which in turn determine the reliability of the electrical contact in the form of contact resistance. In 
the same way that these factors are important for electrical aspects. The performance diagram seen 
in figure 2.6 shows the effects of internal and external factors that have to be taken into 
consideration since they also affect the reliability of the electrical contact [34]. 

 
Figure 2.6: Effect of performance factors on the reliability of electrical contacts [34]. 

 

All these technological and performance factors show that the number of factors affecting sliding 
electrical contact can be overwhelming, and it seems hard to take all of them into consideration when 
developing a earthing device. Figure 2.7 from [34] shows a comprehensible summary of the main 
means of improve the reliability of electrical contacts that can be used during the development of a 
sliding electrical device. 

 

Figure 2.7: Main means of improving reliability of sliding contacts [34]. 
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Just as important as reliability of the electrical contact is, the improvement of mechanical wear 
resistance of the sliding contact is just as important to optimize. Many of the above mentioned 
factors have a similar amount of impact on the electrical aspect as for the wear aspects, however, 
the direction of the impact is not always the same. Therefore careful steps have to be taken during 
development of an electrical device to ensure mechanical and electrical performance. 

2.3.3 Mechanical	aspect	
The mechanical aspects of sliding contact are the interaction of surface asperities. In the micro-
level of the contact interface the focus lies on the load-bearing areas of the metallic surfaces, the 
asperity contact spots. This is the conductive metal to metal contact at the interface. The real area 
of contact is much smaller than the apparent area that can be seen as the contact region moving 
along its transverse path during sliding. An estimation of the real contact area Ar between two 
sliding surfaces can be made by dividing load force F [N] with the hardness H [N/m2] of the softer 
material as seen in equation (1) [10, 18]. 
 

𝐴" =
$
%

  [m2]    (1) 

 
The wear area of the interface is much bigger than the contact region and the load-bearing 
conductive spots even smaller than the contact region, as illustrated in figure 2.7. It shows the wear 
area, contact region and conductive load bearing spots during sliding contact [34].  
 

 
Figure 2.7: Wear area, contact region and load bearing area of sliding surfaces in contact [34]. 

 
Friction 
Friction may be influenced by surface roughness from asperity interlocking and adhesion, which is 
dependent on the asperities of the two surfaces being of different lateral size when sliding. If the 
asperities are smaller in size the surface roughness would be low and the deformation component 
of friction would be reduced, in other words the total friction would be lowered and if the asperities 
are larger the friction would increase. The magnitude of ploughing is also affected by surface 
roughness and relative hardness of the surfaces [10, 18, 34]. 

Adhesion & Abrasion 
Adhesion is the main performance factor when it comes to sliding electrical contact since it 
determines the quality of the electrical contact and the severity of mechanical wear. The quality is 
defined as either low or consistent electrical contact resistance [34]. Adhesion occurs during 
asperity contact spots between two surfaces when the contact points are sheared by sliding. During 
poor adhesion the asperity spots only shear with no after effect other than possible cold work. In 
the case of high adhesion the result will be subsurface fracture of the weaker material and transfer 
metal from one surface to the other or cause the formation of loose wear debris. Similar metal pairs 
will exhibit higher adhesion if they are incompatible or have similar solubility [10, 18].  
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Increase of compatibility between the two metal surfaces will reduce wear and friction by adhesion. 
The wear coefficient is said to vary up to two orders of magnitude depending on the degree of 
compatibility. Harder asperities can also plow through the softer materials causing two-body 
abrasion and if a hard particle enters the contact region it can support the load between the surfaces, 
they may also roll with the surfaces during sliding. These hard particles can cause three-body 
abrasion and electrical contact resistance will depend on the material of the hard particle when they 
connect the surfaces [10, 18, 34]. 

Wear 
The operating conditions that affect mechanical wear are mainly sliding speed and normal load. At 
high loads the surfaces are exposed to severe mechanical wear, independent of sliding speed. This 
because the protective oxide layer will be penetrated and mechanical wear will initiate. The sliding 
speed will mainly affect the interface temperature and oxidation of the surface.  At low loads there 
will be slight mechanical wear, independent of sliding speed [10, 18]. 

An equation that can be used to describe the severity of wear between two surfaces is the Archard’s 
wear equation. It uses the main variables that that influences sliding wear and describes it by the 
means of the wear coefficient K. As seen it equation (2), the volume worn per unit sliding distance 
Q is the wear coefficient K times the normal load F, divided by the hardness H of the softer surface 
[18], 

 

𝑄 = '$
%

  [mm3m-1N-1]   (2) 
 

 
It should however be noted that in a study [19], it is said that “Without electrical current, the effect 
of the load and sliding speed on wear can be described by Archard’s equation. With current, the 
friction and wear behaviors of the carbon-graphite material were different and complicated”.  If this 
is true for all cases were a current is added to a tribological system, evaluations of sliding surfaces 
using Archard’s equation might not be a good approximation. 
 
For porous material and metal wire bundles (metal fiber brushes), the Archard equations linear 
relationship does not show the full truth about the wear either. To estimate the wear of a metal fiber 
brush where only the packaging fraction f of the brush surface is occupied by fibers, the wear rate 
can be defined in a dimensionless way as shown in equation (3). Where D𝑙 is the worn-away layer 
thickness, p is the macroscopic normal pressure between the two surfaces and Ls the sliding 
distance. Values of Dl/Ls below 10-11 is associated with a micro wear region and values above 
associated with a light and medium wear region [34, 35, 36]. 
 
 

∆*
+,
= '	.

/%
      (3) 

 
It should be noted that for equation (3) and during wear of metal fiber brushes, the number of 
contact spots are presumed to be much larger compared to solid surfaces. This results in the local 
pressure on these contact spots becoming lower than the hardness H, which makes all contact spots 
elastic since the local pressure of each spot needs to be higher than the hardness for them to be 
plastic [35, 36].  

 
Also, macroscopic pressure is important to look at since there is a critical brush pressure/force 
where transition between low and high wear occurs. High wear starts at a certain transitional 
macroscopic pressure ptrans, where the local contact spots pressure exceeds the hardness of the softer 
material and plastic contact initiates. This critical pressure with some approximation can be 
calculated using equation (4-8) [34, 35]. 

 
𝑝1 =

$
23

    (4) 
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𝐹5"67 = 𝐻 ∗ 𝑛∗𝜋𝑎𝑒𝑙2    (5) 
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H
    (8) 

 
Where n* = contact spot density [number/unit area], d = fiber diameter and rc = asperity contact 
radius. It is common for metal fiber brushes to have elastic contact spots up to several N/cm2 of 
pressure when contact spot density is high and there is a low load per contact spot.  Then provided 
that that the surface roughness does not exceed rc and most fibers “track” the surface, a safe operating 
pressure can be set to half of the transitional pressure, psafe = ½ ptrans [35]. 
 
To ensure that the pressure at each elastic contact spot does not exceed the hardness limit and initiate 
plastic contact, equation (9) can be used to estimate the average local pressure elpc at each contact 
spot with the use of the contact spot radius ael that is defined in equation (10) [34, 35]. 

 
𝑝P* 5 =

$
@L?QR
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𝑎P* = 1,1 I"T$
@∗U
O
V/X

    (10) 
 

2.3.4 Electrical	aspects	
The force/load that is applied during sliding electrical contact is an important factor and must be 
high enough to ensure proper electrical contact and low enough to not damage the surfaces. A 
contact interface with minimal wear and minimal resistance is therefore needed during sliding 
electrical contact [5]. 

Brushes 
For brushes with a higher load, the current transfer will be enhanced but the brush will be exposed 
to severe wear (since it is often made of the softer material compared to the slip-ring) while low 
loads may lead to lower amounts of wear but cause higher contact resistance in combination with 
arcing and voltage drop. Current in combination with higher loads will also enhance electrical and 
frictional heating, which will decrease performance and result in severe wear as well [19, 22]. 

Determining the resistance of a brush is important when constructing an earthing device. The 
contact resistance RB is a combination of brush body resistance R0, surface film resistance RF and 
constriction resistance RC as seen in equation (11) [34, 35]. 

 
𝑅1 = 𝑅Z + 𝑅$ + 𝑅\     (11) 

 
There are occasions where all three factors in equation (11) plays a big role for the resistance such 
as for graphite brushes, and also cases where only one factor is significant, such as for metal fiber 
brushes. Where RF ≈ RB is a good approximation provided that brush area AB is greater than ~ 0,1 
cm2. To determine the three factors for fiber brush resistance one could use equations 12-15 [34, 
35],  
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Where,  
𝜌1 =  brush material resistivity  
𝐿/6wP" =  fiber length  
f  = packaging factor  
AB = macroscopic brush area 
𝜌? = average resistivity between the surfaces 
𝑛 = number of contact spots 
𝐴5= total contact spot area 
𝐸 = Young’s modulus  
σz = moisture film resistivity (or protective atmospheric conditions as ≈ 10-12 Wm2) 
k2 = reduction factor due to annular gap ceasing tunneling 
pB = macroscopic brush pressure (= 𝐹/𝐴1) 
s* = ceasing tunneling gap width (≈ 5Å) 
rc = contact spot radius (≈ d/2) 
d = fiber diameter 
 
Mounding 
Thermal mounding is a factor that stretches the limits on current and sliding speed. Mounding is 
when raised regions that expand on both surfaces from the temperature rise because of current 
constriction and friction, happens particularly for high-current and high-speed applications. Hot 
contact spots (thermal mounds) are produced that transmit frictional and electrical heat until they are 
worn down or detached from the surface. This mounding can force the current to be transmitted in 
very few contact spots, since wear is concentrated to individual spots until they wear away. The 
number of contact spots under the brush simply decreases. A low number of asperity contact spots 
will result in a low contact area that restricts the current flow, which is commonly called constriction 
resistance or contact resistance [19, 34].  

When discussing sliding electrical contact performance, the contact resistance has been the critical 
parameter to rely on. In the metallic contact area, heat will also be generated as current flows through 
the interface, this causes the strength of the solid films and the yield strength of the metal to decrease. 
As a result the asperity contact area increases and contact resistance decreases, however as mentioned 
before, if taken to far thermal mounding will initiate and cause damage instead. [34]. 
 
AC & DC Current 
In order to get a full current transfer one must understand the difference between how alternating and 
direct current flow through a conductor. There is in fact a significant difference in how alternating 
current (AC) and direct current (DC) flow through a conductor. DC current will flow uniformly over 
the cross-section while AC current has the highest density in a thin layer (t) at the surface (also known 
as skin depth) of the conductor, as illustrated in figure 2.8. This is called the skin effect [31]. 
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Figure 2.8: Intensity of AC current flow in wire or cable conductor. 

 
 
To decrease resistance for AC current, the cross-section of the conductor should be made as large as 
the application allows. At higher frequencies the skin effect will be enhanced, making the surface 
layer even thinner and effectively increase resistance in the conductor. For transfer of AC current 
specifically a hollow conductor may be used to save cost and weight [31].  

Corona Discharges 
The possibility of having a non-contact transfer of current would be a very attractive feature to 
achieve. This would have to be done by letting electrical discharges flow between two surfaces 
through a fluid. Corona discharges are a type of low power electrical discharges that can be 
transferred through a fluid like air and takes place at near atmospheric pressure [33]. 

Corona discharges is caused by the ionization of a fluid as it surrounds a conductor that is electrically 
charged. It can usually be seen at atmospheric pressure near or at sharp points, edges or very thin 
wires [33]. When the electric field strength reaches a critical value it is possible for the corona to 
form. In a fluid like air it is possible to see the corona discharge in the form of a weakly luminous 
light. The interesting thing about corona discharges is that when it ionizes the fluid around it, air for 
example, the ionized region continuous to grow until it reaches another lower potential conductor. 
This will create a low resistance path making a spark appear between the two conductors with 
different potentials. If the source then keep supplying current the spark will evolve into a continuous 
discharge. The corona discharge may also come in different forms depending on if the discharge is 
from negative or positive corona bias, example are show in figure 2.9 [9, 33].  
 

 
Figure 2.9: Different forms of corona discharges. 

 

2.3.5 Chemical	aspects	
Chemical films that forms at the contact interface between two surfaces during sliding electrical 
contact will affect friction, wear and electrical performance in different ways. The presence of a 
film may reduce wear and friction, while at the same time increase contact resistance [34]. 
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Oxidation 
When in air an oxide film will form between the sliding metal surfaces and will lower the friction 
because of its lower interfacial shear strength and low ductility. If the oxide film is not penetrated 
during sliding, the oxide itself determines the friction of the surface and wear is effectively reduced 
consisting of oxide wear debris [10, 18]. There is however a need to continually wipe off this oxide 
film (and any other chemical film), or not let it form at all on the surface in order to get the necessary 
mechanical contact to establish proper electrical conduction when sliding electrical contact is 
desired. The presence of a chemical film which can be developed from gases in the environment, 
condensable vapor from material and any other chemicals present, will increase contact resistance 
for current flow. In addition to oxides, films may contain hydroxide, sulfide, sulfate, chloride, nitrite 
and oil.  Pockets of non-conductive fluids may also form between asperity contacts and solid films 
can be produced between contact spots affecting the conductivity in a negative way as seen in figure 
2.10 [34, 37].  

 

 
Figure 2.10: Microenvironment of asperity contact spots. 

 
Temperature 
Oxidization will be different in low and high temperature conditions, the temperature will depend 
to a great extent on the sliding velocity. Diffusion is induced by thermal events, which allows the 
oxide film thickness during sliding to be seen as a function of temperature [10, 18]. Thick and hard 
films can also make contact difficult for low force sliding and contact resistance increases as a 
result [34]. 

Lubrication 
The objective of most lubricants is to completely separate the surfaces so that they do not rub 
against each other, resulting in no metal to metal contact. This works against the purpose the 
lubricant would have  in a sliding electrical contact system, which is to maximizing and maintaining 
metallic contact to keep a low contact resistance. Lubricants that are used as anti-wear additives are 
in almost every case bad for sliding electrical contact since they often become insulators between 
the surfaces [18, 37]. 

 
Lubrication can be used for sliding electrical contact, but then it is important that the properties of 
the lubricants gives them the ability to bond with the surfaces, to maintain a low contact resistance. 
These lubricants come from a general group used in electrical contacts that’s still in research and 
show the most promise for improving sliding electrical performance [34].  

2.3.6 Material	properties	
For softer and higher ductility metals, the area of contact is larger (even at low loads) which in term 
generally gives a higher friction and wear, but will decrease contact resistance. The deformation 
component of friction could be reduced by selecting materials of equal or less equal hardness. If 
one surface is harder than the other, the softer will only deform and produce wear debris [10, 18]. 
Hardness is a property that can also affect a materials conductivity. The wear resistance of hard 
materials is often higher since the area of contact is smaller between the surfaces which lowers the 
friction, this will increase contact resistance and lower conductivity [24].  
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Alloying 
Compared to pure metals, alloys are shown to have lower wear for unlubricated conditions. 
Microstructural changes during sliding that occurs due to transformation hardening or phase 
transformation of the surfaces are the reason behind the alloys higher wear resistance. As a result, 
the transformations create mechanical properties that are different from the bulk material. When 
dissimilar metals are coupled there can be a significant increase in wear resistance, also the altering 
of surface characteristics which can be done with surface treatments or adding a coating. One can 
also say that this is a form of solid lubricant which produces a self-lubricating system, which can 
save a lot in maintenance costs [10, 18]. Alloying additions tend to give a higher resistivity 
compared to pure metals due to more electron scattering through the conductor, but alloys also tend 
to be more stable during temperature variations [27]. 
 
Noble metals 
Some metals such as Au, Pt, Ir, Pd, Os, Ag, Rh, Ru and Cu are noble metals that are often used as 
brush material for brush earthing methods. They often meet the electrical resistance, corrosion 
resistance and resistance to chemical film formation requirements on the surface. These materials 
are often ductile and need to be alloyed in order to increase their hardness. The noble metals have 
a very low or not noticeable oxide film formation, which can be associated with low contact 
resistance [34].  

 
Composites 
Metal matrix composites (MMC) are of great interest when looking to improve conductivity. They 
can often be used in higher temperatures than pure metals and the reinforcement improves a number 
of other properties. Stiffness, strength, abrasion resistance, creep resistance, as well as thermal and 
electrical conductivity can be properties that can be improved by MMC’s [28]. When looking at 
fillers for composite materials, for example fiber composites, it could be concluded from [29, 30] 
that conductivity will decrease and resistivity will increase as the filler volume content increases. 
This is based on that the filler material has lower conductivity and resistivity than the bulk material.  
 
Materials such as carbon may also influence the conductivity differently in a composite based on 
its form. From small carbon particles to graphite fibers the conductivity can be in the 102-105 S/m 
of magnitude difference. The flow of current is also said to be easier when using spherical and 
smaller particle size fillers, orientation seem to be important as well [30].  
 
Graphite is a material that has been incorporated in many composite technological fields when it 
comes to sliding contact. Because of graphite’s structure and properties that induce good friction 
behavior, graphite materials will not produce an oxide film during sliding contact. The oxide film 
that forms between metal to metal sliding contact may cause electrical potential instabilities on the 
metal surfaces. It has also been mentioned in research that high speed applications need more 
graphite, which helps to lower the friction. High-current applications on the other hand requires 
more metal, since too much graphite may give contact resistance and lower current transfer [24].  

Another alternative that seems to reduce wear and resistivity is the use of carbon nanotubes (CNTs). 
A 1% addition of CNTs according to [20] in silver-graphite brushes, showed to decrease the wear 
mass loss by 55% and because of CNTs excellent conductivity the electrical resistivity could be 
lowered to some degree as well. An increase in hardness was also noticed with the CNTs addition, 
which in turn lowers friction since adhesion was restricted.  

Compatibility & Solubility  
Two important factors to consider when choosing material for sliding contact are the compatibility 
and solubility of the two interface materials. During sliding contact the materials should be 
incompatible in the crystalline sense and solubility sense. This can provide a reduction in wear 
since less metallic adhesion will take place [34]. The wear coefficient of a tribological system has 
been suggested to depend on the tribological compatibility of two metals. Hence a low mutual 
solubility will result in good compatibility and a lower wear coefficient, figure 2.11 shows a chart 
of the relative solubilities of pure metal pairs [10, 18, 34]. 
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To give an example, brushes made of silver-graphite composite are common with slip-rings that 
are made of Cu alloys. This combination is said to give a very low amount of wear because of the 
material compatibility and  lower solubility between the materials [24].  

 

 
Figure 2.11: Chart of the relative solubilities of pure metal pairs [18]. 

 
 

Figure 2.12 shows in more detail how the wear coefficient if affected by compatibility with different 
states of lubrication. Identical metals will show high K values at unlubricated states around 10-2-10-

3, while compatible metals have values as low as ~10-5. Even lower values is achievable during non-
metal on metal sliding [10, 18, 34]. 
 

 

 
Figure 2.12: Typical values of the wear coefficient during sliding [18]. 
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2.3.7 Operating	conditions	
At high sliding speed the real area of contact will be much smaller than the apparent area of contact, 
this results in a higher contact resistance since less contact between surfaces promotes less 
conductivity [22].  
 
During high speed sliding operation with and without current, the wear debris showed different 
morphology, which indicate different wear processes. Without current the wear rate increased 
proportionally with increase in load and sliding speed, when current was applied the results showed 
that the wear rate increased (with some exceptions) with the increase in current [19]. Thermal 
mounding or as it is also known “thermoelastic instability” is often used to explain this phenomenon 
of wear increase when current is applied during high speed sliding [22].   

 
Transitions from mild to severe wear are most often associated with load or sliding speed when it 
comes to sliding contact, but in some cases sliding time and distance can also be taken into 
consideration. There are four conditions from were mild wear takes place according to [10, 18]; 1) 
at low loads and sliding velocity where a ductile oxide film is formed 2) at low loads and high 
velocity, a more brittle oxide film is formed 3) higher loads where a martensitic surface layer 
(carbon-steel surfaces) is formed due to localized frictional heating and rapid quenching 4) high 
sliding velocity when severe oxidation takes place. In general mild wear occurs in the lower regions 
where the sliding velocity can be low or high but load is low, the surfaces will still be separated by 
the oxide film since the load is not sufficient to penetrate the film. The result of mild wear is a 
smooth surface with only slight mechanical damage Severe wear generally occurs from three 
conditions; 1) at very high contact load and low sliding velocity where the oxide film may be 
penetrated 2) at moderate load and sliding velocity were the thicker and more brittle oxide film is 
penetrated 3) At both high load and sliding velocity were local temperatures can reach melting point 
of the material, and surfaces experience seizure [10, 18]. 
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3. METHOD	
In this chapter a detailed step by step review and explanation of the product development process that was 
used for this project is documented. A systematic approach to the concept development and concept selection 
process was taken to ensure the best final concept solution possible. This followed by a step by step 
derivation of the performance and design  parameters.  

3.1 REQUIREMENT	SPECIFICATION	
The purpose of this activity was to establish the problem of the task. It includes the decision base of 
criteria that governed the project in the right direction. This was done with the following sub-activates,  
 
Customer input 
Input for main criteria related to product aspects which are process, geometry, weight, environment and 
performance. These was used to create a cell matrix, which in turn was used to create a matrix of criteria. 
The input from the company’s pod propulsion team and management was  taken into consideration 
when developing requirement specification criteria. 
 
Pre-Study 
Before and while generating concepts a pre-study was done to find information about the academic 
areas that are necessary to investigate for the success of the project. This was needed to later develop 
and determine the generated concepts validity and real world limitations. This was done through current 
supplier information, public paper reviews, literature and discussions with pod propulsion team. 
Findings of the pre-study can be found in chapter 2. 
 
Knowledge Search 
While developing the requirement specification an assessment of knowledge that was deemed required 
to find more information about in order to work on the project was conducted. Continuous knowledge 
search was done throughout the project, however the five main subject areas was investigated 
beforehand thoroughly, i.e. propeller shaft grounding, tribology, electrical engineering, product 
development and design of electrical components. 
 
To develop a complete requirement specification the information and data acquired from the above 
mentioned activities was used. The tools used for structuring the data collected where the following, 

 
§ Cell matrix (based on aspects and life cycle phases of the product) 
§ Matrix of Criteria (based on wishes, demands, functionality and limitations) 
§ Quality Function Deployment Matrix 

 
The use of a Quality Function Deployment (QFD) matrix  helped to translate the customer demands 
and wishes into a technical requirement specification. 

3.2 GENERATING	CONCEPTS	
A number of concepts were generated based on the requirement specification, which was re-formulated 
to a more wide, abstract and qualitative form after approval. The results of the concept generating phase 
includes simple sketches of  product layout and basic descriptions.  
 
Derive main function concepts 
The main function was derived into two categories to make it easier to derive solutions for each 
category. The first category focused on the method of mechanical contact and the second focused on 
the function of the assembly. This does not follow the exact steps of generating concepts according to 
[31], but dividing in this way was deemed necessary to easier determine the best final solution.  
 
The contact method concepts were derived at first, since it would later become a function of the 
assembly and design of the device. The contact methods involved the mechanical aspect of transferring 
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the current from the shaft to ground, if there should be a physical contact or not between the shaft and 
conductor in the device. 

 
When the contact concepts were determined it became a sub-function of the assembly main function. 
New concepts were then derived for the device assembly with the chosen contact method as a sub-
function. The assembly category involved the actual design features of the earthing device. The problem 
of this category was to effectively incorporate the chosen contact method concept to determine how the 
device can be assembled while keeping it within dimension limitation, making installation simplistic 
and being able to carry it by manual labor. 

 
Derive sub-function solutions 
Using information found in the literature-/ pre-study as a guide, possible solutions for each sub-function 
was derived. Sub-function solutions for contact methods and assembly were put in a morphological 
matrix for each category respectively. The derived concept solutions were then drawn and a basic 
description of each concept was documented. 
 
Screen potential solutions 
The created Morphological matrix was used to combine sub-solutions into total solution concepts that 
were screened as potential solutions for further development. 
 

3.3 CONCEPT	SELECTION	
The purpose of this activity was to carefully evaluate the potential total solutions to make a realizable 
concept selection that concurred with the requirement specification. 
 
Evaluation and scoring 
The evolution and scoring of the concepts were done in two parts. The first part involved using a matrix 
of elimination to evaluate the concepts ability to solve the main problem, meet requirements, and 
conclude if they were realizable, cost effective, safe, and suitable for the company and if enough 
information was available about the principles of the concept [32]. The template for the elimination 
matrix can be seen in figure 3.1.  
 

 
Figure 3.1:  Elimination matrix template [32]. 

 
The second part involved putting the concepts in a modified decision matrix based on Pugh [32], the 
concepts were scored against the customer requirements from the QFD-matrix based on their weighted 
score in the decision matrix. A value of one to five was given to the concept for each requirement based 
on how much they are believed to fulfill the requirement. This value was then multiplied by the 
costumer weighted score of the requirement and the sum of the multiplied values became the concept 
score, an example of the decision matrix method can be seen in figure 3.2. 
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Figure 3.2: Example of modified decision matrix calculation. 

 
 

Concept scoring of how the concepts are believed to fulfill the customer requirements is ranked in 
the following way, 

 
1 = Do not 
2 = Not likely to 
3 = Maybe 
4 = Too some extent 
5 = Too a great extent 

 
Documenting concept selection 
The concept/concepts that were chosen was documented based on the following information, 

§ Preliminary layout of total concept solution 
§ Technical solution and principles 
§ Sub-solution motivation 
§ Measurable properties 
§ Important material properties 

3.4 DESIGN	&	PERFORMANCE	
This activity involved developing the layout and detailed engineering of the chosen concept, which 
included detailed solutions and design review of the concept. The goal was to develop a product 
description of the chosen concept which fulfills the criteria of the requirement specification.  
 
Product description 
The pre-study and QFD-matrix results showed that several performance and design factors can be 
optimized in the process of creating an electrical contact device. How to optimize these factors was 
determined and are presented in coming sections 3.4.1-3.4.5. Detailed calculation derivations can be 
found in Appendix C. 

3.4.1 Contact	area	
According to findings in the pre-study, a fiber brush is said to have more contact spots compared 
to solid brushes that the applied load can be distributed over and is therefore susceptible to less 
wear. To confirm this equation (1), (7) and (10) was used to determine the contact properties of a 
1cm2 brush area for both fiber and solid brush. The parameters presented in table 3.1 were constant 
during the calculations. 

      Table 3.1:  Constant parameter values. 
Parameter Value 
Fiber packaging factor (f) 0,3 
Fiber diameter (d) 50 µm 
Applied force (F) 0,1 N 
Hardness (H)  93300 N/cm2 
Macro. Brush area (AB) 1cm2 
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Equation (7) was used to determine the number of contact spots n* that can be expected on a 1cm2 
area if you assume one contact spot per fiber and that the asperity contact radius rc = d/2. With the 
assumption that E = H/0,004 the elastic contact spot radius ael could be determined using equation 
(10) and with that the real area of contact ARf for the fiber brush could be derived using equation 
(16). 

 

𝐴{/ = 	𝑛∗ ∗ 	𝜋 ∗ 𝑎P*H    (16) 

 

The real contact area of a solid brush ARs was estimated using equation (1) and the ratio of the real 
contact area between the fiber and solid brush was determined with equation (17).  

 

𝐴"?76| = 	
2}^
2},

    (17) 

 

At each contact spot the average pressure elpc could be derived with equation (9). It was compared 
with the hardness to make sure that the pressure at each individual contact spot does not exceed the 
hardness of the material, which would initiate plastic contact. After this the macroscopic brush 
pressure pB was determined using equation (18), it was then compared with the macroscopic 
transition pressure ptrans derived from equation (6) and the safe transition pressure psafe = ptrans/2 to 
ensure that severe wear does not occur on a macroscopic level. 

 

𝑝1 =
$
23

     (18) 

 

3.4.2 Wear	
To achieve the requirement of low wear in the sliding contact, equation (3) from the pre-study was 
used to analyze the parameters that affected wear of fiber brushes most significantly. One 
parameter, either hardness, pressure, wear coefficient or fiber fraction was changed whilst the 
others were held constant to see the effects each parameter had on wear. These changes were 
measured in both dimensionless wear using equation (3) and specific wear rate for a 10 year 
operational period using the derived equation (20). 

 
The operational period of the device was estimated with the following assumptions, 

 
• The boat runs 200 days per year. 
• During these 200 days the boat is operational 24h each day. 
• The boat operates on its highest shaft speed the propulsion system can handle at 

all times. 
 

Using these assumptions with the shaft diameters Ds and their maximum shaft speed 𝜔 
respectively, equation (19) could be derived that approximates the sliding distance of each shaft 
diameter. Where the sliding distance Ls is the circumference (πDs) times the shaft speed, times the 
operational period Op. 

 
𝐿A = 𝜋𝐷A 	 ∙ 	𝜔	 ∙ 	𝑂.   [m]   (19) 

 
The shaft diameters and shaft speed that was used to calculate each sliding distance can be seen in 
table 3.2.  
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Table 3.2: Shaft diameters and shaft speeds used to calculate sliding distance. 
DS [mm] ω [rpm] 

240 145-365 
280 130-325 
300 117-285 
340 106-250 
400 97-220 
430 90-200 
470 90-200 
500 90-200 

 
To then determine the specific wear equation (3) was simply modified into equation (20) presented 
below where ∆𝑙 could be defined as the layer of thickness that has been scrapped away during the 10 
year operational period. 
 

 
∆𝑙 = '	.

/%
𝐿A  [m]   (20) 

 
 

Each parameter was plotted against dimensionless wear and specific wear to visualize their relation 
to each other. Detailed derivation and calculations can be found in Appendix C.  

 
The surface area As of the slip ring for each shaft diameter was also calculated using equation (21), 
where the width 𝑤 of the slip ring was set to 30mm. 
 

 
𝐴A = 𝜋𝐷A ∙ 𝑤 [m2]   (21) 

 

3.4.3 Contact	Resistance	
To ensure that a fiber brush can transfer the required amount of current, the resistance of the fiber 
brush is calculated using equation (11-15) presented in the pre-study. The total resistance is made 
up of the brush body resistance Ro, constriction resistance Rc and film resistance Rf. According to 
findings in the pre-study it is possible to approximate the total resistance to equal the film resistance 
since the other resistance factors are small in comparison. Despite this possibility, all resistance 
factors were calculated using the constant parameters presented in table 3.3. The values of the 
parameters are associated with that found in common metals and are very similar to what can be 
found in copper according to [34, 35, 36]. 
 
                 Table 3.3: Constant input parameters for resistance calculations. 

Input parameter Value 
Brush material resistivity (Cu) (ρB)     1,7 · 10-6 Ωcm 
Average resistivity (ρaverage) 5 · 10-6 Ωcm 
Film resistivity (σf) 5 · 10-8 Ωcm2 
Fiber diameter (d) 50 µm 
Length of fiber (Lf) 5 cm 
Brush area (AB) 30 cm2 
Real contact area (ARf) 4,06 · 10-6 cm2 
Young’s Modulus (E) 23325000 N/cm2 
Brush pressure (pB) 0,083 N/cm2 

Ceasing tunneling gap width (s*) 5 Å 
Number of contact spots (n) 458580 
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The maximum resistance that the fiber brush is allowed to have can be calculated with equation 
(22), where the potential difference ΔV should be well under 0,1V, with a safe value ΔVsafe of 
around 0,05V and a maximum current I can be approximated to 100A. 
 

 
𝑅�?� =

∆�,b^Q
�

    [Ω]   (22) 

	
The ratio between the total brush resistance Rb and the maximum allowed resistance equation (23) 
was used, 

 
𝑅"?76| =

{�b�
{3

    (23) 
 
One parameter that affects the film resistance Rf to a great extent is the film resistivity σf. To see 
how much, σf  was varied and each value plotted against its respective calculated film resistance 
using equation (14) and the specific resistivity Rsp for the brush area, using equation (24). With 
these results it was possible to estimate the maximum resistivity a surface film element is allowed 
to have before the resistance of the whole system becomes too high. The values for σf used in the 
calculations are presented in table 3.4. 
 
 

𝑅A. = 𝑅1 ∗ 𝐴1  [Ωcm2]   (24) 
 
 

Table 3.4: Film resistivity 
σF (· 10-8) [Ωcm2] 

1 
3 
9 
27 
81 

 

3.4.4 Components	
When designing the earthing device components the requirement specification was used as a 
guideline. The following principles were used during the design process of the device, 

§ Dimensions  
- The device had to have a width in the shaft axis direction that did not exceeded 

50mm, since this would affect surrounding equipment.  
- No specific radial dimensioning requirement of the device was presented, but to 

not potentially affect surrounding equipment this dimension was kept as low as 
possible. 

§ Assembly 
- Assembly of the device shall be possible on site. 
- Component design shall facilitate simplistic assembly and mounting of the device. 

§ Performance 
- The design of the device shall accommodate the device performance requirements.  

§ Limits 
- The design of the device was only to focus on the main performance properties of 

conducting current and minimizing wear.  
- Construction properties that did not affect the main performance properties were 

not highlighted. 
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3.4.5 Material	Selection		
An investigation of potential materials for the earthing device components was done using CES 
Edupack (2012). For the metal fiber brush and slip ring, the search were restricted to noble metals 
since findings in the pre-study stated that these are least prone to oxide film formation on the 
surface. The material properties of interest in this investigation were the following, 

§ Hardness 
§ Electrical resistivity 
§ Corrosion resistance 
§ Price 

Here the hardness of the material was set to minimum of 250 HV, which is equivalent to about 
80000 N/cm2. The electrical resistivity was set to a maximum of 300µΩcm, which would include 
most metals and alloys.  Several other properties could have been taken into account, but because 
they are not main performance properties of the device they were neglected in the material 
selection process.  

When looking at brush holder material the investigation search focused on insulating, cost 
effective and corrosion resistant ceramic materials. This because the brush holder can potentially 
lead the current through screws to the mounting lever further to surrounding equipment and 
components. The electrical resistivity was here set to a minimum of 105 µΩcm to ensure high 
electrical resistance. 
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4. RESULTS	
In this chapter the results of the obtained requirement specification, generated concepts and concept 
selection process are presented. With documentation of the selected concepts, performance and design 
calculation results. Lastly, results of the material selection process. 

4.1 REQUIREMENT	SPECIFICATION	
The Matrix of Criteria is based on a model from Olsson (1978) and has been modified to fit the needs 
of this requirement specification. The life cycle phases will be paired with the aspects of the product, 
as seen in table 4.1. Each aspect creates a cell number with each life cycle phase that are used to 
categories the matrix of criteria in table 4.2. 
 

  Table 4.1: Cell Matrix 
Aspects 

 
Life Cycle Phases 

Process Environment Geometry Weight Performance 

Development 1.1 1.2 1.3 1.4 1.5 

Manufacturing 2.1 2.2 2.3 2.4 2.5 

Use 3.1 3.2 3.3 3.4 3.5 

Maintenance 4.1 4.2 4.3 4.4 4.5 

 

To clarify the existing criteria, each cell in table 4.1 that corresponds to a criterion is explained in greater 
detail why they fall into their specific cell category. 

1.1 Development/Process: During layout engineering while designing the new component, assembly 
and mounting of component part has to be taken into consideration. The installer of the earthing device 
should be able to install it with little effort following a basic installation guide. 

1.3 Development/Geometry: The earthing component currently used fits within certain dimension in 
the pod system. These dimension has to be taken into consideration and be the ground works for the 
geometry when designing the new component, some redesigns are however acceptable. 

1.4 Development/Weight: To not make transportation cost go up or make assembly harder, the weight 
of the device has to be within current limits or if possible reduced. It should be possible to lift and 
assemble the component by human hand. Material use will also be reduced if weight is reduced vice 
versa, which eventually decrease cost also. 

2.1 Manufacturing/Process: Since ship shafts are relatively large the device will be so also. Parts of the 
device should therefore be manufactured separately or be sourced from suppliers. 

3.1 Use/Process: The function of the device is to earth the propeller shaft. This should if possible be 
done without metal to metal contact, if that is not possible the friction has to be lowered. Regardless if 
the friction is lowered or not, the wear resistance has to be increased. 

3.2 Use/Environment: Since the earthing device is a component of the propulsion system it cannot be 
allowed to interfere with surrounding equipment or the surrounding environment. The temperature in 
the pod system is changed depending on the power output of the motor and sea temperature. These 
temperature shifts cannot be allowed to affect the earthing device. The outer layer of the device shall 
be non-conductive so that molecules inside the pod system will not be ionized.  

3.5 Use/Performance: It is important for the new device to match current device in performance and 
exceed its usage lifetime. Performance can refer to construction or electrical aspects of the component 
such as strength, vibration tolerance, coefficient of friction, wear resistance, electrical conductivity, 
electrical resistance etc. 
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4.1 Maintenance/Process: The pod system is too small for humans to effectively perform maintenance 
on the component inside the pod without taking the whole ship out of water. It is therefore important to 
minimize the maintenance aspect of the new component and increase its usage lifetime in order to lower 
or remove the maintenance need. 

 
 Table 4.2: Matrix of Criteria 

Criteria 
number 

Cell Criteria Demand (D) 
Wish (W) 

Function(F) 
Limitation 

(L) 
1 3.1 Earth propeller shaft D F 
2 3.2 Not affect surrounding equipment D L 
3 1.3 Fit within current component 

dimensions 
W, 2 L 

4 3.2 Outer component layer shall be non-
conductive 

D F 

5 3.1 No metal to metal contact W, 4 L 
6 3.1 Higher wear resistance compared to 

existing component 
D L 

7 3.1 Lower friction compared to existing 
component 

W, 5 L 

8 1.4 Keep weight values within current limits 
or lower 

W, 2 L 

9 2.1 Manufactured in few parts, assembled 
on site 

D L 

10 4.1 Minimal to no maintenance  D L 
11 1.1 Assembly and mounting shall be 

simplistic 
D F 

12 3.2 Component shall not be affected by 
environment temperatures 

D F 

13 3.5 Increase usage lifetime W, 5 L 
14 2.1 Find supplier for component parts W, 3 L 
15 3.5 Performance shall match component 

currently used  
D F 

 

4.1.1 QFD-Matrix	
A template for a QFD was externally sourced, description of parameters and the full results can be 
seen in Appendix A. A summary of the QFD results are presented in table 4.3 and from these results 
the following was concluded, 

Main focus shall be to: 
§ Increase usage lifetime 
§ Minimize maintenance 
§ Improve performance (mainly wear resistance) 
§ Make sure device can be assembled by hand 

 
The technical score show that the mentioned focus areas will be improved by: 

§ Creating a better design 
§ Picking the optimal earthing method 
§ Making the best material choice 
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          Table 4.3: Summary of Quality Function Deployment matrix 
Functional Requirements 
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Customer 
importance 

rating 

Customer Requirement 

4 Not affect surrounding equipment 3 9 9 1   88 
2 Non - conductive outer layer 9 3 9  9 1 44 
5 Increase usage lifetime 9 9 9 3 9 9 195 
4 Manufacture in few parts  9 9 3 1 1 88 
5 Assemble by hand 1 9 3 9   110 
4 Simplistic installation  9 9 3   63 
5 Minimal maintenance 9 9 9 1  9 185 
5 Handle temperature changes 9  3    60 
5 Match or exceed performance 9 9 9  9 9 180 
2 Fit current dimensions  9 9 1   38 
 

The difficulty and 
priority to 

improve sections 
are not QFD 

results, they are 
ranked by own 

conclusions. 
 

Technical importance score 170 258 255 92 67 96 
Importance % 16 25 24 9 6 9 
Priorities rank 3 1 2 5 6 4 

(1: easy, 5: difficult)       Difficulty to improve 4 3 5 4 2 5 

Priority to improve 4 2 3 6 5 1 
 

4.2 GENERATING	CONCEPTS	

4.2.1 Contact	method	
Information about the derived contact method concepts can be found in section B.1 of Appendix 
B. Drawings and basic description of the contact concepts are presented in table 1B. The result of 
the elimination matrix and decision matrix can be seen in table 2B and 3B respectively. It should 
be noted that the ranking of each concepts in the matrixes is based on the findings in the pre-study 
and feedback from company supervisors of the project. Some motivation for the rankings can be 
found in section B.1.2. 
 
The problem of this category was to determine what method of contact is most reliable when it 
comes to achieving the least amount of wear, while still conducting the necessary amount of current 
through the conductor. Derived methods and possible solutions for each method can be seen in 
table 4.4. 
 
     Table 4.4: Derived contact methods and possible solutions.   

Methods Solutions 
Sliding contact Multiple fiber 

brushes  
Brushes and 
grounding ring 

Solid brushes 
wear on slip-ring  

 

Sliding Non-
contact  

Corona discharge 
ring 
 

Overlapping  
microfibers 

  

Rolling contact Conductive ball-
bearing 
 

Conductive 
cylinder-bearing 

Full complement 
ball- bearing 

Part contact 
cylinder-
cearing 

Tapping contact Oscillating 
brushes 
 

Oscillating 
microfiber side 
brush 
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4.2.2 Concept	Selection	–	Contact	Method	
The scoring of both the elimination and decision matrix showed that concepts 1a and 4a are the 
ones that fulfill the requirement specification the most, based on the under lying information 
acquired through the pre-study. The decision was made to continue development of both 1a and 4a, 
which involves developing an assembly concept for both contact methods.  

Concept 1a is a modification of a currently used brush method and will only involve a slight re-
design of a device used by the company earlier. The reason behind this concepts high scoring is the 
simplicity of the small changes to previous versions. The brushes will be re-designed as multi-fiber 
brushes that will be able to increase contact spots in the interface of the surfaces, with the 
assumption that this can be done at a lower contact pressure compared to current solid brush design. 
There will be some problem factors to consider for this concept as well, such as determining the 
best shape and size of the fiber brushes or choosing materials that will be cost effective and still 
fulfill the wear criteria for the slip-ring and brushes. 

Concept 4a is a new contact method that has not been found in the pre-study which uses the method 
of microfiber to microfiber contact and will involve a new design concept. The reason behind this 
concepts high scoring is the attractive theory about having no solid contact, meaning that the only 
contact interface will be between microfibers. There is however some problem factors that have to 
be investigated further. This concept only works if the microfiber is strong enough to withstand 
severe deflection without taking damage or wearing off. Also, the microfiber cannot be affected by 
the frictional and electrical heating that causes temperature rise, because there is a possibility that 
the fibers can melt and become interlocked to each other, leading to them possibly wearing off as 
well. 

4.2.3 Assembly	–	Contact	method	1a	
Table 4.5 shows the derived sub-functions with possible solutions, for assembly with contact 
method concept 1a. Information about the derived assembly sub-solutions can be found in section 
B.2 of Appendix B. Drawings and basic description of the contact concepts are presented in table 
4B. From table 4.5 total solution concepts 1b-5b was derived as illustrated in figure 4.1. 

 
Table 4.5: Derived sub-functions and sub-solutions solutions for assembly concept 1a. 
Sub-function Solutions 
Multiple solid 
brushes  

Mounted together 
with holders 

Mounted apart 
with holders 

Circular housing 
support 

 

Slip-ring shaft 
mounting 

Two parts with 
screw joint bond 

Two parts 
adhesively 
bonded  

Two parts welded   

Brush mounting 
position 

Above shaft with 
holders on lever  

Side of shaft 
with holders on 
lever 

Below shaft with 
holders on lever 

Uniformly 
distributed 

Monitoring 
capability 

Reference brush Surrounding 
equipment 

  

Brush pressure 
shaft 

Spring Gravity   

 

       
    Figure 4.1 Total solution concepts for assembly with contact method concepts 1a. 
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Derived total concept solutions, 

1b. Mounted together with holders – two part screw joint bond – above shaft with holders on 
lever – reference brush – spring (red) 

2b. Mounted together with holders – two part welded - above shaft with holders on lever – 
surrounding equipment – gravity (orange) 

3b. Mounted apart with holders – two parts with screw joint bond – uniformly distributed – 
reference brush – spring (green) 

4b. Mounted apart with holders - two part welded - above shaft with holders on lever – 
surrounding equipment – gravity (purple) 

5b. Mounted apart with holders - two parts with screw joint - uniformly distributed – reference 
brush – spring (blue) 

4.2.4 Concept	Selection	–	Contact	method	1a	
The result of the elimination matrix and decision matrix for assembly concept 1a can be found in 
section B.2.1 in Appendix B, table 5B and 6B respectively. The scoring of both the elimination and 
decision matrix showed that concept 1b is the one that fulfills the requirement specification the 
most, which results in the decision to continue development of concept 1b. Further development 
involves doing a documentation of the selected concepts preliminary layout, technical principle and 
solutions, sub-solution motivations and measurable properties. 

4.2.5 Assembly	–	Contact	method	4a	
Table 4.6 shows the derived sub-functions with possible solutions, for assembly with contact 
method concept 4a. Information about the derived assembly sub-solutions can be found in section 
B.3 of Appendix B. Drawings and basic description of the contact concepts are presented in table 
4B. From table 4.6 total solution concepts 1b-5b was derived as illustrated in figure 4.2.  

 
                        Table 4.6: Derived sub-functions and sub-solutions solutions for assembly concept 4a.   

Sub-function Solutions 
Overlapping 
microfiber  

Triangular cross-
section 

Curved cross-
section 

T- shaped 
cross-section 

Flat cross-
section 

Fiber slip-ring 
shaft mounting 

Two parts with 
screw joint bond 

Two parts 
adhesively 
bonded  

Two parts 
welded  

 

Outer fiber ring 
mounting  

Circular housing 
support 

Ring support 
with lever 

  

Outer ring 
assembly 

Screw joining  Hinge and screw 
joint 

Solid fit Bendable ring 
with screw joint 

Monitoring 
capability 

Reference brush Surrounding 
equipment 

Separate 
monitoring 
ring 

 

 
With the same method as for the contact method, the derived sub-function solutions for assembly 
where sketched, after the most realizable concepts where documented and a basic description of 
each concept was derived. Then the sub-solutions in table 4.6 was used to find total solution as 
illustrated in figure 4.2.  
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Figure 4.2: Derived total solutions for assembly with concept 4a. 

 

The most realizable assembly concept solutions were then sketched, after that the concepts where 
documented and a basic description of each concept was derived just as before. The five concepts 
were then also put in an elimination matrix to eliminate the possibly bad solutions.  

Derived total concept solutions, 

1c. Flat cross-section – screw joining – ring support with lever – hinge and screw joint – reference 

brush (red) 

2c. Curved cross-section – screw joint bond – ring support with levers – screw joining – 
surrounding equipment (blue) 

3c. Triangular cross-section – adhesively bond – circular housing support – solid fit – reference 
brush (green) 

4c. Flat cross-section - screw joint bond – ring support with levers – bendable ring with screw 
joint – surrounding equipment (orange) 

5c. Curved cross-section - screw joining – ring support with levers – hinge and screw joint - 
separate monitoring ring (purple) 

4.2.6 Concept	Selection	–	Contact	method	4a	
The result of the elimination matrix and decision matrix for assembly concept 4a can be found in 
section A.3.1 in Appendix A, table 8A and 9A respectively. The scoring of both the elimination 
and decision matrix showed that concept 1c is the one that fulfills the requirement specification the 
most, which results in the decision to continue development of concept 1c.  

Just as it does for concept 1b, further development involves doing a documentation of the selected 
concepts preliminary layout, technical principle and solutions, sub-solution motivations and 
measurable properties. 
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4.3 DOCUMENTED	CONCEPT	SELECTION	

4.3.1 Concept	1b	–	Multiple	fiber	brushes	
The contact method concept 1a as mentioned before is a re-design of a device currently used and 
since concept 1b uses its contact method it too will be a re-design, which means that many of the 
functions that already works will be utilized. The main focus will be on the number of brushes, 
brush shape and material choices, while keeping the design as close to the currently used brush 
device as possible. Table 4.7 shows the selected sub-solutions for the concept and figure 4.3 a 
preliminary layout. 

 
                                      Table 4.7: Selected sub-solutions for concept sub-functions. 

Sub-function Sub-solution 
Sliding contact Multiple fiber brushes 
Multiple fiber  brushes Mounted together with holders 
Slip-ring shaft mounting Two parts with screw joining 
Brush mounting position Above shaft with holder on lever 
Monitoring capability Reference brush 
Brush pressure shaft Spring 

 

          
Figure 4.3: Preliminary layout example of concept 1b. 

 
 

Technical solution and principles 
Current will flow through the propeller shaft (1) through the conductive slip ring (2) that will be 
mounted on the shaft with the use of screw joints (7). Current will flow through the conductive 
multi-fiber brushes (3), then a low resistance grounding path (4) will lead the current to ground. 
Monitoring capability is done by the reference brush (5) and the monitor path (6) as it is done on 
current devices that the company uses today.  

The individual fibers in the multi-fiber brush was used to create more contact spots with the 
substrate surface compared to a solid brush as illustrated in figure 4.4-4.5, which in turn will 
distribute the load to a larger area. This distribution of force will reduce wear off each contact spot 
since real contact area will increase, effectively reducing the pressure on the surface. The large 
number of contact points and having individual fiber will also lower contact resistance for current 
flow. The low contact resistance of the fibers will allow both low and high intensity currents to 
flow through them. However, the fibers will need to have a force high enough to penetrate chemical 
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films that may form on the surface that can block or decrease current flow. This force has to be 
carefully selected since wear rate will increase with it. 

 

        
Figure 4.4: Solid surface contact vs fiber to surface contact 2D. 

        
Figure 4.5: Solid surface contact vs fiber to surface contact 3D 

 
Sub-solution motivation 
The following section gives short motivations for sub-solutions selected for the total concept 
solution of concept 1b.  

Contact method 
Sliding contact/Multiple fiber brushes: This is a contact method that in theory would have lower 
wear and lower contact resistance than the use of solid brushes. The force is spread between 
individual fibers giving a large number of contact spots (increasing real area of contact), with lower 
load bearing force at each spot compared to a solid brush where there are less contact spots that 
take up more force. Having more brushes will also enable the force to be lower since the number 
of contact spots will increase with the number of brushes, compensating for when they decrease 
with reducing pressure.  

Having individual fibers also lets the brush handle low and higher current density because of the 
lower contact resistance. The issue of this method is to find the optimal force to penetrate eventual 
chemical films that may form on the surface, while still keeping it low enough to not cause too 
much wear. 

Assembly 
Multiple fiber brushes/Mounted together: It was determined that it would be better to mount 
brushes together, this will reduce the number of parts needed for brush mounting. Having the 
brushes in one place will allow for a single extended lever to be mounted on surrounding equipment 
and hold the brushes position. Better viewing angles during maintenance will also be achieved since 
service technicians will not have to change position when performing maintenance. This is a 
solution that is used today and has proven to be reliable.  

Slip-ring shaft mounting/Two parts with screw joint: This was deemed to be the simplest way of 
assembling and mounting the slip-ring onto the shaft. Screw joining will allow easy and effortless 
assembly or disassembly of the slip-ring with minimal risk of damaging surrounding equipment. 
Other methods such as welding or adhesive bonding are more complex and if disassembly is 
required risk of damage would be greater. 



 33 

Brush mounting position/above shaft with lever:  The optimal brush mounting position was 
determined to be that of the previous devices used, above the shaft with brush holders mounted on 
a lever that is fastened on surrounding equipment. 

Brush pressure shaft/Spring: Deriving solutions for controlling brush pressure was hard, but the 
use of a spring system will allow better force control compared to the method of using just gravity. 
A spring system also provides a large number of possible design alternatives. 

 
Measurable mechanical properties 
With equation (1-10) presented in the pre-study the following material and design properties for 
concept 1b could be approximately calculated for a fiber brush device. 

§ Contact spots per unit area 
§ Contact spot radius 
§ Total contact area 
§ Pressure at contact spots 
§ Force per fiber end 
§ Transition pressure 
§ Safe pressure 
§ Dimensionless wear 

 
These equations uses the following input parameters, 

§ Hardness 
§ Fiber packaging fraction 
§ Force 
§ Wear coefficient 
§ Apparent brush area 
§ Sliding distance 
§ Fiber diameter 
§ Fiber radius 

 
Measurable electrical properties 
Equation (11-15) presented in the pre-study could be used to determine the following electrical 
properties, to check if the fiber brush concept will have low enough contact resistance to not restrict 
current flow.  

§ Brush resistance 
§ Constriction resistance 
§ Specific brush resistance 

These equations uses the following input parameters, 
§ Fiber packaging fraction 
§ Film resistivity 
§ Transition pressure 
§ Brush pressure 
§ Brush resistivity 
§ Average resistivity 
§ Apparent brush area 
§ Hardness 

Other properties 
The pre-study also showed that the following factors was important to optimize when designing a 
fiber brush earthing device, 

§ Surface roughness  
§ Compatibility/Solubility 
§ Thermal expansion/Service temperature 
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4.3.2 Concept	1c	–	Overlapping	microfibers	
This concept is a new type of contact method that has little to no research references compared to 
other methods. The main focus with this concept is to deduce if the method of fiber to fiber sliding 
contact is viable in theory as a low resistance conductive path, with low wear rate and if a prototype 
for real world application testing could possibly be constructed. Table 4.8 shows the selected sub-
solutions for the concept and figure 4.6 a preliminary layout. 

 
Table 4.8: Selected sub-solutions for concept sub-functions. 
Sub-function Sub-solution 
Overlapping microfibers Multiple fiber brushes 
Fiber slip-ring shaft mounting  Mounted together with holders 
Outer fiber ring mounting Two parts with screw joining 
Outer ring assembly Above shaft with holder on lever 
Monitoring capability Reference brush 

 

 
Figure 4.6: Preliminary layout example of concept 1c. 

 

Technical solution and principles 
The inner fiber ring (2) is mounted on the propeller shaft (1) with the use of screw/bolt joints. 
Current will flow through the outer low resistance conductive ring (4), then a low resistance 
grounding path (5) will lead the current to ground. The outer ring will be mounted by separating 
one side by taking away the screw joint (6) and having a hinge (7) at the other side. Monitoring 
capability is done by the reference brush that has to be mounted separately or in coherence with the 
earthing device. 

Having microfibers on each side is used to create more contact spots between the surfaces, while 
having no “real” surface to surface contact compared to solid brushes, as illustrated in figure 4.7-
4.8. Since the surfaces are not in contact and microfibers length will allow contact at a distance 
from the surface, the formation of chemical films are expected to have little to no effect on the 
current flow since microfibers will connect directly to the surface, going through eventual films.  

The fibers will provide a low contact resistance for current flow and since no actual surface pressure 
is necessary, the wear is expected to be low. However, the interaction of fiber to fiber contact will 
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have to be investigates thoroughly. If microfibers interlock with each other during sliding due to 
melting or other events, they might be ripped apart, causing severe wear in the process. 

 

   
Figure 4.7: Solid surface contact vs fiber to fiber contact 2D. 

  
Figure 4.8: Solid surface contact vs fiber to fiber contact 3D. 

 
Sub-solution motivations 
The following gives short motivations for sub-solutions selected for the total concept solution of 
concept 1b.  

Contact method 
Sliding contact/overlapping microfibers: No real surface contact takes place but microfibers will 
be in contact. This method will in theory lower wear significantly because no contact force is 
needed, during sliding the microfibers will simply deflect each other at a very high number of 
contact points. The high number of contact point will also give a low resistance conductive path for 
the current to flow through. If the fibers are tall enough they will also evade the chemical film that 
may form on the surface and since fibers goes through the film down to the bulk material, 
conductivity will be maintained. The main issues that has to be evaded is the possibility of fibers 
melting at contact points and sticking to each other, possibly breaking off. There will also be wear 
when fibers contact and deflect, an estimation of how much wear that may occur has to be 
investigated. 

Assembly 
Overlapping microfibers/Flat cross-section: It was determined that it would be simpler to use a 
flat-cross section to make manufacturing easier.  

Fiber slip ring-ring shaft mounting/Two parts with screw joint: This was deemed the simplest way 
of assembling and mounting the inner fiber ring onto the shaft. Screw joining will allow easy and 
effortless assembly or disassembly of the slip-ring with minimal risk of damaging surrounding 
equipment. Other methods such as welding or adhesive bonding is more complex and if 
disassembly is required risk of damage would be greater. 

Outer fiber ring mounting/Ring support with levers:  The optimal outer ring mounting method was 
determined to be the use of levers that make it possible to use different kind of fasteners since some 
custom fitting of components often are necessary. 

Outer ring assembly/Hinge and screw joining: One side of the outer ring can be separated to a 
length that would make it possible to pass the diameter of the shaft to join the ring with it and the 
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other side has a hinge that allows this separation. This is a method that is often used for assembling 
rings around a shaft and fits the concept very well since it has good adjustability. 

Monitoring capability/Reference brush: The reference brush that has to be mounted separately or 
in coherence with the earthing device, will monitor shaft current. This is the most cost effective 
method in the sense that it is used today and can be implemented as a separate components. 

 
Measurable properties 
The motivation for using the described solution is that the overlapping microfibers are able to 
maintain a low contact resistance between each other and low wear is expected since it is utilizing 
multiple independent (non-loaded) contact spots. However, no clear or realistic way of measuring 
the wear of the fibers has been found in research or has been determined. This results in that no 
product description for this concepts was made and its theoretical aspects will be reviewed in the 
discussion chapter of the report, as well as a proposal for practical experimental wear testing. 

4.4 DESIGN	&	PERFORMANCE	–	CONCEPT	1B	

4.4.1 Contact	area	
The contact spot and area calculation results are shown in table 4.9. Through the results it can be 
determined that for a 1cm2 brush area with the estimated contact spot density and radius for the 
fiber brush, the real contact area for the fiber brush is about 3,8 times larger than that of the solid 
brush (ARf ≈ 3,8ARs).  

Table 4.9: Results of contact and area calculations.  
Parameter Value 

Contact spot density (n*) 15286 spots/cm2 
Contact spot radius (ael) 9,2 · 10-6 cm 
Real contact area (fiber brush) (ARf) 4,06 · 10-6 cm2 

Real contact area (solid brush) (ARs) 1,07 · 10-6 cm2 
Real contact area ratio (Aratio) 3,7943 

 

The results presented in table 4.10 shows that elpc < H = 93300 N/cm2, which means that the contact 
spots can be assumed elastic. Also, since ptrans > pB and psafe > pB, severe wear of the macroscopic 
level is not expected. 
 
Table 4.10: Results of pressure calculations. 

Parameter Value 
Average pressure per contact spot (elpc) 24601 N/cm2 
Macroscopic transition pressure (ptrans) 8 N/cm2 
Macroscopic brush pressure (pB) 0,1 N/cm2 

 

4.4.2 Wear	
The results in figure 4.9 shows that the packaging fraction should be around 30-40%, since a 
lower fraction then 30% will start to significantly increase the wear and a higher fraction than 
40% does not show a significant improvement.  
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Figure 4.9: Fiber packaging fraction vs specific/dimensionless wear; K = 10-5, H = 93300 N/cm2, F = 

2,5N and AB = 30cm2. 
 
 
In figure 4.10 the applied force shown to have a linear relationship with the wear rate and should 
therefore be as low as possible. 

 

  
Figure 4.10: Force vs specific/dimensionless; K = 10-5, H = 93300 N/cm2, f = 0.3 and AB = 30cm2. 

 

The relationship between the wear coefficient and specific-/dimensionless wear show similar 
linear relationship as the force wear relationship, as seen in figure 4.11. 
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Figure 4.11: Wear coefficient vs specific/dimensionless; F = 2,5N, H = 93300 N/cm2, f = 0.3 and AB = 

30cm2. 

 

 
The curve seen in figure 4.12 show an exponentially declining relationship between brush area 
and wear. 
 

 
Figure 4.12: Apparent brush area vs specific/dimensionless; K = 10-5, H = 93300 N/cm2, f = 0.3 and F = 

2,5N. 
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The curve seen in figure 4.13 also show an exponentially declining relationship between hardness 
and wear. 

 

 
Figure 4.13: Hardness vs specific/dimensionless; K = 10-5, AB = 30cm2, f = 0.3 and F = 2,5N. 

If the dimensionless wear of the fiber brush is to be in the 10-11 range (micro-wear region), the 
parameter values presented in table 4.11 are sufficient.  

Table 4.11: Wear dependent parameter values for Δl/Ls ≈ 10-11. 
Factor Estimated value 

f ~ 0,1-0,9 
F ~ 7-8 N or lower 
K ~ 1.5·10-5 or lower 
AB ~ 10cm2 or higher 
H ~ 40000 N/cm2 or higher 

 

However, if the values in table 4.11 is used, the length of the fibers would have to be about 40cm 
since that’s how much it will wear during the 10 year estimated operational period. A realistic brush 
length lies in the 4-8cm range and if this (or a lower wear) is to be achieved the parameter values 
in table 4.12 are needed. 

Table 4.12: Wear dependent parameter values for Δl ≈ 4-8cm. 
Factor Estimated value 

f ~ 0,3-0,5 or higher 
F ~ 3 N or lower 
K ~ 1.5·10-5 or lower 
AB ~ 20cm2 or higher 
H ~ 80000 N/cm2 or higher 

 

Considering that the calculations for the results presented in figure 4.9-4.13 are approximations, 
the margin of the wear over a ten year period is set be half of the actual fiber brush height. The 
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parameters is therefore optimized for a specific wear rate of 20-30mm over the ten year operational 
period, parameter values to ensure this wear rate are presented in table 4.13. 

 
Table 4.13: Wear dependent parameter values for Δl ≈ 2-3cm. 

Factor Estimated value 
f ~ 0,4 or higher 
F ~ 2,5 N or lower 
K ~ 1·10-5 or lower 
AB ~ 25cm2 or higher 
H ~ 90000 N/cm2 or higher 

 
The shaft diameter that the device shall be optimized for varies from 240mm to 500mm, which means 
that the slip-rings for each specific diameter will have different surface areas (As). The result of the 
calculated slip-ring surface areas and sliding distances is shown in table 4.14. 

 
Table 4.14: Shaft diameter, shaft speed, slip ring surface area and sliding distance. 

DS [mm] ω [rpm] AS [cm2] LS [km] 
240 145-365 226,1 792184,3 
280 130-325 263,8 822931,2 
300 117-285 282,2 773193,6 
340 106-250 320,3 768672 
400 97-220 376,8 795801,6 
430 90-200 405,1 777715,2 
470 90-200 442,7 850060,8 
500 90-200 471 904320 

	

4.4.3 Contact	resistance		
The results in table 4.15 show that the resistance of the fiber brush is relatively low compared to 
the maximum resistance that the application requires. The ratio results show that Rmax = 20RB, 
resulting in that the contact resistance in this case could increase by 20 times before it reaches the 
maximum allowed resistance. 

The brush body and constriction resistance is low compared to the film resistance as claimed in the 
pre-study findings. However, they are deemed high enough to still be relevant in the determination 
of the contact resistance. 

 
Table 4.15: Results of resistance calculations. 

Parameter Value 
Brush body resistance (Ro) 9,44 · 10-7 Ω 
Constriction resistance (Rc) 3,66 · 10-6 Ω 
Film resistance (Rf) 2,036 · 10-5 Ω 
Contact resistance (RB) 2,496 · 10-5 Ω 
Maximum resistance (Rmax) 5· 10-4 Ω 
Resistance ratio (Rratio) 20 

 

Figure 4.14 shows the resulting film resistance and specific contact resistivity when varying the 
film resistivity. The film resistance will start to exceed the allowed maximum resistance (red 
horizontal line) when the film resistivity reaches a bit over 20·10-8 Ω.  
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Figure 4.14: Film resistivity vs film resistance/specific contact resistivity. 

 

4.4.4 Components	
A version of the earthing device for the biggest and smallest shaft diameter was designed to 
estimate size and assembly features. Table 4.15 shows a component list and figure 4.15-23 the 
design of the device components. Two stocked spring assemblies will control the force applied on 
each individual fiber brush with a determined constant force. 

 

Table 4.16: List of preliminary main components for shaft earthing device. 
Components Quantity 
Slip-ring 2 
Brush holder 1-4 
Fiber brush 1-4 
Constant force spring 2-8 
Holder mounting lever 1-2 

	

4.4.4.1 Slip-ring	
The slip-ring is made of two identical components assembled with stud and nut joining at each 
end, as seen in figure 4.15-16. It was determined in the concept selection chapter that a screw 
joining should be used, however this solution would have made the thickness dimension of the 
device too large and a way to assemble the device without increasing the thickness was 
developed. The design is expected to give a good clamping force when the slip-ring is mounted 
on the shaft which helps to minimize vibrations. 
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Figure 4.15: Slip-ring component design. 
 
 

 
Figure 4.16: Slip-ring assembly. 

 
 

4.4.4.2 Fiber	brush	
The fibers of the brush is simply attached to a plate that is then connected to the grounded path. 
Calculations showed that the optimized individual fiber diameter for good load distribution and 
high number of contact spots is in the range of about 50 µm. (Note that the fibers in the figures 
where the fiber brush is shown do not display a realistic size of the fibers, in reality they will 
be much smaller). The plate has a width of 25mm and a length of 100mm, making the brush 
contact area (blue marked area) approximately 25cm2, as seen in figure 4.17. the length of the 
fiber may be customized to fit the application but as calculations previously showed, the length 
of the fibers shall be 50-60mm for a 10 year operational period (assuming other parameters are 
optimized as well).  

 

	
Figure 4.17 Example of fiber brush design. 
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4.4.4.3 Constant	force	steel	strip	spring	
The supplier search for constant force springs resulted in the choice of using steel strip springs, 
which can provide a constant force on a surface using the momentum of a pre-tensioned tightly 
wound steel trip roll. Figure 4.18a and 4.18b illustrates how the spring works. The pre-
tensioned roll is attached to a clip and the wound steel strip roll can be uncoiled with a force as 
seen in 4.18a. Then if the roll is released at the end of the clip as seen in 4.18b, the tension in 
the material will create a momentum that forces it to wind back in to its unloaded state at the 
bottom of the clip. If an object is then put in front of the roll preventing it from coiling back, a 
force will be exerted on the object until the spring is in its unloaded state. The force is constant 
because the change in curvature is constant, which is true if the small build up in diameter as 
the roll coils back is disregarded. 

 

								 	
Figure 4.18: Constant force steel strip spring in a) coiled with applied uncoiling force, b) 

released in uncoiled state. 
 

These springs can be supplied by a number of companies which are listed in Appendix E, 
table 1.E. The force these springs can exert according to the standard stocked springs the 
supplier websites presents lies in the range of 1-150N and the majority can provide 
customized spring design and performance if necessary. 

   

4.4.4.4 Brush	holder	
The brush holder was designed based on the fiber brush surface area of 25cm2, therefore the 
fiber brush slot (blue marked area) of the brush holder was given the dimensions of 25mm in 
width and 100mm in length, as seen in figure 4.19. 

 

                           

Figure 4.19: Brush holder component design. 
 

For bigger shaft sizes two brush holders are assembled and mounted together on a lever by 
the use of screw and nut joining at the top part, as seen in figure 4.20. At the bottom the brush 
holders are joined by a press fitted pin. 

 

a) b) 
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Figure 4.20: Brush holder mounting assembly for larger shaft diameters. 

 

For smaller shaft sizes each individual brush holder will be mounted on a lever using a 
separate fastener component joined with the brush holder by screws, as seen in figure 4.21. 

 

 

Figure 4.21: Brush holder mounting assembly for smaller shaft diameters. 

 

 

4.4.4.5 Brush	&	Spring	assembly	
The fiber brush is fitted in the slot of the brush holder with one stocked spring at each end 
that supply a constant force on the top of the fiber brush, as seen in figure 4.22a. The spring 
clips are pushed in to their respective slot on each side before the fiber burhs is fitted into its 
slot.  The blue marked area in figure 4.22b shows the approximated 25cm2 brush area that 
will be in contact with the slip ring.  

 

              

Figure 4.22: Brush and spring assembly with brush holder. 

 
Figure 4.23 shows a cut out of the assembled components cross-section and in 23a how the 
brush is o pushed down by the exerted force as the springs are coiled back down to their 

a) b) 
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unloaded state. When the two springs reaches their end point the fiber brush will become 
unloaded and most it will be worn off at this point. 

                          

Figure 4.23: Cross-section of a) Loaded brush and b) unloaded worn down brush. 

 

4.4.4.6 Full	assembly	
A full assembly example of all components for the 500m shaft diameter is shown in figure 
4.24 and the assembly example for 240mm in figure 4.25. The slip ring will be mounted on 
the shaft and will be line up with the fiber brushes which are mounted with the levers on 
surrounding equipment as illustrated in figure 4.26. The width of the assembly will not 
exceed the 50mm maximum width requirement. 

 

               
Figure 4.24: Full assembly of 500mm shaft diameter earthing device. 

 

 
Figure 4.25: Full assembly of 240mm shaft diameter earthing device. 

a) b) 
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Figure 4.26: Mounting of 500mm shaft diameter earthing device. 

 

4.4.5 Material	Selection	
The material search results for the fiber brush and slip ring material is presented in figure 4.27. A 
list of the relevant alloys to use for the slip ring and fiber brush is presented in table 4.17 with 
their main performance properties and price. The properties of tool steels was also put in the table 
4.17 as a reference to compare properties to. The most cost effective material choice would be 
aluminum, brass, bronze or copper-beryllium alloy. These alloys show excellent  durability 
against water (both fresh and salt) and has low resistivity. The copper-beryllium alloy show great 
hardness and according to results presented in appendix D its typical uses are for high 
conductivity and high strength electrical components. This would make it a good material choice 
for either the slip ring or fiber brush. More detailed information about the alloys and their 
properties can be found in appendix D section D.1.  

 

 

Figure 4.27: CES Edupack material search results for slip ring and fiber brush. 
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                  Table 4.17: List of relevant alloys main performance properties and price. 
Alloy Hardness 

(HV) 
Resistivity 

[µΩcm] 
Price [SEK/kg] 

Aluminum 103-330 4,1-6,1 21-23,1 
Brass 150-350 21,6-22,4 45,5-50,1 

Bronze 200-260 11,9-12,9 56,7-62,3 
Copper-Beryllium 365-440 5,37-8 176-194 

Copper-Silver 235-277 2,12-2,31 2470-3150 
Gold-Ag-Cu 210-290 4-7 (2,2-2,44)·105 

Platinum-Iridium 330-410 34-36 (3,44-3,78)·105 

Tools steel 660-920 40,7-56,2 52,2-57,5 

	
For the brush holders the results in figure 4.28 show that alumina is a optimal material choice for 
a cost effective insulating material. Alumina shows great durability against water (both salt and 
fresh), acids, alkalis and organic solvents while having very high electrical resistance. According 
to results presented appendix D, a typical use for alumina is electronic packaging and it is good 
for complex shapes and aggressive wear environments. Three types of alumina alloys are 
presented in table 4.18 and more detailed information about each alloy can be found in appendix 
D section D.2. 

 

           Figure 4.28: CES Edupack result of brush holder material search. 

                            
    Table 4.18: List of relevant ceramics main performance properties and price. 

Alloy Resistivity [µΩcm] Price [SEK/kg] 

Alumina 85 1017-1019 11-16,5 

Alumina 95 1020-1025 80,9-122 

Alumina  
(pressed & sintered) 

3,16·1020-1021 121-181 
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5. DISCUSSION	
Is this chapter the author analyzes the four main activates of the project, pointing out drawbacks, advantages 
and unanswered questions that the results of the project has given. Also, at the end giving recommendations 
for possible  future work. 

5.1 REQUIREMENT	SPECIFICATION	
The resulting requirement specification developed for this project provided a good start to the concept 
generating process from. The QFD-matrix analysis done on the criteria’s presented in table 4.2 also 
falls well in line with the principles found in the pre-study of improving the reliability of electrical 
contact presented in figure 2.7 [34]. This provided confirmation from two different sources that 
improving design and making optimal material choice are reliable ways of improving the earthing 
device performance. However, it was noted as this project came to a close, that the requirement 
specification is in a sense too basic and lacks specific details that would be required to manufacture a 
device with the specifications that the results presented in this report. Therefore a new  requirement 
specification of the chosen concept was developed with more detailed criteria’s if further development 
in the future will take place. 

Overall the resulting concept can be considered to meet most of the demand criteria’s in the requirement 
specification. The ones that could not be fully achieved were having the outer component layer being 
non-conductive and that components shall not be affected by environmental temperatures. A non-
conductive outer layer of the developed concept did not become a priority demand since it had no actual 
affect on the performance of the earthing device. It was also not fully understood how the different  
environmental temperatures would affect the wear or electrical resistance performance of the earthing 
device.  

Also, some criteria wishes of the requirements specification could be considered not fully achieved as 
well. No consideration was made to keeping the weight of the device within current device limits or 
lower. The weight of the device is dependent to a great extent on the material selection and since the 
material selection process only focused on the properties affecting the performance of the device, 
weight consideration was left out. The wish criteria of having no metal to metal contact could not be 
achieved because of unreliable methods, these are explained in section 5.4.2 with more detail.  

5.2 GENERATING	CONCEPTS	
In the generating concept phase the decision to divide the concept into two parts was very helpful in 
determining the best total solution concept. The assembly of the earthing device without much 
questioning had the contact method as a sub-function and thus the assembly became very dependent on 
the contact method. A lot of focus were therefore spent on selecting the optimal contact method concept 
for the assembly concept. But even if this dividing strategy gave a good way to find a total solution, it 
had its drawbacks. The process of developing two concepts instead of one was very time consuming, a 
concept selection process had to be done for both contact method and assembly. It was also decided to 
go forth with two different contact methods because of similar scoring. This meant that two assembly 
concepts had to be generated and a concept selection process was done on both. As a result this added 
an unnecessarily amount of time, that in the end did not amount to much since it was concluded that 
concept 1c lacked the theoretical grounds needed for further development. This should have been 
concluded much earlier in the generating concept phase to save valuable time. 

5.3 CONCEPT	SELECTION	

5.3.1 Selection	tools	
The concept selection process was based on scoring tools found in [32] and with some modification 
they provided a reliable way of scoring and eliminating bad concepts. A modification was made to 
the decision matrix template found in [32] in order to make the scoring of earthing device 
requirements less complex and more comprehensible. The modified method also made the scoring 
less time consuming, which considering the high amount of time spent on the generating concept 
and concept selection phase, was appreciative. Overall the combination of using an elimination and 
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decision matrix provided a fair and conclusive way of eliminating bad concepts and selecting the 
best one for further development. 

5.3.2 Eliminated	concepts	
Many of the eliminated contact concepts showed great potential of being a viable choice for a 
earthing device. However, most of them lacked the ability of being able to optimize the design and 
performance factors presented in figure 2.5-2.6. 

The method of using any kind of conductive ball or cylinder bearings would accomplish the task 
of reducing wear, as rolling contact does result in less wear compared to sliding contact. The 
problem with this method however was the low area of real contact that the balls and cylinders 
would provide, which would restrict current transfer. This method would also be susceptible to the 
main issue that an earthing device is designed to prevent, which is pitting, frosting and fluting of 
the bearings. The use of conductive grease would take away these problems, but since no reliable 
product except experimental ones seemed to be available on the market, this concept deemed 
unreliable and was eliminated. 

The concept of having part ring and part brush contact did not provide any real improvements to 
the current grounding methods used today. The combination would also make designing the device 
unnecessarily more difficult. The same could be said for the concept of using oscillating brushes, 
which is why both of these concepts were eliminated. 

One of the most interesting concept of the eliminated ones was the “Corona discharge ring”, that 
uses the principle of electrical discharges to transfer the current through a small gap of air without 
actual contact, which provides an attractive non-contact method of transferring the current [9, 33]. 
This concept would theoretically provide no sliding wear and therefore be maintenance free. 
However, the discharges are dependent on too many electrical, material and design properties to be 
predictable. It is also hard to determine if the discharges can let both AC and DC current flow at 
high or low frequencies. All these uncertainties blended with inability for practical experiment 
made this concept unreliable which was the reason for its elimination.    

The concept of using fiber to fiber contact can be described as the combination of a the grounding 
ring method and the corona discharge ring. The main reason for wear in a tribological system is the 
loaded surface to surface contact. If load could be removed, one of the biggest factors affecting 
wear would be removed. This is the principle of the “Overlapping microfiber” concept, the only 
contact that occur would be the interaction of thin unloaded conductive microfibers. These 
microfiber would provide a lot of conductive contact spots and if they are strong enough to not 
break or wear off while deflected during sliding interactions, this method could theoretically 
achieve a low wear rate and highly conductive contact during sliding. However, little to no research 
were found on the theoretical principles of wear during fiber to fiber contact and since no practical 
experiments could be done this concept was eliminated in the final stage. 

Less time was spent evaluating the assembly concepts compared to the contact method concepts as 
a result of the high amount of time spent on generating the concepts. Luckily current methods for 
mounting and assembling a earthing device was suitable with the chosen contact concepts and were 
therefore scored the highest when selecting the final two assembly concepts. The principles behind 
assembly concept 1b “Multiple fiber brushes” provided a lot of design and performance 
optimization opportunities, with a way to theoretical measure the wear and contact resistance in the 
tribological system of the device. Since assembly concept 1c could not provide the same thing, it 
was eliminated in the last step, however, its principles are attractive and future work on the concept 
would be interesting to carry out to determine its potential.  

5.3.3 Final	concept	
As mentioned the final assembly concept 1b “Multiple fiber brushes” provided a lot of design and 
performance optimization opportunities and was therefore selected as the concept to develop a 
product description for. The theoretical principles of the concept gave simple and reliable ways to 
decrease wear by using fiber brushes instead of solid brushes. This would in theory increase the 
number of contact spots, which in turn increases the real area of contact and the applied load could 
be distributed over a lot of independent fiber contact spots. The large number of contact spots would 
also provide a low contact resistance even if the load is lowered significantly. These optimization 
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possibilities all fall in line with the approach of improving the reliability of electrical contact 
presented in section 2.2.2 (figure 2.7) more than any other of the generated concepts, which gave a 
good foundation for further development of the concept. 

5.4 DESIGN	&	PERFORMANCE	

5.4.1 Contact	area	
The calculations of the real contact area confirmed the theoretical assumptions according to [10, 
34] that the real area of contact would increase by the use of a microfiber brush compared to that 
of a solid brush. The results showed that the fiber brush would increase the real contact area by a 
factor of four, which means that the load can theoretically be distributed on a larger surface and the 
overall pressure on the brush would decrease. If these results are true for a real world application it 
would be excellent, however, many simplifications and assumptions were made which provides 
some doubts. 
 
The assumption that all contact spots are all elastic can not be taken with full certainty, even if 
calculations show that the macroscopic transitional pressure is much greater then the macroscopic 
brush pressure and that the average pressure per contact spot does not exceed the hardness the 
material. Some kind of plastic deformation will undoubtedly take place since the brush is slowly 
worn down, which in turn also creates wear debris that may affect the contact interaction. In 
controlled laboratory experiments it might be possible to achieve full elastic contact, but in real 
world application several other factors will affect the contact interaction.  The Young’s modulus 
used for the calculations is also an approximation that H » 0,004E, which may not be a good 
approximation for several materials. Having the asperity contact radius be approximated to half the 
fiber diameter can also be deemed as a rough estimate and could in reality be different depending 
on several factors. 

5.4.2 Wear	
Since the main goal of this project was to increase the wear resistance of the earthing device to 
make it require minimum maintenance, a lot of time was spent on making sure that the calculations 
for the specific wear rate described in [34, 35, 36] could be considered adequate in predicting the 
wear after the estimated operational period. The assumption that the propulsion system was running 
at full rpm capacity during this period was deemed necessary since several factors affecting wear 
could not be quantified or estimated through calculations, for example environment conditions, 
thermal mounding and operational conditions such as sliding speed. Also, since the calculations 
that could be done included several assumptions and simplifications, assuming “worst case” wear 
scenario gave a relatively high margin for error.  

One wear dependent parameter that made wear difficult to predict was the wear coefficient, which 
could make the wear rate increase with small variations to its own value. According to calculation 
results and theoretical principles described in [34] the required wear coefficient value needed for 
achieving a specific wear rate low enough for the application in question cannot stretch to far from 
10-5. Findings in the pre-study presented in section 2.2.6 figure 2.12 show that a wear coefficient 
as low as 10-5 for the unlubricated state would require maximum material compatibility, and that 
for metal on metal sliding the value possibly cannot be much lower then this. Having this 
requirement presents a lot of concerns for the material selection process since the required value 
limits the amount of material combinations possible for the application.  

5.4.3 Contact	resistance	
As long as the metals are used in the sliding contact of the earthing device, contact resistance should 
not be of great concern. Calculations of contact resistance showed that for a fiber brush with 
realistic metal properties it had a 20 times lower contact resistance than the maximum value that 
the application in question allows, which leaves a good margin for error. As long as there is contact 
between the brush and slip ring, both high-/low frequency AC and DC currents are predicted to 
flow through the brush without much resistance.  

The only thing that seemed to possibly restrict current flow is the resistivity of a moisture surface 
film, which could be formed on the surface of the slip ring. Findings in the pre-study from studies 
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[34, 35, 36] estimate the contact resistance to equal the film resistance, which can be partially 
confirmed by the calculation results presented in section 4.4.3 table 4.15. The film resistance is 
dependent on the moisture (and eventual other) film resistivity, which can be estimated to a certain 
“standard” value in protective atmospheric conditions according to the studies. However, changes 
to this film resistivity showed significant effects on the film resistance and specific contact 
resistivity, as seen in figure 4.14. The results show that if the moisture film resistivity increased by 
a factor of 20 the film resistance would reach the maximum allowed resistance value for 
application. This provides a lot of concerns since no way of estimating film resistivity was found 
and the earthing device is placed in a potentially humid environment with the possibility of other 
chemical films forming on the surface due to unknown environment conditions. The wiping effect 
of the fiber brush could help to minimize the negative effects of the surface film formations, given 
that the applied force on the brush is high enough to effectively wipe off the necessary amount of 
film.  

5.4.4 Components	
A limited time was spent on designing the components of the earthing device since generating 
concepts and figuring out the main performance parameters were very time consuming. One of the 
two important aspects of the design was that the device should not exceed certain dimensions that 
would make assembly difficult or affect surrounding equipment in the podded propulsion system. 
The other aspect was that the brush and brush holder design needed to accommodate the 
performance factors of having enough brush area and being able to apply the correct amount of 
constant force. The developed layout of the device presented in section 4.4.4 is considered to 
achieve these aspect in a way that fulfills functional requirements of the device and many of the 
criteria’s derived in the requirement specification. Though it should be noted that many principles 
considering the practical construction and manufacturing found in [32] of the devices components, 
were not investigated thoroughly due to lack of time. The developed design can however be 
considered a good basis to work around if actual optimization for manufacturing of the device is to 
take place in the future. 
 
Using steel strip springs as a way of applying a contact force was found in research result to be a 
reliable and widely used for similar grounding applications. Several manufactures was found that 
could provide custom designed springs for the need of  specified applications and with a forces 
ranging from 1-150N, the necessary force requirements of the estimated specific wear rate for the 
fiber brush could be achieved. However, when fully assembled the brush holders and fiber brushes 
will be rotated at a certain angle, which to some extent will affect the applied spring force necessary 
to have the correct overall pressure on the brush. Tests and calculations for the spring  force at 
different brush angles should therefore be done to ensure correct applied brush pressure is achieved 
in further development. 
 
In theory only a single brush is needed to effectively ground the brush, which might make the use 
of four brushes as illustrated in figure 2.24 a bit excessive. However, one extra brush is needed as 
a reference brush and then adding an extra one or two after that can be a safety measure against 
unforeseen failure that might occur and more then one brush may be needed for high frequency 
situations as mentioned in section 2.1.3. Since the overall cost of the earthing device can be assumed 
to be marginally low compared to the overall cost of the podded propulsion system, a few extra 
brushes for safety is a reasonable proposition. It will however be harder to implement on the small 
shaft diameter since the brushes occupies a lot of the shaft space and the extra brushes would have 
to be mounted upside-down on the underside of the slip ring. This would result in that the springs 
needing to compensate for the brush weight to some extent if the current design is used. 

5.4.5 Material	selection	
The material selection process for the fiber brush and slip ring components proved to be quite 
difficult because of several limiting material properties that can be found in metals, for example 
surface film formation, compatibility, solubility, hardness, resistivity etc. [18, 34]. As mentioned 
in the pre-study section 2.2.5, the formation of oxide films on the surface will prevent proper 
mechanical contact needed to achieve low contact resistance. This restricted the search for materials 
to noble metals which are said to have minimal to none oxide formation on the surface during 
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sliding contact. This unfortunately excluded steels, that because of their ability of being able to 
achieve high hardness (tool steels) and having somewhat good compatibility with other metals (as 
seen in figure 2.11), was an attractive potential choice as a slip ring material. The metals prone to 
the least amount of oxide film formation was said to be noble metals, this fact then provided 
limitations in the form of the possible metals either being to expensive or not being able to achieve 
a hardness high enough to meet the specific wear rate requirements set by performance calculations 
seen in table 4.12-13. One noble metal that has been mentioned and used a lot according to research 
are silver, which the material search excluded. Silver did not show up as an alternative when doing 
the first material search because its hardness did not exceed the required value of 250 HV. A 
material search on silver and its alloys (see appendix D, section E.3, figure E.1) showed that it had 
trouble reaching a hardness far above 200 HV.  

Another problem with noble metals are the fact that they have a relatively high solubility, which 
results in them being quite incompatible with each other. As discussed earlier, compatibility 
between the sliding metals are an important factor when it comes to keeping the wear coefficient 
value down and minimizing wear. It is also unknown how much alloying place a part in the 
compatibility between metals. Many of the materials presented in table 4.17 are some kind of noble 
metal alloy and it is not clear if they can be compared to their pure metal counterpart when it comes 
to compatibility or solubility. The use of composite material discussed in section 2.3.6 also presents 
interesting material alternatives that can increase strength and wear resistance of metal materials. 
It should be investigated in future work if this is applicable to fiber brushes in the same way as it is 
for solid brushes. Another thing that has not been mentioned in this report is the use of surface 
coatings, that may increase wear resistance performance. A future material study should include an 
investigation into this as well. 

To summarize, the selection of materials for fiber brush or slip ring presents the conflict of either 
lowering contact resistance by using noble metals while risking increasing wear rate, or possibly 
lowering wear of using harder metals that show greater compatibility with the risk of increasing 
contact resistance trough oxide film formation. A lot more research on this matter is recommended, 
but considering that the main function of the device is to lead current away from the shaft, the main 
concern should be to have a low contact resistance. Thereby making the noble metals with the 
highest hardness and best compatibility the suggested choice to go with for the application in 
question [10, 18, 34].  

For the fiber brush holder an insulating and corrosion resistant material was needed. With the 
addition of price consideration alumina was the best alternative according to the material search, as 
presented in figure 4.28. There could possibly be more alternatives for the fiber brush holder 
material, but alumina’s excellent resistance to acids, alkalis, solvents radiation and oxidation 
combined with its different price ranges and good mechanical properties, made it the top choice for 
the brush holder.  

 

5.5 FUTURE	DEVELOPMENT	
This project can be considered in hindsight as the groundworks for future projects with specific main 
focus areas. The three project in mind involves design, material selection and practical experiments. 

5.5.1 Design		
As mentioned in section 5.4.4 a limited amount of time was spent on the design of the earthing 
device components. Several factors regarding the structural integrity of the device was not 
considered and manufacturing aspects were overlooked to a great extent. A detailed design project 
regarding these aspects with the derived performance parameters presented in this report as 
guidance could be a possibility and also necessary if eventual prototyping of the chosen concept is 
to be done. 

5.5.2 Material	selection		
As mentioned in section 5.4.5, the material selection process for the fiber brush and presented a lot 
of limitations due to several tribological and electrical aspects. The limited material selection 
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process of this project could be investigated in a much deeper and detailed way. Further studies on 
several of the mentioned material properties affecting construction and performance of the fiber 
brush and slip ring would be included in the future project. As well as investigations on alloying 
and the possibility of using composite materials. 

5.5.3 Practical	experiment		
If a prototype fiber brush and slip ring with optimal material properties were to be manufactured, 
its performance in the form of wear and electrical resistance would need to be tested. A project that 
involves setting up this experimental tests with these goals could be a possibility. Where the main 
objective would be to develop a way of doing accelerated wear testing on the fiber brushes wear 
rate and confirming that electrical conduction with high or low frequency AC and DC current  is 
possible. 
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6. CONCLUSION	
Through the evaluation and selection process of all the generated concepts for the earthing device, the concept 
of using multiple fiber brushes was deemed to be the one that achieved most of the design and performance 
criteria’s presented in the developed requirement specification. 

To ensure that the fiber brushes wear down a reasonable amount during their 10 year planned operational period, 
the following design and performance parameters of earthing device components will have to be met according 
to approximated calculations, 

§ Slip ring and fiber brush hardness should be about 250 HV or higher. 
§ The fiber packaging fraction of the brush should be about 40%. 
§ The pressure on the fiber brush should not exceed 0,1 N per cm2. 
§ The wear coefficient of the tribological interface should not exceed a value of 10-5.  

Noble metals should be used for slip ring and fiber brush material as they limit chemical film formation in the 
sliding surface interface which can lower contact resistance. Alumina is regarded as the best material choice for 
the fiber brush holder since it meets durability and insulation requirements while being cost effective. 

Further work to validate the results of this project is deemed necessary. Three potential projects could be 
developed that in more detail look into the structural design of the earthing device, component material selection 
and practical performance testing of a fiber brush prototype. 
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APPENDIX	B	
 

B.1 Concept drawings – Contact method 

 

Table 1B: Drawn concept solutions and descriptions for contact methods 
 

 

1a. Multiple Solid Brushes 
Method: Sliding contact 
 
Use of existing method with some tweaks. 
Brushes are also be multi-fiber instead of solid. Brushes will 
be harder, meaning the slip-ring will experience wear more 
than brushes. The slip-ring is made thicker to handle more 
wear during a longer period. Number of brusher can vary 
from two to four. With more brushes and them being multi-
fiber the force (F) may be lowered without sacrificing real 
area of contact, which determines the conductivity to a great 
extent.  

 

2a. Part Ring Part Brush 
Method: Sliding contact 
 
Use of both bush/brushes and grounding ring with conductive 
microfibers. If part of shaft are grounded with microfibers the 
force (F) may also be lowered and wear would decrease on 
brushes. Slip-ring can also be made to wear more than 
brushes and may also lower wear of microfibers. 
 
 
 
 

 

3a. Corona Discharge Ring 
Method: Sliding non-contact 
 
Current will flow through a fluid (air) via corona discharges 
from the small pointy rods. Outer ring will have to be very 
close to the rods so the discharges are able to initiate and be 
transferred. 
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4a. Overlapping Microfibers 
Method: Sliding non-contact 
 
No real surface contact will take place, however 
overlapping microfibers will be in contact and current 
will flow through those contact points. Eventual 
discharges may also be possible and transfer current 
between fibers. Microfibers should be relatively soft to 
possibly lower wear. 
 
 
 

 

5a. Conductive Cylinder Bearing 
Method: Rolling Contact 
 
Conductive cylinders will be used to transfer current 
from shaft, which will happen during rolling contact 
with slip- and outer ring. The cylinders will be separated 
with a separator.  

 

7a. Part Contact Cylinder Bearing 
Method: Tapping-Rolling contact 
 
About a third (can be more or less) of the outer ring is in 
contact with the conductive cylinders. This should 
reduce wear on cylinders since they are only in contact a 
third of the time period. The radius for a part of the 
outer ring simple  
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8a. Oscillating Brushes 
Method: Tapping contact 
 
Two to four brushes will “take turn” being in contact 
with the surface. You can describe it as a oscillating 
movement for each brush where one half of the brushes 
oscillates out of phase with the other half, having the 
same amount of contact at all time but decreasing wear 
by varying the brushes in contact. 
 

 

	
        B.1.1 Concept elimination/selection – Contact method 

 

       Table 2B: Modified decision matrix based on Stuart Pugh. 
Weight 
(1-5) 

Concept 
 

Requirements 

1a 2a 3a 4a 5a 6a 7a 8a 

4 Not affect surrounding equipment 5 5 4 5 4 4 4 2 
2 Non - conductive outer layer 1 2 4 4 4 4 4 2 
5 Increase usage lifetime 4 3 5 4 3 3 4 4 
4 Manufacture in few parts 5 3 4 4 4 4 4 4 
5 Assemble by hand 5 5 3 5 4 4 4 4 
4 Simplistic installation 5 2 1 4 2 2 2 2 
5 Minimal maintenance 3 3 5 4 3 3 4 2 
5 Handle temperature changes 4 4 2 4 4 4 4 4 
5 Match or exceed performance 4 3 2 3 3 3 2 4 
2 Fit current dimensions 5 4 5 5 3 3 3 3 

Concept scoring 
1 = Do not 
2 = Not likely to 
3 = Maybe 
4 = Too some extent 
5 = Too a great extent 
 

Score 172 142 139 170 139 139 159 132 

Ranking 1 4 7 2 5 6 3 8 

Continue development Yes No No Yes No No No No 
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Table 3B: Elimination matrix for method concepts 

Elimination matrix 

Elimination criteria: 
(+) Yes 
(-) No 
(?) More information needed 
(!) Control requirement specification 
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n Decision: 

(+) Proceed with solution 
(-) Eliminate solution 
(?) Seek more information 
(!)Control requirement specification 

Comment Decision 
1a + + + ? + + + Brush/Slip-ring material and its conductivity? + 
2a + + ? - + ? + How to construct and real effectiveness? - 
3a + ? ? ? + ? - Theoretical vs practical application? ? 
4a + + + ? + + ? Enough contact between fibers? Wear rate? + 
5a + ? + ? + + ? Real contact area, pitting and fluting? ? 
6a + ? + ? + + ? Real contact area, pitting and fluting? ? 
7a + ? + ? + + ? Real contact area, pitting and fluting? ? 
8a + ? ? - + ? ? Equipment, force sensor etc. cost? - 
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B.1.2 Elimination ranking motivation - Contact method  

Here information and motivation that relates to the scoring in the elimination and ranking of concepts are presented. 

Sliding Contact/Multiple fiber brushes: This is a contact method that in theory would have lower wear and lower 
contact resistance then the use of solid brushes. The force is spread between individual fibers giving a large number 
of contact points with lower load bearing force compared to a solid brush, where there are less contact points that 
take up more force per contact point. Having more brushes will also enable you to lower the force since the number 
of contact points will still be high enough. Having individual fibers also lets the brush handle higher current density 
with decreased contact resistance. The issue of this method is to find the optimal force to penetrate chemical films 
that may form on the surface, while still being low enough to not cause too much wear.  

Sliding Contact/Part ring part brush: This method would simply be too unpractical when it comes to manufacturing 
and has no real evidence of lowering the wear rate significantly.  

Sliding non- Contact/Corona discharge ring: The principle of this method is very attractive, having current flow 
without contact. This would have to be done by letting electrical discharges flow between two surfaces through a 
fluid and corona discharges are a type of low power electrical discharges, that can be transferred through a fluid 
like air and takes place at near atmospheric pressure. But even if this is possible in theory, there are too many 
unknowns about the factors that affect the actual initiation of the corona discharges. Things like electromagnetic 
field strength, voltage bias, current, discharge form and material shape, properties etc., has to be pretty specific to 
initiate discharges. In short you can say that this method eliminates wear but cannot match the grounding capability 
of current devices. 

Sliding non-contact/Overlapping microfibers: No real surface contact takes place but microfibers will be in contact. 
This method will in theory lower wear significantly because no contact force is needed, during sliding the 
microfibers will simply deflect each other at a very high number of contact points. The high number of contact point 
will also give a low resistance conductive path for the current to flow through. If the fibers are tall enough they will 
also evade the chemical film that may form on the surface and since fibers goes through the film down to the bulk 
material, conductivity will be maintained. The main issues that have to be evaded is the possibility of fibers melting 
at contact points and sticking to each other, possibly breaking off. There will also be wear when fibers contact and 
deflect, an estimation of how much wear that may occur has to be investigated. 

Rolling Contact/Conductive ball or cylinder bearing:  The good thing about this method is that wear would be 
significantly reduced, however the balls or cylinders do not provide a lot of contact points. Having a higher number 
of smaller balls/cylinders could solve this problem, but there is also the problem with bearings that’s sets up the 
need for grounding the shaft in the first place. The flow causes pitting and fluting on the bearings due to discharges 
between ball/cylinder and bearing surfaces. Since this problem has been proven to be difficult to avoid in the past 
and bearings require more parts etc., further development of this concept is unlikely. 

Tapping contact/Oscillating brushes: This method would be too complex of a solution, having a control system that 
pushes brushes back and forth on the slip ring while maintain tempo and force to wear conducticty and wear 
resitance is optimal. 
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    B2. Concept drawings – Assembly Concept 1a 

 
    Table 4B: Drawn sub-solution example for assembly with method concept 1a. 

 

Brushes Mounted Together 
Sub-function: Multiple solid brushes 
 
This concept resembles a device that is currently used. 
Brushes are mounted together on top (or side/bottom) 
of the shaft. The difference is that here there are more 
brushes that has a lower contact force then previous 
version of the device to lower wear. The slip-ring will 
also be the material that is worn the most. This concept 
is very material dependent. 

 

Brushes Mounted Apart 
Sub-function: Multiple solid brushes 
 
Brushes are mounted apart with separate levers, also 
has lower contact force then previous version of the 
device to lower wear. The slip-ring will also be the 
material that is worn the most. This concept is very 
material dependent. 

 

Circular Housing Support 
Sub-function: Multiple solid brushes 
 
 
Brushes are mounted apart (or together) with the use 
of a circular housing support, also has lower contact 
force then previous version of the device to lower 
wear. The slip-ring will also be the material that is 
worn the most. This concept is very material 
dependent. 
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Screw Joining 
Sub-function: Slip-ring shaft mounting 
 
This is a method that has been used before, 
it is reliable and assembly will be simplistic. 
The image only shows one type of screw 
joining but several other design may be 
used as well. 

 

Weld or Adhesively bonded 
Sub-function: Slip-ring shaft mounting 

 

Spring Assemblies 
Sub-function: Spring 
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 B.2.1 Concept elimination/selection – Assembly Concept 1a 

 

      Table 5B: Modified decision matrix based on Stuart Pugh. 

Weight (1-
5) 

Concept 
 

Requirements 

1b 2b 3b 4b 5b 

4 Not affect surrounding equipment 4 2 3 3 2 
2 Non - conductive outer layer 1 1 1 1 4 
5 Increase usage lifetime 3 3 3 3 3 
4 Manufacture in few parts 4 4 1 2 3 
5 Assemble by hand 5 5 5 5 5 
4 Simplistic installation 4 3 2 3 3 
5 Minimal maintenance 3 3 3 3 3 
5 Handle temperature changes 5 5 5 5 4 
5 Match or exceed performance 4 3 3 3 4 
2 Fit current dimensions 5 5 3  4 3 

Concept scoring 
1 = Do not 
2 = Not likely to 
3 = Maybe 
4 = Too some extent 
5 = Too a great extent 
 

Score 160 143 131 137 141 

Ranking 1 2 5 4 3 

Continue development Yes No No No No 

	
	
     Table 6B: Elimination matrix for assembly concepts 

Elimination matrix 

Elimination criteria: 
(+) Yes 
(-) No 
(?) More information needed 
(!) Control requirement specification 
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Decision: 
(+) Proceed with solution 
(-) Eliminate solution 
(?) Seek more information 
(!)Control requirement specification 

Comment Decision 
1b + + + + ? + + How many can actually be mounted together? + 
2b + ? + + ? + ? Hard to take apart, gravity working period? + 
3b + ? + - ? + + More parts, more cost and complex assembly? ? 
4b + ? + - ? + + More parts, more cost and complex assembly? ? 
5b + ? + ? + + + Complex mounting and more cost? + 
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B.3 Concept drawings – Assembly Concept 4a 

 
        Table 7B: Drawn sub-solution example for assembly with method concept 4a. 
 

 

Triangular-Curved-Flat cross-section 
Sub-function: Overlapping microfiber 
 
 

 

T-Shape cross-section 
Sub-function: Fiber slip-ring mounting 

 

Ring Support Levers examples  
Sub-function: Outer ring mounting 
 
This is a method that has been used before, it is 
reliable and assembly will be simplistic. 
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Screw Joining-Inner fiber ring 
Sub-function: Fiber slip-ring mounting 

 

Circular Housing Support 
Sub-function: Outer fiber ring mounting 

 

Hinge and Screw Joining 
Sub-function: Outer fiber ring mounting 
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B.3.1 Concept elimination/selection – Assembly Concept 4a 

 
      Table 8B: Modified decision matrix based on Stuart Pugh for assembly concepts 1c-5c. 

Weight (1-
5) 

Concept 
 

Requirements 

1c 2c 3c 4c 5c 

4 Not affect surrounding equipment 3 2 3 2 3 
2 Non - conductive outer layer 5 5 4 3 4 
5 Increase usage lifetime 4 4 3 3 3 
4 Manufacture in few parts 3 3 4 4 2 
5 Assemble by hand 4 4 3 4 4 
4 Simplistic installation 4 3 1 3 3 
5 Minimal maintenance 3 3 3 3 3 
5 Handle temperature changes 3 3 3 3 3 
5 Match or exceed performance 3 3 3 3 3 
2 Fit current dimensions 3 4 3 4 2 

Concept scoring 
1 = Do not 
2 = Not likely to 
3 = Maybe 
4 = Too some extent 
5 = Too a great extent 
 

Score 141 135 121 130 124 

Ranking 1 2 5 3 4 

Continue development Yes No No No No 

 
 
      Table 9B: Elimination matrix for assembly concepts 1c-5c. 

Elimination matrix Elimination criteria: 
(+) Yes 
(-) No 
(?) More information needed 
(!) Control requirement specification 
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Decision: 
(+) Proceed with solution 
(-) Eliminate solution 
(?) Seek more information 
(!)Control requirement specification 

Comment Decision 
1c + + + + + ? + Reference brush component? + 
2c + + ? + + ? + Monitoring by surrounding equipment? + 
3c + ? ? ? + ? ? Complex cross-section, solid fit possible? ? 
4c + + ? ? + ? ? Bendable ring strength? ? 
5c + + ? ? + ? ? Monitoring ring cost and dimensions? ? 
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APPENDIX	C	
C.1 Contact calculations  

To confirm that fiber brushes has a greater real area of contact that the applied load can be distributed on 
compared to solid brushes, equation (1c-9c) is used with the following constant values; 
 
(Note that these calculations assume elastic contact at each contact spot) 
 
f = 0,3 d = 50 µm = 0,005cm AB = 1cm2  F = 0,1N  E = 23325000 N/cm2 

 

H = 93300 N/cm2 rc = d/2 = 0,0025cm 
 

Contact spot density:  𝑛∗ = /
IJKLM

NO
 = Z,X

IJKLZ,ZZ�
NO
= 15286 [spots/cm2] (1c) 

    

Elastic contact spot radius fiber brush:   𝑎P* = 1,1 I"T.`
@∗U

O
V/X

 = 9,2*10-6 [cm] (2c) 

 

Real area of contact (fiber brush):    𝐴{/ = 	𝑛∗ ∗ 	𝜋 ∗ 𝑎P*H  = 4,06*10-6 [cm2] (3c) 

 

Real area of contact (solid brush):  𝐴{A = 	
$
%
= 1,07 ∗ 10E� [cm2] (4c) 

 

Ratio real contact area:   𝐴"?76| = 	
2}^
2},

= 3,7943… 	≈ 3,8 (5c) 

 

Average pressure per contact spot:  𝑝5 =
$

@∗L?QR
N = 24601	P* [N/cm2]  (6c) 

 

To ensure that the contact spot are elastic equation 7 is used to define the critical force and transition pressure at 
which the contact spots transitions between elastic and plastic contact. 

Critical force:   𝐹5"67 = 9 ∗ 10EF𝐻𝑛𝜋𝑟5H = 8,02	𝑁  (7c) 

 

Macro.transition pressure:      𝑝7"?@A = 9 ∗ 10EF𝐻𝑛∗𝑟5H = 8,022… ≈ 8 [N/cm2] (8c) 

 

Macroscopic Brush pressure:  𝑝1 =
$
23	

= 0,1 [N/cm2]  (9c) 

Since  𝑝7"?@A 	> 𝑝1	 elastic contact can be assumed. 
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C.2 Wear calculations 

The sliding distance for each shaft diameter is calculated using equation (10c-11c), the surface area of the slip ring 
with a certain width (in this case 30mm) is calculated using equation (12c). Results are presented in table 1C. 
 

Sliding distance:  𝐿A = 𝜋𝐷A 	 ∙ 	𝜔	 ∙ 	𝑂.   [m]   (10c) 

 

Operational period:  𝑂. = 24	 ∙ 	200	 ∙ 	10	 [hours]    (11c) 

 

Surface area:   𝐴A = 𝜋𝐷A ∙ 𝑤 ∙ 10 [cm]   (12c) 

 
Table 1C: Results of sliding distance and surface area calculations with the shaft diameter and shaft speed used 

for each case respectively. 
Ds [mm] ω [rpm]  Ls [m] As [cm²]  

240 365 792184320 226,08 
280 325 822931200 263,76 
300 285 773193600 282,6 
340 250 768672000 320,28 
400 220 795801600 376,8 
430 200 777715200 405,06 
470 200 850060800 442,74 
500 200 904320000 471 

 
 

Dimensionless and specific wear are calculated using equation (13c-15c). Whilst a certain parameter is varied, the 
others hold a constant value. These values are presented below and are estimations of what a realistic fiber brush’s 
design and performance properties can be selected as. Table 2C-5C show the calculation results. 

K = 0.00001   H = 93300 N/cm2  F = 2,5N   AB = 30cm2 

Ls = 9,0432*1010 cm 

Results are presented in table 2-5. 

 

Dimensionless wear:  
∆*
+,
= '	.

/%
        (13c)    

𝑝 = 𝐹/𝐴1 [N/cm2]      (14c) 

 

Specific wear:  ∆𝑙 = '	.
/%
𝐿A ∙ 100 [cm]   (15c) 
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Table 2C: Results of wear calculations with varying fiber packaging fraction. 
f Δl [cm] Δl/Ls 

0,1 8,077 8,93157E-11 
0,15 5,385 5,95475E-11 
0,2 4,039 4,46634E-11 
0,25 3,231 3,57285E-11 
0,3 2,692 2,97682E-11 
0,35 2,31 2,55441E-11 
0,4 2,02 2,23372E-11 
0,45 1,795 1,98492E-11 
0,5 1,615 1,78587E-11 

 

Table 3C: Results of wear calculations with varying force. 
F [N] Δl [cm] Δl/Ls 

1 1,076 1,18984E-11 
2 2,154 2,3819E-11 
3 3,231 3,57285E-11 
4 4,308 4,7638E-11 
5 5,384 5,95364E-11 
10 10,769 1,19084E-10 
15 16,154 1,78631E-10 
20 21,53 2,38079E-10 
25 26,924 2,97726E-10 

 

Table 4C: Results of wear calculations with varying wear coefficient. 
K Δl [cm] Δl/Ls 

0,000005 1,346 1,48841E-11 
0,00001 2,692 2,97682E-11 
0,00002 5,385 5,95475E-11 
0,00003 8,077 8,93157E-11 
0,00004 10,76 1,18984E-10 
0,00005 13,462 1,48863E-10 
0,0001 26,92 2,97682E-10 

 
 

Table 5C: Results of wear calculations with varying brush area. 
AB [cm²] Δl [cm] Δl/Ls 

5 16,154 1,78631E-10 
10 8,077 8,93157E-11 
15 5,384 5,95364E-11 
20 4,039 4,46634E-11 
25 3,231 3,57285E-11 
30 2,692 2,97682E-11 
35 2,31 2,55441E-11 
40 2,019 2,23262E-11 
45 1,7929 1,98259E-11 
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Table 5C: Results of wear calculations with varying hardness. 
H [N/cm2] Δl [cm] Δl/Ls 

5000 50,24 5,55556E-10 
10000 24,12 2,6672E-10 
20000 12,56 1,38889E-10 
30000 8,373 9,25889E-11 
40000 6,28 6,94444E-11 
50000 5,024 5,55556E-11 
60000 4,187 4,63E-11 
70000 3,589 3,96873E-11 
80000 3,14 3,47222E-11 
90000 2,791 3,0863E-11 
100000 2,512 2,77778E-11 

 
The relationship between dimensionless/specific wear and each parameter is visualized in figure 1C-5C by 
plotting the wear results against the varying parameter using the results from table 2C-5C. 

 

 

 
Figure 1C: Specific wear and dimensionless wear plotted against fiber packaging fraction. 
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Figure 2C: Specific wear and dimensionless wear plotted against applied force. 

 

 

 
Figure 3C: Specific wear and dimensionless wear plotted against the wear coefficient. 
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Figure 4C: Specific wear and dimensionless wear plotted against brush area. 

 

 
Figure 5C: Specific wear and dimensionless wear plotted against hardness. 
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C.3 Resistance calculations 

To ensure that a fiber brush can transfer the required amount of current necessary the resistance of the fiber brush 
is calculated using equation 16-20. Where equation 20 defines the total resistance of the brush and equation 21 is 
an estimated maximum resistance the brush is allowed to have in its specific application. 

𝜌1(𝐶𝑢) = 1,7 * 10-6 Wcm Lfiber = 5cm f = 0,3 AB = 30cm2  

𝜌?�P"?�P = 5*10-6 Wcm Ac = ARf = 4,06*10-6 cm2 n = 15268*30 = 458580 [spots/AB] 

σf  = 10-8 Ωcm2  E = 23325000 N/cm2 pB = 2,5/30 ≈ 0,083 N/cm2 

d = 0,005cm  rc = d/2 = 0,0025cm s* = 5 Å 

 

Brush body resistance:  𝑅Z = 	
]3+^_`Qa
/23

= 9,44 ∗ 10Eo  [W]  (16c) 

 

Constriction resistance:  𝑅\ = 	
]b

(@2d)J/N
= 3,66 ∗ 10E�  [W]  (17c) 

 

Film resistance:  𝑅$ = 	I
fg
23hN

O i
j kl3

m
N
I naTO

N

oZ/
p

V/X

= 2,036 ∗ 10−5[W] (18c) 

 

Reduction factor: 𝑘H = 	1 + IA
∗

M
O I2𝑓 U

.3
O
H/X

= 4,04  (19c) 

 

Contact resistance:  𝑅1 = 𝑅Z + 𝑅$ + 𝑅\ = 2,4964 ∗ 10E� [W]  (20c) 

 

The maximum resistance that is allowed for the brush can be calculated with equation 21c, where the potential 
difference should be under 0,1V and a safe value is around 0,05V. With a current of 100A an approximated max 
resistance can be calculated as follows,   

 

Maximum resistance:  𝑅�?� =
�
�
= Z,Z�

VZZ
= 5 ∗ 10EF [W]  (21c) 

 

Resistance ratio:  𝑅"?76| =
{�b�
{3

≈ 20    (22c) 

 

One factor that plays a bigger role in the contact resistance is clearly the film resistance, it can alone be a good 
rough approximation of the total contact resistance. One factor that affect the film resistance to a great extent is 
the film resistivity	𝜎$. To see how much, 𝜎$ is varied in equation (18) and corresponding film resistance is 
documented. The specific brush resistance RBAB is also calculated and results can be seen in table 6. The values 
are also visualized in figure 6 where film resistivity is plotted against film resistance and specific brush resistance. 
The red horizontal line in the diagram indicates the maximum allowed resistance for the fiber brush in its 
application. 
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Rmax = 0,5 mW  Rsp = RBAB = (0,0005 · 30) W·cm2 = 15 mW·cm2  

 

Table 6C: Calculations of film and specific resistance dependent on film resistivity. 
σF (· 10-8) [Ωcm2] Rf [mΩ] RBAB [mΩ·cm2] 

1 0,02 0,6 
3 0,06 1,8 
9 0,182 5,46 
27 0,589 17,67 
81 1,6 48 

 

 
Figure 6C: Film and specific resistance plotted again film resistivity. 
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Appendix D 
 

D.1 Potential materials for fiber brush/slip ring 

 

Copper-beryllium alloy, TH04 (CuBe2), C17200 
Identification 

Designation EN name ISO name JIS name GB UNS number 
TH04 
(CuBe2) 

CW101C CuBe2 C1720 QBe1.9 / QBe2 C17200 

General Properties 
Density  8.21e3 - 8.29e3 kg/m^3 
Price * 176 - 194 SEK/kg 
Composition detail (metals, ceramics and glasses) 
Be (beryllium)  1.8 - 2 % 
Co (cobalt)  0.2 - 0.6 % 
Cu (copper)  96.2 - 97.8 % 
Fe (iron)  0 - 0.6 % 
Ni (nickel)  0.2 - 0.6 % 
Mechanical properties 
Young's modulus  128 - 135 GPa 
Poisson's ratio  0.27 - 0.281  
Shape factor  11  
Yield strength (elastic limit)  965 - 1.14e3 MPa 
Tensile strength  1.17e3 - 1.3e3 MPa 
Elongation  1 - 3 % strain 
Hardness - Vickers  365 - 440 HV 
Fatigue strength at 10^7 cycles  620 - 820 MPa 
Fatigue strength model (stress range)   401 - 505 MPa 
Fracture toughness * 52 - 56 MPa.m^0.5 
Thermal properties 
Melting point  870 - 980 °C 
Maximum service temperature  232 - 260 °C 
Minimum service temperature  -273    °C 
Thermal conductivity  88 - 102 W/m.°C 
Electrical properties 
Electrical resistivity  6.1 - 7.8 µohm.cm 
Durability: fluids and sunlight 
Water (fresh) Excellent 
Water (salt) Excellent 
Weak acids Acceptable 
Strong acids Unacceptable 
Weak alkalis Excellent 
Strong alkalis Excellent 
Organic solvents Excellent 
UV radiation (sunlight) Excellent 
Oxidation at 500C Limited use 
Typical uses 
High conductivity, high strength electrical components, springs, clips, fasteners, molds, dies 
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Copper-beryllium alloy, TF00 (CuBe2), C17200 
Identification 

Designation EN name ISO name JIS name GB UNS number 
TF00 (CuBe2) CW101C CuBe2 C1720 QBe1.9 / QBe2 C17200 

General Properties 
Density  8.21e3 - 8.29e3 kg/m^3 
Price * 176 - 194 SEK/kg 
Composition detail (metals, ceramics and glasses) 
Be (beryllium)  1.8 - 2 % 
Co (cobalt)  0.2 - 0.6 % 
Cu (copper)  96.2 - 97.8 % 
Fe (iron)  0 - 0.6 % 
Ni (nickel)  0.2 - 0.6 % 
Mechanical properties 
Young's modulus  128 - 135 GPa 
Poisson's ratio  0.27 - 0.281  
Shape factor  13  
Yield strength (elastic limit)  869 - 965 MPa 
Tensile strength  1.09e3 - 1.2e3 MPa 
Elongation  3 - 4 % strain 
Hardness - Vickers  330 - 410 HV 
Fatigue strength at 10^7 cycles  620 - 820 MPa 
Fatigue strength model (stress range)   392 - 489 MPa 
Parameters: Stress Ratio = 0, Number of Cycles = 1e7 
Fracture toughness * 52 - 56 MPa.m^0.5 
Melting point  870 - 980 °C 
Thermal properties 
Maximum service temperature  232 - 260 °C 
Minimum service temperature  -273    °C 
Thermal conductivity  88.3 - 102 W/m.°C 
Electrical properties 
Electrical resistivity * 6 - 8 µohm.cm 
Durability: fluids and sunlight 
Water (fresh) Excellent 
Water (salt) Excellent 
Weak acids Acceptable 
Strong acids Unacceptable 
Weak alkalis Excellent 
Strong alkalis Excellent 
Organic solvents Excellent 
UV radiation (sunlight) Excellent 
Oxidation at 500C Limited use 
Typical uses 
High conductivity, high strength electrical components, springs, clips, fasteners, molds, dies 
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Copper-beryllium alloy, CuBe2CoNi, C17000, whp 
Identification 

Designation EN name ISO name JIS name GB UNS number 
CuBe2CoNi CW100C CuBe1.7 C1700 QBe1.7 C17000 

General Properties 
Density  8.24e3 - 8.26e3 kg/m^3 
Price * 165 - 182 SEK/kg 
Composition detail (metals, ceramics and glasses) 
Be (beryllium)  1.7    % 
Co (cobalt)  0.2 - 0.6 % 
Cu (copper)  97.7 - 98.1 % 
Ni (nickel)  0.2 - 0.6 % 
Mechanical properties 
Young's modulus  133 - 138 GPa 
Poisson's ratio  0.34 - 0.35  
Shape factor  10  
Yield strength (elastic limit)  1.15e3 - 1.25e3 MPa 
Tensile strength  1.3e3 - 1.35e3 MPa 
Elongation  1 - 1.3 % strain 
Hardness - Vickers  400 - 407 HV 
Fatigue strength at 10^7 cycles  290 - 315 MPa 
Fatigue strength model (stress range)   235 - 258 MPa 
Parameters: Stress Ratio = 0, Number of Cycles = 1e7 
Fracture toughness * 13.6 - 14.6 MPa.m^0.5 
Thermal properties 
Melting point  870 - 990 °C 
Maximum service temperature  57 - 77 °C 
Minimum service temperature  -273    °C 
Thermal conductivity  107 - 128 W/m.°C 
Electrical properties 
Electrical resistivity  5.37 - 7.76 µohm.cm 
Durability: fluids and sunlight 
Water (fresh) Excellent 
Water (salt) Excellent 
Weak acids Acceptable 
Strong acids Unacceptable 
Weak alkalis Excellent 
Strong alkalis Excellent 
Organic solvents Excellent 
UV radiation (sunlight) Excellent 
Oxidation at 500C Limited use 
Typical uses 
High-conductivity/high-strength electrical components; forgings, springs, clips & fastenings (good fatigue & 
high-temperature characteristics; non-sparking tools. 
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Copper-beryllium alloy, CuBe2CoNi, C17000, half hard (w1/2hp) 
Identification 

Designation EN name ISO name JIS name GB UNS number 
CuBe2CoNi CW100C CuBe1.7 C1700 QBe1.7 C17000 

General Properties 
Density  8.24e3 - 8.26e3 kg/m^3 
Price * 165 - 182 SEK/kg 
Composition detail (metals, ceramics and glasses) 
Be (beryllium)  1.7    % 
Co (cobalt)  0.2 - 0.6 % 
Cu (copper)  97.7 - 98.1 % 
Ni (nickel)  0.2 - 0.6 % 
Mechanical properties 
Young's modulus  133 - 138 GPa 
Poisson's ratio  0.34 - 0.35  
Shape factor  11  
Yield strength (elastic limit)  1.14e3 - 1.16e3 MPa 
Tensile strength  1.27e3 - 1.29e3 MPa 
Elongation  1 - 1.5 % strain 
Hardness - Vickers  390 - 395 HV 
Fatigue strength at 10^7 cycles  290 - 310 MPa 
Fatigue strength model (stress range)   236 - 250 MPa 
Parameters: Stress Ratio = 0, Number of Cycles = 1e7 
Fracture toughness * 14.6 - 14.7 MPa.m^0.5 
Thermal properties 
Melting point  870 - 990 °C 
Maximum service temperature  57 - 77 °C 
Minimum service temperature  -273    °C 
Thermal conductivity  107 - 128 W/m.°C 
Electrical properties 
Electrical resistivity  5.37 - 7.76 µohm.cm 
Durability: fluids and sunlight 
Water (fresh) Excellent 
Water (salt) Excellent 
Weak acids Acceptable 
Strong acids Unacceptable 
Weak alkalis Excellent 
Strong alkalis Excellent 
Organic solvents Excellent 
UV radiation (sunlight) Excellent 
Oxidation at 500C Limited use 
Typical uses 
High-conductivity/high-strength electrical components; forgings, springs, clips & fastenings (good fatigue & 
high-temperature characteristics; non-sparking tools. 
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Platinum-iridium alloy, hard, 30%Ir 
Identification 
Designation 
ASM Handbook, 9th ed., Vol.2, p.693: Pt-30Ir, hard 
General Properties 
Density  2.17e4 - 2.18e4 kg/m^3 
Price * 3.44e5 - 3.78e5 SEK/kg 
Composition detail (metals, ceramics and glasses) 
Ir (iridium)  30    % 
Pt (platinum)  70    % 
Mechanical properties 
Young's modulus * 270 - 285 GPa 
Poisson's ratio * 0.34 - 0.36  
Shape factor  20  
Yield strength (elastic limit) * 925 - 1.29e3 MPa 
Tensile strength  1.26e3 - 1.52e3 MPa 
Elongation * 1 - 3 % strain 
Hardness - Vickers  330 - 410 HV 
Fatigue strength at 10^7 cycles * 500 - 760 MPa 
Fatigue strength model (stress range) * 349 - 515 MPa 
Parameters: Stress Ratio = 0, Number of Cycles = 1e7 
Fracture toughness * 120 - 150 MPa.m^0.5 
Thermal properties 
Melting point  1.89e3 - 1.92e3 °C 
Maximum service temperature * 390 - 530 °C 
Minimum service temperature  -273    °C 
Thermal conductivity * 10 - 15 W/m.°C 
Electrical properties 
Electrical resistivity  34 - 36 µohm.cm 
Durability: fluids and sunlight 
Water (fresh) Excellent 
Water (salt) Excellent 
Weak acids Excellent 
Strong acids Excellent 
Weak alkalis Excellent 
Strong alkalis Excellent 
Organic solvents Excellent 
UV radiation (sunlight) Excellent 
Oxidation at 500C Excellent 
Typical uses 
Tubing for pens, hypodermic needles, spring elements, etc.; Scientific and medical instruments; Electrical 
contacts; Anodes and cathodes; Jewelry; 
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Brass, CuZn30Al5Mn4Fe2, cast (high-tensile manganese bronze) 
Identification 
Designation 
CuZn30Al5Mn4Fe2 
General Properties 
Density  7.82e3 - 7.98e3 kg/m^3 
Price * 45.5 - 50.1 SEK/kg 
Composition detail (metals, ceramics and glasses) 
Al (aluminum)  3 - 6 % 
Cu (copper)  57.8 - 61.5 % 
Fe (iron)  1.5 - 2.25 % 
Mn (manganese)  4    % 
Zn (zinc)  30    % 
Mechanical properties 
Young's modulus  89.1 - 90.9 GPa 
Poisson's ratio  0.34 - 0.35  
Shape factor  17  
Yield strength (elastic limit)  400 - 500 MPa 
Tensile strength  740 - 930 MPa 
Elongation  13 - 21 % strain 
Hardness - Vickers  150 - 350 HV 
Fatigue strength at 10^7 cycles * 264 - 306 MPa 
Fatigue strength model (stress range) * 175 - 254 MPa 
Parameters: Stress Ratio = 0, Number of Cycles = 1e7 
Fracture toughness * 29.2 - 34.5 MPa.m^0.5 
Thermal properties 
Melting point  952 - 967 °C 
Maximum service temperature  150 - 160 °C 
Minimum service temperature  -273    °C 
Thermal conductivity  34.1 - 36.9 W/m.°C 
Electrical properties 
Electrical resistivity  21.6 - 22.4 µohm.cm 
Durability: fluids and sunlight 
Water (fresh) Excellent 
Water (salt) Excellent 
Weak acids Acceptable 
Strong acids Unacceptable 
Weak alkalis Excellent 
Strong alkalis Excellent 
Organic solvents Excellent 
UV radiation (sunlight) Excellent 
Oxidation at 500C Limited use 
Typical uses 
Highly-stressed components not subject to stress corrosion e.g.. rolling mill castings, slow spur & gear wheels. 
  



 85 

Gold-Ag-Cu-Pt alloy, hard, wire, 1mm dia. (dental alloy) 
Identification 
Designation 
ASM Metals Handbook, 9th ed., Vol.2, p.685: "Alloy 4" 
General Properties 
Density  1.45e4 - 1.56e4 kg/m^3 
Price * 2.64e5 - 2.9e5 SEK/kg 
Composition detail (metals, ceramics and glasses) 
Ag (silver)  9 - 16 % 
Au (gold)  62 - 64 % 
Cu (copper)  7 - 14 % 
In (indium)  0 - 0.1 % 
Ir (iridium)  0 - 0.1 % 
Ni (nickel)  0 - 2 % 
Pd (palladium)  0 - 6 % 
Pt (platinum)  7 - 13 % 
Rh (rhodium)  0 - 0.1 % 
Zn (zinc)  0 - 1 % 
Mechanical properties 
Young's modulus * 90 - 100 GPa 
Poisson's ratio  0.32 - 0.34  
Shape factor  1  
Yield strength (elastic limit)  585 - 965 MPa 
Tensile strength  825 - 1.14e3 MPa 
Elongation  2 - 8 % strain 
Hardness - Vickers  230 - 305 HV 
Fatigue strength at 10^7 cycles * 330 - 570 MPa 
Fatigue strength model (stress range) * 221 - 394 MPa 
Parameters: Stress Ratio = 0, Number of Cycles = 1e7 
Fracture toughness * 100 - 150 MPa.m^0.5 
Mechanical loss coefficient (tan delta) * 3e-4 - 6e-4  
Thermal properties 
Melting point  945 - 1.02e3 °C 
Maximum service temperature * 97 - 190 °C 
Minimum service temperature  -273    °C 
Thermal conductivity * 110 - 150 W/m.°C 
Electrical properties 
Electrical resistivity * 4 - 7 µohm.cm 
Durability: fluids and sunlight 
Water (fresh) Excellent 
Water (salt) Excellent 
Weak acids Excellent 
Strong acids Excellent 
Weak alkalis Excellent 
Strong alkalis Excellent 
Organic solvents Excellent 
UV radiation (sunlight) Excellent 
Oxidation at 500C Excellent 
Typical uses 
Dentistry; 
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Copper-24% silver composite (wire) 
Identification 
Designation 
Metal matrix composite: Cu-Ag (fiber) 
General Properties 
Density  9.33e3    kg/m^3 
Price * 2.47e3 - 3.15e3 SEK/kg 
Composition detail (metals, ceramics and glasses) 
Ag (silver)  24    % 
Cu (copper)  76    % 
Mechanical properties 
Young's modulus  115 - 122 GPa 
Poisson's ratio * 0.34 - 0.35  
Shape factor  1  
Yield strength (elastic limit)  900 - 950 MPa 
Tensile strength  950 - 1.1e3 MPa 
Elongation  7 - 12 % strain 
Hardness - Vickers  235 - 277 HV 
Fatigue strength at 10^7 cycles * 450 - 475 MPa 
Fatigue strength model (stress range) * 284 - 356 MPa 
Parameters: Stress Ratio = 0, Number of Cycles = 1e7 
Fracture toughness * 18 - 20 MPa.m^0.5 
Thermal properties 
Melting point  777 - 781 °C 
Maximum service temperature * 200 - 210 °C 
Minimum service temperature  -273    °C 
Thermal conductivity  400 - 410 W/m.°C 
Specific heat capacity  347 - 353 J/kg.°C 
Electrical properties 
Electrical resistivity  2.12 - 2.31 µohm.cm 
Durability: fluids and sunlight 
Water (fresh) Excellent 
Water (salt) Excellent 
Weak acids Acceptable 
Strong acids Unacceptable 
Weak alkalis Excellent 
Strong alkalis Excellent 
Organic solvents Excellent 
UV radiation (sunlight) Excellent 
Oxidation at 500C Limited use 
Typical uses 
High field, pulsed and continuous magnet windings 
Other notes 
Experimental product.  Mechanical properties are generally given in the hard drawn state.  The fully annealed 
material has properties comparable to soft copper.  Including the entire range would give rise to large and 
misleading property entries. 
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Bronze, CuMn13Al9, cast (aluminum bronze) 
Identification 
Designation 
CuMn13Al9 
General Properties 
Density  7.28e3 - 7.73e3 kg/m^3 
Price * 56.7 - 62.3 SEK/kg 
Composition detail (metals, ceramics and glasses) 
Al (aluminum)  9    % 
Cu (copper)  72    % 
Fe (iron)  3    % 
Mn (manganese)  13    % 
Ni (nickel)  3    % 
Mechanical properties 
Young's modulus  119 - 122 GPa 
Poisson's ratio  0.34 - 0.35  
Shape factor  21  
Yield strength (elastic limit)  380 - 470 MPa 
Tensile strength  740 - 820 MPa 
Elongation  9 - 20 % strain 
Hardness - Vickers  200 - 260 HV 
Fatigue strength at 10^7 cycles * 264 - 282 MPa 
Fatigue strength model (stress range) * 183 - 222 MPa 
Parameters: Stress Ratio = 0, Number of Cycles = 1e7 
Fracture toughness * 30.6 - 35.8 MPa.m^0.5 
Thermal properties 
Melting point  1.03e3 - 1.05e3 °C 
Maximum service temperature  390 - 400 °C 
Minimum service temperature  -153 - -148 °C 
Thermal conductivity  53.4 - 57.8 W/m.°C 
Electrical properties 
Electrical resistivity  11.9 - 12.3 µohm.cm 
Durability: fluids and sunlight 
Water (fresh) Excellent 
Water (salt) Excellent 
Weak acids Acceptable 
Strong acids Unacceptable 
Weak alkalis Excellent 
Strong alkalis Excellent 
Organic solvents Excellent 
UV radiation (sunlight) Excellent 
Oxidation at 500C Limited use 
Typical uses 
Heavy and intricate items with high resistance to corrosion and wear; used at raised temperatures. 
 

  



 88 

Bronze, CuSn8, C52100, wrought, extra hard (9% phospor bronze) 
 
Identification 

Designation EN name ISO name JIS name GB UNS number 
CuSn8 CW453K CuSn8 C5210/C5212 QBe1.9 / QBe2 C52100 

General Properties 
Density  8.5e3 - 8.52e3 kg/m^3 
Price * 74.4 - 81.9 SEK/kg 
Composition detail (metals, ceramics and glasses) 
Cu (copper)  90.6 - 92 % 
P (phosphorus)  0.02 - 0.4 % 
Sn (tin)  8 - 9 % 
Mechanical properties 
Young's modulus  105 - 110 GPa 
Flexural modulus * 105 - 110 GPa 
Shear modulus * 38.9 - 40.7 GPa 
Bulk modulus * 113 - 119 GPa 
Poisson's ratio  0.34 - 0.35  
Shape factor  13  
Yield strength (elastic limit)  700 - 720 MPa 
Tensile strength  830 - 870 MPa 
Compressive strength * 700 - 720 MPa 
Flexural strength (modulus of rupture)  700 - 720 MPa 
Elongation  3.5 - 4 % strain 
Hardness - Vickers  245 - 250 HV 
Fatigue strength at 10^7 cycles * 284 - 293 MPa 
Fatigue strength model (stress range) * 207 - 224 MPa 
Parameters: Stress Ratio = 0, Number of Cycles = 1e7 
Fracture toughness * 21.8 - 22.4 MPa.m^0.5 
Thermal properties 
Melting point  887 - 1.04e3 °C 
Maximum service temperature  160 - 170 °C 
Minimum service temperature  -273    °C 
Thermal conductivity  62 - 64 W/m.°C 
Electrical properties 
Electrical resistivity  14.8 - 16.6 µohm.cm 
Durability: fluids and sunlight 
Water (fresh) Excellent 
Water (salt) Excellent 
Weak acids Acceptable 
Strong acids Unacceptable 
Weak alkalis Excellent 
Strong alkalis Excellent 
Organic solvents Excellent 
UV radiation (sunlight) Excellent 
Oxidation at 500C Limited use 
Typical uses 
Heavy-duty springs and washers; pinions; gears; pump parts; bushings; clutch plates; bridge bearings; items for 
chemical & textile plant. 
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D.2 Potential materials for fiber brush holder 

Alumina (85)(410) 
Identification 
Designation 
Aluminum oxide 
General Properties 
Density  3.34e3 - 3.47e3 kg/m^3 
Porosity (closed)  0    % 
Porosity (open)  0    % 
Price * 11 - 16.5 SEK/kg 
Composition detail (metals, ceramics and glasses) 
Al2O3 (alumina)  85    % 
Other  15    % 
Mechanical properties 
Young's modulus  215 - 226 GPa 
Flexural modulus * 215 - 226 GPa 
Shear modulus  87.8 - 92.3 GPa 
Bulk modulus  137 - 144 GPa 
Poisson's ratio  0.21 - 0.22  
Shape factor  15  
Yield strength (elastic limit) * 129 - 142 MPa 
Tensile strength  129 - 142 MPa 
Compressive strength * 1.67e3 - 1.84e3 MPa 
Flexural strength (modulus of rupture)  283 - 312 MPa 
Elongation * 0.06 - 0.07 % strain 
Hardness - Vickers * 499 - 551 HV 
Fatigue strength at 10^7 cycles * 109 - 128 MPa 
Fracture toughness * 3.33 - 3.68 MPa.m^0.5 
Mechanical loss coefficient (tan delta) * 5e-5 - 2e-4  
Thermal properties 
Melting point  2e3 - 2.1e3 °C 
Maximum service temperature * 830 - 930 °C 
Minimum service temperature  -273    °C 
Thermal conductivity * 12 - 13.5 W/m.°C 
Electrical properties 
Electrical resistivity  1e17 - 1e19 µohm.cm 
Durability: fluids and sunlight 
Water (fresh) Excellent 
Water (salt) Excellent 
Weak acids Excellent 
Strong acids Excellent 
Weak alkalis Excellent 
Strong alkalis Excellent 
Organic solvents Excellent 
UV radiation (sunlight) Excellent 
Oxidation at 500C Excellent 
Halogens Acceptable 
Metals Acceptable 
Typical uses 
High frequency precision coil formers; Small, low power fuse bodies; Electrical insulators; Wear parts; Injector 
cones; Aerial strain insulators. 
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Alumina (95) 
Identification 
Designation 
Oxides: C-795 
General Properties 
Density  3.55e3 - 3.76e3 kg/m^3 
Porosity (closed)  0 - 0.08 % 
Porosity (open)  0    % 
Price * 80.9 - 122 SEK/kg 
Composition detail (metals, ceramics and glasses) 
Al2O3 (alumina)  95    % 
Other  5    % 
Mechanical properties 
Young's modulus  275 - 320 GPa 
Flexural modulus * 275 - 320 GPa 
Shear modulus  127 - 133 GPa 
Bulk modulus  176 - 185 GPa 
Poisson's ratio  0.22 - 0.27  
Shape factor  15  
Yield strength (elastic limit) * 197 - 217 MPa 
Tensile strength  197 - 217 MPa 
Compressive strength * 2e3 - 2.21e3 MPa 
Flexural strength (modulus of rupture)  300 - 330 MPa 
Elongation * 0.06 - 0.08 % strain 
Hardness - Vickers  1.5e3 - 1.85e3 HV 
Fatigue strength at 10^7 cycles * 168 - 196 MPa 
Fracture toughness  3.6 - 4.5 MPa.m^0.5 
Mechanical loss coefficient (tan delta) * 1.5e-5 - 6e-5  
Thermal properties 
Melting point  2e3 - 2.1e3 °C 
Maximum service temperature  1.07e3 - 1.13e3 °C 
Minimum service temperature  -273    °C 
Thermal conductivity  21 - 25 W/m.°C 
Electrical properties 
Electrical resistivity  1e20 - 1e25 µohm.cm 
Durability: fluids and sunlight 
Water (fresh) Excellent 
Water (salt) Excellent 
Weak acids Excellent 
Strong acids Excellent 
Weak alkalis Excellent 
Strong alkalis Excellent 
Organic solvents Excellent 
UV radiation (sunlight) Excellent 
Oxidation at 500C Excellent 
Halogens Acceptable 
Metals Acceptable 
Typical uses 
Vacuum lead-throughs; High frequency precision coil formers; High power vacuum devices; Electronic 
packaging. 
Other notes 
Developed for slip-casting - good for complex shapes and aggressive wear environments. 
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Alumina (pressed and sintered) 
Identification 
Designation 
GEM1 
General Properties 
Density  3.95e3 - 4.03e3 kg/m^3 
Porosity (closed)  0    % 
Porosity (open)  0    % 
Price * 121 - 181 SEK/kg 
Composition overview 
Composition (summary) 
Al2O3 + SiO2 + Na2O + Other oxide 
Base Oxide 
Composition detail (metals, ceramics and glasses) 
Al2O3 (alumina)  96    % 
Na2O (sodium oxide)  0.1    % 
SiO2 (silica)  3.8    % 
Other oxide  0.1    % 
Mechanical properties 
Young's modulus  383 - 413 GPa 
Flexural modulus * 383 - 413 GPa 
Shear modulus  156 - 164 GPa 
Bulk modulus * 236 - 255 GPa 
Poisson's ratio  0.22 - 0.24  
Shape factor  15  
Yield strength (elastic limit) * 491 - 543 MPa 
Tensile strength * 491 - 543 MPa 
Compressive strength * 4.91e3 - 5.42e3 MPa 
Flexural strength (modulus of rupture)  589 - 651 MPa 
Elongation * 0.12 - 0.14 % strain 
Hardness - Vickers  1.86e3 - 2.16e3 HV 
Fatigue strength at 10^7 cycles * 418 - 488 MPa 
Fracture toughness  4 - 4.4 MPa.m^0.5 
Mechanical loss coefficient (tan delta) * 1e-5 - 2e-5  
Thermal properties 
Melting point  2e3 - 2.1e3 °C 
Maximum service temperature * 1.44e3 - 1.51e3 °C 
Minimum service temperature  -273    °C 
Thermal conductivity  26.9 - 29.1 W/m.°C 
Electrical properties 
Electrical resistivity  3.16e20 - 3.16e21 µohm.cm 
Durability: fluids and sunlight 
Water (fresh) Excellent 
Water (salt) Excellent 
Weak acids Excellent 
Strong acids Excellent 
Weak alkalis Excellent 
Strong alkalis Excellent 
Organic solvents Excellent 
UV radiation (sunlight) Excellent 
Oxidation at 500C Excellent 
Halogens Acceptable 
Metals Acceptable 
Typical uses 
Plain bearings;  coating;  cutting tools;  substrates for microcircuits; wear-resistant linings; grinding media; spark 
plugs; insulators. 
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D.3 Material search silver 

 

 

Figure D1: Material search for silver CES Edupack 2012. 
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APPENDIX	E	
 
Table 1.E: Manufacturing company for constant force steel strip springs. 

Company Manufacturing country Website 
Helwig Carbon Products, Inc. USA Link 
Century Spring Corp. MW Ind, Inc. USA Link 
John Evans’s Sons, Inc. USA Link 
Hugo Kern und Liebers GmbH & Co Germany Link 
Vulcan Spring USA Link 
Sodemann  Denmark Link 
Lesjöfors AB Sweden Link 

 


